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Foreword

Foreword
This PhD thesis is the completion of a PhD study in the years 2002 – 2006 at the department of
Science and Technology, University of the Faroe Islands, initially submitted in 2008. Although
acknowledging the work to be sufficient for a PhD, the opponents had some critical suggestions for
improvement, mostly regarding the well log tie to seismic data and regarding the thesis needing
additional proofreading.
I therefore decided to do additional work, addressing the suggestions of the opponents. During this
time, an opportunity to perform refraction seismic modelling, on the very same data as used for the
thesis, showed up. The modelling greatly improves the constraint on the velocity model and verifies
the consistency of the results, and was therefore included in the thesis. Apart from the added
refraction modelling, the thesis basically has the same content, the same structure, and the same
results as the 2008 submission.
In 2008 I changed supervisor from Morten S. Andersen, previously professor in geophysics at the
department of Science and Technology and now at GEUS, to R. James Brown. This was in
association with Jim having taken over the position as professor in geophysics after Morten. All
work done before 2008, the structure and content of the thesis, is done under the supervision of
Morten S. Andersen and all work after 2008, the refractions seismic modelling and amending of the
thesis, is done under supervision of R. James Brown.
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Abstract

Abstract
In 2003, surface seismic data were acquired at Glyvursnes in the Faroe Islands as part of the
SeiFaBa project. The objective was to investigate seismic wave propagation in an area, where the
elastic properties of the basalt flows were relatively well known.
This thesis presents a study of the seismic response, observed in both surface seismic data and
downhole data from an over 4000 m thick basalt succession below Glyvursnes. The aim was to
compare different acquisition methods, to better understand the seismic facies of basalt formations
and describe scattering and attenuation, and to do geological mapping.
The surface seismic reflection data were densely sampled and acquired with a combined dynamite
(land source, shot-point interval 10 m), airgun (shot-point interval ~20 m), geophone (station
interval 5 m), and streamer (group interval 6.25 m) setup centred at a 700 m deep well at the
shoreline. Wireline log data from the three deep wells in the Faroes were used for modelling the
seismic response and for tying to VSP data and seismic data. The data processing comprised
reflection seismic processing, refraction seismic modelling, prestack migration and VSP processing.
Comparisons of the acquisition methods showed that low frequencies are best suited for penetrating
thick basalt successions and that the airgun was superior to the dynamite in generating seismic
energy for penetrating successive basalt flows, while the dynamite source provides the most details
in the shallow section.
The stacked sections imaged at least the upper 1400 m of the basalt succession. Interbed multiples
were not identified as events but energy from multiples was present as wave-train tails deteriorating
the seismic image within and below the basalts. The frequency content of the wave-train is an
imprint of the properties of the basalt formations through which the signal has travelled.
Significant differences in seismic facies for different basalt formations were found. These are
related to the frequency of interbedded sediments and basalt flow thickness. Of the 3 major
formations [Upper (UBF), Middle (MBF), and Lower ( LBF)] comprising the basalt succession
below Glyvursnes, the MBF is relatively transparent to seismic signals and appears with lower
amplitudes than the UBF and LBF above and below, expressing lack of sedimentary beds. Further,
an attenuation study showed that the MBF is significantly less attenuative than the UBF and LBF.
The MBF-LBF boundary, the A-horizon, was imaged to be at ~1400 m depth overlain by the MBF
of ~1050 m thickness. This is less than the stratigraphic thickness of 1350 – 1400 m of the MBF in
the northern part of the Faroes, and thus in accordance with a thinning towards the south. Further,
the A-horizon was identified and mapped over a large area on conventional seismic data to the east
of Glyvursnes.
Refraction seismic modelling and prestack migration strongly indicate that in the uppermost 1000 m
dip orientation of interfaces have the same trend as that from surface mapping, towards the south
(relative to the north-south orientation of the profile), while at 1400 m depth the dip of the Ahorizon is towards the north.
A significant lesson to learn from the thesis study is that basalts are not just basalts. Although
general properties such as velocities for core, crust, hyaloclastics, and volcaniclastic sediments as
well as the VP/VS ratio are consistently similar, the combination of these can form basalt formations
with quite different properties when considering seismic facies and attenuation. An implication of
this is that determining base of basalts directly from seismic data is difficult.
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Thesis objectives

1. Thesis objectives
The thesis is intended as a contribution to the ongoing quest for better sub-basalt imaging. The data
used for the thesis are a subset of the data acquired during the SeiFaBa Project (Seismic and
petrophysical properties of Faroese Basalts), sponsored by the Sindri group. The data in question
are the surface seismic-data acquired around the Glyvursnes-1 well, and the Glyvursnes-1 and
Vestmanna-1 well logs and VSP experiments.
Seismic energy is transmitted through basalt complexes, so the problem amounts to separating
primary energy from noise (e.g. Planke et al., 1999). It has been demonstrated that great
improvements in sub-basalt imaging have been obtained by focusing on high-cut filtering, multiple
attenuation, and by incorporating local geological knowledge into velocity models (Gallagher &
Dromgoole, 2008) enabling primary energy to be separated from noise and optimally focused.
The thesis aims to contribute through the generation of geological models for the area, not only by
the specific geological mapping at Glyvursnes but even more so by identifying seismic facies of
basalt formations with different seismic properties and thereby providing better means for
generating proper velocity models and better processing parameters.
The objectives of this thesis have been:
-

To determine the seismic facies and to describe scattering and attenuation in basalt
formations in the subsurface at Glyvursnes.

-

To compare different acquisition methods.

-

To obtain geological information for the Glyvursnes area.

The thesis is structured with a main body, page 1 – 140, followed by the appendices from page 141.
Reference lists were generated with EndNote using a modified version of the APA 6th supplied by
EndNote. Each appendix has its own reference list. A list of publications that have been produced in
connection with the thesis work appears on page 193. These publications are appended at the end of
the thesis.
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2. Geophysical history
Obtaining good sub-basalt seismic images is known to be problematic (White et al., 2003;
Ziolkowski et al., 2003). But, although the properties of basalts are quite different from those of
most sediments, experiments show that seismic energy is indeed transmitted through basalt
complexes. So the problem of seismic imaging through basalts amounts to the conventional task of
separating primary energy from noise, even though the noise, including multiples, may be
considerable (Planke et al., 1999).
The physical properties of basalt are markedly different from those of overlying and underlying
sediments. Strong reflections due to high impedance contrasts at the top (and bottom) of the basalts
lead to significant loss of transmitted seismic energy (e.g. Fruehn et al., 2001).
Large variations of intrinsic properties along vertical cross-sections of basalt flows have been
demonstrated and quantified by analyses of logs from wells penetrating successions of flood basalts
(Planke & Eldholm, 1994) and from surface mapping (e.g. Self et al., 1998; Thordarson & Self,
1998). This causes the stratigraphic filtering effects of basalt successions to be more severe than
that of sediments (Maresh et al., 2006; Shaw et al., 2004, 2005).
Lateral variations in the thicknesses of sediments interbedded between basalt flows and in the
thickness of the upper porous part of basalt flows have been demonstrated by detailed investigations
of exposed flood basalts (Self et al., 1998; Thordarson & Self, 1998).
The roughness of inter-beds causes 3D scattering of seismic energy, as demonstrated in studies
comparing stratigraphic filtering and the effective quality factor, Q, of basalt successions (Maresh
& White, 2005; Maresh et al., 2006; Shaw, 2006).
Taking these problems into consideration, experiments have been performed in the last decade
using: longer offsets (both longer streamers and recording on multiple vessels) to improve the
signal-to-noise ratio and NMO resolution and to allow processing of post-critical reflections; larger
energy sources to increase the general energy level; low-frequency tuning to allow for better
penetration through basalts (characterised by low Q-values); shot-by-shot recording of the source
signature and combination of OBS and seismic reflection data to improve velocity estimates.
In one experiment all of the above-mentioned techniques were applied, providing considerable
improvements in sub-basalt imaging relative to previous work (Spitzer & White, 2005; White et al.,
2005).
The focusing of primary energy by using a geological model for deriving the velocity model has
been demonstrated with good results (Gallagher & Dromgoole, 2008).
Reshef et al. (2003) suggest that another parameter that could be significant for seismic acquisition
is the orientation of the seismic line relative to the flow direction of the basalt flows. They note that
seismic lines that cross basalt flow direction generally have poorer quality than seismic lines that
are in line with the flow direction.
However, poor effective transmission of seismic energy, scattering, strong multiple reflections,
multiple mode conversions and low-pass filtering of the energy that propagates through a layer of
stacked basalt flows are still hindering routine imaging for petroleum exploration in sedimentary
basins covered by basalts (Maresh & White, 2005; Maresh et al., 2006). This was demonstrated by
2
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the UK164/07-01 well where the base of a basaltic succession was found 700 m deeper than
anticipated from interpretation of seismic reflection data (Archer et al., 2005).
In order to obtain imaging quality and detail comparable to what is obtained in other sedimentary
basins, further improvements are necessary.

2.1.

More on attenuation in the Faroe Islands Basalt
Group

While most previous works refer to basalts without differentiation (e.g. Martini & Bean, 2002;
White et al., 2003; Ziolkowski et al., 2003) later works address differences in properties of different
basalt formations.
The attenuating properties of the Faroe Islands Basalt Group (FIBG) are described by Christie et al.
(2006) and Shaw et al. (2008). Generally the formations have low Q <35. But there is variation in
the nature of the attenuating properties for the major formations.
Formations that are characterised by thick simple flows with frequent interbasaltic sediments are
dominated by scattering, while intrinsic attenuation is of less significance (Christie et al., 2006;
Shaw et al., 2008). Attenuation dominated by scattering is also reported by others. For example,
Rutledge & Winkler (1989) in the Vøring Plateau area of the eastern Norwegian Sea, from a pile of
successive basalt flows with interbedded volcaniclastics, estimate that scattering is the dominating
attenuation with a Q-value of ~25. Pujol & Smithson (1991) also present results that the attenuation
in a thick Columbia Plateau basalt sequence containing interbedded clay zones was dominated by
scattering. The effective Q-value was ~48. Maresh et al. (2006) also find scattering to be the
dominating attenuation for a basalt series in the Rockall Trough with a Q-value ranging from 15 to
35.
The attenuation for the MBF in the FIBG, on the other hand, is a combination of scattering and
intrinsic attenuation with Q-value of 25 – 30 (Shaw, 2006). The MBF is characterised by thinly
bedded compound flows, where interbedded sediments are of minor importance.
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3. Geology of the Faroe Islands
The FIBG is a part of the extensive North Atlantic Igneous Province (NAIP). The NAIP
encompasses large areas along the margins of the northern North Atlantic (Figure 1) (Larsen et al.,
1999; Passey & Bell, 2007). The emplacement of the NAIP took place within a short period (2 – 5
Ma) during the North Atlantic breakup in the early Palaeogene (commencing 55 Ma ago) and the
extrusion is believed to have consisted of more than 2×106 km3 of basalts (Roberts et al., 1984).

Figure 1. Distribution of the basalt flows that form prominent seaward-dipping reflector sequences, and
contemporaneous basalt sills and flows on the rifted continental margins of the northern North Atlantic (from
Passey & Bell, 2007). The NAIP consists of the seaward-dipping reflectors, basalt sills and basalt flows.

White et al. (1987) have suggested that for the rifting prior to and during breakup in the North
Atlantic to result in eruption of large volumes of basalts, it would require the asthenosphere
temperature to be higher than normal. They suggest that this can be explained by an Iceland mantle
plume. Anderson (2006), on the other hand, suggests that mantle plumes are not needed for the
eruption of large volumes of basalts but this can be explained by pre-existing lithospheric features
e.g. fracture zones, continental sutures, and former plate boundaries.
A lava pile about 3 km thick of the FIBG is exposed on the Faroe Islands (Figure 2) (Rasmussen &
Noe-Nygaard, 1970). The Lopra-1/1A well penetrated a further 3 km or so of basalt below the
exposed succession without reaching the base of the volcanic succession (Ellis et al., 2002).
Andersen et al. (2002) suggested that about 1 km of basalt may have been eroded from the top of
the volcanic pile. The gross stratigraphic thickness of basalt on the Faroe block would thus be about
7 km, possibly more. Deep seismic results from wide-angle experiments support this estimate (e.g.
Richardson et al., 1999).
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Rasmussen & Noe-Nygaard (1970) divided the exposed basalts into three series representing the
three eruptive sequences (Figure 2 upper-b & lower). Their stratigraphy has been retained without
significant change for about 40 years; their three series have informally been treated as formations
in recent literature, named the lower basalt formation (LBF), the middle basalt formation (MBF)
and the upper basalt formation (UBF) (Waagstein, 1988).

Figure 2. Upper a: Location of the Faroe Islands relative to the extent of flood basalts. The international border
of the Faroes territory is shown as a blue line (modified from Sørensen, 2003). Upper b: Geological map of the
Faroe Islands showing the locations of deep boreholes (Vestmanna-1, Glyvursnes-1 and Lopra-1/1A) and the
distribution of the three Palaeogene basalt formations (modified from Rasmussen & Noe-Nygaard, 1970). Lower:
Geological section through the Faroe Islands with the three wells (modified from Waagstein, 1988). Location of
profile is shown on upper figure b.

Recently the stratigraphy has been formalised using a purely lithostratigraphic approach and
following international guidelines (Figure 3) (Passey & Bell, 2007; Passey & Jolley, 2009).
Because the publication of this new nomenclature came at a late stage in my thesis work I will refer
to the old formation names throughout this thesis although it is expected that this new nomenclature
will be widely used in future works. In the review of the stratigraphy below, I amend this
5
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shortcoming by referring to the new stratigraphic names of each formation. In addition Figure 3
provides a simple key to the correlation from Rasmussen & Noe-Nygaard (1969) to Passey & Bell
(2007).

Figure 3. Stratigraphic column for the onshore FIBG. The previous stratigraphy is given to the left of the column
for comparison. Facies architectures are given to the right of the column (from Passey & Bell, 2007).

The lowest known formation of the FIBG is a volcaniclastic succession found in the lowest ~1000
m of the Lopra-1A well (Boldreel, 2006; Ellis et al., 2002). This formation has been named the
Lopra Formation. The succession below the bottom of the Lopra-1A well is unknown.
Next is the LBF (Beinisvørð Formation), which is about 3000 m thick with about 900 m exposed
(Chalmers & Waagstein, 2006; Rasmussen & Noe-Nygaard, 1970). The LBF consists of thick lava
flows, up to about 60 m but typically 5 – 25 m thick, with thin beds, mostly 0.5 to 2 m thick, of
interbasaltic volcaniclastic rock (Boldreel, 2006; Hald & Waagstein, 1984). The total thickness of
volcaniclastics in the Lopra-1/1A well, which penetrates 2450 m of the LBF, is estimated to be
about 75 m (3.1%), (Boldreel, 2006). The lava flows generally have tabular-classic facies
architecture. From analysis on wire-line logs from Lopra-1/1A, Boldreel suggests that 88% of the
lava flows are thick simple flows, presumably tabular lava flows, while 12% are compound flows.
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Volcaniclastics are most abundant in the uppermost part of the LBF. They make up 14.6% of the
100 m section of the LBF that was drilled in the Vestmanna-1 well (Waagstein & Andersen, 2003).
The LBF is overlain by a 3 – 15 m thick coal-bearing sequence (Prestfjall Formation) consisting of
coals, together with volcaniclastic mudstones and sandstones, which represents a significant hiatus
in the volcanic activity. The coal-bearing sequence is often referred to as the A-horizon (Passey &
Bell, 2007; Rasmussen & Noe-Nygaard, 1970). It is overlain by the tuff-agglomerate zone
(Hvannhagi Formation) with locally large variations in thickness ranging from 0 to about 50 m
(Passey & Bell, 2007; Rasmussen & Noe-Nygaard, 1970).
Next above is the MBF (Malinstindur Formation), which is about 1350 – 1400 m thick in the
northern part of the Faroes and expected to thin southwards. The MBF consists mainly of thin
(about 1 – 2 m) flow lobes, forming lava flows of compound-braided facies up to about 20 m thick.
Volcaniclastic beds are very thin or absent in the MBF (Passey & Bell, 2007; Rasmussen & NoeNygaard, 1970).
From analysis of the Vestmanna-1 well, covering the lowest 559 m of the MBF, most of the
boundaries between lava flows lack volcaniclastics and they are similar to flow-lobe boundaries
within flows. 70% of the lava flows are interpreted to be compound flows while 30% are interpreted
to be simple, presumably tabular lava flows (Waagstein & Hald, 1984). The sequence contains
0.5% volcaniclastics distributed among twelve thin beds that range in thickness from less than 0.01
m to 0.90 m (Waagstein & Andersen, 2003).
Analysis of the Glyvursnes-1 well, which penetrates the uppermost 345 m of the MBF, shows
increased amount of volcaniclastics, which make up 1.3% of the sequence distributed among 8 beds
that range in thickness from 0.07 m to 2.29 m (Waagstein & Andersen, 2003). The increased
amount of volcaniclastics is taken as an indication of longer hiatuses during the emplacement of the
upper part of the MBF(Passey & Bell, 2007). Results from both Vestmanna-1 and Glyvursnes-1
show that the median thickness of the flow lobes for the MBF is about 1.5 m (Waagstein &
Andersen, 2003).
The UBF (Enni Formation), >900 m thick, was previously thought to consist of primarily simple
flows with tabular-classic facies architecture but is now considered to be a mixture of simple and
compound flows with tabular-classic and compound braided facies architectures, respectively
(Passey & Bell, 2007; Waagstein, 1988; Waagstein & Andersen, 2003).
The separation between the MBF and the UBF, the C-horizon, has previously been established from
geochemical analyses to be at 355 m depth in the Glyvursnes-1 well (Waagstein & Andersen,
2003). Alternatively (Passey, 2007) describes the Sneis Formation, representing a significant hiatus
in the volcanism, as a marker unit to separate the Malinstindur Formation and the Enni Formation.
The Sneis Formation appears in the Glyvursnes-1 well at about 296 – 298 m depth. When referring
to the MBF-UBF interface in this thesis it will be the former at 355 m depth.
Results from Glyvursnes-1 show that the lowermost 355 m of the UBF is comprised of compound
flow lobes with a median thickness of 1.3 m but with a larger range in thickness than the MBF. The
flow lobes form lava flows up to 78 m in thickness. There are 15 volcaniclastic beds ranging in
thickness from 0.01 m to 5.03 m making 2.3% of the sequence (Waagstein & Andersen, 2003).
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For the central part of the Faroes, simple flows dominate in the upper part of the UBF with flow
thicknesses about 5 – 10 m (Rasmussen & Noe-Nygaard, 1970; Waagstein, 1988).
Passey also identifies a hiatus in the volcanism represented by the Argir beds located at about 39 –
44 m depth in the Glyvursnes-1 well. Below the Argir beds the morphology of the UBF is similar to
that of the MBF while above the Argir beds simple flows with tabular-classic facies dominate in the
central Faroes (Passey, 2007).
Since the FIBG was deposited it has been warped due to differential subsidence and compressional
tectonics. The Faroe Islands are the erosional remnants of two domes formed due to this
deformation (Andersen et al., 2002; Waagstein, 1988).

3.1.

Geology of Glyvursnes

Figure 4. Geology of the Glyvursnes area mapped by a combination of orthophotographs and fieldwork
(modified from Passey, 2005).

The geology at Glyvursnes is here presented as a summary of the mapping by Passey (2005). Mean
sea level (MSL) at Glyvursnes is situated geologically at ~350 m above the base of MBF. To the
west of Glyvursnes Kirkjubøreyn reaches a height of 351 m above MSL. From MSL to ~250 m the

8
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geology consist of a mixture of tabular and compound lava flows, the major part being tabular,
ranging from ~10 – ~30 m thickness (Figure 4). Interbedded sediments are frequent with one
especially thick (4 m) sediment flow (Passey, 2005). According to reconstruction of the Faroes
Basalt Plateau, Glyvursnes has had an extra ~1200 m (±200 m) or so of basalt on top (Andersen et
al., 2002). The flows retain their thickness, dip and direction; hence for the acquisition area at
Glyvursnes the assumption of lateral continuity for flows can be applied.

3.2.

Seismic model for the Faroe Islands basalt
succession

The description of the FIBG above is both from field observations and from well information
covering ~4900 m of the FIBG pile and represents the aim to understand and describe the
emplacement of the basalts. It does, however, also perform an excellent basis for generating a
seismic model for the Glyvursnes subsurface.
In the thesis work I use modelling of seismic response of the Glyvursnes area for various purposes.
The models were used for:
•

Modelling of the seismic response

•

Tie to seismic data

•

Model-driven processing to stack

This section outlines the generation of the initial model. The presentation of log data at this point is
a bit premature but is done so since the generation of the initial model is so closely related to the
description of the geology above in this chapter. The surface seismic data used for the thesis work
are presented chapter 5.
The lava sequence for the FIBG from Rasmussen & Noe-Nygaard (1970) was used as a template for
the lava sequence at Glyvursnes (Figure 5a). The seismic properties are extrapolated from the 3
deep wells (Figure 2 lower) covering different parts of the lava sequence. This leaves the middle
section of the MBF and upper part of the LBF without coverage. These sections without coverage
are filled in with logged sections from the same basalt formation so as to get a seismic response
representative of the basalt formation. The resulting model represents a basalt succession down to
about 4700 m below Glyvursnes (Figure 5a).
It is important to notice that only in the uppermost 700 m can real ties between geology and seismic
data be obtained from the model. Below that, the model only represents the general character of the
basalt formations.
Figure 5 shows the velocity and bulk density logs together with the calculated acoustic impedances
and reflection coefficients. The velocities in the MBF at Glyvursnes-1 increase with depth. This
increasing trend is matched by a generally higher velocity of the MBF at Vestmanna-1. The
characteristics of the velocity log and bulk density log seem to be correlated with the UBF, MBF
and LBF.
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Figure 5 Composite velocity and bulk density logs for the total stratigraphic sequence below Glyvursnes,
constructed using the logs from Glyvursnes-1, Vestmanna-1 and Lopra-1 (the actual well segments are labelled
between a) and b), see also Figure 2). a) The stratigraphic division mapping the boundaries of various stages of
volcanism (modified from Rasmussen & Noe-Nygaard, 1970). The base of the UBF and the base of the MBF are
drawn as black horizontal lines across the figure; b) composite velocity log. The uppermost 464 m of Vestmanna1 are used to represent the missing interval in the MBF (red stippled lines) and the uppermost 906 m of Lopra-1
are used to represent the missing interval in the LBF (green stippled lines); c) composite bulk density log; d) and
e) show the calculated acoustic-impedance and the reflection coefficient series. The repeated log sequences can be
identified on the composite logs.

3.2.1.

Log data

The three wells in question for the model building are Lopra-1/1A, Vestmanna-1 and Glyvursnes-1
(Figure 2b).
The Vestmanna-1 and Lopra-1/1A boreholes were drilled in 1980 and 1981 (Hald & Waagstein,
1984; Nielsen et al., 1984; Waagstein & Hald, 1984). The Vestmanna-1 and Lopra-1 wells are
displaced about 28 and 60 km, respectively, from Glyvursnes. The Lopra-1/1A well was deepened
and logged in 1996 (Chalmers & Waagstein, 2006) and P-wave sonic and bulk-density logs are
available from the depth interval 200 – 3600 m in this well.
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The Glyvursnes-1 well was drilled in 2003 and at the same time the Vestmanna-1 well was reamed.
Full-waveform sonic and bulk-density logs in the Vestmanna-1 and Glyvursnes-1 boreholes were
acquired as part of the SeiFaBa project (Japsen et al., 2005; Waagstein & Andersen, 2003).

3.2.2.

Resampling of logs

The initial modelling of the seismic response in the thesis was done by 2D full-waveform modelling
(Chapter 10). For the modelling I used the interval times (SVEL), which were generated
immediately after the log runs, as raw P-wave velocity logs and the bulk density logs. The S-wave
velocity logs were generated from the P-wave velocity logs at a Vp/VS ratio of 1.8 (Christie et al.,
2006; Waagstein & Andersen, 2003).
A 2D gridded model for the seismic properties of the Glyvursnes area was constructed from the 1D
model above by expanding the 1D model horizontally. The gridding of the model demanded a
resampling of the logs from 0.2 m to a significantly larger sampling interval (see also Appendix D).
At this point of modelling, the well logs were treated as 1-dimensional data series. Therefore
resampling was done by first applying a low-pass filter according to the Nyquist frequency of the
sampling interval to be applied.
The later modelling, in connection with the VSP processing, was based on the GEUS-processed
full-waveform velocity logs from Glyvursnes-1 and Vestmanna-1 and the bulk density logs recalibrated to measurements on core samples (Waagstein, unpublished data). Further details on log
data are presented in Appendix C.

The effect of resampling methods on time-depth relations
Rather than treating the logs as 1-dimensional data series when resampling, it is more correct to
consider Backus averaging when doing resampling. Backus (1962) has described the case of a
horizontally finely layered medium, where each layer is isotropic or transversely isotropic. When
averaged over some height, smaller than the wavelength of a vertical travelling wave, the layered
medium can be approximated by a homogeneous transversely isotropic medium where the
velocities are algebraic combinations of the velocities and densities of the original medium and the
density is the average density for the medium.
With the basis in the GEUS-processed velocity logs at Glyvursnes, I show that while resampling of
the interval velocities, applied in the slowness domain, gives approximately the same travel times as
the original velocity log, Backus averaging gives a better correspondence to the VSP travel times
(Figure 6, resampling to 3 m). The figure also shows that Backus averaging to 40-m intervals gives
an even better correspondence to the VSP.
When considering Backus averaging, the correspondence between arrival times from velocity logs
and from VSP is improved with increased sampling interval up to about 20 m, while after that the
improvement is marginal (Figure 7). This observation can firstly be related to the fact that at 20-m
sampling interval we start to reach scales of the same magnitude as for the wavelength of the VSP
signal [approximately 130 m; the centre frequency of the VSP seismic signal is ~33 Hz (Shaw,
2006 p. 89)]. Secondly it can be related to the fact that at sampling intervals of 20 m we start to
reach the magnitude of flow lobe thicknesses. The maximum basalt-flow lobe thickness covered by
the Glyvursnes-1 well is 32 m (Waagstein & Andersen, 2003).
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Figure 6. Reduced travel times. 𝑻𝒊𝒎𝒆𝑹 = 𝒕𝒊𝒎𝒆 − 𝒅𝒆𝒑𝒕𝒉⁄𝑽𝑹 , where VR = 4000 /ms is the reduction velocity.
Times are relative to first VSP shot at 50 m depth. Comparison of arrivals times from the VSP with the arrival
times found from the integrated GEUS-processed velocity log at Glyvursnes-1. Further, arrival times from the
3-m resampled velocity log are compared to arrival times from the Backus-averaged log with 3-m windows
(sampling intervals). And finally the arrival times from the 40 m Backus-averaged log are also shown. Horizontal
offset to source is 24 m.

Figure 7. An error-function as function of sampling interval. The error function is constructed as the summation
of the squared differences between arrivals times from each VSP shot and from velocity logs.

These findings are, however, not supported by the Vestmanna-1 well since the VSP arrival times at
Vestmanna-1 were earlier than the arrival times calculated from the velocity log (Figure 8, opposite
to Glyvursnes-1). This means that, although the ratio between resampling by low-pass filter and
Backus averaging was similar to that in Glyvursnes-1, it is the resampling with low-pass filter that
has closest correspondence to the VSP arrival times.
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Figure 8. Reduced travel times for Vestmanna-1. 𝑻𝒊𝒎𝒆𝑹 = 𝒕𝒊𝒎𝒆 − 𝒅𝒆𝒑𝒕𝒉⁄𝑽𝑹 , where VR = 5100 /ms
Comparison of arrivals times from the VSP to the arrival times found from the integrated GEUS-processed
velocity log at Vestmanna-1. Further, arrival times from the 3-m resampled velocity log are compared to arrival
times from the Backus-averaged log with 3-m windows (sampling intervals). And finally the arrival times from
the 40-m Backus averaged log are also shown. Horizontal offset to source is 18 m.

Ambiguity of time-depth relations
The time-depth relation derived from the velocity logs was compared to time-depth relation from
VSP shots at Glyvursnes-1 and Vestmanna-1.
The comparison shows that at Glyvursnes-1 the velocity log produces earlier arrival times than was
observed from the VSP (positive trend, Figure 9). Earlier arrival times imply that the average
velocity found from the velocity log is higher than what was found from the VSP. At 600 m depth
the difference in arrival time was −3.1 %. The top half of the Glyvursnes-1 well covers the UBF
and the lower half covers the top of the MBF. But the difference between arrival times from
velocity log and from VSP was consistent for both the UBF and MBF. So it was quite unexpected
that the comparison at Vestmanna-1, which covers the lowest part of the MBF, showed that the
velocity log produced later arrival times than observed from the VSP (negative trend, Figure 9).
Later arrival times imply that the average velocity found from the velocity log is lower than what
was found from the VSP. At 500 m depth the difference in arrival time was 2.4 %. This is in
agreement with results presented by Shaw (2006).
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Figure 9. Difference between arrival times from VSP and arrivals times from integrated velocity logs (GEUS
processed P-wave logs) adjusted to arrival times at 50 m depth. The figure is derived from Figure 6 and Figure 8.

The lithologic properties covered by the two wells do not give an immediate explanation for the two
different trends. The difference could be caused by experimental errors. But the logging of
Vestmanna-1 and Glyvursnes-1 was done consecutively with the same equipment and staff. The
same processing was used on both velocity logs. Therefore it is unlikely that experimental error is
the cause of the different trends relative to the VSP of the two velocity logs.
There is, however one difference between the experiments in Vestmanna-1 and Glyvursnes-1. It is a
fact that Vestmanna-1 was drilled in 1980 and the logging thus was performed on a 20-year-old
well while the logging of Glyvursnes-1 was performed immediately after the drilling of the well.
Since the Vestmanna-1 borehole was drilled in 1980, continuous flow of water to the surface has
been observed. The depth of the inflow is established to be at 302 m depth (Waagstein & Andersen,
2003, p. 40-41).
Figure 9 shows that at about 300 m depth the Vestmanna-1 trend clearly changes from negative to
positive, so below 300 m the trend is more like what is observed in Glyvursnes-1, while above 300
m the trend is opposite to what is observed in Glyvursnes-1. Therefore it is plausible that some
weathering processes in connection with the continuous water flow have altered the rock properties
(like pore fill, pore fluid or pore size alteration) in the vicinity of the borehole.
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4. The SeiFaBa project
This thesis is based on a subset of seismic data acquired at Glyvursnes, 2003 as part of the SeiFaBa
project. The SeiFaBa project (Seismic and petrophysical properties of Faroes Basalt, 2002–2006)
was funded by the Sindri Group as part of the programmes for licensees within the Faroese offshore
area. The aim of the project was to provide a unique dataset and new understanding of the seismic
and petrophysical properties of the Faroes basalts with special focus on the subaerially extruded
flood basalts. Drilling of a new well at Glyvursnes and relogging of the Vestmanna-1 well in
combination with the extensive dataset for the Lopra-1 borehole would provide valuable new
stratigraphic control of the Upper, Middle and Lower Basalt Formations as well as understanding of
the physical differences between these formations. The proposed well site at Glyvursnes gave
optimal conditions for combining offset VSP (vertical seismic profiles) with onshore and offshore
surface seismic experiments. The relation of sonic velocities of basalt to porosity, composition,
stress and fluid content could be studied through detailed analysis of well logs and core material.
Such studies would aim at achieving explanations for the sonic response of basalt in terms of
physical and compositional properties, bridging the gap between the different scales of data
acquired from outcrops, cores, well logs and surface seismic as well as providing a better
understanding of the seismic signatures of flood-basalt successions (Japsen et al., 2006).
The SeiFaBa final report (Japsen et al., 2006) lists the following activities and results:
1.
2.
3.
4.
5.
6.
7.

Drilling and logging at Glyvursnes and Vestmanna
Classification scheme of basaltic rocks
Rock physics analysis of Faroese and Icelandic basalts
Seismic data acquisition at Glyvursnes and Vestmanna
Seismic attenuation estimated from VSP data acquired at Glyvursnes and Vestmanna
Processing and interpretation of surface seismic data acquired at Glyvursnes
Seismic velocities, anisotropy and seismic imaging of Vestmanna basalts from integrated
borehole and wide-angle data

Of these, 1 and 4 represent data acquisition while 2, 3, 5, 6 and 7 represent analyses based on the
SeiFaBa data acquisitions and existing data prior to the SeiFaBa experiment. It is worth noting that
the data acquired during the SeiFaBa project form a data repository with potential for many future
studies.

4.1.

Data acquisitions of the SeiFaBa project

4.1.1.

Drilling and logging at Glyvursnes and Vestmanna

The new 700 m deep scientific well, Glyvursnes-1, with continuous coring, was successfully drilled
in the autumn of 2002 penetrating the lower part of the UBF with TD ~350 m into the MBF. The
existing 660 m deep Vestmanna-1 borehole penetrating the lower part of the MBF with TD ~100 m
into the Lower Basalt Formation (LBF) was originally drilled in 1980 (Berthelsen et al., 1984). It
had to be reamed prior to logging due to partial blocking by precipitation of white tufa along the
wellbore. The reaming operation was terminated at 615 m due to stuck pipe (Waagstein &
Andersen, 2003).
The Glyvursnes-1 well, located on the headland 2 km southeast of Tórshavn with the top of the
surface casing at 16.56 m above mean sea level was drilled by the Finnish drilling contractor
SMOY. The drilling method was diamond core drilling with fresh-water flushing. The core was
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partly described visually on-site and later fully using a set of high-quality digital core photos. The
observed structural and petrographic features allowed the drilled succession to be subdivided into
flow-units based on abundance and size of vesicles and presence of chilled surfaces and sediments.
An extensive suite of slim-hole wire-line logs was run in both wells by Robertson Geologging. The
logging programme comprised acquisition of the following logs: optical televiewer, three-arm
calipre, formation density, focused electric, full-waveform/compensated sonic, natural gamma-ray
spectroscopy and temperature/conductivity. The log quality is generally acceptable except for the
spectral gamma-ray logs due to lack of proper calibration. The full-waveform sonic logs recorded
with a tool with only two receivers were affected by high-frequency noise causing difficulties to
pick the shear waves. As the processing results from Robertson Geologging of the full-waveform
sonic logs were considered unsatisfactory time-consuming additional processing passes to enhance
results were undertaken both by the Norwegian company, Logtek, and by GEUS (Waagstein &
Andersen, 2003).

4.1.2.

Seismic data acquisition at Glyvursnes and Vestmanna

Four seismic field experiments were carried out as part of the SeiFaBa Project divided into surface
seismic data experiments and VSP experiments at Glyvursnes (2003) and in Vestmanna (2004)
(Andersen et al., 2004). However, prior to the Glyvursnes 2003 seismic experiment a pilot
experiment was performed, in June 2002. This experiment was mainly aimed at obtaining sufficient
data to investigate problems related to acquisition of near-vertical incidence and wide-angle seismic
data in the Glyvursnes area (Petersen et al., 2003).

Glyvursnes seismic experiments, 2003
The VSP in Glyvursnes-1 was acquired in June-July and the surface seismic data were acquired in
September.
Prior to and during the first experiment, a dense array of 45 Guralp (6TD) three component
seismometers was deployed. During periods of controlled-source seismic shooting, all sites
maintained a sampling interval of 5 ms. For intervening periods, when recording earthquakes, a
sampling interval of 10 ms was used (Andersen et al., 2004).

Figure 10. Magenta square: borehole; Yellow circles: Source locations (from Shaw, 2006).

16

The SeiFaBa project

The VSP experiment was performed with a 150 in3 airgun as source. The airgun was suspended to a
depth of 1.5 m in a specially constructed pond at 14 m offset from the well location. The receiver
was a 3-component geophone that was clamped at 10-m intervals in the 50 – 600 m range. In
addition to the vertical VSP, a 242-m offset and a 415-m offset VSP were acquired with similar
source configuration in the 300 – 600 m depth range at 10-m depth intervals (Figure 10). Fixedlevel offset VSP's were acquired by clamping the receiver permanently at 400 m depth recording
most of the airgun shots fired during the surface seismic data acquisition (Shaw, 2006).
The surface seismic data were acquired onshore and offshore in the vicinity of the Glyvursnes-1
well. Three different energy sources were used: 250 g dynamite in 3 m deep holes onshore and a
2×380 in3 Sodera G-gun cluster, and a 4×40 in3 Halliburton sleeve gun cluster offshore. Data were
recorded on marine streamer offshore and on vertical and 3-component geophones onshore.
The acquisition was divided into a land acquisition only, with dynamite source and geophone
receivers, and a combined acquisition with airgun source recorded on streamer and geophones and
dynamite source recorded on streamer and geophones. The former comprised two 600-m profiles at
right angles to each other (Figure 15) and a grid with pseudo-3D coverage (Figure 11)—all acquired
at 5-m receiver intervals and 10-m shot intervals using the dynamite source. The latter comprised
three 400-m geophone profiles in combination with a 600-m streamer layout at ~45° to each, with a
5-m geophone interval and a 6.25-m group interval. The latter setup was used for acquiring both
reflection seismic data (Figure 17) and long-offset data (Figure 12) (Andersen et al., 2004). Shot
intervals were varied, limited by the capacity of the compressor air, but in the order of 20 m for
reflection seismic data and larger for long-offset data.

Figure 11. Red, blue and black solid lines show geophone layouts, while red, blue and black dots show respective
shot-points.
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Figure 12. Yellow, blue and red solid lines show geophone layouts and yellow, blue and red stars show respective
shot-points.

Vestmanna seismic experiment, 2004
During June and July 2004, various VSP surveys, both offset and zero-offset, were carried out at the
Vestmanna-1 well.
The VSP experiment was performed with Halliburton sleeve gun cluster of 2×40 in3 as source,
suspended to a depth of 1.5 m in a natural rock pool in the river. Offset of source was 18 m from the
well location. The receiver, the same as used in the Glyvursnes experiment, was clamped at 5-m
depth intervals in the 50 – 500 m range (Shaw, 2006). In addition a 230-m offset and a 610-m offset
VSP were acquired in the 50 – 500 m range at 10-m depth intervals using a 3×40 in3 Halliburton
sleeve gun cluster at 3 m depth offshore (Figure 13).
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Figure 13. Magenta square: borehole; Yellow circles: Source locations (from Shaw, 2006).

Walk-away profiles were acquired with the downhole geophone clamped at 100-m intervals in the
100 – 500 m depth range. During this experiment surface seismic data were recorded on a 400 m
geophone line deployed in an easterly direction from the borehole with 5-m geophone intervals, and
on 9 6TD Guralp seismometers deployed west of the borehole to a maximum offset of 1200 metres
(Figure 14).
Further, a boomer survey of Vestmanna Fjord was conducted in order to obtain accurate
information on the nature and thickness of sediments in the fjord.

Figure 14. Location map of seismic data acquisition. The land data were acquired using the same shots in the
harbour as fired for the Walk-away data and for the zero-offset VSP data. Pale blue lines show the highresolution boomer tracks used to map sediment thickness (Bais et al., 2009).
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5. The data used for the thesis work
The following is a description only of the data used for my thesis research. For more details on
other data see the acquisition report (Andersen et al., 2004) and the SeiFaBa final report (Japsen et
al., 2006). The data used in the thesis are the surface seismic data acquired for reflection seismic
analysis. These comprise land seismic data acquisition and combined land-marine seismic data
acquisition. The land data were acquired for 2D processing while the combined airgun-geophone
data were acquired for 3D processing (Table 1). Well logs and VSP data from Glyvursnes,
Vestmanna, and Lopra are also included in the thesis work and are initially presented in section 3.2.
Table 1. The surface seismic data. Number of shots for each line and the average shot interval are listed in the
table. ASI: average shot interval.

Data

Shots

ASI
[m]

Type

Processing

GBX501

152

14.6

Airgun-geophone

3D stack

GBX502

96

11.2

Airgun-geophone

3D stack

GBX602

60

16.8

Airgun-geophone

3D/2D stack/Tomography

GBX603

85

16.7

Airgun-geophone

3D stack

GBX604

64

16.7

Airgun-geophone

3D stack

GBX605

62

19.1

Airgun-geophone

3D stack

GBX606

66

18.0

Airgun-geophone

3D stack

GBX607

58

20.0

Airgun-geophone

3D stack

GCX700

216

19.7

Airgun-geophone

3D stack

GCX701

81

19.3

Airgun-geophone

3D stack

GBXDYN

7

50

Dynamite-geophone

Tomography

GBXDYN

7

50

Dynamite-streamer

Tomography

GBX602

60

16.8

Airgun-streamer

2D stack/Tomography

SeiFaBa-1

43

10

Dynamite-geophone

2D stack/Tomography

SeiFaBa-2

46

10

Dynamite-geophone

2D stack/Tomography

5.1.

The land seismic data acquisition

The land seismic data consist of the two 600 m long geophone layouts, SeiFaBa-1 and SeiFaBa-2
with shots points along the profiles. The profiles are oriented perpendicular to each other. The total
number of stations for each profile is 120 and station interval is 5 m. The geophones were vertical
GS-20DX cases with SM9 detectors mounted having a natural frequency of 14 Hz. In order to reach
the required number of 120 geophones, 5 SM7 geophones with a natural frequency of 10 Hz had to
be used (Figure 15).
Geophones were placed in holes about 10 cm below surface and covered. When not possible to dig
holes, because the bedrock was exposed, 6 mm holes were drilled in bedrock for wedging the
geophone pin into a fixed position and the geophones were covered with turf (see Figure 16).
Sources were 250-g dynamite charges deployed in 3-m deep holes sealed with 0 – 10 mm sand and
cement. Shot-point interval was ~10 m. Due to logistics some shot-points were left out and some
shot-points were missing due to misfiring.
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Figure 15. The layout for the two 2D profiles SeiFaBa-1 and SeiFaBa-2. Black lines are the two geophone
layouts. Red and blue dots show shot positions of the two acquisitions. Yellow cross shows location of
Glyvursnes-1 well.

Different charge sizes of 62, 125, 250, 500 and 2000 g were tested. 250 g was chosen as charge
based on weighting seismic penetration against loss in resolution. Deployment was tested with 3-m
and 5-m deep holes. 3-m deep detonation holes were used for the acquisition as there was no
improvement by using the 5-m deep holes.
It should be noted, that the test holes were drilled with a Cross-crown (38 mm) drill, resulting in a
groovy surface of the borehole wall, good for sealing, while the drill used for the data acquisition
was a traditional type, producing a totally smooth surface of the borehole wall, less well suited for
making a good sealing of the charge, even when the holes were cemented.
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Figure 16. Deployment of a geophone layout. Geophones are placed in holes in the overburden and covered.

5.1.1.

Recording

The data were recorded with a Geometrics StrataView recording system. The pilot acquisition in
2002 had shown that the system picked up the radio signal transmitted from the Loran-C station
located at the northern end of Streymoy at Eiði. Loran-C transmits at 100 kHz.
Analysis by Per Trinhammer at Aarhus University showed that the system was vulnerable to
frequencies of any multiple of 32 kHz. StrataView has no true anti-alias filter above 32 kHz, relying
on the earth to filter out higher seismic frequencies. The base sample rate is 32 kHz, lower sample
rates being obtained by digitally decimating down from that. This accounts for the observation of
aliasing from bands that are multiples of 32 kHz.
The radio signal from Loran-C at 100 kHz is close to 3 × 32 kHz = 96 kHz. Per suggested to
Geometrics that he would shift the sampling frequency slightly by hard-wiring so the notch would
be shifted farther away from 100 kHz. Geometrics approved of this solution. After the modification,
the equipment was tested in the Faroes and it was established that the radio noise problem was
solved.
The seismic signal was recorded on channels 1 – 120 and GPS time code on Channel 121. The
sample interval was 0.5 ms and the record length was 3 s. There was no acquisition filter other than
the anti-alias filter.
During acquisition of SeiFaBa-2, cross-talk generated by the strong electromagnetic induction in
the geophones just beside the source position (about 5 m offset) became a problem for the
acquisition. The problem was solved by removing the nearest geophones from the cable for each
shot.

5.2.

Combined land-marine seismic data acquisition

The combined data acquisition comprised two 400 m long geophone layouts, GBX and GCX, and a
600 m long streamer deployed in conjunction with the GBX profile. The profiles are oriented
perpendicular to each other.
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In connection with the GBX geophone and streamer layout, airgun shot profiles along the streamer
with offset to the streamer ranging from 50 to 450 m were acquired in addition to two shot profiles
in other directions. A sparsely sampled dynamite shot profile was also acquired along the GBX
geophone layout recorded on geophones and streamer.
In connection with the GCX geophone layout two airgun shot sequences were acquired, generally
oriented in the same direction as the geophone layout. See Figure 17 for positions and Table 1 for
shot-point intervals.

Figure 17. Geophone layouts and respective shot-points of the reflection seismic data. Yellow line and dots show
geophone string and shot positions from the GCX layout, and red line and dots show geophone string and shots
positions from the GBX layout. The green line on the sea is the nominal streamer position for the GBX layout.
The blue dots are positions of dynamite source recorded simultaneously on streamer and geophone of the GBX
layout. Yellow cross shows location of Glyvursnes-1 well.

The geophone layouts were 400 m long using a combination of 1C- and 3C-geophones with 80
stations placed at 5-m intervals, every 4th being a 3C-geophone of the type GS-3C with natural
frequency of 10 Hz, while the 1C geophones were of the type GS-20DX with a natural frequency of
14 Hz. Offshore recording was with a 96-channel streamer, with 6.25-m group interval. Group
length was 3.25 m with 7 hydrophones per group. The streamer was moored between a jack-up rig
at the shoreline and a tugboat at the other end at 3 m depth (Figure 18).
The effect of the tidal current was anticipated as a challenge and a pull force on the order of 50 000
N was calculated to be necessary to keep the streamer in place. The streamer breaking strength was
10 000 N. Therefore a steel wire was supporting the streamer while towed in position by a tugboat.
However, a mechanical failure of the winch operating the steel wire resulted in this setup not being
usable, resulting in a significant reduction in the towing force that could be applied.
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The airgun source for the reflection seismic data acquisition was a 160 in3 (2.6 l) cluster consisting
of 4 Halliburton 40 in3 sleeve guns, towed at a depth of 4 m, operating at a pressure of 100 bars.
The airgun was fired at time intervals aimed at obtaining a short shot spacing. The shot intervals
were generally less than 20 m. The nearfield was recorded on a hydrophone positioned 0.35 m
above the airgun cluster.
Geophones were recorded on channels 1 – 119, nearfield was recorded on channel 120, streamer
data on channels 121 – 216, and GPS time code was recorded on channel 217. The sample interval
was 0.5 ms and the record length was 3 s.

Figure 18. The jack-up rig and tugboat (arrow A) used for mooring the streamer. Arrow B is the boat with the
airgun.

5.3.

Positions

Positions were measured for sources (airgun shots 1 and dynamite shots 2), endpoints of streamer
(tugboat1 and jack-up rig3) and for geophones (GBX and GCX 3 and SeiFaBa-1 and 22). The land
navigation of the GBX and GCX survey has accuracy on the order of ±0.05 m while the accuracy of
the SeiFaBa-1 and 2 is worse—on the order of ± 3 m. The tugboat and gunboat navigation have an
accuracy of ±2 m.
Bathymetry is obtained from echo-sounder data stored on the navigation log from the gunboat.
Figure 19 shows topography and bathymetry along the GBX602 profile.

Figure 19. The topography and bathymetry along inline-2 and GBX602. The blue asterisk marks the position of
the borehole.

1

Standard mobile differential GPS system with accuracy of ~1 – 2 m
Garmin GPS76 with WAAS activated with an absolute accuracy of ~3 m
3
Differential GPS with accuracy better than 0.25 m
2
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5.4.

Data used for refraction seismic modelling

A subset of the data was used for refraction seismic modelling. The data were acquired along and
close to a common profile determined by the GBX and SeiFaBa-1 profiles and consist of land data,
marine data, and combined land-marine acquisition (Table 1 and Figure 20). The refraction seismic
modelling is presented in Chapter 8.
Before modelling there was a need for improving uncertainty estimates of positions used for the
profile. Firstly, the positions along the SeiFaBa-1 profile were remeasured 4 especially with the aim
of improveing the topographic information and bringing uncertainty for this profile down to ± 1 m.
Second, the hydrophone positions were considered. Originally the hydrophone positions were
calculated from the end points of the streamer and the streamer was assigned a curvature so it
matched the endpoints. For the refraction seismic modelling, travel times from first arrivals were
used as extra constraints on the streamer positions. If the streamer positions were from jack-up rig
and tugboat only, the streamer would be placed ~5 m further to the north than if they were based on
first arrivals and shot-point positions (Petersen, 2011).

Figure 20. The data used for refraction modelling (from Petersen et al., 2013).

4

Using a Leica TC 1600 Total Station
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6. Signal and noise analysis of raw data
Signal and noise analysis was performed on the GBX602 and GBXDYN dataset as these represent
all four acquisition combinations. Figure 21 shows the setup of the acquisition for the GBX602 line
and the GBXDYN line used for this analysis.
Throughout the thesis I follow the SEG polarity standard for hydrophone and vertical-component
geophone data that specifies that, in normal polarity, the first break due to a compressional arrival is
represented by a negative number (Brook et al., 1993; Thigpen et al., 1975), i.e., a downward or
leftward deflection on a seismogram. This corresponds to the upward motion of a geophone case or
to a pressure increase at a hydrophone. For an explosive source and either a direct arrival or a
reflection from an interface with a positive reflection coefficient, this implies a negative deflection
for a minimum phase wavelet (Sheriff, 2002, p. 267). But for a zero-phase wavelet this same
situation is represented by a positive central peak. However, Sheriff (2002) also noted that in some
areas, including the North Sea, the opposite convention is used for zero-phase wavelets. Inspection
of the data showed that while the geophone recordings are in accordance with the SEG normal
polarity standard the polarity of the hydrophone data had to be reversed to comply with SEG normal
polarity.

Figure 21. Acquisition layout of the data used for the prestack analysis. Red points onshore are dynamite shot
positions 1 – 7, and red points offshore are airgun shot-points 1 – 60. Blue points onshore are geophone stations 1
– 80, and blue points offshore are hydrophone positions 81 – 176. Glyvursgjógv crosses the geophone string at
about stations 31 – 33.
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6.1.

Raw shot-gathers

The signal and noise analysis takes basis first in an airgun shot recorded on the GBX layout
(geophone-streamer acquisition), and second in a dynamite shot recorded on the same layout. The
raw shot-gathers of the two are on Figures 22 and 23 with some events with approximate velocities
annotated. The two shot-gathers show comparable offset ranges on both streamer and geophone
string.

Figure 22. Example of a raw airgun shot-gather (Shot-point 9 from the GBX602 line, see location on Figure 21).
The geophone channels (left) and streamer channels (right) are shown versus offset. The geophone and streamer
sections are balanced by scaling to have similar amplitude level. No gain has been applied. Vertical blue line
shows the position of Glyvursgjógv; see also Figure 21 for location.
A: Low-frequency events from unknown source (1000 m/s). Several shots were heavily disturbed by this noise.
B: Refraction from shallow layers (4900 m/s).
C: Direct wave in the water (1500 m/s).
D: Example of sideswipe from shoreline.
E: Low-frequency ringing signal (1650 m/s).
F: Arrivals before the direct wave are refractions from the uppermost basalt layers (examples show 3800 m/s
and 4700 m/s).
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The first thing to notice is that the dynamite-streamer recording has a much lower S/N than the
three other combinations (Figure 23). The streamer section also shows a low-frequency coherent
noise with low apparent velocity (1000 m/s) related to an unknown source (A in Figure 22). The
noise was present throughout the acquisition on an irregular basis, and several streamer records of
the GBX layout were heavily disturbed by this noise. Similar noise was not observed on geophone
recording.

Figure 23. Raw dynamite shot gather (dynamite shot 1 on the GBXDYN line, see Figure 21 for location). The
geophone and streamer sections are balanced by scaling to have similar amplitude level. The left figure shows the
full shot-gather with geophone section having negative offsets and the streamer section having positive offset.
The right figure shows the shallow geophone section. Approximate velocities of refracted events are annotated on
the figure. Blue vertical line shows the position of Glyvursgjógv; see also Figure 21 for location.
A: Direct wave (3600 m/s).
A′: Refracted wave from shallow layer (4100 m/s).
B: Surface wave (1800 m/s)
C: Direct wave converted to a low-velocity wave on transmission at Glyvursgjógv (1500 m/s, see Figure 21 for
location of Glyvursgjógv).
D: Direct wave converted to a low-velocity wave on reflection at Glyvursgjógv (1500 m/s).
E: Example of suggested reflection that is mirrored by Glyvursgjógv

The velocity of 1000 m/s does not conform to water velocity and if it is a seismic wave it then must
propagate through sub-seabed. But there are no suggestions for wave propagation with speeds as
low as 1000 m/s. An alternative suggestion would be waves propagating in air but the speed of Pwaves in air is 340 m/s. Finally, it is suggested that the signal is related to the streamer itself. First,
the wave could travel within the streamer fluid, however, the streamer is divided into several
sections while the signal is coherent over the full length of the streamer. Second, it could be waves
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traveling on the streamer itself, like on a stretched rope, as the streamer is stretched between the
jackup-rig at the shoreline and the tugboat at the other end. At the tether point to the shoreline the
streamer is lifted out of the water onto the jackup-rig and subjected do different foreces that might
induce the waves. This complies with the waves always coming from south, from the tetherpoint.
Events originating from the seismic source, i.e. dynamite or airgun, can be divided into reflections,
refractions, direct waves, surface/interface waves and diffractions. B and F in Figure 22 and A’ in
Figure 23 are examples of refractions in the uppermost layers, C in Figure 22 and A in Figure 23 are
examples of direct waves. Reflections are difficult to identify on the raw gather but E in Figure 23
is suggested as an example. The low-velocity events, E in Figure 22 and B, C, and D in Figure 23
could be related to surface/interface-waves but could also be related to refracted S-waves.
The nature of E in Figure 22 is of special interest. It is peculiar to all airgun-geophone recordings. It
is a high-amplitude low-frequency ringing signal with period of about 0.1 s. This noise is absent, or
has much lower amplitude, on the streamer section. An equivalent event with the same apparent
velocity was not seen on the dynamite-geophone recording (Figure 23). Since this signal is not
present on the dynamite-geophone recording it could be related to the airgun as source. The fact that
the shot-points were close to the shoreline might also have an effect regarding what happens to the
energy trapped in the water column as it travels towards the shoreline with ever diminishing water
depth. One could imagine a point of singularity.
However, the sustainability of the ringing signal makes me consider some kind of resonance effect
in relation to combination of layer properties. If the wave propagates as S-wave the representative
P-wave velocity is 1.8×1650 = ~2970 m/s while if it propagates as a Rayleigh-wave the
representative P-wave velocity is 1.8×1650/0.9 = ~3300 m/s as the speed of Rayleigh waves is a
few percent less than the S-wave speed (Aki & Richards, 2002).
While the airgun gather shows well-defined events (B, C, E, and F in Figure 22) the appearance of
the dynamite recording is much more chaotic. In the offset range 0 – 230 m the dynamite-geophone
gather shows a number of events with negative apparent velocities (e.g. D and E´ in Figure 23).
Some of these events can be attributed to Glyvursgjógv; a large-scale fracture located at 230 m
offset, approximately perpendicular to the geophone layout. Glyvursgjógv is one of six lineaments
in the Glyvursnes area (Passey, 2005) and is, according to Shaw (2006), a dyke.
The chaotic appearance in the 0 – 230 m offset range is an example of a general property of the
dynamite-geophone acquisition that significantly affects the quality of processed data. It appears
that the Glyvursgjógv acts as a barrier for the chaotic noise since, on the far side of 230 m offset,
events are much more well-defined. In addition to acting as barrier Glyvursgjógv acts as a point of
conversion both on reflection and transmission. C in Figure 23 shows the conversion of the direct
wave to a low-velocity wave on transmission while D shows the conversion of the direct wave to a
low-velocity wave on reflection, both with apparent velocity of about 1500 m/s.
A deduction from the reflection and conversion of horizontally traveling waves is that Glyvursgjógv
has different seismic properties to those of the layered basalt succession at Glyvursnes. The
difference in properties is most likely related to the fact that the dyke is oriented vertically while the
basalt succession is horizontally layered. So, although there might only be small differences in
seismic properties between the dyke and the massive lava cores there will be large differences
between the dyke and the sedimentary beds and porous lava crusts.
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B in Figure 23 is identified to be a surface wave based on the fact that the event intersects zero time
at zero offset and that the velocity of 1800 m/s compares to the velocity of 3600 m/s for the direct
wave A in Figure 23 by 1.8×1800/0.9 = ~3600 m/s.
In the analysis of events it is important to notice that at Glyvursnes the overburden is absent or very
shallow and discontinuous and does by no means provide a medium for wave propagation. In the
Glyvursnes area, therefore, surface waves do occur in the uppermost basalt flows or sedimentary
beds and interface waves occur at interfaces between basalt flows or between basalt flows and
sedimentary beds.

6.2.

Frequency analysis

From the direct inspection of raw shot-gathers it is obvious that the four acquisition methods
produced very different recordings, apparently with different frequency content.
The frequency analyses were performed on the same shot-records as above, but now separated into
a geophone-gather analysis and a streamer-gather analysis. The analysis is first on gathers, then on
selected traces, and finally as joint time-frequency analysis in the form of continuous wavelet
transform analysis (for more on CWT see Appendix B) on selected traces. The frequency analysis is
on full record length, 3 s.

6.2.1.

Geophone gather

The spectra of noise records of geophone-recorded traces were compared with the spectra of the
dynamite- and airgun-shots. The ambient noise is generally small at all frequencies (Figure 24a),
relative to dynamite shots and airgun shots, although a few geophones have higher background
noise level. This can to some extent be explained by unfavourable conditions at certain geophone
locations. For instance, the geophone station 31 was located at the fracture in connection to the
Glyvursgjógv; station 37 was located in an area with thick (>1 m) top soil and station 51 was placed
in a small area of suspected land fill at the foot of a slope (see Figure 21 for location). However,
generally excessive noise has been avoided even at unfavourable locations by the careful
positioning of the geophones.
The bandwidth of geophone recorded dynamite shots is highly dependent on the offset. Near-traces
have a broad bandwidth, exceeding 300 Hz, while far-traces have a much narrower bandwidth of
about 10 Hz to 120 Hz (Figure 24b & c).
The energy generally decreases with offset (Figure 24). However, a jump in bandwidth can be
observed when crossing Glyvursgjógv both for the dynamite and for the airgun source. So it is clear
that Glyvursgjógv has some filtering effect on the seismic signal, possibly with most influence on
the horizontally travelling waves. The recordings on the far side of Glyvursgjógv show most energy
in a bandwidth consistent with the reflected energy, being in the 10 – 60 Hz interval.
In the single-trace analysis I therefore considered both a near-trace and a far-trace located on either
side of Glyvursgjógv. Using conventional Fourier analysis, it appears that the near-trace has a very
high signal-to-noise ratio (Figure 25b). However, CWT analysis of the traces shows that the broadband energy is concentrated at the early times of recording (Figure 26b) and after that the effective
bandwidth is reduced dramatically with time to reach the level of the background noise at about 1 s.
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Figure 24. Amplitude spectra of the geophone recordings of noise, dynamite and airgun recorded at the same
geophone positions. Note the different offset range of the gathers caused by acquisition constraints. Geophone
spacing was 5 m. a) Noise record; b) Dynamite shot-point 1; c) Airgun shot-point 9. Amplitudes are logarithmic
with no gain applied. The blue vertical line shows the location of Glyvursgjógv. See Figure 21 for location of
geophones, shot-points and Glyvursgjógv.

Figure 25. Amplitude spectra of single geophone traces. See Figure 21 for location. a) Dynamite shot 1 geophone
trace 25 (far side of Glyvursgjógv with offset of 267 m) shows a good signal to noise ratio.; b) Dynamite shot 1,
geophone trace 74 (near-trace with offset of 22 m) shows an extremely good signal-to-noise ratio but this is
related to the position of the source only about 20 m away and does not represent reflected seismic energy; c)
Airgun shot 9, geophone trace 74 (near-trace with offset of 172 m) shown together with nearfield recording of
same shot. The nearfield was scaled by 0.02.
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The far-trace has a lower signal-to-noise ratio highest in the 10 – 120 Hz bandwidth (Figure 25a)
with most energy in the 0.12 – 0.22 s time interval (Figure 26c) related to refractions in shallow
layers. After that there is a reduction in the effective bandwidth, in a way similar to the near-trace,
until it reaches the level of the background noise at about 1 s. On the near-trace (Figure 26b) an
“energy-train”, caused by the air-wave generated by the dynamite source, is observed between 0
and 1.5 s with frequencies above 250 Hz.
The bandwidth of the geophone-recorded airgun source is much narrower, but also more confined
to the effective bandwidth for all traces than the dynamite source (Figure 24c). Comparison with
nearfield recordings of airgun shots shows that the geophone traces have a spectrum similar to the
nearfield, both going up to about 200 Hz, but with attenuation of higher frequencies (Figure 25c).
The effective bandwidth of the reflected seismic signal decreases with time from about 10 – 60 Hz
at about 0.2 s to about 10 – 20 Hz at about 1.6 s, attenuating towards the background noise level at
about 2.5 s (Figure 26d). There is a distinct low cut of frequencies at ~10 Hz that could be
connected to the natural frequency of the geophone.

Figure 26. The CWT analysis of geophone recording. a) Noise-record trace 74; b) dynamite shot-point 1 trace 74
at offset 22 m, c) Dynamite shot-point 1 trace 25 at offset 267 m; d) airgun shot-point 9 at offset 172 m. Contour
levels are logarithmically adjusted to background noise level. The contour colours go from blue as low to red as
high. The colour-bar shows amplitudes logarithmically (loge) and applies for all plots. The curves at each end of
the plots mark the “cone of influence” where edge effects become important (Torrence & Compo, 1998). See also
Appendix B.

The CWT analysis shows that the frequency contents of the dynamite-generated signal and the
airgun-generated signal are significantly different (compare Figure 26c & d). When considering the
reflected signal from below about 0.3 s the dynamite-generated signal has a higher frequency
(centred at approximately 32 Hz), than the airgun (centred at approximately 16 Hz) and the longer
sustainability of the airgun data can be related to the fact that lower frequencies are transmitted to
greater distances into the earth’s interior with relatively less attenuation.
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Note that the noise record and the airgun-source record show indications of continuous noise at 50
Hz (Figure 26a & d).

6.2.2.

Streamer gather

The spectra of noise records of streamer-recorded traces were compared with the spectra of
dynamite and airgun shots. The ambient noise is high relative to dynamite records but low relative
to airgun records (Figure 27).
The spectrum of the streamer-recorded dynamite shot resembles more the energy spectrum of a pure
noise recording than that of signal recording. The apparent difference is that the signal recording is
shifted to a higher level at lower frequencies (Figure 28a) but, like the noise record, has a
fluctuating amplitude spectrum. The CWT analysis of the same trace (Figure 29b) clearly shows
that the higher energy level primarily comes from the ambient noise as the energy is spread over the
full length of the record. The energy related to the seismic signal reaches above noise level only in a
short shallow section from 0.1 to 0.3 s.

Figure 27. Amplitude spectra of the streamer recordings of noise, dynamite and airgun recorded at the same
hydrophone positions. Channel spacing was 6.25 m. a) Noise record; b) Dynamite shot-point 1; c) Airgun shotpoint 9. Amplitudes are logarithmic with no gain applied. See Figure 21 for location of hydrophones and shotpoints.

The airgun-streamer record has high signal-to-noise ratio in a broad frequency band (Figures 27c
and 28b). However, much of the signal is from energy constrained in the water column as seabed
multiples and sideswipe (Figure 22). The CWT analysis (Figure 29c) shows that the broad-band
energy is found only in the very shallow part of the data but with an “energy train” centred at about
128 Hz, decaying with time. Geophone recordings of the same shot show that the seismic energy is
transmitted through the seabed in the 10 – 60 Hz band (Figure 26d) but on the streamer recording
the 10 – 60 Hz band energy is not identifiable below ~0.3 s (Figure 29c). The amplitude spectrum
of the gather also shows interference patterns related to signals transmitted and reverberating within
the water column (Figure 27c).
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Figure 28. Amplitude spectra of single streamer traces. See Figure 21 for location. a) Dynamite shot-point 1 at
290 m offset, b) Airgun shot-point 1 at 205 m offset together with the nearfield recording for same shot. The
nearfield trace was scaled by 0.02.

Figure 29. The CWT analysis of streamer recording on trace 110. a) Noise record. b) Dynamite shot-point 1 at
offset 290 m. c) Airgun shot-point 9 at offset 205 m. Contour levels are logarithmically adjusted to background
noise level. The contour colours go from blue as low to red as high. The colour-bar shows amplitudes
logarithmically (loge) and applies for all plots. The curves at each end of the plots mark the “cone of influence”
where edge effects become important (Torrence & Compo, 1998). The higher background noise level of b) can be
related to weather conditions. See also Appendix E.
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For logistic reasons the streamer was moored at a shallow depth of only 3 m. The surface ghost thus
gave rise to strong attenuation of frequencies below 40 Hz (Figure 30) while at the same time the
background noise was strong at low frequencies and especially below 10 Hz (Figure 29). In more
standard marine operations, it is possible to adjust the source and streamer configuration to the
optimum bandwidth. However, in the streamer data from the Glyvursnes 2003 experiment, we have
a poor sensitivity in the most interesting bandwidth.

Figure 30. Surface ghost for streamer at 3 m depth and vertically travelling waves.

6.3.

f-k spectra of shot gather

With f-k transformation, the frequency content can be separated dependent on the dip behaviour of
the recorded data. The f-k transforms show that airgun-streamer and dynamite-geophone data have
significantly better defined coherent events than airgun-geophone and dynamite-streamer data
(Figures 31a, 32, 33 and 34a). Recording configurations with sources and receivers located in
different elements, land – marine and vice versa, result in lesser coherent events than with pure land
and pure marine acquisition.
The coherent events are thus suspected to be mainly related to scattered energy in the shallow
layers, as the frequency analysis above also points towards. By removing the first 0.4 s of the
airgun-streamer and dynamite-geophone recordings it is demonstrated that most of the coherent
energy is removed (Figures 31b and 34b).

6.3.1.

f-k panels

The airgun-streamer f-k panel (Figure 31) shows a number of well aligned broadband events
dominating the data. By comparing Figure 31a & b, it is clear that these well defined events are
from the early (shallow) part of the record, see also Figure 29c. The high-frequency energy (up to
about 300 Hz) is related to the direct wave and reverberations in the water column while the energy
with frequencies up to about 120 Hz mostly is related to refractions in shallow layers (see also
Figure 22). It shall be noticed that although coherent events are hardly evident in the gather after 0.4
s (Figure 31b) the band-pass filtered gather shows deeper events (Figure 35) as does the stacked
streamer data (see e.g. Figure 42 b)
The dynamite-streamer f-k panel (Figure 32) shows the shallow refractions that are also seen on
the gather (Figure 23). The bandwidth goes up to about 120 Hz.
The airgun-geophone f-k panel (Figure 33). A large portion of the energy relates to a highamplitude, low-frequency signal, extending for the total length of the trace after the first arrival
(Figure 22, event E). Most of the seismic energy is constrained below 60 Hz. Note the large
difference in the bandwidth for the dynamite-geophone and the airgun-geophone recordings (see
also Figure 26c & d), illustrating the difference in bandwidths of the seismic signals generated by
dynamite and by airgun.
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a)

b)

Figure 31. f-k spectrum of the airgun-streamer gather. a) the full trace lengths with reflected and refracted
events annotated. b) the first 0.4 s are muted. The values go from blue colour for low values to red as high values.

Figure 32. f-k spectrum of dynamite-streamer gather with reflected and refracted events annotated. The values
go from blue colour for low values to red as high values.
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Figure 33. f-k spectrum of airgun-geophone gather with reflected and refracted events annotated. The values go
from blue colour for low values to red as high values.

a)

b)

Figure 34. f-k spectrum of the dynamite-streamer gather. Left: the full trace lengths with reflected and refracted
events annotated. Right: the first 0.4 s are muted. The values go from blue colour for low values to red as high
values.
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The dynamite-geophone f-k panel (Figure 34, similar to the airgun-streamer f-k panel), shows in
accordance with the frequency analysis (Figure 26b & c), that most of the energy is related to
shallow events. Although offset range is similar to the airgun-streamer configuration, the shallow
coherent events are significantly less distinct than in Figure 31a. The lack of well defined dips
reflects the chaotic appearance in the time-offset domain events (Figure 23).
The muted dynamite geophone display shows vertical striping (Figure 34) that originates from the
oscillating signal on trace 13 and 33 seen on the geophone noise record (Figure 24a)

6.4.

Examples of band-pass and f-k filter of gathers

6.4.1.

Filtering of airgun gathers

Based on the analysis presented above and on filter tests, similar to those illustrated in Appendix F,
filters were selected to enhance primary reflections. With a band-pass filter of 10/12 – 50/60 Hz 5,
deeper reflections became visible at about 0.6 s and downwards, both on the geophone and streamer
section of the gather (Figure 35).

Figure 35. Airgun shot-gather from shot-point 9. Same as Figure 22 but with band-pass filter 10/12 – 50/60 Hz.
On the figure to the left no gain was applied, while on the figure to the right AGC with time window 0.2 s was
applied. The Blue vertical line shows the position of Glyvursgjógv. A is an example of a deeper reflection seen on
both geophone and streamer section while B is a shallower reflection seen on the streamer section. Identification
of B is aided by travel times in Figure 67.

5

10/12 – 50/60 meaning: closed/open-open/closed
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Shallow reflections were difficult to identify on the geophone section. This had two reasons: first,
the overlying coherent noise was not removed by the band-pass filter (see also Figure 22, event E);
second, at shallow depths the offset range for airgun-geophone resulted in large angles of incidence.
Consequently, it became difficult to distinguish between reflected and refracted events. Suggested
shallow reflected events, however, were seen on the streamer section (Figure 35 event B).
The streamer is superior in shallow sections for two reasons: the noise signal that disturbs the
geophone section was absent on the streamer section; secondly, the noise signals in the water
column (multiple reflected seismic signal and propeller noise from the tugboat holding one end of
the streamer) were to a large extent in a frequency band different from the reflected seismic signal
(Figure 35).
Deeper reflections at about 0.6 s and below could be clearly identified, and it was possible to
correlate the data in the geophone and the streamer section.
After applying dip filters (2200/3000 m/s 6 for geophone and 1500/2000 m/s for streamer), shallow
reflections were uncovered on the geophone section (Figure 36).

Figure 36. Same as Figure 22 and Figure 35 but with f-k filter (dips 2200/3000 m/s for geophone and 1500/2000
m/s for streamer) and then band-pass filter 10/12 – 50/60 Hz.

6

2200/3000 meaning: closed/open
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6.4.2.

Filter of dynamite gather

The seismic signal from the dynamite source had more high frequencies than the seismic signal
from the airgun source. Therefore the dynamite-geophone section was filtered with 10/12 – 60/90
Hz and the streamer section with 28/30 – 60/90 Hz (relative to the 10/12 – 50/60 Hz for the airgun
data). The higher low-cut for the streamer data produced a better result because of the lowfrequency ambient noise of the streamer (Figure 37)

Figure 37. The dynamite shot-gather from shot 1. Same as Figure 23. The geophone section was band-pass
filtered at 10/12 – 60/90 Hz and the streamer section was band-pass filtered at 28/30 – 60/90 Hz. On the figure to
the left no gain was applied while on the figure to the right AGC with time window 0.2 was applied. The blue
vertical line indicates position of Glyvursgjógv. Notice that the geophone near-traces shows very little signal on
the AGC gained gather. This is a result of the Seismic Unix gain function “sugain”. The self-documentation says
that “extremely large/small values may be lost during AGC”.
A: Interface wave reflected at reflector with different orientation than Glyvursgjógv located to the south of the
profile.
B: Example of shallow reflection.
C: Example of deeper reflection.
D: Surface wave reflected at Glyvursgjógv.

After band-pass filtering, the geophone section showed reflected energy at about 0.6 s and below,
while the shallow section still is chaotic because of the shallow refracted energy. However, it is
possible to make ties between events on the geophone section and the streamer section in the
shallower section at about 0.3 s.
Although the streamer section on the raw gather showed very little seismic energy (Figure 23) and
the frequency analysis showed very little energy above the noise level (Figures 28 and 29), after
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band-pass filtering the section showed reflected events at about 0.6 s and also shallower reflection
and refracted events.
The dynamite-geophone data were not well suited for f-k filtering because of the irregular behaviour
of events (Figure 23). However, tests showed that the f-k filter had an improving effect on the stack.
Figure 38 shows an example of f-k filtered dynamite data.

Figure 38. Same as Figures 23 and 37 with f-k filter (dips 1800/3000 m/s for geophones and 1800/2500 m/s for
streamer) and then band-pass filter at 10/12 – 60/90 Hz and 28/30-60/90 Hz for geophones and streamers
respectively.
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7. Processing
The preparation of data was done with Matlab and Seismic Unix at the University of the Faroe
Islands. Each data file was separated into shot records. Traces were sorted according to station
numbers. Sorted shot records were then concatenated to form data files for each profile. Trace
header values were assigned for: time, shot number, shot position and receiver position 7. Time
delay of direct arrivals relative to shot-receiver offset was used for QC of the geometry.
Processing to stack was done on ProMAX at Aarhus University in 2004. Additional refraction
seismic modelling was done at a later point, 2009 to 2012, and is entered as a separate chapter
(Chapter 8) following this chapter together with reprocessing based on the refraction seismic
modelling.
Figure 39 shows the basemap with location of the 3D data grid and the 2D lines.

Figure 39. The grid used for the 3D-geometry of the airgun-geophone data (every inline and every fifth cross-line
is shown); the positions of the stacked 2D airgun-streamer data (marin_stack) and the two 2D stacks of
dynamite-geophone lines (SeiFaBa-1 and SeiFaBa-2) are also shown. All positions are common depth points
(CDP). The position of the Glyvursnes-1 borehole is marked with the yellow dot.

7

All codes and logs used exist in the attached CDROM: :/common/glyv2003/hw_positions/

42

Processing

7.1.

2D processing of airgun-geophone and airgunstreamer data (GBX602)

This sequence was designed for comparing the airgun-streamer acquisition to the airgun-geophone
acquisition. The GBX602 dataset was considered well suited to establish general properties of the
acquired data since it comprised a successful full deployment of the streamer in combination with a
relatively long sail-line close to and along the streamer (see Figure 21 for acquisition layout).
The data were separated into streamer and geophone data and processed separately, with the same
basic geometry used for both datasets (orientation of line). The processing flow was as follows:
1. Removing bad data
o Geophone stations and streamer channels that were consistently noisy in all gathers
or otherwise known to be bad (electromagnetic noise), were removed from all shot
gathers. Furthermore, traces were killed individually on gathers selected by
inspection.
2. Muting data
o On the streamer data low-frequency coherent noise (see A in Figure 22) was
surgically muted. As the noise appeared on several shot-gathers the streamer data
quality was severely affected by this, as can be seen on Figure 41.
3. Spherical divergence corrections
o Energy decay due to an expanding wave-front results in an amplitude decay of
1/distance (the energy decays as 1 over the squared distance). Using the travel time,
T, as expression for the distance travelled, the traces were corrected by a
multiplication factor of 1/T.
4. f-k filter
o No f-k filter was applied. Tests with f-k filters did at this point not show any
significant improvement of the stacked sections.
5. Elevation static correction
o Elevation static correction was applied for the geophone traces. Final datum is 0
metres. Receiver elevation is from trace headers. Estimated replacement velocity was
3000 m/s. No prestack elevation static correction was applied on streamer traces.
o Before tying the different datasets to each other and to borehole logs, further time
shifting was applied to adjust for the time delay of the travel path in water (Figure
19).
6. Band-pass filter
o The band-pass filter was applied as Ormsby band-pass filter with pass band 12/14 –
50/60 Hz determined from filter panel tests. This filter rejects a considerable part of
the low-frequency ambient noise in streamer data and much of the low-frequency
coherent noise.
o Filter panels for a number of frequency pass-bands are in Appendix F (Figures 173
to 180).
7. Velocity analysis
o Super-gathers were constructed for every 9th CDP position; each super-gather
consists of 7 CDP gathers. The gathers recorded on geophones were well suited for
velocity analysis using semblance analysis. Figure 40 shows a typical airgungeophone super-gather and a plot of the semblance analysis.
o Guiding velocities were obtained from the model generated in section 3.2(Figure 5),
thus considerably reducing the ambiguities in picking of NMO velocities. Picks are
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made at semblance maxima closest to the guiding velocities. Notices a train of
distinct semblance maxima at NMO velocities 3000 – 4000 m/s seen from 0.7 – 3.0 s
(Figure 40) clearly represents non primary events. Notice also the increase of
velocities in the ~1.7 – 2.2 s, indicating that interval velocities below the guiding
velocities are significantly higher than those representing the LBF.
o The velocity analysis was performed on geophone-recorded data. Velocity analysis
on streamer-recorded data was not possible (Figure 41). The velocity model for the
airgun-streamer data was derived from the guiding velocity model but adjusting it for
about 40 m of water in the top section.
o When using a log-driven model for deriving NMO velocities, the maximum burial
depth of targets has to be considered, since velocities in basaltic lava flows appear to
depend on maximal burial depth (Andersen et al., 2005).
8. NMO correction
o A large stretch mute would be desirable regarding the shallow reflections but stacked
data show that the best result was obtained with a stretch mute of 30%. The better
stack was due to removal of the shallow signals containing interference between
reflections and refractions. As a result of the limited stretch mute and the offset
between airgun and streamer of ~50 m the marine seismic data do not show the
seabed reflection.
9. Stack
o The CDP sorted data were stacked.
10. AGC
o For maximum enhancement of events, AGC was applied using two different
windows: 100 ms and 500 ms with traces blended at 1:1.
Notice, in the velocity semblance analysis (Figure 40), the stacking velocity of ~5200 m/s at a
significant event at ~1.7 s increases to ~6000 m/s at the next significant event at ~2.25 s. This
implies, from the Dix formula (Dix, 1955), that the interval velocity in the ~1.7 – 2.25 s interval is
~8000 m/s which is in the range of what would be expected at base crust and Moho and not what
would be expected at ~6500 m depth.
If the high stacking velocity is an apparent velocity due dip of reflector the dip can be estimated
V
from NMO�V = sec θ (Levin, 1971), where VNMO is apparent velocity and V is the average velocity.
The average velocity is estimated from RMS calculated as two layers. Velocity down to ~1.7 s is set
to stacking velocity 5200 m/s and in the interval from 1.7 to 2.25 s the velocity is set to 6000 m/s.
This gives an RMS velocity of ~5400 m/s. The dip is then calculated from
sec −1

VNMO

V

(

= sec −1 6000
Equation 1
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Figure 40. Left: NMO corrected airgun-geophone super-gather. Right: Velocity analysis of the illustrated supergather. White line shows picked velocities and yellow line shows the guiding velocity curve derived from the
composite velocity log described in section 3.2.
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Figure 41. An airgun-streamer super-gather showing the effect of the extensive removal of traces and muting of
noise. It was not possible to do a reasonable velocity analysis on the streamer data.

Stacking of data results in stacked sections with apparent geological information to a depth of at
least 0.6 s, (~1400 m, Figure 42 a). Although the streamer data were heavily muted, the processing
produces a reasonable stack on the southernmost half of the profile (to the left on profile) showing
same main events as the geophone data (Figure 42b). To the right the profile heavily contaminated
with cross cutting dipping events that are remnants of direct arrivals, C in Figure 22, that were not
stacked out. Similar cross cutting events are seen on the geophone profile and these are remnants
from the low-frequency ringing signal E in Figure 22. The geophone data provide a stack with
better signal-to-noise ratio than the streamer data, consistent with section 6.2 Frequency analysis.
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Figure 42. Left: The airgun-geophone stack. Right: the airgun-streamer stack. The seabed reflection is not on the
streamer section due to NMO stretch mute. Location of profile is on Figure 43.

Figure 43. Location of GBX602 airgun-geophone (green) and airgun-streamer (blue) profile. Numbers denote
CDP numbers of endpoints of respective profiles. Location and CDP numbers of streamer profile is identical to
that in Figure 39. CDP numbers are common for the two profiles, e.g. CDP 250 on the streamer profile is the
same position as 250 on the geophone profile.
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7.2.

3D processing of airgun geophone data (GBX and
GCX)

This sequence was used to process the complete 3D volume of the GBX and GCX airgun-geophone
data to stack (See Figure 17 for acquisition layout). The processing is based on the 2D processing of
airgun-geophone and only new processes and parameters changed relative to the preliminary
processing of GBX602 are discussed in detail below.
1. Binning
a. Tests on different grids treating GBX and GCX as separate datasets and as a
combined dataset resulted in a grid with 5-m cross-line spacing and 25-m inline
spacing with inlines oriented along the GBX sail-lines used for the combined GBXGCX dataset. The dependency of the 3D-grid on the GBX dataset relates to the GBX
dataset being a larger dataset with longer sail-lines and more consistent repetition of
directions than the GCX dataset. The combination the GCX and GBX datasets
increases the CDP fold in the near-offset range significantly (Figure 44).
2. Removal of bad data
a. Channels that were consistently noisy in all gathers or otherwise known to be bad
(electromagnetic noise) were removed from all shot gathers. Furthermore, traces
were killed individually on gathers selected by inspection.
3. Spherical-divergence corrections
a. Using the travel time, T, as expression for the travelled distance the traces were
corrected by a multiplication factor of 1/T.
4. f-k filtering
a. The f-k filter designed to remove low velocity coherent signal did show improved
stacks and was applied to shot-gathers (polygon reject f-k filter). An f-k filter panel
showing the effect of different dip-filter on stack is shown in Appendix F Figure
181.
5. Elevation static correction
a. Elevation static correction with final datum at 0 metres and replacement velocity of
4000 m/s. In the initial 2D-processing an estimated replacement velocity of 3000 m/s
was used. However, now a replacement velocity of 4000 m/s was considered more
consistent with the Glyvursnes-1 velocity log and was used for these data and all
further processing. The static correction used was “surface consistent”. This implies
that the time correction depends only on the surface location of the shot and receiver
associated with the trace. This assumption is valid if all raypaths, regardless of
source-receiver offset, are approximately vertical within the near-surface layer,
which may not be the case since velocities are relatively high in the shallow layers at
Glyvursnes. However, the final result of the static correction was satisfactory for
producing stacks and gathers for use in the following chapters, and no attempts were
made to use the geometry of raypaths for a more correct static correction.
6. Band-pass filter
a. Ormsby band-pass filter was applied: Band-pass 12/14 – 50/60 Hz, same as the 2D
processing.
7. Velocity analysis
a. Super-gathers were constructed from 3 inlines and 5 cross-lines. The inline
increment was 3 and cross-line increment was 15. The guiding velocity function
derived from velocity logs from Glyvursnes-1, Vestmann-1 and Lopra-1 was used
during velocity picking from the 3D super-gathers.
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8. NMO correction
a. Stretch mute was 30%.
9. Stack
a. CDP sorted data were stacked.
10. AGC
a. For maximum enhancement of events AGC was applied using two different
windows: 100 ms and 500 ms with traces blended 1:1.
The 3D stack produced is consistent with the 2D processed airgun-geophone/streamer profiles
(Figure 45). The same distinct events that are evident in the 2D processed data are also evident in
the total 3D volume. All inlines and every 5th crossline are displayed in Appendix G.

Figure 44. Fold plot of the 3D grid used for the GBX and GCX geometry. See Figure 39 for location of 3D grid.
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Figure 45. Inline-4 from the 3D-processing. The profile is comparable to the 2D-processing of the GBX602
airgun-geophone line. Notice the crosscutting dipping events. These are remnants of the interface wave E in
Figure 22.

7.3.

2D processing of dynamite data

The processing consists of 2 lines perpendicular to each other (SeiFaBa-1 and SeiFaBa-2, see
Figure 15 for layout). The processing flow of the dynamite-geophone data was carried out as
follows:
1. Removal of bad data
a. Channels that were consistently noisy in all gathers or that were otherwise
known to be bad due to electromagnetic noise were removed from all shot
gathers. Furthermore traces were killed individually on gathers selected by
inspection.
2. Muting data
a. A top mute was used to remove direct arrivals and shallow data on traces just
near the shot-point. The air blast from dynamite charges was removed with a
surgical mute.
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3. Spherical-divergence correction
a. Using the travel time, T, as expression for the travelled distance the traces were
corrected by a multiplication factor of 1/T.
4. f-k filter
a. f-k filter was applied as dip-filter rejecting dips between −2500 m/s to 2500 m/s
and applied on CDP-sorted data.
5. Elevation static correction
a. Elevation static correction to final datum at 16 metres, same level as surface level
for the Glyvursnes-1 borehole. Replacement velocity was 4000 m/s. The data
must also be corrected for the time delay caused by the dynamite detonator. This
delay was measured as up-hole time and was about 50 ms varying between 48
and 52 ms.
6. NMO correction
a. Velocity analysis was attempted, but proved to be very ambiguous, which was
yet another expression of the complexity of the seismic signal in the dynamitegeophone recorded data. NMO correction was applied with velocities derived
from the velocity model generated by using logs from Glyvursnes-1, Vestmanna1 and Lopra-1.
7. Band-pass filter
a. Ormsby band-pass filter 12/14 – 80/90. Parameters determined from filter panel
tests, see Appendix F.
8. Stack
a. CDP sorted data were stacked.
9. AGC
a. For maximum enhancement of events, AGC was applied using two different
windows: 100 ms and 500 ms with traces blended 1:1.
10. 2D filter
a. Simple alpha-trimmed mean with number of samples 3 and 11 vertical and
horizontal respectively. From ProMAX® Reference: Simple Alpha-trimmed
Mean Filter sorts the samples, and averages a range of values centred about the
median. This process is equivalent to discarding outlying points, and smoothing
the remaining ones. ProMAX® offers these alternatives: 2D Convolutional
Filter, Simple 2D Median Filter, Weighted 2D Median Filter and Weighted
Alpha-trimmed Mean Filter

7.4.

Different quality of dynamite data

The stacked profile of dynamite line SeiFaBa-1 is clearly inferior to that of line SeiFaBa-2 (Figure
46). Both profiles have been subjected to similar processing sequences. Comparison of shot-gathers
from SeiFaBa-1 and SeiFaBa-2 profiles show that while the SeiFaBa-2 shot-gather contains
coherent reflections throughout most of the gather (clearest in the interval 0.6 – 1.0 s); the SeiFaBa1 shot-gathers contain only a few coherent reflections (Figure 48).
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Figure 46. The two dynamite profiles SeiFaBa-1 and SeiFaBa-2. See Figure 39 for location. To the left: The
SeiFaBa-1 profile perpendicular to Glyvursgjógv. To the right: The SeiFaBa-2 profile parallel to Glyvursgjógv.
The vertical red lines show the intersection of the two profiles. The vertical blue line shows the location of
Glyvursgjógv.

The effect of shooting parallel or perpendicular to Glyvursgjógv might be suspected as the cause of
the quality difference, although the mechanism is not known. Inspection of shot-gathers (Figure 48,
Figure 47 shows locations) shows that in the 0.6 – 1.0 s interval the coherent events in the
SeisFaBa-1 gather have much lower amplitude relative to the SeiFaBa-2 gather.

Figure 47. The SeiFaBa-1 and 2 geophone layout.
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The quality difference could also be an effect of the profile direction relative to flow direction of the
basalt flows and in fact, the difference in quality between the SeiFaBa-1 and SeiFaBa-2 lines is
comparable to observations by Reshef et al. (2003) on a surface seismic experiment in basalt
covered area with crossing profiles. However, a similar effect was not seen by comparing the GCX
and GBX airgun-geophone acquisition to each other.

Figure 48 Two shot gathers of SeiFaBa-1 and SeiFaBa-2 profiles with and without band-pass filter (f=12/14 –
50/60). The two gathers to the left are of shot 37 of the SeiFaBa-1 profile. The two gathers to the right are of shot
32 of the SeiFaBa-2 profile. See Figure 47 for position of geophones.

7.5.

Comments

Refraction static correction was considered as a processing step to account for variations of shallow
velocities. However, this was disregarded due to the fact that the assumption of a low-velocity
overburden does not apply to the Glyvursnes area. As an alternative, full-waveform redatuming was
applied using the detailed velocity model from refraction seismic modelling in the next chapter.
This was applied on the airgun-geophone data but with no signicant improvement. The intention
was also to apply it on the dynamite-geophone data but this was not possible due to the unevenly
distributed shot-points.
Processes including operators, like deconvolution and zero-phase conversion, were avoided because
the wavelet was considered to be highly time-variant. Although these might have produced nicer
looking seismic sections, it was weighted as more important to have good control of the processed
output.
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8. Refraction seismic velocity modelling
The high velocities of basalts immediately below the surface and the fact that the combined
dynamite-streamer and airgun-geophone acquisitions don’t contain the near offsets entails some
limitations in the imaging of the uppermost subsurface. First, as a result of the high velocities,
refracted and reflected events are difficult to separate due to similar dip moveout; and second, the
missing near offsets result in missing sections on the shallow data.
Additional work using refraction tomography on a subset of the data led to better information on the
near-surface velocities. The data used are the combined airgun-geophone /streamer recording
(GBX602), the combined dynamite-geophone/streamer recording (GBXDYN) and the dynamitegeophone recording (SeiFaBa-1). The combined data form a densely sampled 2D profile with
reverse shooting (Figure 20). Downhole recordings and velocity log were used as constraints on the
modelled results. The refraction tomography was funded by SINDRI (Petersen, 2011, contract
number: C46–49-01) and is the basis for the second publication (Petersen et al., 2013). The paper is
appended in full length at the end of the thesis.
The refraction seismic tomography first aimed for interpretation directly on the modelled result and
second it was intended as input for alternative processing to stack at a rather late stage in the thesis
work presented later in this chapter. This chapter first presents the inversion by Petersen et al.
(2013) and then the chapter presents the continued forward modelling producing a much deeper
velocity profile.
The tomographic inversion of refraction seismic data is a matter of inverting travel times to a
velocity model. That means: What velocity distribution does a model need to have in order to
produce travel times that reproduce the observed travel times?
A condition for finding a solution is that the travel times can be related to a parameterised model.
One way to parameterise the model is to divide it into cells—or to grid the model. The total travel
time for a certain source-receiver pair is then a summation over the time spent in each cell
𝑀

𝑡𝑖 = � ∆𝑠𝑗 𝑝𝑗
𝑗=1

Equation 2

where ti is the travel time for a certain source-receiver pair and M is the number of cells in the
gridded model. ∆sj is the travelled length in cell j of the model and pj is the slowness in cell j of the
model.
The inversion of travel time data is a matter of finding pj. But the distances travelled in each cell,
∆sj, are unknown. By imposing modelled travel times from an initial model, a travel-time residual
can be expressed by
𝑀

∆𝑡𝑖 = � ∆𝑠𝑗 ∆𝑝𝑗
𝑗=1

Equation 3
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where ∆ti is the difference between observed and modelled travel time, and ∆pj is the difference
between the slowness of the initial model and that of the desired model. In matrix form this is
𝑨∆𝒎 = ∆𝒕
Equation 4

∆t is a vector containing the travel time residuals for all source-receiver pairs, ∆m is the model
residual consisting of all ∆pj and A is a (imax x jmax) matrix of ∆s. The matrix A is determined from
the initial model. Subtracting ∆m from the initial model m0 will then give a model more consistent
with the observed travel times. The desired vector, ∆m, is not found from matrix inversion due the
high computational cost. Instead an objective function is designed:
𝚽(∆𝒎) = ‖𝑨∆𝒎 − ∆𝒕‖1
Equation 5

which is to be minimised. The superscript 1 donotes the L1 norm, i.e. the summation of the element
magnitudes. Equation 5 is the general formulation of the problem. The inputs are the wave paths
calculated from an initial model and the travel times from the first breaks.
It is common practice to calculate the wave propagation based on ray theory. This offers a
computationally cost-efficient method for doing the job. However, ray theory is a high-frequency
approximation and does not account for diffraction effects. Ray theory is in fact only accurate for
modelling anomalies down to the scales of the first Fresnel zone, i.e. a few wavelengths
(Williamson, 1991; Williamson & Worthington, 1993). Alternative methods of obtaining wave
paths and travel times have been suggested by various authors (e.g. Červený & Soares, 1992; Vasco
et al., 1995).
The WARRP (version 3.0.17) program package used for the current project is based on the
inversion scheme outlined in Equation 5. It allows for any source-receiver configuration and can be
applied to any topography. The following is an outline of the inversion algorithm. For details on the
inversion algorithm we refer to Ditmar et al. (1999).
The objective function in Equation 5 is sensitive to noisy data, as the model parameters will be
unrealistically high or low in order to satisfy erroneous travel times. Therefore some kind of
smoothing is used to lessen these effects (Phillips & Fehler, 1991). In the WARRP algorithm the
smoothing is applied with a regularisation condition (Equation 6):
2

2

𝜕𝑛(𝑥, 𝑧)
𝜕𝑛(𝑥, 𝑧)
𝑅 = � �10 �
� +�
� � 𝑑𝑥𝑑𝑧
𝜕𝑥
𝜕𝑧
Ω1

Equation 6

Ω1 is the area covered by the velocity grid and n is the model vector ∆m. It should be noted that for
purposes of inversion, the model vector, here defined as change in slowness, is defined as the
fractional change of slowness in the description by Ditmar et al. (1999).
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The regularisation condition involves an expression for the magnitude of the change of the model
vertically and horizontally. The factor 10 in the first term accounts for the assumption that vertical
variations are more probable than horizontal ones. The intensity of the regularisation is controlled
by a velocity-regularisation parameter, α, which appears in:
𝚽(∆𝒎) = ‖𝑨∆𝒎 − ∆𝒕‖1 + 𝛼𝑅
Equation 7

The ray paths and travel times necessary for the inversion are calculated from ray theory with the
SEIS83 code (Červený & Pšenčík, 1984). The current tomography represents a shallow, small-scale
profile, where the section under investigation is expected to have large heterogeneities over small
distances. So the limitations of ray theory for refraction tomography are definitely an issue here.
The shortcomings of ray theory are expected to have their greatest effect in areas with low ray
coverage, while areas with large angular coverage are expected to be less influenced.
Finally, it should be emphasized that the results of the inversion are non-unique. This implies that
the solution must be viewed in relation to expected geology and other a priori information in order
to disqualify unrealistic models.
The parameters to adjust during inversion are:
•
•
•

The velocity-regularization parameter, α in Equation 7.
The objective-function minimization parameter, the maximum desired value of the objective
function Φ(∆m) in Equation 7.
The gridding of the model

Each velocity layer has a limit of 1000 grid points. A wide range of gridding was tested including
non-regular grids. The best performance was with a 50 × 20 (horizontal × vertical) grid, equivalent
to approximately 20 m vertical and 30 m horizontal spacing.

8.1.

Tomography

The inversion was first done following Ditmar et al. (1999), by starting with a high velocityregularization parameter and decreasing by a factor of 3 – 5 for each iteration, keeping the
objective-function minimization parameter at no more than 1% of the velocity-regularization
parameter. At each step the quality of the inverted model was considered. The primary quality
parameters supplied by the WARRP code are the ray density distribution (Figure 49e – h) and the
root-mean-square (RMS) deviation between picked and modelled travel times (Table 2). RMS erros
shall be seen in relation to the estimated error in travel time picking of less than ±0.001 seconds.
The inverted model was also assessed by inspecting raypaths and travel times on individual gathers
(e.g. Figures 50 and 51).
Further, quality was estimated by relating the inverted models to the known geology in the area.
Relatively uniform layering of basalt flows is, at least for scales relevant for the Glyvursnes
experiment, a general property of continental flood basalts at some distance from locations of
eruptions. The layering of basalt flows is in fact a fundament for the description of the Faroes basalt
geology starting with Rasmussen & Noe-Nygaard (1970). Additional surface mapping establishes
that, above MSL, the relatively uniform layering of basalts applies at Glyvursnes (Passey, 2005).
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Further, the Glyvursnes well gives no indications that this is not also valid in deeper parts
(Waagstein & Andersen, 2003).

Figure 49. a), b), c), d) and e), f), g), h) The development of the model during the modelling sequence in (Table 2).
The same colour scale is used for all velocity models and all ray density distributions respectively (modified from
Petersen et al., 2013).

The known weakness of ray theory, which models the high-frequency limit, becomes particularly
inappropriate in areas with high velocity contrasts as these will tend to focus the rays in certain
parts of the model, leaving others as shadow zones with no ray coverage. This persuades me to
weight the comparison between the model and the geology more heavily than the quality estimation
based on travel times. So when the models did not reflect the expected layering of basalt flows in
the area they were rejected.
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Table 2. The first inversion sequence. RMS: deviation between picked and modelled travel time, unit is in
seconds; VRP: velocity-regularisation parameter; and OFMP: objective-function minimisation parameter. E.g.
velocity-regularisation parameter = 100 and objective-function minimisation parameter = 0.1 are used to arrive
at the first iteration (from Petersen et al., 2013).

Model
RMS (s) VRP OFMP
Initial model
0.0178
100
0.1
Iteration 1
0.0080
30
0.03
Iteration 2
0.0045
10
0.01
iteration 3
0.0026
3
0.003
Iteration 4
0.0022
1
0.001
Iteration 5
0.0020
0.3
0.0003
Iteration 6
0.0019
0.1
0.0001
Iteration 7
0.0025 0.03 0.00003
Iteration 8
0.0073 0.01 0.00001
Iteration 9
0.0075 0.003 0.000003
Iteration 10
0.0075

Figure 50. Travel times and raypaths for the final velocity model (Figure 54). Shot gather 4 (from Petersen et al.,
2013).
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Figure 51. Travel times and raypaths for the final velocity model (Figure 54). Shot gather 46 (from Petersen et
al., 2013).

The best results were obtained with a quite different approach where the final model was obtained
in only two steps. The first iteration used the same high values of velocity-regularization parameter
and objective-function minimization parameter as in the first approach to obtain a starting model, a
coarse model that with a minimum of detail still produces travel times close to those of the picked
events (Iteration 1 in Figure 52). The next iteration was performed with the lowest possible values
of the velocity-regularization parameter and objective-function minimization parameter that the
algorithm could handle, thus minimizing the effect of the regularization condition (Final inversion
in Figure 52c & f, Figure 54 and Table 3).
The resulting velocity distribution is rather chaotic but this is related to the limitations of ray-based
tomography at high velocity contrasts resulting in uneven ray-distribution (Figure 54). Although
chaotic, the velocity distribution can be interpreted as an expression of velocities of lava flows and
volcaniclastic beds as these have large velocity differences. Within the lava flow the velocity is high
in the core, where porosity is lowest, while it is relatively low in the porous crust and basal zone.
Volcaniclastic beds generally have the lowest velocities (Boldreel, 2006; Waagstein & Andersen,
2003).
The velocity distribution is interpreted as expressing layers dipping to the south. This is most clear
at the southern end of the model where a low-velocity zone crosses the surface at the shoreline with
a dip consistent with dip from surface mapping projected onto the profile (Figures 53 and 54). This
concludes the summary of the work presented in the paper (Petersen et al., 2013).
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Figure 52. Tomography (modified from Petersen et al., 2013)

Table 3. The final inversion sequence (from Petersen et al., 2013).

Model
Iteration 1
Final inversion

RMS VRP OFMP
0.0080 0.005 0.00001
0.0041

Figure 53. The final inversion with dip consistent with dip from surface mapping projected onto the profile. The
process of projecting the mapped dip onto the profile is explained below (from Petersen et al., 2013).
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Figure 54. Final inversion where areas with no ray coverage are muted.

8.2.

Forward modelling

The following presents the continued forward modelling producing a much deeper velocity model
to be used both for geological interpretation and for additional processing to stack. The continued
forward modelling was to a large degree governed by the assumption of relatively uniform layering
and the explicit estimate of dip. The estimate is based on the surface mapping at Glyvursnes by
Passey (2005) (Figure 4) and by applying the map as texture to the topography of Glyvursnes.
Three markers (Figure 55) define three flat interfaces to be fitted to the interpreted boundaries
(Figure 56) providing the basis for extracting estimation of dip of layers onto the modelled profile.

Figure 55. The three markers A, B and C used to define interfaces on Figure 56 (modified from Passey, 2005). C
is the top of thick compound lava flow followed by sandstone, a thinner lava flow and yet more sandstone and is
thus taken as a candidate for the base of the low-velocity zone while B is followed by several thick basalt flows
and is thus interpreted to be top of the low-velocity layer. A is the top of thick tabular lava flow. Notice that
depth of base of Argir beds is at ~44 m (~28 m relative to MSL) in the well completion report (Waagstein &
Andersen, 2003). Notice that markers A and C in this figure are not the same as used to denote the Enni –
Malinstindur and Malinstindur – Beinisvørð boundaries throughout the thesis
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Figure 56. Surface mapping by Passey (2005) applied as texture onto topography with planes fitted to the three
markers A, B and C in Figure 55 used to estimate dip of layers (modified from Petersen, 2011).

Comparison with log velocities, that were expanded laterally according to dip extracted from Figure
56 to produce a 2D velocity model for the profile, shows that the two uppermost high-velocity
sections in the log correspond to attributes of the tomography (Figure 57). The uppermost section
ties to high velocities just below seabed. The appearance as separate high-velocity sections rather
than a more continuous high-velocity zone could be related to weathering of the flows comprising
the high-velocity zone, but it could also be an expression of the initial emplacement of the basalts
and finally it could be artefacts from the limitations of ray-based tomography. The second highvelocity zone in the log ties to a high-velocity feature at the centre of the tomography. The VSP
velocities have an additional high-velocity section in between the two that could be related to an
attribute in the velocity model (Figure 58).

Figure 57. Left: the P-wave velocity log expanded. Vertical line shows location of Glyvursnes-1 well. Velocity log
starts at 10.96 m depth (5.6 m relative to KB) at the well location and shallower depths not covered by the log
have been assigned velocites derived from the tomography. Blue lines are velocity maxima to be compared with
the tomograpy. Right: the tomography. Blue lines show location of velocity maxima of the expanded velocity log.

In Petersen et al. (2013) the well data, i.e. velocity log, VSP and downhole recording at 400 m
depth, were used as QC for the modelling. In the continued work presented here they are included
in the forward modelling. The modelling uses velocities from the ray-tomography (Figure 54)
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which will be used for the upper part of the model with high ray coverage, and log velocities or
VSP velocities (Figures 57, left, and 58, left) which will be used for the lower part of the model
with less or no ray coverage.

Figure 58. Left: the VSP interval velocities expanded. The VSP interval velocities start at 33.44 m depth (50 m
releative to KB) at the well location and shallower depths not covered by the VSP have been assigned velocites
derived from the tomography. Blue lines are velocity maxima to be compared with the tomograpy. Right: the
tomography. Blue lines show location of velocity maxima of the expanded velocity log.

Figure 59. Left: Combining tomography with log velocities (Figure 57). Right: combining tomography with VSP
interval velocities (Figure 58).

Figure 60 The models in Figure 59 where the subsurface is merged into a single layer.

Based on these two, the multi-layer facilities of WARRPI were used by adjusting the interface
between the two layers, both according to the geological understanding of the area, i.e. layered
basalt flows with known dip (Figures 59 and 60), and according to best fit of travel times for the
downhole geophone at 400 m depth in the Glyvursnes-1 well (Figures 61 and 62). Although there
are some differences in velocity models from velocity logs and from VSP travel times, they both
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produce equally good travel times consistent within 2 ms for the downhole recording. The
continued forward modelling was based on the model from VSP travel times (Figure 60, right).

Figure 61. Comparison of travel times from combined tomography/velocity-log model (Figure 59, left) to first
break of seismic data recorded at 400 m depth in well. The modelled travel times are ~2 ms faster.

Figure 62. Comparison of travel times from combined tomography/VSP-velocity model (Figure 59, right) to first
break of seismic data recorded at 400 m depth in well. The modelled travel times are ~2 ms faster.
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8.3.

Identifying events

The models in Figure 60 are with one layer below seabed. A one-layer model only models the
diving waves and does not model reflections within the layer (Figures 63 and 64). In order to
facilitate analysis of deeper events, interfaces have to be defined in the model to function as
reflectors in the modelling for additional travel time information (Figure 65). The locations of
interfaces were derived from the initial work on the log-tie presented in section 9.4 (Figure 81).
Events 1, 3, 4 and 5 were used for interfaces and named accordingly on the model. In addition, two
interfaces were entered on top, marking the top and base of the uppermost low-velocity zone
derived from surface mapping (B and C in Figures 56 and 55).

Figure 63. Travel times based on model in Figure 60, right. Dynamite shot 3.

At near offsets travel times related to these interfaces are difficult to tie to events on gathers due to
noise, while at larger offsets the travel times can be related to refracted events (Figures 66 and 67).
Due to the location of the low-velocity zone, only the dynamite gathers (1 – 7) show travel times
from these two. The uppermost, relating to a negative reflector, approximately ties to negative
reflections (zero-crossing positive to negative) and the lower, relating to a positive reflector, ties to
positive reflections (negative to positive zero-crossing, Figure 66). In between the two there are
additional reflections indicating that the low-velocity layer is devided into more layers, in
agreement with the log interpretation of Waagstein & Andersen (2003).
WARRP facilitates calculation of RMS timing errors for multiple layers but this requires additional
pickings of travel times since the model is derived from forward modelling. Although the seismic
data clearly show events consistent with travel times there is great uncertainty involved in the
picking; so in this particular case the RMS estimate of timing would not be of importance. The
indication of the fit of refraction modelling to the observed data is based on inspection of gathers
with travel times plotted. Images for all gathers are in the folder Plots_phdfinal01 on the attached
CDROM.
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Figure 64. Travel times based on model in Figure 60, right. Airgun shot 30.

Figure 65. The model is based on the merged tomography-VSP travel times (Figure 60b). From below 600 m to
700 m depth the model is supplemented with log velocities. Throughout the model same dip of layers is assumed.
Heterogenety in dip orientation is an artefact due to the limited numbers of gridpoints in for the full model
construction.

At near offsets travel times related to these interfaces are difficult to tie to events on gathers due to
noise, while at larger offsets the travel times can be related to refracted events (Figures 66 and 67).
Due to the location of the low-velocity zone, only the dynamite gathers (1 – 7) show travel times
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from these two. The uppermost, relating to a negative reflector, approximately ties to negative
reflections (zero-crossing positive to negative) and the lower, relating to a positive reflector, ties to
positive reflections (negative to positive zero-crossing, Figure 66). In between the two there are
additional reflections indicating that the low-velocity layer is devided into more layers, in
agreement with the log interpretation of Waagstein & Andersen (2003).
WARRP facilitates calculation of RMS timing errors for multiple layers but this requires additional
pickings of travel times since the model is derived from forward modelling. Although the seismic
data clearly show events consistent with travel times there is great uncertainty involved in the
picking; so in this particular case the RMS estimate of timing would not be of importance. The
indication of the fit of refraction modelling to the observed data is based on inspection of gathers
with travel times plotted. Images for all gathers are in the folder Plots_phdfinal01 on the attached
CDROM.
The processing to stack showed a significant reflection at ~0.6 s (Figures 42 and 45). In order to
analyze this event the model was expanded to1800 m depth with a horizontal reflector initially set at
1400 m depth. Velocities from 700 m to the bottom of the model were set to 5290 m/s,
representative of the MBF (Petersen et al., 2013). The interface was then adjusted to produce travel
times consistent with all gathers (Figure 68). This resulted in the interface being just above 1400 m
depth but with a dip to the north, contrary to the dip of the uppermost interfaces (Figure 69). Images
for all gathers are in the folder Plots_phdfinal02 on the attached CDROM.

Figure 66. Dynamite shot gather 3. Travel times from model in Figure 65.
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Figure 67. Airgun shot gather 30. Travel times for reflections from interfaces introduced to the model in Figure
65.

Figure 68. Airgun shot gather 30. Travel times for reflections from interfaces introduced to the model in Figure
69.
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Figure 69. Depth expansion of model in Figure 65.

8.4.

Prestack migration

As a natural step of concluding the refraction seismic modelling, prestack migration was done on
the data used for the modelling (the GBX602 dataset). The processing was done with Seismic Unix
functions and Matlab
Processing of geophone data:
•
•

•

•

The same geometry as used for the refraction seismic modelling was used.
Velocity models were generated based on modelling results (Figure 69) to be used for redatum and prestack migration. Grid spacing for the velocity model used for datuming was 5
m vertically and horizontally. Grid spacing for the velocity model used for the prestack
migration was 5 m horizontally and 8 m vertically.
Full-waveform datuming of geophones
o Travel-time table was created with rayt2d using velocity model from the modelling
as input. The parameters were: 0.2 ms time steps and 5 m grid spacing horizontally
to comply with the geophone spacing. Vertical grid spacing was also set to 5 m.
o Re-datum from surface to MSL −3 m using the sudatumk2dr function
Prestack migration using the sumigpreffd function. Gathers were padded with null traces so
each gather covered the full extent of the velocity profile. The parameter for peak frequency
of Ricker wavelet was set to 90 Hz and the frequencies used to build the Hamming window
were 12/14 – 90/120. Horizontal grid spacing of migrated data was 5 m to comply with
geophone interval and vertical spacing is 8 m.
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Processing of streamer data was similar but without re-datuming. Horizontal grid spacing of
migrated data was set to 6.25 m to comply with group interval. Results, from both processing, are
shown in Figure 70.
The geophone profile shows events over the full depth interval. In the uppermost 1000 m the events
show dips towards the south, while events at 1400 m and below have a trend of dip to the north,
both consistent with the refraction modelling (Figures 70 and 71). It is especially noticed that the
strong reflection at ~0.6 s on NMO stacked data (Figure 42) shows as a strong reflection at ~1400 m
depth.
The streamer profile shows events only to ~250 m depth. This is partly consistent with the signal
and noise analysis in Chapter 6 and the processing to stack in Chapter 7 where it has been shown
that airgun-geophone data are superior to airgun-streamer with regard to depth imaging. However,
the NMO stacked streamer section does contain reflection from the deeper section as can be seen on
Figure 42. This suggests that NMO stack is a more robust processing step than prestack migration,
which is very sensitive to aperture and to the velocity model.
The limited offset range of the two profiles also affects the stack. For the geophone data, the
missing near offsets account for the shallow events being masked by noise that was not stacked out
while missing far offsets in the streamer data might have an effect on poor imaging at depth.
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Figure 70. Left: airgun-geophone. Right: airgun-streamer. Blue lines show receiver layout and red lines show
shot positions

Figure 71. Combined geophone and streamer stack. Blue lines marks division between the two. Velocity model
from Figure 69 is plotted on top of the right figure.
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9. VSP and log tie
In addition to the refraction modelling above, the well logs of seismic properties and VSP
experiment from Glyvursnes-1 well were used for the tie of geology to seismic profiles and for
wavelet analysis. The upgoing wave field and synthetic are compared to stacked sections. The
Vestmanna-1 well logs and zero-offset VSP were included to address the significant reflection at
~0.6 s believed to be the A-horizon.

9.1.

Attenuation

The measured decay of the downgoing wavelet is a combination of geometrical spreading,
attenuation by scattering, and intrinsic attenuation. The full attenuation study has been addressed by
Shaw (2006); (2008). The current analysis, which is to be used in the processing of the VSP data for
separating downgoing and upgoing wave field, is based on median filter. Median filter is sensitive
to amplitude scaling and the present analysis is intended for optimizing the amplitude scaling. In the
analysis I seek a scaling parameter and choose to simplify the attenuation to be described as
spherical divergence. In the ideal case with homogenous velocity distribution and no scattering and
no intrinsic attenuation the preservation of energy leads to the following expression for the spherical
divergence
𝐸(𝑧) =

𝐸
4𝜋𝑧 2

Equation 8

E is the initial energy, E(z) is the energy per unit surface at distance z. The relation between energy
and amplitude is E ∝ A which leads to
2

𝐴(𝑧) ∝ √𝐸 𝑧 −1 = √𝐸 𝑧 −𝑡𝑝𝑜𝑤
Equation 9

A(z) is the amplitude at distance z. So in the case of constant velocity the amplitude decays as
distance in power -1. In the case of a heterogeneous model the energy will have a different
dependency of z. I choose to describe the combined attenuation with a power function and the
parameter I seek is the negative power which I will denote tpow. For the homogeneous model
tpow=1. Taking the reference amplitude at distance zref
−𝑡𝑝𝑜𝑤

𝐴𝑟𝑒𝑓 = 𝐾𝑧𝑟𝑒𝑓
Equation 10

where K is any constants and amplitude at distance z is
𝐴(𝑧) = 𝐾𝑧 −𝑡𝑝𝑜𝑤
Equation 11

the amplitude can be expressed by
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𝑧

−𝑡𝑝𝑜𝑤

𝐴(𝑧) = 𝐴𝑟𝑒𝑓 �
�
𝑧𝑟𝑒𝑓
Equation 12

The zero-offset VSP at Glyvursnes was used for measuring the combined attenuation and spherical
divergence directly as a function of depth, disregarding frequency dependency. The amplitude was
measured at the maximum between first onsets and first zero-crossing. These values were compared
to the decays according to Equation 12 for different values of tpow. Root-mean-square analysis on
deviations between measured amplitude and values for different values of tpow showed that a value
just above 1.6 gives the best fit when considering the full depth measurement (Figures 72 and 73).

Figure 72. Left: RMS analysis determining tpow ~1.6. Right: The amplitude decay from Equation 12 with
tpow = −1.6 power.

Figure 73. Maximum amplitude corrected for distance to the power 1.6.

9.2.

Wavelet from downgoing wave field

The wavelet in the VSP signal was extracted from the downgoing wave field by median filtering
using the sumedian function of Seismic Unix. Traces were balanced by amplitudes determined as
above and a 5-point window was used to extract the downgoing wave field. Before the median filter
was applied a Butterworth filter with parameters 15/16 – 150/180 was applied. The sumedian
function applies the median filter along a user-defined polygonal curve which in the current case is
the picks of first onset. The output is the full trace length but the signal above the curve is zeroed
(Figure 74).
A time window similar to that of Shaw et al. (2008) was used to isolate the downgoing wavelet.
Figure 75 shows an example from one representative trace. Figures 76 and 77 show frequency and
phase of wavelets from all traces.
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Figure 74.

Figure 75. Representative wavelet from single trace. Notice reversed polarity relative to Figure 74.
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Figure 76. Upper: Amplitude spectrum at all depths. Except for the 50 – 100 m interval the frequency content is
consistent for all depths, with peak amplitude at ~33 Hz. Lower: Amplitude spectrum of wavelet measured at
600 m depth.

Figure 77. Upper: Phase spectrum of wavelet at all depths. Lower: Phase spectrum of wavelet at 600 m depth.
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9.3.

VSP upgoing field

The upgoing wave field was separated from the downgoing wave field by use of median filter. In
principal any 2D filter can be used and combinations of filters can be used for specific types of
coherent noise (Hinds et al., 1996).
Filter sequence:
•
•
•
•
•

Pick first onset for all traces
Amplitude balancing of raw data: Scale traces by max amplitudes from analysis on first
arrivals, similar to when extracting wavelet above.
Median filter to remove downgoing wave: Band-pass filter (Butterworth:15/16 –
150/180); Filter along first onset curve; 7-point window; Subtract downgoing wave (Figure
78a)
Amplitude balancing of the separated upgoing event: Rescale to original scaling; Correct
for spherical divergence, scattering and intrinsic attenuation: From analysis above tpow=1.6
Median filter to enhance upgoing event: Filter along reversed curve (set sign=1 in
Sumedian); 9-point window for filter (Figure 78b).

Notice that the reverberations from downgoing waves were not successfully removed in the depth
range 120-170 m. This is due to the fact that the reverberations at this depth have different periods
(Figure 79). Although the full nature of the difference in period of reverberations in this depth-range
is not fully understood, the upper bound can be related to the following reporting in the well
completion report (Waagstein & Andersen, 2003) page 12: While drilling at 140 m no return of
drilling fluid was recorded. The LC-zone was identified to an approximate 2 m broken interval
between 120.5 – 122.5 m with joints in a slow drying reddish basalt with void vesicles.

Figure 78. Left: after subtracting downgoing wavefield using a 7 point window. Right: After applying a 9-point
median filter to upgoing wavefield.

76

VSP and log tie

Figure 79. The reverberations have different period in the 120-170 m depth range which degrades the effect of
the median filter.

9.4.

Tie to well log

The synthetic seismogram is based on the wavelet from the downgoing wavefield (Figure 75) and
the GEUS processed full-waveform velocity logs from Glyvursnes-1 and Vestmanna-1 and the bulk
density logs re-calibrated to measurements on core samples. Further details on log data are
presented in Appendix C.
The wavelet is a minimum phase wavelet and the first break is represented by a trough according to
SEG positive standard. Notice that it is a property of downgoing and upgoing wavefields that these
have opposite polarities. So at the extraction of the wavelet from the downgoing wavefield
polarities have been reversed while the upgoing wavefield polarities are not reversed.
In order to facilitate well-defined point of events, the first zero-crossing is chosen as zero time
(Figure 80). Positive reflections, i.e. downward increase of impedance, have first zero-crossing
going from negative to positive, and negative reflections have first zero-crossing going from
positive to negative.

Figure 80. Zero time of wavelet.
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Trigger time of the VSP experiment is, however, ambiguous. It is reported that there is a triggerholdoff of 0.1 s (Shaw, 2006), but for the dataset I have access to this timing gives an unrealistic
low velocity in 0 – 50 m depth interval of 2000 m/s while the velocity log 8 in the 5.6 – 50 m
interval has an average velocity of ~3800 m/s. An alternative trigger-holdoff was therefore
estimated based on the velocity log. This resulted in a new trigger-holdoff time of 0.11 s.
Apparently there is a delay of 0.01 s in the system from activation of the trigger signal until the
airgun is activated which has not been identified.
Travel times of the VSP data were also corrected for the offset from source to well location. A
simple approach is to assume constant velocity. The correction is then
𝑡 = cos �𝑎𝑡𝑎𝑛 �

𝑜𝑓𝑓𝑠𝑒𝑡
�� (𝑡 − 𝑡ℎ)
𝑧

Equation 13

where th is the new trigger-holdoff time, t is measured time to first onset, z is depth of geophone
and offset=24 m.
Time-depth relation is from integrated sonic slownesses corrected by VSP as check-shots. In order
to smooth corrections of the velocity log this is done by fitting a third-order polynomial to VSP
travel times and another to the integrated interval velocities. The difference between the two
polynomials was used to correct the integrated interval velocities.
A synthetic seismic trace based on the acoustic impedance and the wavelet extracted from the
downgoing wave field was produced (Figure 81a & b). Comparison was also done directly to the
reflection in the time domain representing the impulse response from a spike (Figure 81c). See
Appendix D for more on effects of sampling rate on synthetics.
Figure 82 shows the combined time-depth comparison of synthetic, acoustic impedance and the
upgoing wavefield time aligned to first zero-crossing.
Figure 83 shows the VSP upgoing wavefield time shifted to two-way travel time by Equation 14
derived from Figure 84
delrt = t − tTWT + t P = t − 2 (t − th ) + t P = −t + 2 th + t P
Equation 14

where t is measured time, th is trigger holdoff time, tTWT is two-way travel time, tP is padded
samples and delrt is the zero time for each trace that shifts the trace so time of first onset is equal to
two-way travel time. The negative delrt value was entered into the trace header of the Seismic Unix
file.
The two-way travel time of the gather is relative to first zero-crossing. Trigger-holdoff time is
therefore adjusted with time difference between first onset and first zero-crossing of raw VSP data.

8

The logs used for the VSP log tie are the GEUS processed logs, see Appendix C
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The time difference is ~0.008 s and the trigger-holdoff time was thus adjusted to 0.118 s. Notice
that the time difference is different to the time difference of the extracted wavelet in Figure 75.

Figure 81. a) A synthetic trace using the wavelet extracted from the downgoing wave field. b) The acoustic
impedance, AI. c) The reflectivity calculated with logs resampled to 6.2 m. Annotations show five picked events
chosen by combined significance in synthetic, AI and reflection. Description is from the interpreted well log in
the well completion report from Glyvursnes and Vestmanna (Waagstein & Andersen, 2003).
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Figure 82. Tie from logs (Figure 81) to VSP upgoing field. Each trace of the VSP was time shifted using pickings
of first zero-crossing for the downgoing wave field. Times and depths are relative to top of casing. The annotated
events are explained in Figure 81.

It should be noted that the corridor stack in Figure 83 was extended beyond the depth of the VSP
experiment (600 m). Below this depth it will contain increasing energy from multiple reflections.
Also consider that, while the corridor stack down to 600 m represents a time migrated trace, below
this point it does not. In construction of the corridor stack same numbers of traces have been
summed as for the upper part in order to have similar weighting of amplitudes.
At ~0.6 s the two-way time VSP gather shows a prominent reflection that is associated to the ~0.6 s
reflection of stacked data (Figure 42) and the 1400 m deep reflection of migrated data and refraction
modelling (Figure 68 and Figure 71). Full-waveform modelling suggests it is related to the Ahorizon (Chapter 10).
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Figure 83. Left: the synthetic from Figure 81. Right: Combination of: the VSP upgoing wave field, the synthetic
and the corridor stack plotted in two-way travel time. Times and depths are relative to top of casing. Blue
annotations mark data used for corridor stack. The corridor stack is plotted to the right of the red line. The
synthetic is plotted in between the upgoing wavefield and the corridor stack.

Figure 84. Determining two-way traveltime. t is measured time to first onset, th is trigger-holdoff time, t’ is travel
time, tTWT is two-way travel time, tP is time of padded samples and delrt is zero time entered as negative value in
trace header of Seismic Unix file.
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9.5.

Vestmanna VSP

The Vestmanna well penetrates the A-horizon (Waagstein & Andersen, 2003). With the assumption
that the reflection from the A-horizon at Glyvursnes has general similarities to the reflection from
the A-horizon at Vestmanna, the zero-offset VSP from Vestmanna was included in order to identify
the reflection directly related to the A-horizon. The processing of the VSP was similar to that of the
Glyvursnes VSP above (Figures 85 – 90) but notice the very different tpow parameter of ~1.1.

Figure 85. Left: RMS analysis determining tpow = ~1.1. Right: The amplitude decay from Equation 12 with
tpow = -1.1. Notice the large difference of tpow relative to Glyvursnes VSP in Figure 72.

Figure 86. Maximum amplitude corrected for distance to the power 1.1.

9.5.1.

Wavelet

Figure 87. Extracted wavelet.
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Figure 88. Upper: Amplitude spectra at all depths. Lower: Amplitude spectrum of wavelet measured at 325 m
depth.

Figure 89. Upper: Phase spectra of wavelet at all depths. Lower: Phase spectrum of wavelet at 325 m depth.
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Figure 90. Left: after subtracting downgoing wavefield using a 7-point window. Right: After applying a 21-point
median filter to upgoing wavefield.

9.5.2.

Tie of A-horizon

Also for the Vestmanna VSP there is ambiguity regarding zero time of the VSP. For the dataset I
had access to, the time to 50 m depth is 0.0078 s. Considering the offset of 18 m from source to
well location, the travel distance is ~53 m, this gives an average velocity of ~6750 m/s if assuming
no trigger-holdoff time. This is significantly higher than the average velocity of ~5060 m/s of the
uppermost 50 m from the velocity log.
The zero time of the VSP was therefore adjusted with the same method as for the Glyvursnes VSP.
The time to first VSP depth was estimated based on the average velocity of the velocity log. A
travel distance of 53 m and velocity of 5060 m/s gives a travel time of 0.01047 s, i.e. the zero time
is negative, −0.00263 s, which was entered as trigger-holdoff time in Equation 13. The VSP times
where used as checkshots for correction of the velocity log in the same way as for Glyvursnes.
A synthetic seismic trace based on the acoustic impedance and the wavelet extracted from the
downgoing wave field was produced (Figure 91).
Figure 92 shows the VSP upgoing wavefield time shifted to two-way travel time by Equation 14.
The two-way travel time of the gather is relative to first zero-crossing. Trigger-holdoff time was
therefore adjusted by the time difference between first onsets and first zero-crossing of raw VSP
data. The time difference is ~0.003 s and the trigger-holdoff time was thus adjusted to 0.00037 s.
The A-horizon is a ~3 m thick sedimentary unit at ~555 – 558 m depth. The top of the unit was
identified on the synthetic (Figure 91) and the synthetic was tied to the upgoing wave field and
corridor stack (Figure 92).
The setup of the VSP at Vestmanna resulted in a very different seismic signature to that at
Glyvursnes. While the centre frequency for the Glyvursnes VSP was ~30 Hz, it was ~60 Hz for the
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Vestmanna VSP. In order to compare the Vestmanna and Glyvursnes corridor stacks the Vestmanna
corridor stack was deconvolved by the Vestmanna wavelet and then re-convolved with the
Glyvursnes wavelet (Figure 93), a wavelet replacement so to speak.
The wavelet-replaced corridor stack from Vestmanna was then tied to the Glyvursnes corridor stack
and the location of the A-horizon was thus established (Figure 94). The tie is firstly governed by the
first deep trough of the two datasets and secondly by the tie of deeper events, although the tie of
events below the A-horizon should be done with caution, since the Vestmanna well is located at 28
km distance from Glyvursnes.

Figure 91. a) A synthetic using the wavelet extracted from the downgoing wavefield. b) The acoustic impedance.
c) The reflectivity calculated with logs resampled to 6.2 m. Left deflection is negative value and right is positive.
Annotation shows location of the A-horizon as interpreted in the well completion report from Glyvursnes and
Vestmanna (Waagstein & Andersen, 2003).
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Figure 92. Left: the synthetic from Figure 91. Right: Combination of: the VSP upgoing wave field, the synthetic
and the corridor stack plotted in two-way travel time. Times and depths are relative to top of casing. Blue
annotations mark data used for corridor stack. The corridor stack is plotted to the right of the red line. The
synthetic is plotted between the upgoing wavefield and the corridor stack.
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Figure 93. a) Corridor stack; b) Corridor stack with wavelet replacement. Location of A-horizon is annotated.

Figure 94. Glyvursnes upgoing wave field (same as Figure 83) with tie to re-convolved Vestmanna corridor stack
from Figure 93b. Green line marks location of A-horizon. Left: the best tie, right: the only alternative tie.
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9.6.

Source signature from downhole recording

When tying the Glyvursnes corridor stack to the seismic profile, the source signature must be
considered. For the airgun source, the downhole recording provides a means of estimating the
source wavelet at 400 m depth. Shot-points from the GBX602 profile were used. First breaks were
picked and a median filter with a 31-point window was used to extract the downgoing wave field
(Figure 95).
There are some variations in the source signature for the different shot-points. This is related to
varying water depth and to varying propagation angles. The amplitude spectrum is similar to that of
the VSP source at Glyvursnes (Figure 96) so this justifies comparing the corridor stack with the
airgun-sourced stacked profiles.
Wavelet replacement with the extracted wavelet (Figure 97) shows that below ~0.2 s there are only
subtle differences and the airgun source used for the marine seismic data gives comparable seismic
response to that of the airgun source in the pond used for the VSP. This gives confidence in
correlating the corridor stack to airgun-geophone data (Figure 98).
Wavelet replacement was not done for the dynamite sourc since the downhole recording is too
sparse to do extraction of the downhole wave field.

Figure 95. Downgoing wavefield extracted by median filter. Trace 30 is used for wavelet.
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Figure 96. Amplitude spectra of all shot-points

Figure 97. Wavelet extracted from trace 37.
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Figure 98. a) Corridor stack; b) Corridor stack with wavelet replacement.

9.7.

Comments on attenuation

The derived amplitude decay, tpow, was only intended for the processing of the zero offset VSP.
However, the very large difference of the tpow parameter between Vestmanna and at Glyvursnes
gives rise to considerations. Contrary to this, we know that the attenuation of the basalt successions
covered by the Glyvursnes and Vestmanna wells have Q-values of similar magnitude, with mean
Q = 25 for the Glyvursnes well and mean Q = 24 for the Vestmanna well (Shaw et al., 2008).
A comparison between the tpow parameters and Q values therefore was attempted. The tpow
parameter contains the decay both from spherical divergence and from attenuation. Equation 12 can
be split into factors
𝑧

−𝑡𝑝𝑜𝑤

𝐴(𝑧) = 𝐴𝑟𝑒𝑓 �
�
𝑧𝑟𝑒𝑓

𝑧

−1

= 𝐴𝑟𝑒𝑓 �
�
𝑧𝑟𝑒𝑓

�

𝑧
𝑧𝑟𝑒𝑓

−(𝑡𝑝𝑜𝑤−1)

�

Equation 15

Combined decay from attenuation, expressed as exponential decay, and spherical divergence is
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𝑧

−1

𝐴(𝑧, 𝑓) = 𝐴𝑟𝑒𝑓 �
�
𝑧𝑟𝑒𝑓

𝑒

−

𝜋𝑓�𝑧−𝑧𝑟𝑒𝑓 �
𝑄𝑉

Equation 16

Q denotes the Q-value, V the average velocity in the z – zref interval, and f is the frequency. The
equation to solve is then
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Equation 17

Although this cannot be solved for all values of z, Q can be calculated for the full depth interval.
For Glyvursnes this gives a Q-value of 8.41 (Equation 18) and for Vestmanna Q is 68.9 (Equation
19). The velocity used in the equations is from the traveltime in the interval zref – z.
𝜋𝑓�𝑧 − 𝑧𝑟𝑒𝑓 �
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−
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=
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−

Equation 19

Shaw (2006) divides the analysis into a spectral-ratio and an amplitude-decay analysis. The
Q-values of 25 and 24, which Shaw puts more emphasis on, are from the spectral-ratio analysis.
Shaw’s Q-value from amplitude-decay analysis ranging from 1 to 22 for Glyvurs and ~38 for
Vestmanna, are more comparable to my rough estimates.
Shaw (2006) also calculates 1D attenuation from scattering, based on logs. With this approach she
arrives at values much more consistent with my attenuation values. As for my calculations, she
finds a significant difference between attenuation in the Glyvursnes basalt succession and the
Vestmanna basalt succession, finding Q = 31 for Glyvursnes and Q = 84 for Vestmanna.
From other attenuation studies in basalts, it can briefly be noted that: 1) Christie et al. (2006), using
amplitude-decay method, find Q = 35 for an 1100 m thick pile of basalt flows with sediments
comprising 3.1%. For a ~1000 m thick hyaloclastic section they find a Q-value of 112; 2) Maresh et
al. (2006), using a spectral-ratio method similar to that of Shaw et al. (2008), find Q between 15 –
35 in a 1200 m thick section consisting of 75 basalt flows. The volcanic interval comprises a
mixture of altered basalt lavas, tuff breccias, and tuffs; 3) Rutledge & Winkler (1989) report a Q of
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25 in a 525 m thick pile of successive basalt flows consisting of 105 flows with sediments making
up less than 10% of the section (Rutledge & Winkler, 1987). They use a combined spectralratio/amplitude-decay method. More on this method is given at the end of this section.
Pujol & Smithson (1991) report a Q-value of 48 for a ~600 m thick section of basalts. They use an
amplitude-decay method. The relatively high Q-value can be related to the fact that the basalt
succession has relatively thick clay zones, up to 30 m, and hyaloclastics are common.
Regarding the spectral-ratio method, Rutledge and Winkler (1989) have quite a firm approach, and
one might wonder why it has not been more widely adopted. The spectral-ratio method takes basis
in the assumption of exponential decay (Equation 20). Q is assumed to be independent of
frequency.
𝐴(𝑧, 𝑓) = 𝐴�𝑧𝑟𝑒𝑓 , 𝑓� 𝑒

−

𝜋𝑓�𝑧−𝑧𝑟𝑒𝑓 �
𝑄𝑉

Equation 20

The determination of the Q-value is then based on linear dependency of
𝜋𝑓�𝑧 − 𝑧𝑟𝑒𝑓 �
𝐴(𝑧, 𝑓)
𝑙𝑜𝑔 �
�=−
𝑄𝑉
𝐴�𝑧𝑟𝑒𝑓 , 𝑓�
Equation 21

But rather than calculating spectral ratios for different combinations of depth intervals, Rutledge
and Winkler first find the slope (its absolute value) with respect to frequency in Equation 21,
�

π�𝑧−𝑧𝑟𝑒𝑓 �
𝑄𝑉

�, from linear regression for all depths. The slope values are then plotted as a function of

depth
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Equation 22

The cumulative attenuation in a depth interval, the Q-value, can then be determined by linear
regression from the slope in Equation 22, now with respect to z.
𝑄=

π
𝑠𝑙𝑜𝑝𝑒𝑧 𝑉

Equation 23
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10.

Full-waveform modelling

10.1.

Aim

Further analysis is based on 2-dimensional full-waveform modelling. The modelling aimed to
address the seismic response from a large pile of successive basalt flows, being a stratified medium
with high velocity contrasts, to account for multiple reflections, mode conversions, and refractions
not accounted for by the synthetic primaries only. The 2D property of the full-waveform modelling
provided synthetic data with acquisition geometry similar to field data.
The modelling demonstrated that the seismic facies for the major basalt formations can be
reproduced by 1D properties of the basalt succession and it was further the main source for the
initial identification of the A-horizon and thickness of the MBF.

10.2.

Method

The Full-waveform modelling is based on the finite difference technique that is a method to
numerically evaluate the solution to a partial differential equation, by substituting the partial
derivatives with finite differences. Time and space is thus defined by discrete points.
The synthetic full-waveform data presented in this thesis are all generated with the use of the finite
difference ELA2D code for simulation of elastic wave propagation implemented by Joachim Falk
(Falk, 1996). The code has previously been open for public access at http://www.agg.dkrz.de/soft/.
The code can run liquid-solid interfaces by setting the S-wave velocity to zero, and the method
gives stable results for step discontinuities (Virieux, 1986).
The limitation of the finite difference method lies primarily in the computing power and memory
needed. The size of the model (number of grid points) affects the memory demands by a factor of 8
and the computing power needed by a factor 70 (Hansen, 2001). The computing facilities used for
the modelling were a PC with 512 MB RAM and a Pentium-4 2 MHz processor running on Linux.
With these facilities, about 3 hours were used calculating 2.5 s of the seismic response from the
Glyvursnes model, having a size of about 2×5 km with 3 m grid spacing. Notice, however, that
computation time can vary depending on elastic properties of the model.
Another limitation is instability and dispersion when calculating long time series. The following
treatment is from comments in the ELA2D source code:
Dispersion: To suppress numerical dispersion there is, depending on the order of the FD-operator
for spatial derivatives, a criterion for the number of grid points per shortest wavelength. The
ELA2D code has implemented 6th- and 12th-order FD-operators for spatial derivatives. For the 6thorder FD-operator, there have to be at least 5 grid points and, for the 12th-order operator there have
to be at least 3 grid points per shortest wavelength.
Stability: The stability criterion is fulfilled when the time step is smaller than a relation depending
on the grid spacing and maximum velocity. The formula for the stability criterion depends on the
FD-scheme used. The ELA2D code has implemented 2nd- and 4th-order FD-time stepping
formalism. For the 4th-order FD-time stepping formalism and 6th-order FD-operators for spatial
derivative the stability criterion is (Falk, 1996):
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dt = 0.7 ⋅ dt max
Equation 24

where

dt max

3.46 2.48 2 2.48 2
=
+ 2
Vmax dx 2
dz

−0.5

Equation 25

and where Vmax is the highest phase velocity in the model and dx and dz are the horizontal and
vertical grid spacing.

10.2.1.

Model input and output

Each grid point is assigned elastic properties in the form of P- and S-wave velocities and bulk
density. The source-signature is applied at a position in the model and the particle displacement can
be recorded at any position in the model.
Seismic source-signature was extracted from the seismic data Figure 99. Small modifications to the
source code of ELA2D were necessary to enable use of an external wavelet (the modified source
code is on the attached CDROM, Appendix H). The source-signature was applied as a dilatational
point source. Note that before applying the source-signature it was converted to particle
displacement and similarly the recorded particle displacement was converted to particle velocity
(Appendix A). The recorded seismic response is the vertical displacement where nothing else is
noted.

Figure 99. Source signature used for modelling. Extraction was based on frequency content in a time window of
stacked data, by Kingdom Suite. This wavelet is different from the wavelet extracted from the downgoing
wavefield in the VSP analysis of the thesis in Chapter 9.

10.2.2.

Model parameters for the Glyvursnes models

The models were designed to reproduce seismic response comparable to the acquired data at
Glyvursnes, both with regard to scales resolved by bandwidth of source and with regard to spatial
extent of the model relative to acquisition setup of field data. The models were designed to be used
for analysis and interpretations of both prestack data and of poststack data.
The grid spacing is at first determined relative to dispersion and stability of the modelling. Grid
spacing is determined such that there are five points per minimum wavelength (6th-order operator
for spatial derivatives). The analysing of the Glyvursnes 2003 reflection seismic data (Chapter 6)
showed that there is little reflection seismic information above 60 Hz. However, to be on the safe
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side, the model is based on 100 Hz as maximum frequency thus a stricter constraint. This gives a
grid spacing of 3 m when using 1500 m/s, as the water velocity.
The effect of the grid spacing on the synthetic seismic response also had to be considered. Taking a
low-end S-wave velocity of ~2000 m/s and a maximum frequency of 60 Hz, the wavelength is 33
m. If 1/10 of the wavelength is taking as minimum scale this leads to a grid spacing of about 3 m.
Testing of how the sampling rate of the log affected the synthetic seismogram (P-wave) showed that
resampling from 0.2-m to 6.4-m sampling interval had very little effect on the synthetic seismogram
when using a wavelet with maximum frequency of 60 Hz as the source-signature (see Appendix D).
Using the VP-VS ratio of 1.8 this can be scaled to 0.2-m to 3.6-m interval for S-waves.
Absorbing boundary conditions and damping in a zone near the boundary was used. Ideally, the
model should be large enough that the wave-fronts will not interfere with the boundary, or large
enough that no reflection from any point in the model that is of interest for the modelling is within
the range of energy reflected from boundaries. To reduce the size of models, absorbing boundary
conditions are applied for which little reflection is generated. ELA2D has facilities for using
absorbing boundary conditions in combination with a damping of the amplitude in a series of grid
points preceding the end of the grid. See Higdon (1991) for more on absorbing boundary
conditions. The ELA2D recommends a damping zone of two times the wavelength. The models
below all have a damping zone of 700 m. The upper horizontal boundary was modelled as a free
surface, thus allowing surface multiples and surface waves.

10.3.

The models

Several models were used addressing different aspects of the analysis (Table 4). They were all
based on the composite log of the ideal stratigraphic profile described in section 3.2. Figure 100
shows an example of how 2D models were generated by expanding the composite log laterally and
thus producing horizontally layered models with flat interfaces.
Table 4. Width: total horizontal extent of grid including damping-zones, Depth: total vertical extent of grid
including damping-zones, NS: Number of stations, TS: Time step used for the forward simulation. The following
were equal for all models: grid spacing of 3 m, station interval of 5 m, total time modelled was 2.5 s. All models
are in the CDROM:/modelphd directory.

Name

Description

Gl-1
Gl-2
Gl-3
Gl-4
Gl-5
Gl-6
Gl-7
Gl-8
Gl-9
Gl-10
Gl-11

Start model
Adjusted model, tie to A-horizon
Sub-basalt reflector model
Gl-3 long-offset
Gl-4 no sub-basalt reflector
3-layer model
UBF-MBF model
UBF-MBF-LBF model
Gl-6 acoustic
Gl-7 acoustic
Gl-7 Marine
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Width
[m]
2000
2000
2000
6000
6000
6000
6000
6000
6000
6000
6000

Depth
[m]
5832
6132
6732
6732
6732
5832
5832
5832
5832
5832
4974

NS
[m]
120
120
120
980
980
980
980
980
980
980
980

TS
[ms]
0.300
0.300
0.300
0.300
0.300
0.337
0.300
0.300
0.337
0.300
0.300
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Since the dip of the exposed basalt flows in the area is near-horizontal, about 2° with the strike to
the west-southwest (about 3.5 m vertically per 100 m laterally), it was considered adequate to
model layers as horizontal thus simplifying the generation of models. Further, simplification was
done by assuming flat interfaces. The main reason for using flat interfaces is that there is no
information about the interface shape of the pile of successive basalt flows modelled at Glyvursnes.
By using flat interfaces the effect of the roughness of the interfaces is ignored.
In the following discussion different kinds of synthetic data will be presented at the same time. To
avoid confusion and make the text simpler, the following definitions will be used: Synthetic
seismograms generated by convolving the reflectivity with the source-signature, representing the
primaries, will be denoted synthetics, while synthetic seismograms generated with the fullwaveform modelling will be denoted FD-FWS synthetics and where it is not obvious from the
context it will be specified whether they are prestack or stacked traces.

Figure 100. The Gl-1 model is here shown as an example. Left: The P-wave velocity grid for model Gl-1
generated by laterally expanding the P-wave composite log of the ideal stratigraphic profile. At the bottom a
homogenous section is added with the average values of the last 300 m of the log. The image shows the P-wave
velocities ranging from 2700 m/s to about 7000 m/s. See also Figure 101 for log-values used for the model grid.
Middle: At the beginning of the simulation at 0.18 s. The image shows downgoing wave-fronts spreading from
the position of the source. Right: Later in the simulation at 1.14 s. Both downgoing and upgoing wave-fronts are
seen.
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Figure 101. The logs for the idealised stratigraphic profile resampled to 3-m sampling interval and with average
values for the lowest 300 m padded to the end. These logs were used directly to generate the model in Figure 100.

10.3.1.

Gl-1

The Gl-1 model was designed for simulating the dynamite-geophone survey that comprised a 120station line with 5-m station intervals (see section 0). See Table 4 for model parameters and Figure
101 for elastic parameters of the model.
The total depth of the basalt formations in the models of 4632 m was a result of the total depth of
the log sequences used for generating the model. However, a total thickness for the basalt
formations of 4000 – 5000 m at Glyvursnes is in accordance with the established stratigraphic
description of the Faroese basalt formations (see chapter 2).
A comparison of the stacked FD-FWS synthetic to the synthetic (Figure 102) shows that, except for
the tie of the shallow part above 0.15 s. and the tie of a strong event at 0.7 s., the full-waveform
modelling produces a quite different seismic response. Especially below ~0.7 s the effect of
scattering is significant.
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Figure 102. Seismic response for the Gl-1 model. Left: The FD-FWS synthetic stacked section (every fourth
trace) together with tie to the synthetic seismogram (for generation of synthetic see section 3.2). Middle: Wavelet
transform of the synthetic seismogram. Right: Wavelet transform of trace from the FD-FWS stack (AGC is
applied). Horizontal line show the boundary between the UBF-MBF (C-horizon) from established from well logs
(Waagstein & Andersen, 2003).

Identification of the MBF-LBF boundary (the A-horizon)
From the construction of the model it is known that the strong event at 0.7 s is related to the MBFLBF boundary (the A-horizon). CWT analysis of a trace from the FD-FWS stacked synthetic and of
the synthetic shows a similar distinct difference in the amplitude and frequency content of the
seismic responses at ~0.7 s related to the MBF and to the LBF (Figure 102). The same distinct
difference between the MBF and LBF is also seen on the joint depth-frequency analysis of the
composite log that was used for the construction of the model (Figure 103). The very distinct
appearance of the difference between seismic facies of the MBF and LBF makes it reasonable to
expect similar facies for field seismic data, that is, if the LBF is present below the MBF at
Glyvursnes.
In fact, CWT analysis of seismic traces (Figure 104) from the SeiFaBa-2 profile (Figure 105) does
indeed show characteristics comparable to those of the synthetic data described above but with the
separation at ~0.6 s rather than at ~0.7 s as for the synthetic data. This strongly indicates that the
real thickness of the MBF is less than modelled initially. The presence of the MBF at Glyvursnes is
of course verified by the Glyvursnes well while the interpretation of the seismic facies below ~0.6 s
being related to the LBF, is at first based on the assumption of large-scale lateral continuity of the
major basalt formations. But nevertheless, the seismic facies below ~0.6 s really resemble the
modelled facies LBF from synthetic data very well and thus really support the presence of the LBF
at Glyvursnes.
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Figure 103. CWT of the composite logs presented in section 3.2, Figure 5.

Figure 104. CWT of stacked dynamite-geophone data. Figure 105 shows location of traces. Horizontal red lines,
marking a high-amplitude event, are at same depth as the horizontal line on Figure 105 s.
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Figure 105. Dynamite-geophone SeiFaBa-2 profile. Red horizontal line marks the high-amplitude event discussed
in the text. Red vertical lines show locations of traces used for the CWT analysis in Figure 104. See Figure 39 for
location of the profile. Notice Offset (trace numbers) does not correspond to CDP number. Left endpoint
corresponds to CDP 380 and right endpoint corresponds to CDP 200.

10.3.2.

Gl-2

The MBF section of the composite log used as basis for the Gl-1 was adjusted such that the time of
the significant reflection related to the MBF-LBF boundary was in agreement with seismic data.
The adjustment of the log was done by repeating only the top 149 m (instead of 464 m) of the
Vestmanna-1 log resulting in a thickness of 1050 m for the MBF. Total width of the model grid was
kept at 2000 m, total depth of the model grid is 6132 m and the base of the basalt in the model is at
4332 m. Figure 106 shows comparison of stacked field data to stacked FD-FWS synthetic data.
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Figure 106. Left: the dynamite-geophone SeiFaBa-2 line. Right: the FD-FWS stacked profile, with similar
acquisition setup as the SeiFaBa-1 profile, generated with the model Gl-2. Effects of missing near-traces can be
seen on left end of both images. The dynamite-geophone line is missing data down to about 0.1 s. This is due to
the removal of direct waves, done with a surgical top mute. Left endpoints of profiles correspond to CDP 380
and right endpoints correspond to CDP 200.

10.3.3.

Gl-3

While the Gl-2 aims for the seismic response from a roughly 4 km thick pile of successive basalt
flows the Gl-3 aims to investigate to what degree a sub-basalt reflection is hidden in the scattered
noise and multiple reflections. The Gl-3 is based on the Gl-2, with base basalt at 4332 m, but with a
sub-basalt reflector at 5532 m. The depth of the model grid was 6732 m. The sub-basalt reflector
had high impedance contrast, comparable to a sediment-basement interface or a shale-chalk
interface (Figure 107).
Comparison of the FD-FWS synthetic stacked sections from models with and without sub-basalt
reflector shows that at about 2.3 s (the approximate travel time expected for a vertical-incidence
reflection from the sub-basalt interface) the sub-basalt reflection has larger amplitudes. But without
the option to compare the results from the two models it would be difficult to identify the sub-basalt
reflection directly from the stacked section (Figure 108).
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Figure 107 The Gl-3 model with a sub-basalt reflector at 5532 m. Above the sub-basalt reflector the seismic
parameters for the sub-basalt section were: VP = 4000 m/s, VS = 2222 m/s and ρ = 2.5 g/cm3. Below they were:
VP = 6000 m/s, VS = 3333 m/s and ρ = 3 g/cm3.
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Figure 108. Left: stacked profile from model with no sub-basalt reflector (Gl-2). Right: stacked profile from
model with sub-basalt reflection (Gl-3). Both profiles are processed as described above but with no gain function
applied other than correction for spherical divergence. Blue lines just below 1.6 s show base basalt and red line
on right figure just below 2.2 s shows time of sub-basalt reflection.
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CWT analysis on traces from the two models gives guidelines on how primary reflections can be
distinguished from multiple reflections. It appears that in areas with no primaries, Gl-2 below base
basalt, the seismic response lacks low frequencies, while the sub-basalt reflection is distinguishable
from multiple reflections by a low-frequency event at ~2.3 s with a tail. There are low frequencies
below base basalt not related to primaries, e.g. at ~2.1 s for the Gl-2, but notice these do not have
the characteristic tail. So, in this particular case the sub-basalt reflection is identifiable directly from
the seismic response as an event with a tail with frequencies centred at 16 Hz (Figure 109).
Stacked data with and without AGC, and prestack data are equally good at identifying the subbasalt reflection but notice that the data presented here are without background noise which, if
present, could have favoured the stacked data.

Figure 109. CWT analysis of synthetic data generated with models Gl-2 and Gl-3. a): The Synthetic from Gl-2;
b) and c): stacked traces (with AGC applied) from Gl-2 and Gl-3; d) and e): stacked traces (with no AGC
applied) from Gl-2 and Gl-3; f) and g): zero offset prestack traces from Gl-2 and Gl-3 corrected for spherical
divergence. Contour levels increase exponentially and are adjusted for each processing level for enhancing the
comparison of models with and without sub-basalt reflector. That means b) and c), d) and e), and f) and g) have
same contour levels respectively. Horizontal lines mark travel times to: C (blue, UBF-MBF boundary), A (green,
MBF-LBF boundary), base basalt (blue), and sub-basalt reflector (red).

There is a difference in frequency content just below the base basalt of the two models. This relates
to the properties of the homogeneous layer just below the base basalt. While Gl-3 models the first
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homogeneous layer below base basalt as sediments, the Gl-2 uses average values from last 300 m of
the log. Therefore the Gl-3 model has a stronger reflection at the base basalt which enhances the tail
of the wave-train.

10.3.4.

Gl-4 and Gl-5

Long-offset gathers for the seismic response of the models, with and without sub-basalt reflector,
were generated with the Gl-4 and Gl-5 models. These models are based on Gl-3. Gl-4 is vertically
identical to Gl-3 but wider, 6000 m, while Gl-5 is identical to Gl-4 but with no sub-basalt reflector.
The first sub-basalt layer is instead extended to the full depth so the impedance contrast at base
basalt is identical for the two models.
Visually, the long-offset gathers of the two models are apparently identical (Figure 110, Gl-5 and
Gl-4). The difference between the gathers is made visible by subtracting the two gathers, and it is
seen that the amplitude of the signal from the sub-basalt reflector decreases slightly with offset
(Figure 110, Gl-4 minus Gl-5).
The comparison of the two models, by CWT analysis, shows differences between the two models
related to the sub-basalt reflection (Figures 111 and 112). Firmly establishing the sub-basalt
reflection is possible only in the near-offset range. At larger offset there is an increased amount of
low-frequency energy not related to primary reflections, but most likely relate to mode-converted
arrivals.
CWT on the difference shows that the reflected energy has a narrow bandwidth centred at ~16 Hz
(Figure 113). Both the gather and the CWT analysis show indications of offset dependent
amplitudes of the sub-basalt reflection. Analysis of the maximum amplitude of the first peak of the
sub-basalt reflection (Figure 114) shows that the amplitude-decays almost linearly with offset and at
4500 m it is down 60% relative to the 500 m offset amplitude. The outermost 500 m in both ends
have a nonlinear decrease of amplitude related to the damping zone of the signal at the boundaries
of the model, although the near-offset receivers were outside the damping zone. The far-offset
receivers did, however, reach into the damping zone. The damping zone to the left covered 0-700 m
and the recording positions started at 810 m, but we see a damping effect for a further 700 m.
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Figure 110. Left: gather with no sub-basalt reflection. Middle: gather with a sub-basalt reflection. Right: the
difference between the gathers. Horizontal lines show, from top, positions of C-horizon (top blue), A-horizon
(green), base basalt (bottom blue) and sub-basalt reflector (red).
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Figure 111. CWT analysis of traces from the gather on Figure 110 with no sub-basalt reflection (Gl-5).
Horizontal lines show positions of C-horizon, A-horizon, base basalt and sub-basalt reflection. Contour levels are
increasing exponentially. For enhancing comparison Figures 112 and 113 have same contour levels and colour
scale. Note that there is no sub-basalt reflection in the data although it is annotated for comparison with Figure
112.

Figure 112. CWT of traces from the gather Gl-4 in Figure 110, with sub-basalt reflection, in the 2.1 – 2.6 s time
interval. Horizontal line shows the position of the sub-basalt reflection. Contour levels are increasing
exponentially. For enhancing the comparison, Figures Figure 111 and 113 have the same contour levels and
colour scale.

Figure 113. CWT analysis of traces from the difference-gather in Figure 110 (Gl-4 minus Gl-5) in the 2.1 -- 2.6 s
time interval. Horizontal line shows the position of the sub-basalt reflection. Contour levels are increasing
exponentially. For enhancing the comparison, Figures 111 and 112 have same contour levels and colour scale.
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Figure 114. The maximum amplitude of the first peak of the sub-basalt reflection calculated as the norm of the
vertical and horizontal particle velocity.

10.3.5.

Gl-6, Gl-7, Gl-8, Gl-9 and Gl-10

For analysis and identification of converted modes, a 3-layer model with the three basalt formations
modelled as homogeneous layers was generated, Gl-6 (Figures 115 and 116), to be compared to Gl2. This also included acoustic modelling of the Gl-6 model. For this the Gl-9 model was generated.

Figure 115. Upper: shows the tie of the full synthetic (blue) to the synthetic from the 3-layer-model (red). Middle:
The full composite P-velocity log (blue) and the P-velocity of the 3-layer-model. Lower: The full composite
density log (blue) and the density of the 3-layer-model. The velocities of the 3-layer model were assigned to give
correct travel times for the interface reflections while the densities were assigned to give correct amplitude.
Figure 116 verifies that FD-FWS gives correct amplitudes for the reflections compared to the primaries only.
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Figure 116. The seismic response of 3-layer model for near offset of the FD-FWS is compared to synthetic
seismogram of the same model. The FD-FWS synthetic is corrected for 2-dimensional spherical divergences.

The Gl-8 model is the same as the Gl-2-model, but extended to 6000 m horizontally.
Further, a model was designed for investigating how signals having their origin above the Ahorizon, but having arrival times after the primary signal from the A-horizon, appear on the seismic
data (multiple reflection, mode-converted arrivals). That model, Gl-7 (Figure 117), contained the
log information of the UBF and MBF, while the LBF was modelled as a homogeneous layer—still
using a tie to the synthetic seismogram as a guideline. Also here, an acoustic model (Gl-10) was
used for enhancing converted modes.

Figure 117. Upper: shows the tie of the full synthetic (blue) to the synthetic from the UBF-MBF-model (red).
Middle: The full composite P-velocity log (blue) and the P-velocity of the UBF-MBF-model. Lower: The full
composite density log (blue) and the density of the UBF-MBF-model. Similar to the model described in Figure
115, the velocities for the LBF were assigned to produce a reflection of correct amplitude.

Mode conversions
Stacked sections with acquisition setup comparable to inline-4 were produced from the Gl-6 model
(3-layer model) and the Gl-8 model (full model).
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I use the 3-layer model, modelling the UBF, MBF and LBF as homogeneous, to establish the timing
of different arrivals modes (Figures 118 and 119). I focus on the PS converted mode from the strong
A-horizon reflection (PS-A). The remnants of the converted mode produce a dipping event on the
stack. The dip is related to fact that, for the airgun-geophone acquisition, the shot-points are located
at the endpoint of the geophone layout moving away, thus resulting in each CDP gather having
different offset range. Therefore, remnants of PS converted waves will have later times for CDP
gathers with farther offsets range. With an acquisition setup as for the dynamite-geophone and
airgun-streamer acquisition the remnants of the PS convert arrival will not show as a dipping event.
A stack of the full seismic response shows that although there are signs of remnants of the
converted modes they do not appear as events on the stack (Figure 118).

Figure 118. Synthetic FD-FWS stack with geometry comparable to inline-3. The models used are the 3-layermodel (Gl-6) and the UBF-MBF-LBF model (Gl-8). See Figure 119 for definition of annotated events.
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Figure 119. Definition of the different modes of arrival for the 3-layer model used in Figure 118. Solid lines
represent P-wave mode and stippled lines represent S-wave mode.

Gl-11
The marine-seismic acquisition geometry was also modelled to see whether the seismic response of
this model was equally consistent with the seismic data as the models for the land-seismic data
were. The model is equal to Gl-8 but with 40 m of water added on the top (VP = 1480 m/s, VS = 0
m/s and ρ = 1000 kg/m3).
The stack of the total offset range of the gathers did not reproduce the significant behaviour of the
MBF and the clear MBF-LBF boundary reflection that is seen on the seismic data. Tests on stacks
produced from different offset ranges (Figure 120 and Table 5) showed that near offsets were
lowering the quality of stacked data (panel 1 & 2) while all other panels produced the desired strong
reflection at the A-horizon similar to what was seen on seismic data. There is however a long-offset
limit as the NMO stretch mute disqualifies panels 10, 11, 12 and 13.
The offset ranges that were good at producing the strong A-horizon reflection (panels 3, 4, 5, 6, 7, 8
and 9) were used as a guideline when the seismic line from the OF94 survey was reprocessed for
enhancing the A-horizon reflection, with very good results (see Figure 136 in Chapter 12).
With the large acoustic-impedance difference at seabed (basalt/water) seabed multiples are severe.
But the low NMO velocity of water makes it is possible to avoid them by skipping the near-offset
data, and then the multiple arrivals at farther offsets will be stacked out.
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Table 5. The offset range for the panels shown in Figure 120.

Panel
1
2
3
4
5
6
7
8
9
10
11
12
13

Offset range (m)
0 – 1200
200 – 1400
400 – 1600
600 – 1800
800 – 2000
1000 – 2200
1200 – 2400
1400 – 2600
1600 – 2800
1800 – 3000
2000 – 3200
2200 – 3400
2400 – 3600
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Figure 120. Stacked traces generated with 13 different offset ranges separated by blue vertical lines with panel
numbers on top. See Table 5 for offset range for each panel. The synthetic is inserted with red vertical lines as
border.
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11.

Analysis of stacked data

The analysis includes the stacked data, the refraction seismic modelling, the log-VSP data, and the
full-waveform modelling.

11.1.

Identifying events on stacked data

The identification of events on stacked profiles is firstly based on tie to synthetic seismogram
generated from Glyvursnes well logs (Figure 81) and secondly based on the corridor stacks from
Glyvursnes and Vestmanna VSP experiments (Figure 94).
The synthetic represents the vertically travelling waves, comparable to time migrated seismic data,
while the stacked data are unmigrated. In this particular case, with the assumption of interfaces
having dips ≤ 3°, there might be a difference of travel times of up to ~1.3%, the synthetic having the
greater travel times. Reflections at 0.3 s will be within 0.0039 s. Horizontal displacement of
locations at 300 m depth will be within 15 m. With this in mind the synthetic is tied directly to the
unmigrated stacked data.
Further, the different acquisition geometries have to be considered. Travel times for data involving
raypaths through the water column have a delay relative to travel times for land seismic data. On the
synthetic tie this gives a downwards time shift of the synthetic relative to these profiles. The
location of the tie between the profiles is where shot-points are closest to the shore line and the
water is shallowest, ~10 m deep. So the time delay related to travelling through the water column
will be small, in the order of 3 ms for the airgun-geophone data and 6 ms for the airgun-streamer
data. The synthetic shall be shifted downwards relative to stacked data.
The seismic profiles all have seismic datum at 3 m below MSL (MSL−3m) according to depth of
streamer during acquisition. The SeiFaBa profiles (land seismic data) are initially processed to
seismic datum at 16.56 m above MSL, but for interpretation the datum was set to MSL−3m as for the
rest of the data. The synthetic has seismic datum at top of casing (TC), which is at 16.56 m, so this
will contribute with a time shift upwards relative to stacked data.
Finally, it must be considered that in the preparation of the synthetic, the zero time of the wavelet
was set at first zero-crossing of the wavelet, resulting in the requirement of a downwards time shift
of the synthetic relative to stacked data to line up corresponding events.
The time difference in datum between synthetic and stacked profiles is 12 ms, established from the
time-depth relation generated for the Glyvursnes well analysis (section 9.4). The time from first
onset to first zero-crossing of the wavelet used for synthetic is ~10 ms. All in all, the time shift is 2
ms upwards of the synthetic relative to the land-seismic data. For airgun-geophone data the time
delay related to the one-way travel path in the water column results in a total time shift of 1 ms
downwards and for the airgun-streamer recording, accounting for the two-way travel path in water
column, the total time shift is 4 ms downwards. With this guidance the synthetic was tied to the
stacked profiles (Figures 121, 122 and 123).
Events identified on the synthetic (Figure 81) can to some degree be tied to events on the stacked
seismic profiles. The airgun-streamer profile is heavily contaminated by coherent noise that has not
successfully been processed out. However, on the left part of the profile, corresponding to the
southern end, closest to shoreline, the coherent noise is lower and in the shallow section event 3 can
be seen through waterbed multiples and coherent noise (Figure 121). For the airgun-geophone data
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the best tie is with event 5. The shallow data are clearly inadequate due to limited near-offset
coverage (Figure 122).

Figure 121. Synthetic is inserted at left end of profile closest to well location. Distance from well to endpoint is
~80 m. Red and blue annotations are events 1 to 5 in Figure 81.

Figure 122. Inline 4 intersects the well location. The synthetic is inserted at the well location. Red and blue
annotations are events 1 to 5 in Figure 81.

The dynamite-geophone profile shows much more detail in the shallow part and events 2, 3, 4 and 5
have a decent tie (Figure 123). In addition there is a significant event, a trough, between events 3
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and 4, annotated yellow on the figure, which corresponds to the sedimentary bed of the Sneis
formation, at 297 m depth. The Sneis formation is suggested as a marker for the separation between
the Malinstindur and Enni formations by Passey & Jolley (2009), and thus an alternative definition
for the C-horizon.

Figure 123. The SeiFaBa-2 profile passes the well at a distance of ~80 m. The synthetic is inserted closest to the
well location. Red and blue annotations are events 1 to 5 in Figure 81. Yellow annotation marks a particularly
well constrained trough extending from CDP 200 to 340 with a good tie to the synthetic identified to be at 297 m
depth.

The imaged basalt column is divided into three sections divided at ~0.15 s and ~0.6 s, the
uppermost and lowermost being of relatively high amplitudes and the middle one being of relatively
low amplitude. The log-tie indicates that the change of seismic facies above and below ~0.15 s is
related to the UBF and MBF.
The division of seismic facies at ~0.6 s is not covered by the Glyvursnes well. Based on
full-waveform modelling, the change of seismic facies is suggested to be related to the A-horizon
(Petersen et al., 2006). The A-horizon is mapped in the northwest and south of the Faroes
(Rasmussen & Noe-Nygaard, 1970), and the Vestmanna-1 well penetrates the A-horizon at 555 m
depth (Waagstein & Andersen, 2003). Based on this it is assumed it exists below Glyvursnes with
similar properties.
The A-horizon was identified on the Vestmanna VSP upgoing wavefield and transferred to the
Glyvursnes corridor stack (section 9.5.2 Tie of A-horizon). The corridor stack, with the interpreted
A-horizon, plotted with the same zero time as the synthetic, shows a fine tie to all three stacked
profiles at ~0.6 s depths (Figures 124, 125 and 126).
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Figure 124. Corridor stack is inserted at left end of profile closest to well location. Distance from well to endpoint
is ~80 m. Red and blue annotations are events 1 to 5 in Figure 81. Green line is A-horizon.

Figure 125. Inline 4 intersects the well location. The corridor stack is inserted at the well location. Red and blue
annotations are events 1 to 5 in Figure 81. Green line is the A-horizon.
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Figure 126. The Glyvursnes well is situated ~80 m from the SeiFaBa-2 profile. The corridor stack is inserted into
the line at the point closest to the well. Red and blue annotations are events 1 to 5 in Figure 81. Yellow
annotation marks a particularly well constrained trough extending from CDP 200 to 340 identified to be at 297
m depth in the well.

Depth of A-horizon is estimated from the Glyvursnes corridor stack, since it resembles timemigrated data and represents vertically traveling ray-path. Depth to A-horizon is 0.603 s relative to
top of casing.
Average velocity for depth conversion is from a combined Glyvursnes and Vestmanna log.
However, the maximum burial depth has to be considered when using the Vestmanna log at
Glyvursnes, as instantaneous sonic velocity in basaltic lava flows appears to depend on maximum
burial depth (Andersen et al., 2005).
The Vestmanna log is used to represent the lowermost 555 m of the MBF at Glyvursnes, down to
the A-horizon. According to reconstruction of the Faroes Basalt Plateau (Andersen et al., 2002)
Vestmanna has had an extra ~2100 m (±200 m) 9 or so of basalt on top and Glyvursnes some ~1200
m (±200 m) on top. This gives a maximum burial depth for the A-horizon at Vestmanna of ~2655 m
and ~2600 m at Glyvursnes, considering that the initially estimated depth of the A-horizon is ~1400
m at Glyvursnes. Since the maximum burial depths of the lower part of the MBF are similar for
Glyvursnes and Vestmanna, the Vestmanna log can be used to represent the velocities in the lower
part of the MBF at Glyvursnes without further consideration.
The two logs cover the uppermost 700 m and lowermost 555 m of the estimated 1400 m thick pile.
This leaves ~150 m in the middle to account for. Velocities at the lower endpoint of the Glyvursnes
log and upper endpoint of the Vestmanna log have similar values, around 5300 m/s. The uncovered
interval is thus set to 5300 m/s but with a rather large margin ±10%. Uncertainty for the Glyvursnes
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and Vestmanna logs is set to ±2% as this is the order of difference between integrated velocity logs
and travel times from VSP (Petersen et al., 2013; Shaw, 2006).
The depth-conversion velocity is thus 4580 to 4870 m/s and gives a depth to A-horizon of 1381 –
1468 m relative to top of casing and 1361 – 1449 m relative to MSL−3m. The depth of the C-horizon
is 355 m at Glyvursnes and thickness of the MBF is thus estimated to be between 1026 and 1113 m

11.2.

Composite profile

The three profiles produce a continuous composite profile (Figure 127). Depths are aligned relative
to the synthetic as described above. Overall, the land (dynamite-geophone), the marine (airgunstreamer), and the hybrid (airgun-geophone) datasets complement each other. The land data provide
the finest detail; the marine data have more continuity in the shallow events, while the hybrid
dataset provides more late arrivals.

Figure 127. Composite profile. See Figure 39 for location. The rightmost panel is an airgun-streamer shot gather
NMO corrected at 1500 m/s to enhance seabed multiples.

Seabed multiples are identified on the airgun-streamer section and the airgun-geophone section.
Comparison with the land seismic data shows that the deeper strong reflections are not affected by
seabed multiples, although energy related to seabed multiples might diminish the data quality and
be one cause for lesser detail in the airgun-geophone data and airgun-streamer data relative to the
dynamite-geophone data down to 0.6 s (Figure 127). See Figure 19 for bathymetry of the combined
data.
It is less clear to say to what degree the data are affected by interbed multiples. Comparison of
full-waveform modeling with the synthetic primaries-only shows that in the shallow section there is
little difference between the two, while the comparison shows that at depth, below the strong
reflection at ~0.6 s, there is a significant difference (Figure 128). Whether this difference originates
in the wave-train tail generated in the shallow section or is related to interbed multiples occurring
below 0.6 s is not clear. Most likely it is a combination of both.
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Figure 128. 2D Full-waveform modelling using the same geometry as the land-seismic acquisition based on the
Gl-2. Left: The Full-waveform synthetic stacked section. The synthetic seismogram primaries-only is inserted in
blue rectangle. Middle: CWT analysis of the synthetic seismogram primaries-only. Right: CWT analysis of a
trace from the stacked section. Horizontal lines show the boundaries between the UBF-MBF (C-horizon) and
MBF-LBF (A-horizon). Blue line “END” marks the boundary between the LBF and the homogenous unit below.
No gain, other than correction for spherical divergence, has been applied to the full-waveform synthetic stack.
CDP numbers are relative to CDP numbers on seismic data.

11.2.1.

Continuous Wavelet Transform analysis

The CWT analysis of the composite log used for modelling shows a distinct difference for the MBF
relative to the UBF and LBF where the MBF has generally different frequency content and lower
amplitudes than the UBF and LBF (Figure 129). CWT analysis of the full-waveform synthetic and
the synthetic primaries only shows that these properties are preserved for the seismic response
(Figure 128). At Glyvursnes it is thus possible to identify the MBF directly from the characteristics
of the seismic response.
Since these properties are valid in a 1D model it is possible to state that they are not attributed to the
2D and 3D properties of lava flows e.g. like the horizontal scale of the flows and interface
topography. The geological properties that are likely to have an influence are: lava flow thickness,
massive core thickness, crust thickness and interbedded sediments.
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The MBF differs from the UBF and LBF by having lava flows formed by thinly bedded compound
flows and volcaniclastic beds are very thin or absent in the MBF. The LBF consists of thick simple
lava flows with interbedded volcaniclastics and the UBF is a mixture of thick simple and compound
flows with interbedded sediments. More than being related to properties of basalt flows I suggest
that the difference in seismic response is related to the occurrence of sedimentary beds.
CWT analysis of seismic data at Glyvursnes shows this same distinct difference in frequency
content and amplitude that can be related to the UBF, MBF and LBF (Figure 130).

Figure 129. CWT of the 1D model described in section 3.2 Figure 5.
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Figure 130. Comparison of CWT analysis on a trace of stacked data and a synthetic seismogram. a): Inline-2;
b): the CWT analysis of a trace from the stack (blue vertical line on stack shows location); c): the CWT analysis
of the synthetic seismogram, primaries only. Horizontal lines show approximate locations of the C-horizon and
the A-horizon.

11.3.

Results from refraction seismic modelling and
prestack depth migration

The refraction seismic modelling gave information on the shallow section and supports the idea that
the dip trend of layers from surface mapping extends in depth at least as deep as the well (Figures
65 and 66). In the deep section the modelling clearly shows that the A-horizon, contrary to dips in
the shallow section, has a dip towards the north (Figure 69).
Prestack depth migration of airgun-streamer data clearly shows consistent reflections related to
events 2 and 3 with dip according to refraction modelling. But, below that, the noise level is too
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high for the primary energy to stand out (Figure 70b). The prestack depth migration of the airgungeophone data, on the other hand, shows strong reflections down to and below the A-horizon. The
imaged A-horizon from the prestack depth migration has similar dip to that from the refraction
modelling but is slightly deeper, namely at 1400 m depth relative to 1370 m at the location of the
Glyvursnes well. The prestack depth migrated profile shows that the dip orientation changes at
about 1000 m depth from southwards to northwards (Figures 70a and 71).
The depth of the A-horizon from refraction seismic modelling varies from 1364 m in the south to
1380 m in the north. The length of the profile is 1560 m so the projected dip in the profile direction
is ~0.6° to the north. This is consistent with a dip direction of the A-horizon from the 3D data
towards the north-northeast. However, this is unmigrated data and the water column might have a
push-down effect (Figures 131 and 132).
Based on the refraction seismic modelling the thickness of the MBF is
1370 − (355 − 16.56 10)=1032 m and based on prestack migration it is 1062 m, while the thickness
estimate from reflection seismic data is 1026 – 1113 m. So in total, the thickness of the MBF is
estimated to be between 1026 – 1113 m, as a conservative estimate, and between 1032 – 1062 m as
a more restricted estimate.

Figure 131. Time slice of the complete 3D volume at 0.6 s. Red is positive and blue is negative. Figure 132 shows
depth location of the time slice.
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Figure 132. Inline 4 with positions of time slice in Figure 131 annotated as blue horizontal line.

11.4.

Geological Interpretation

Summarizing geological results in the analysis, the dip orientation from surface mapping can be
extended to about 1000 m depth. That means that for the full extent of the UBF and the top half of
the MBF, the dip of layers have the same trend as for the surface mapping.
Thickness of MBF is between 1032 and 1062 m. And the depth of the A-horizon at the Glyvursnes
well location is between 1387 and 1417 m, dipping ~0.6° to the north. The dip direction is estimated
to be north-northeast.
The thickness of ~1050 m for the MBF is less than the 1350 m for the total thickness in the northern
part of the Faroes found by Rasmussen & Noe-Nygaard (1970) and the 1400 m reported from
around Vestmanna (Waagstein, 1988). It thus appears that the MBF thins towards the south and
east. This is in general accordance with Waagstein, who found that the thickness of the MBF is less
between Sandoy and Suðuroy than at Vestmanna, and Jørgensen (2006) concluding that the
thickness of the UBF and MBF must have been small at Suðuroy.
The reason for the apparent south- and eastward thinning of the MBF could be that the thickness
decreases away from the volcanic rift located northwest of the Faroes (Waagstein, 1988). However,
gradual eastward thinning of the MBF was not observed during mapping of the Faroe Islands
(Rasmussen & Noe-Nygaard, 1970). Alternatively local variations in elevation during lava
emplacement could cause the thickness difference. Unfortunately, the present data do not allow us
to choose between the two above-mentioned or other feasible hypotheses for the thinning of the
MBF.
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12.

OF94 survey

The seismic experiment at Glyvursnes shows a distinct reflection that is interpreted to be related to
the MBF-LBF boundary, the A-horizon. To see whether the clear imaging of the A-horizon is
localized to Glyvursnes as a feature of the local acquisition setup and local seismic properties, or
whether it is present on conventional marine seismic data in a larger area in the vicinity of
Glyvursnes, several profiles from the OF94 survey were inspected. The OF94 survey was acquired
by Western Geophysical with a 5280-in3 airgun array and a 6000-m streamer, and processed in
1995. The data did, however, not show a seismic response similar to what was observed at
Glyvursnes (e.g. Figures 134 and 135; see Figure 133 for location).

Figure 133. Position of line 10 in the OF94 survey starting about 20 km NE Glyvursnes

Reprocessing with a focus on enhancing the reflection from the A-horizon was attempted.
Especially the reprocessing of the OF94-10 profile did produce a stack with facies similar to those
at Glyvursnes, i.e. a threefold depth division with a high-amplitude section down to about 0.3 s and
below 0.7 s, and a low-amplitude section inbetween (Figure 136). Comparison of the reflection at
0.7 s with the reflection from the A-horizon at Glyvursnes shows that it has the same polarity
(Figure 137).
The reflection at ~0.7 s is interpreted to be from the A-horizon based on the following: a) Seismic
facies above and below are similar to facies above and below the A-horizon at Glyvursnes and to
seismic facies from full-waveform modelling, modelling the seismic response related to the MBF
and LBF, b) the reflection (i.e. at ~0.7 s) has same polarity as observed at Glyvursnes and c) the
reflector depth is consistent with expected depth from previous mapping of the Faroes basalts
(Rasmussen & Noe-Nygaard, 1969; Waagstein, 1988).The A-horizon was clearly identified over the
full length of the profile (Figure 136).
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Figure 134. Line 10 from the OF94 survey. Annotated rectangle shows outline of Figure 135.

Figure 135. Section from OF94 line 10. See Figure 134 for location.
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Figure 136. Reprocessing of same section as in Figure 135. Top basalt is marked by yellow line and endpoints of
A-horizon are marked in green and by A. The CWT on Figure 138 is on traces located within the two vertical
lines to the left (between CDP 10000 and 12000).

The C-horizon is expected to be at ~0.3 s based on comparison of travel times between profiles
(Figure 137), i.e. assuming the MBF thickness at the western end of OF94-10 is the same as
established at Glyvursnes. However, interpretation is ambiguous, mainly due to the fact that the
processing only aimed at enhancing the ~0.7 s reflection. In order to remove seabed multiples, a
surgical mute was applied, cutting the near-offset signal starting at the first seabed multiple. In the
processing, the mute is derived from seabed depth. The surgical mute results in a very limited offset
range in the shallow section, just in the time interval of interest for the C-horizon, and the data are
thus not well suited for interpretation of the C-horizon
CWT analysis of traces also shows characteristics very similar to the Glyvursnes data and with a
clear identification of the A-horizon (Figure 138). The C-horizon was picked to be at 0.3 to 0.4 s
but this was not as confident as for the A-horizon because of artefacts from processing. Between the
A-horizon and the C-horizon the energy is centred between 16 and 32 Hz, similar to the MBF in the
Glyvursnes data, while below the A-horizon and down to about 1.6 s the energy has two highenergy bands one just below 16 Hz and one just below 32 Hz, which resembles the modelled
seismic response related to the LBF.
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Figure 137. Sections from the composite tie from Figure 127. The interpreted A-horizon and C-horizon are
annotated. Timescale to left is for SeiFaBa-2, Inline-4 and Marine stack and timescale to right is for OF94-10
section.

The change of character at 1.6 s in Figure 138 bears similarities to the modelled seismic response of
the base of basalts (Figure 128), and could thus represent a base of a formation of subaerial flood
basalts. A comparison with the seismic facies from the upgoing wavefield of the Lopra-1 VSP
shows a distinct change from high amplitudes to lower amplitudes at the change from subaerial
flood basalts to hyaloclastites (Christie et al., 2006). This can be associated with the change of
character at 1.6 s in Figure 138. If base of LBF is at ~1.6 s this would give a thickness of ~3000 m
for the LBF, for a conversion velocity of ~6000 m/s, and a total thickness down to the base of LBF
of ~4500 m to the NE of Glyvursnes. Notice, however, that the base of subaerial flood basalts can
be proceeded by thick sections of hyaloclastics as has been documented in Lopra-1A (e.g. Boldreel,
2006), so this estimate does not necessarily relate to the total thickness of basalts.
Finally, it has recently been established that the A-horizon is indeed regional correlative. In a recent
reprocessing by TGS of the full OF94/95 dataset, the OF94-10 profile shows to be highly
correlative to my reprocessing and the interpretation of the A-horizon can with confidence be tied to
the TGS processed data and the A-horizon can be traced over a large volumes of the data. This I
demonstrate in a paper based on the thesis work (Petersen et al., In review). The paper is now
supplied in review form as part of the thesis. It shall be noted that prior to the processing by TGS I
got the opportunity to present a summary of my PhD work, including the reprocessed OF94-10 in
this chapter, to the TGS processing staff. I mention this at the risk of appearing complacent but
being aware of what seismic facies to expect for basalts in the Faroes area might have had an
influence on the processing parameters.
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Figure 138. CWT of some stacked traces from the reprocessed OF94 line 10. CDP numbers compare to CDP
numbers in Figure 136. The upper two horizontal lines (C and A) show the picked events that can be compared
to Glyvursnes data while the lowest (marked in blue as Base) marks a change of appearance with similarities to
the change at base of basalt from full-waveform modelling (see Figure 128).
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12.1.

Processing

The reprocessing of the OF94 data was done with processing parameters derived from the
Glyvursnes 2003 experiment. This means that the Glyvursnes model (Figure 5) was used to derive
stacking velocities. Before the stacking velocities were extracted for each CDP, the model was
adapted to the line-10 profile by adjusting the water depth of the model to the bathymetry of the
profile.
Further, results from the full-waveform modelling indicate that a selected offset range is optimal for
enhancing the A-horizon for marine seismic acquisition (Figure 120). Test on the southwest end of
the profile (closest to Glyvursnes) showed that best stacking—with regard to the A-horizon—was
obtained with an offset range between 1000 and 2500 m.
By only using the 1000 – 2500 m offset range for stacking, a negative side-effect of the method
applied was the fact that the shallow section was missing. In order to produce a stack that also
included the shallow succession, a time-offset mute on CDP gathers was designed such that
near-offsets were preserved down to the first seabed multiple. The shallow part of the mute was
automatically generated, governed by the seabed depth. With local adjustments, significant
improvement of the shallow section can be expected. The mute was designed to enhanced the Ahorizion but a positive side-effect of the mute was that the strong seabed multiples were muted out.
There was no attempt to improve the seismic profile below the A-horizon.
No band-pass filter was used but an f-k filter (dip-filter) was applied on shot gathers to remove
direct arrivals and shallow low-velocity refractions.
Although the full range of line-10 was reprocessed, the processing parameters were designed with
the focus on the south-west end of the profile (closest to Glyvursnes, Figure 136). This can be seen
on the stacked profile, as after around CDP 5000 the quality of the stack is deteriorated. This can be
related to the circumstance that the velocity model used for processing is not valid for CDPs larger
than about 5000, primarily because of increased sedimentary deposition on top of the basalt.
Processing sequence:
•
•
•
•
•
•

Dip filter on shot-gather
CDP sorting
Correction for spherical divergence
NMO correction
Muting offset ranges
Stack

The good quality of the shallow data covering the UBF and MBF to the left end of the profile, CDP
up to ~1600, suggests the possibility of studying the nature of the basaltic emplacement directly
from seismic data (Figure 136). However, further interpretation should not be attempted on this
profile before thorough studies of the nature of the different events seen (multiples, converted wave
and other artefacts from processing). An iterative process of prestack analysis and stack
interpretation for model building from where processing parameters then are derived seems to be a
way. Processing parameters would be velocities, e.g. NMO velocities, migration velocities and
anisotropy parameters. When that has been achieved, many of the data optimisation procedures can
be followed, like 2D-filter (e.g. f-k filter and Radon filter) and prestack migration.
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13.

Discussion and conclusions

Loss of transmitted seismic energy due to low transmission coefficients at top and base basalt (e.g.
Fruehn et al., 2001) and when propagating through basalts due to attenuation and scattering (e.g.
Maresh et al., 2006) is often referred to as the main obstacle in sub-basalt imaging (White et al.,
2003; Ziolkowski et al., 2003). However, seismic energy is transmitted through basalt complexes,
so the problem amounts to separating primary energy from noise (Planke et al., 1999). Gallagher &
Dromgoole (2008) have demonstrated this by reprocessing on a series of profiles with main focus
on filtering out high frequencies, multiple removal and velocity models taking into account
geological models for the areas.
It is in this context the main contribution of my thesis is to be found. The thesis contributes through
the generation of geological models for the area, not only by the specific geological mapping at
Glyvursnes but even more so by identifying seismic facies of basalt formations with different
seismic properties and thus providing better means for generating proper velocity models and better
processing parameters.
The data at Glyvursnes demonstrate clearly that seismic energy is transmitted through thick basalt
complexes. This is most clearly demonstrated by the prominent reflection related to the A-horizon
at ~1.4 km depth. However, the main reason that the A-horizon shows so clearly is due to the
transparent seismic facies of the overlying ~1 km thick basalt formation, the MBF.
This relates to a significant result of my thesis, the distinct difference of seismic facies for the
different basalt formations. Well-log analyses establish that there is a difference in properties
between the MBF and the overlying UBF and underlying LBF. The MBF consists mainly of thin
flow lobes forming lava flows of compound-braided facies. Volcaniclastic beds are very thin or
absent in most of the MBF but increasing in number and thickness in the upper part of the MBF.
The overlying UBF consists of a mixture of simple and compound flows with tabular-classic and
compound-braided facies architectures respectively, and with further increase of volcaniclastic beds
both in number and thickness. The underlying LBF consists mainly of thick simple flows,
presumably tabular lava flows. Volcaniclastics are abundant in the LBF.
The differences can thus be summarized as “compound flows and minor sedimentary beds” for the
MBF and “thick simple flows and sedimentary beds” for the overlying UBF and underlying LBF.
The primary cause of the difference in seismic facies for the formation is not known, that is,
whether it is the thick simple flows with thick massive core or the sedimentary beds that produce
the high-amplitude facies for the UBF and the LBF. It is however clear from modelling in my
thesis, that the seismic facies are strongly related to the 1D properties of the formations, since
modelling based on velocity logs expanded laterally reproduce seismic facies comparable to those
of the UBF, MBF and LBF (Figure 128).
The MBF appears transparent to seismic signals, but is this also an expression of lower attenuation?
The attenuation study by Shaw et al. (2008) has shown that attenuations in the UBF and MBF are of
similar magnitude. But the results on the MBF were ambiguous. While all other studies on
attenuation in basalt successions have arrived at the conclusion that the attenuation is mainly due to
scattering (e.g. Christie et al., 2006; Maresh et al., 2006; Pujol & Smithson, 1991; Rutledge &
Winkler, 1989; Shaw, 2006), the high attenuation found for the MBF cannot be explained as mainly
due to scattering. In order to account for the difference between measured effective attenuation and
attenuation by scattering for the MBF intrinsic attenuation must be of significant magnitude the
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nature of which is not known. But why then should the MBF have significantly larger intrinsic
attenuation than other basalt formations?
The amplitude scaling in connection with the VSP processing in my thesis results in attenuations
quite different from those of Shaw et al. (2008). The amplitude scaling in this thesis determines a
parameter, tpow, for the combined spherical divergence and effective attenuation. If the tpow
parameter is converted to an approximate Q-value then the value for Vestmanna VSP is ~69,
compared to the initial mean value of 25 by Shaw et al. (2008). Comparison of the new estimates of
Q-value with that of Shaw et al. (2008) for theoretical 1D scattering, Q=84, suggests that
attenuation might mainly be due to scattering, also for the MBF. The conflict in Q-values lies in the
methods used and calls for future studies into effects of using different methods for attenuation
studies.
A second significant result of my thesis is the identification of the A-horizon on seismic data. The
A-horizon reflection is identified as a negative reflection and is tied to a sedimentary layer just
below the MBF. The A-horizon marks the change of seismic facies from low amplitudes, related to
the MBF, to high amplitudes, related to the LBF. Confidence in the interpretation of the A-horizon
is provided by the VSP from the Vestmanna well, which penetrates the A-horizon.
I show that the very distinct appearances of the MBF and the A-horizon are not only local
properties of the Glyvursnes area. Inspection of conventional data in the vicinity of Glyvursnes did
not at first show similar seismic facies to those found at Glyvursnes in this study. However, my
reprocessing of the OF94-10 profile shows that the A-horizon is indeed very clear over a large area
and the seismic facies related to the UBF, MBF and LBF can be identified.
Further insight into the characteristics of the basalt formations is from CWT analysis. In addition to
having different amplitude levels, the seismic response from the different basalt formations differs
in frequency content and is concentrated in energy bands at certain frequencies.
At first one might question to what degree these energy bands are related to primary energy or are
an expression of interference effects of scattered energy. But CWT analysis applied on velocity and
density logs and on the calculated acoustic impedance shows similar energy bands (Figure 129b, c
and d). CWT analysis applied on the reflectivity (Figure 129e) also shows similar energy bands but
with the weight shifted considerably towards the shorter scales. CWT analysis of the reflectivity
represents the seismic response ranging from broad band to the high-frequency limit. The synthetic
with primaries-only shows the same energy bands (Figure 128) but the filtering effect of the
wavelet convolution is evident, filtering out energies above ~60 Hz. The energy bands in seismic
data are thus not artefacts. They express scales of significance for the basalt formations. These
would be flow thicknesses and distances between significant sedimentary beds.
Then one might consider whether the energy bands reflect the filtering/attenuating effect on the
transmitted signal. Can basalts be relatively transparent at certain bandwidths? The attenuation
study by Shaw (2006) apparently does not show significantly less attenuation at bandwidths
relevant for the low-energy bandwidths in the CWT analysis. The energy bands are therefore not
likely to represent significant filtering effects of the basalt successions and scales with low energy
do not necessarily represent bandwidths more transparent to seismic signals.
The energy bands do, however, hold information on the frequency content of scattering/multiples
related to the basalt formations. Full-waveform modelling, on a model with no reflectors below the
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basalts, shows that scattered energy is abundant and is in the same bandwidths as those
characterising the LBF, only with less low-frequency energy (Figure 128). It is thus possible to
design a high-cut filter aimed at filtering out scattered/multiple energy based on the properties of
the overlying basalt formations. Ideally the filter can be designed from log values like Figure 129
but, even more usefully it can be estimated directly from the frequency distribution of the seismic
response within the basalt formation.
With this method, a high-cut filter, in areas covered with a basalt formation with the same
properties as the LBF in the model, would be at ~40 Hz if determined from the full-waveform
synthetic in Figure 128. However, analysis on real seismic data at Glyvursnes gives a lower highcut frequency of ~25 Hz (Figure 130b). The difference might be explained by considering that the
model properties for the LBF come from the Lopra well located 60 km to the south of Glyvursnes
and even more by the fact that the Lopra log does not cover the uppermost 900 m of the LBF, and
that sedimentary beds are more abundant in the uppermost part. So the upper part of the LBF in the
model used for the synthetic is likely to have different properties than those of the upper part of the
LBF at Glyvursnes location and thus a different high-cut filter.
The possibility that the high-cut frequency can be picked directly from the data, by CWT analysis,
makes it possible, rather than using a fixed high-cut filter, to design the filter according to the
properties of the basalt formations at location. This can be of importance since, as I have
demonstrated, the properties of the basalt formations differ very much, and the preferred high-cut
frequency can be very different for different basalt formations. This is most clear in the comparison
of the MBF to the UBF and LBF. In order not to, unnecessarily throw valuable information away,
the local establishment of the high-cut frequency is of importance.
The band-pass filtering might be the only way to remove noise related to intra-basalt multiples, as
these, having similar dip moveout as primary reflections, cannot be removed by a traditional
multiple removal function in the form of various 2D filters.
Further, the CWT analysis can give indications of the location of the base of the LBF. The top of
the LBF is clearly identified on seismic profiles due to the fact that the overlying MBF is
low-amplitude. The base of the LBF, on the other hand, is not directly identified from the seismic
profiles due to the extensive scattering by the LBF. CWT analysis applied on data from
full-waveform modelling does, however, show, as stated above, that multiple reflections to some
degree can be distinguished from primary reflections by less low-frequency content. CWT on traces
from the OF94-10 reprocessed profile shows similar change in frequency content, as can be seen in
the modelled base-basalt transition (Figure 128), and is thus an indication of base of LBF (Figure
138).
It is, however, important to notice that base of LBF does not necessarily mean base of basalts. The
problem of misinterpreting base basalt relates to the basalt formations having varying seismic facies
and the base of basalts most probably not being defined by a simple reflector in many cases.
Formations consisting of basalt flows can be underlain by a thick section of hyaloclastites, as is the
case in the Lopra-1A well (Christie et al., 2006), with seismic properties different from what we
usually associate with basalts, i.e. high amplitudes and scattering. Better understanding of seismic
facies of basalts give the means for better estimates of total basalt thickness.
Establishing base basalt from surface seismic data is known to be difficult and there are some cases
of misinterpretation of base basalt. One example is the Brugdan well where base basalt was drilled
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at 3745 m, while the prognosis placed base basalt at ~2280 m depth (Øregaard et al., 2007). Even
large-offset refraction seismic experiments generally have troubles establishing base basalt. An
example relates to the very same Brugdan well. One of the profiles from the FLARE experiment
(Fliedner & White, 2003) intersects the location of the Brugdan well. At this approximate location
(FLARE-6 at ~65 km) the modelled depth of base basalt was determined to be ~2800 m and thus
significantly different from the drilled depth.
The Brugdan well could just be an example of seismic facies of hyaloclastites leading to
misinterpretation of base basalt since, from 2542 m down to the base of the volcanic succession, the
lithology is dominated by hyaloclastites interbedded with basalt and volcaniclastic sediments
(Øregaard et al., 2007).
It is examples like these that emphasize the importance of more knowledge of seismic facies of
basalts and better understanding of the geological history of the area for better perception of the
emplacement of basalts in the Faroes area. The impact of incorrectly established thicknesses of
basalts affects both the planned drilling, as in this case, and also the processing of data, when using
model-driven processing.
A third significant result of my thesis is the contribution to the geological mapping in the area. I
have determined A-horizon depths to accuracy within ~30 m. The established depth of the
A-horizon results in the conclusion that the thickness of the MBF is ~1050 m, ~300 m less than at
Vestmanna. It is thus established that the thinning of the MBF from Vestmanna towards the south,
suggested by others (Jørgensen, 2006; Waagstein, 1988), already is substantial at the Glyvursnes
location.
The prestack migrated data at Glyvursnes support the finding that, down to ~1000 m depth, the dip
orientation of layers has the same trend as that found from surface mapping in the area, while below
this depth, the dip trend changes to dip towards the north. At Glyvursnes the dip orientation of the
A-horizon has been established to be north-northeast.
Further, the A-horizon was identified and mapped over a large area on conventional seismic data to
the east of Glyvursnes. My identification of the A-horizon on the OF94-10 profile presents the
opportunity for interpretation in a large area offshore and thereby the ensuing mapping of the major
basalt formations, thus giving better understanding of the geological history of the area, which
ultimately would be an additional constraint on the model building.
The fact that the A-horizon can be mapped over most of the Faroese shelf (Petersen et al., In
review) makes it a firm marker in the description of the Cenozoic evolution on the Faroese platform
to be set in relation to previous works, (e.g. Andersen et al., 2002). The interpretation of the Ahorizon facilitates the determination of the total basalt thickness above the A-horizon, i.e. the total
volume of syn-breakup erupted lava during the final continental breakup between the Faroes and
Greenland (Larsen et al., 1999). Initially Smyth (1983) suggested that the LBF extended furthest to
the SE, with the margins of the MBF and UBF progressively 'stepping back' towards the Faroes
while Ritchie et al. (1999) suggested a reversed structure of the basalt distribution, such that it is the
MBF and UBF that reach furthest offshore. It is in this context that the interpreted A-horizon can be
used as a significant marker in the interpretation of seismic profiles, and thus to map pre- and synbreakup basalts.
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The comparison of acquisition methods shows that streamer recordings have a high ambient noise
level in the bandwidth of interest for seismic signals, while geophones have low ambient noise level
in the full bandwidth. The seismic signal from airgun sources has better penetration than from
dynamite sources but the seismic signal from dynamite has higher resolution. In accordance with
this, the airgun-geophone combination has the highest S/N and produces the best imaging at depth,
while the dynamite-geophone combination is better for shallow imaging. For the dynamite-streamer
combination the signal hardly reaches above the ambient noise level. The airgun-streamer
combination produces imaging with less detail than dynamite-geophone recording, and lower S/N
than the airgun-geophone recordings.
However, this comparison is mostly of academic interest since the airgun-geophone combination is
limited to along shorelines. It should also be noted that the shallow deployment of the streamer is
the main reason for the high ambient noise level and is not relevant for conventional marine seismic
acquisition.
A summarized conclusion to draw from this thesis is that basalts are not just basalts. Although
general properties like velocities for core, crust, hyaloclastics, and volcaniclastic sediments are
respectively consistently similar, the combination of the distribution of these can form basalt
formations with quite different properties when considering seismic facies and attenuation.
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Finite-difference full-waveform simulation
A few details not included in Chapter 10 are listed below.
Source input and modelled seismic response for finite-difference code is in terms of particle
displacement. The following is a study into the effects of looking at the seismic response as particle
displacement or as particle velocity. Further it shows the preparation of the source wavelet used in
the full-waveform modelling presented in Chapter 10.

Particle displacement versus particle velocity
To illustrate the difference between looking at the particle displacement or at the particle velocity, a
test was run with a three-layer model (Figure 139) constructed to give an impulse response as a
comb-filter with notches at 25-Hz intervals starting at 25 Hz (see Figure 140).

Figure 139. Values of physical parameters were chosen to be representative of values for basalts. Interfaces 2 and
3 are at 918 and 1020 m depth respectively. The grid spacing was 3 m vertically and horizontally.

The model was run with a Ricker wavelet (centre frequency 30 Hz) applied as a dilatational point
source (see section on Source signature below).
The modelling shows, by comparing the frequency content of both the source signature and the
seismic response (Figure 141), that when the particle displacement is considered the spectrum is
centred at a lower frequency than when the particle velocity is considered.
The difference can be explained by looking at the time series expressed as the Fourier transform of
the amplitude spectrum
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s (t ) = ∫ sˆ(ω )e − iωt dω
Equation 26

Then the time derivative is
s′(t ) = −iω ∫ sˆ(ω )e − iωt dt = −iωs (t )
Equation 27

The amplitude spectrum of the time derivative is then the amplitude spectrum of the time series
multiplied by the frequency (the imaginary factor shows a phase shift of -90 degrees).
sˆ′(ω ) = ∫ − iωs (t )e iωt dt = − iω ∫ s (t )e iωt dt = −iωsˆ(ω )
Equation 28

Notice that the time series is the source-signature ω(t) convolved with the reflectivity x(t) (or
impulse response)

s(t ) = w(t ) • x(t )
Equation 29

So, the impulse response also depends on whether the signal is looked at as particle displacement or
as particle velocity. Figure 141e & f show that, although the filter effect results in zero amplitude
for 25 Hz in both cases, the spectrum of the time derivative has attenuation of low frequencies that
can be related to the spectrum of the time derivative of the impulse response.
The above illustrates that when running FD-FWS for comparison with seismic data it is important
to consider what is expressed in particle displacement and what is expressed as particle velocity.

Figure 140.The filter effect of a three-layer model calculated as the interference between the two reflections. The
thickness of the middle layer is adjusted so the seismic response of the model is a comb-filter with notches at
25-Hz intervals starting at 25 Hz. Blue: The spectrum of the impulse response. Red: The spectrum of the time
derivative of the impulse response.
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Figure 141. Results from FD-FWS with the three-layer horizontal model described in Figure 140. Left column of
figure shows particle displacement from equilibrium. Right column shows particle velocity. a) and b) show the
source-signature; c) and d) show the response from the three-layered model; e) and f) show the power spectrum
of the response from the model; g) and h) show the power spectrum of the source-signature. Here we see that the
parameter defining the centre frequency relates to the source expressed in particle velocity as the parameter of
30 Hz centre frequency compares to figure h.

Source signature
ELA2D has the option of choosing between the following source-signatures: 2nd derivative of
Gauss function, Kosloff wavelet, Ricker wavelet and Kuepper wavelet. The following options are
for choosing source type: dilatational point source (explosive source), vertically oriented single
couple and horizontally oriented single couple. The source-signature is also assigned a centre
frequency that relates to the time derivative of the source-signature, although the source-signature is
defined as particle displacement (see also Figure 141).
However, in the seismic simulations of the Glyvursnes experiment, it was found preferable to use a
seismic source signature extracted from the seismic data 11. Since the source signature was applied
as particle displacement it was converted from particle velocity to particle displacement by
integrating in the time domain. The source signature was low-pass filtered at 67 Hz to remove
higher frequencies that arose from the modifications. Small modifications to the source code of
ELA2D were necessary to enable use of an external wavelet. The source signature was applied as a
dilatational point source. The modified source code is on the attached CDROM (Appendix H).

11

Extraction was based on frequency content in a time window of stacked data, by Kingdom Suite. This wavelet is
different from the wavelet extracted from the downgoing wavefield in the VSP analysis of the thesis in Chapter 9.
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Figure 142 Results from the FD-FWS test of the source wavelet. Like in Figure 141 left column of the figure
shows particle displacement from equilibrium. Right column shows particle velocity. a) and b) the source
wavelet; c) and d) the reflection from a single reflector; e) and f) the power spectrum of the reflection; g) and h)
the power spectra of the source wavelet.

As the source signature was extracted from stacked data, I ran a test on what effect stacking has on
the reflected signal relative to the source signal. A test of the simulations was made in a semihomogeneous model with a single horizontal reflector. The modelling used similar geometry
(acquisition setup) as for the seismic data acquisition with 120 stations and 5-m intervals at the
surface. The test of the source in the FD-FWS model was done as a shot-gather that was NMOcorrected and stacked before analysing the reflection.
Comparison of the source signature (Figure 142a) to the stack of the reflected signal shows that
after this operation the reflected signature (Figure 142c) resembles the source signature as do the
amplitude spectra of the two (Figure 142e & g).
The derivative of the model output was taken for comparison with geophone recorded data. This
was compared to the derivative of the source signature directly. The comparison shows that there
actually is a slight difference between the source signature and the stack of the reflected signal
(Figure 142b & d). This difference is maybe even more visible in the amplitude spectra of the two
(Figure 142f & h).
In FD-FWS the source signature was applied as particle displacement (Figure 142a). All generated
full-waveform synthetic seismic data from the models was differentiated with respect to time in
order to display particle velocity.
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Offset-dependent transmission coefficient at seabed
At one point it was considered whether the offset-dependent nature of the transmission coefficient
at the seabed had any significant effect on transmission of energy. The angle-dependent
transmission coefficient calculated with the exact Zoeppritz equations for an interface with elastic
parameters comparable to the water/basalt interface is relatively low, except for a maximum value
at the first critical angle of about 20 degrees, beyond which there is a significant decrease (Figure
143).
However, by ray-tracing it was established that the optimal offset range found by full-waveform
modelling of 400 –2800 m (Table 5) was not related to the angle of incidence at the seabed for the
current experiment. The shallow water depth and the large velocity contrasts at the seabed interface
actually resulted in the angle of incidence at the seabed being below 20° even for very large offsets.
For example a two-layer model with the seabed at 40 m, the A-horizon at 1400 m depth, VP1 = 1480
m/s and VP2 = 4000 m/s, the reflection from the A-horizon at 6000 m offset is with an angle of
incidence of ~20° at the seabed. The maximum offset for the Glyvursnes data used in this thesis is
much less, in the order of 1000 m.

Figure 143. Calculations of the reflection and transmission coefficients at seabed: RPP is red, TPP is blue. Elastic
properties are: ρ1 is 1000 kg/m3, VP1 is 1480 m/s, VS1 is 0, ρ2 is 2700 m3, VP2 is 4400 m/s and VS2 is 2444 m/s.
Calculations are done on the. http://www.crewes.org/Explorers/ZoepExpl/ZoeppritzExplorer.html
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Continuous wavelet transform (CWT)
The following is a short introduction to Joint time-frequency analysis and the main parameters used
for the CWT analysis presented in this thesis. The theory is mainly from The Illustrated Wavelet
Transform Handbook (Addison, 2002) and from A Practical Guide to Wavelet Analysis (Torrence
& Compo, 1998). The tools developed for the CWT analysis built on Matlab code by Torrence and
Compo that can be downloaded at: http://paos.colorado.edu/research/wavelets/.

Joint time-frequency analysis
A full display of data often implies both the spatial and the frequency-transformed representation.
But when the data are aperiodic, noisy, transient and so on, information may still be hidden even if
the data are displayed both in the spatial domain and the frequency domain. In this case a local
frequency transform may uncover information that is hidden. Analysis using a non-stationary
(local) frequency transform covering all locations of the data is called a joint time-frequency
analysis. This means that the 1-dimensional spatial data is expanded into a 2-dimensional spatialfrequency domain (or spectrally decomposed).

Time duration and frequency bandwidth
It is a property of many signals that the bandwidth increases with increasing centre frequency of the
signal. This has to be considered when choosing the method for the joint time-frequency analysis.
If the spectral decomposition is done by frequency transforming within time windows there is a
dependency between the length of the time window chosen (∆t) and the resolution of the bandwidth
(∆f) so that ∆t∆f = constant (Qian & Chen, 1996). The best resolution in location and frequency
occurs when ∆t is chosen so that the transformed ∆f is of the same size as the bandwidth of the
signal of interest.
The resolution in the time-frequency space can be expressed by drawing boxes of side lengths ∆t∆f.
It can be shown that there is a smallest possible resolution (Addison, 2002).

∆t∆f ≥

1

π

Equation 30

Because of the similarity of Equation 30 to the Heisenberg inequality these boxes are referred to as
Heisenberg boxes expressing the idea that there is a minimum size (lower bound) of the “quantum
information” into which the signal can be decomposed (e.g. Torrence & Compo, 1998).

The Continuous Wavelet transform
The wavelet transformation is a scheme to spectrally decompose a signal by cross-correlating the
data with a wavelet function, ψ(t), over a range of dilation values, a (scale), and location
parameters, b:

146

Appendix B

T (a, b ) =

1
a

∞

~ t − b dt
a

∫ x(t )ψ

−∞

Equation 31

~

where x(t) is the data, Ψ is the complex conjugate of the wavelet function, and a and b are real
numbers.
This function will transform the one-dimensional time series into a two-dimensional domain: time
and dilation. The dilation may then be expressed as frequency through relations depending on the
wavelet function (see Addison, 2002 for more on the discrete wavelet transform).

The wavelet function
In order to be classified as a wavelet function, a function must satisfy certain mathematical criteria.
These are:
1) A wavelet ψ must have finite energy:
∞

E = ∫ ψ (t ) dt < ∞
2

−∞

Equation 32

2) Admissibility condition. This implies that the wavelet has no zero-frequency component, or to
put it another way the wavelet must have zero mean:

ψˆ ( f )
Cg = ∫
df < ∞
f
0
2

∞

Equation 33

3) Complex wavelets must have real Fourier transforms that vanish for negative frequencies.
The wavelet is localised in time (Equation 32) and frequency (Equation 33). Below are shown two
examples of wavelet functions: Equation 34 the Morlet wavelet function and Equation 35 the DOG
wavelet function.

ψ (t ) = π −1 4 e iω (t )e −(t )

2

0

2

Equation 34

ψ (t ) =

(− 1)m+1

(

d m −(t )2
e
m
1 dt
Γ m+
2

2

)

Equation 35

Figure 144 shows how the stretching or shrinking caused by variation of the dilation parameter
results in a change of the energy spectrum of the wavelet.
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Generally the wavelet function ψ(t) refers either to orthogonal or non-orthogonal wavelet functions.
The term wavelet basis refers only to an orthogonal set of functions. The use of an orthogonal basis
implies the use of the discrete wavelet transform (Torrence & Compo, 1998). While a nonorthogonal wavelet function can be used with either the discrete or the continuous wavelet
transform (Addison, 2002).

Figure 144. Upper: A Morlet wavelet (Equation 34) in the time domain with ω0 = 2 rad/s and the dilation
parameter values 1, 2, 3 and 4. Lower: The energy spectra for the wavelets. The wavelet is normalised. (Made by
modified wavelet script from C. Torrence.)

About choosing CWT parameters
A large number of wavelet functions can be generated that perform according to the criteria 1, 2 and
3 listed above. As the performance of the wavelet transform depends on the actual wavelet function
used for the spectral decomposition in Equation 31, the choice of wavelet is an important step of
any wavelet transformation.
The considerations when choosing a wavelet function for the CWT analysis can be summed up to
whether to choose a complex or real wavelet function and to decide on the shape and resolution of
the wavelet function.

Tests on synthetic data
A straightforward way to estimate the performance of different wavelet functions is to construct
synthetic data with characteristics resembling those of the data to be analysed, and compare the
results obtained using different wavelet functions.
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Figure 145. The generation of the synthetic dataset. It has 2000 samples and was designed with sharp edges to
have some similarity with logs of the elastic parameters of successive basalt flows. It consists of a piecewise step
function, a continuous sine function, an alternating sine function and white noise. The white noise is scaled to
have larger amplitudes than the sine functions. The step function has larger amplitudes than the rest. Figure
elements are a): Piecewise step function alternating between −1 and 1 with period 2×π×10 = 62.8 samples. b):
Function with gradually increasing period (1+x/N)×2×π with peak amplitudes ± 0.2. c): Continuous sine function
with period 1/0.6×2×π = 10.5 samples with peak amplitudes ± 0.2. d): Random values between −0.5 and 0.5
multiplied by 1.5. e): a + b + c + d

Initially the test signal was designed during the analysis of well logs and was therefore designed to
resemble some of the characteristics of the well logs (Figure 151). Further the test aimed to test the
ability to resolve signals with different amplitude level and character at the same time. For checking
the robustness of the method, random noise with relatively high amplitude was superposed. Figure
145 outlines the generation of the synthetic signal.
The signal was analysed using a Morlet wavelet function (complex, Equation 34), and a DOG
wavelet function (real, Equation 35). Both wavelet functions successfully recovered all signals that
the test signal was composed of (Figures 146 and 147).
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Figure 146. The CWT power spectra calculated with the Morlet wavelet function (Equation 34) with ω0 = 6 rad/s.
The figure shows different combinations of the test data in Figure 145, see annotations. Contour levels are
increasing exponentially for enhancement of both low-amplitude and high-amplitude signals.

Figure 147 Same as Figure 146 but using a DOG wavelet (Equation 35) with m = 6.
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The properties of a complex and a real wavelet function are visible on the two wavelet transforms.
The wavelet transform using the Morlet wavelet function has a better resolution in the bandwidth
related to the fact that a complex wavelet function returns a complex amplitude spectrum with
phase information and is thus, in principle, better adapted for capturing oscillatory behaviour, while
the DOG wavelet returns only amplitude information and therefore detects each single oscillation.
Real wavelet functions are good at detecting sharp edges. However, on all data that have been
subjected to wavelet-transform analysis, during this work, the sharp edges could easily be identified
directly from the 1-dimensional data. The detection of the sweep signal (Figure 147) shows what
might be of greater interest, that the real wavelet function also detects each oscillation on a smooth
signal that is much more difficult to identify directly from data.
If the wavelet function is sinusoidal the resolution of the wavelet function can be expressed by the
central frequency parameter, f0 , meaning the number of significant sinusoidal waveforms contained
within the envelope. For the Morlet wavelet function the central frequency can be identified directly
by the definition, Equation 34, as f0 = ω0/2π (Torrence & Compo, 1998). In Figure 146 ω0 = 6 rad/s,
the same as f0 = 0.955 s-1, was used.
A narrow wavelet function, i.e. low central frequency, will have good time resolution but poor
frequency resolution while a broad wavelet function will have poor time resolution but good
frequency resolution. The resolution can thus in a more general way be expressed directly by the
ratio between the width in the real space the width in the Fourier space (Addison, 2002). The
resolution calculated this way is then for the Morlet wavelet function (ω0 = 6 rad/s) 0.9935 s-1and
for the DOG (Equation 35, m = 6) 0.7315 s-1.
Figure 148 shows an example of how a different resolution of the Morlet wavelet function with
ω0 = 12 rad/s (f0 = 1.91 s-1) gives a better resolution the period of the high-frequency signal but
worse resolution of the location of the low-frequency step-signal.
The wavelet function should reflect the type of features present in the recorded signal. A good
choice of wavelet function will thus depend on the application and prior knowledge of the signal to
be analysed.

Figure 148. The CWT power spectra calculated with the Morlet wavelet function (Equation 34) with ω0 = 12
rad/s, f0 = 1.77 s-1.

Choosing CWT parameters
The CWT analysis of the synthetic signal aims to establish the parameters for the CWT, i.e. the type
of wavelet and the resolution of wavelet, to be used for the CWT analysis of log data and seismic
data. The CWT analysis of the synthetic signal was also used to investigate how signals of different
types and amplitudes could best be displayed simultaneously.
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The periods and locations of all signals (a, b and c) were captured by the CWT of the synthetic
signal (Figures 146 and 147). But the CWT also showed some of the edge effects from the stepsignal (signal a in Figure 145), as high power with a period-length of about 20 samples located
between about sample 1300 – 1700. This is because the wavelet transform was based on smooth
oscillatory wavelet functions (Morlet and DOG). A step-like wavelet function would have been
better regarding the step-signal but the sinusoidal signals (signals b and c in Figure 145) would then
not have been determined as clearly as they were with the Morlet and DOG wavelet functions.
When preparing for CWT analysis, a priori information of the data is of importance when choosing
wavelet functions and scales. Regarding the combined depth- and scale- resolution (or time- and
frequency-resolution), based on the analysis above, a Morlet wavelet is well suited.
Tests performed with Morlet and DOG wavelets on log data and synthetic data support this
conclusion that a Morlet wavelet with a resolution equivalent to a centre frequency (f0) of about 1 is
performing well. Further support for using the Morlet wavelet function for log analysis can be
found in Addison (Torrence & Compo, 1998) showing an example of a Morlet-based CWT analysis
of a log.
The considerations that have to be taken when interpreting the CWT analysis are depending on the
type of data being analysed. In some cases an estimate of the background noise is used to establish a
significance level that is then used to determine whether an event is within the distribution of the
background noise and shall be disregarded or if it should be interpreted as a significant signal
(Sinha et al., 2005).
But when analysing a log, the measured values are directly correlated, depending on instrument
accuracy, to the subsurface being logged. In that case it is a question of interpretation to identify the
events of relevance. An important condition for the interpretation is that all information of
importance is displayed the best possible way when thinking of different scales and different
amplitudes. It was with these considerations that the CWT analysis was tested on the synthetic data.
It was found that by setting the lowest contour level so that some signal was displayed from all
areas of the CWT power spectrum and then letting the contour levels increase in some exponential
way, all test signals were successfully identified.
Note that although the two signals (b and c in Figure 145) have same amplitudes in the spatial
domain they have different amplitude in the CWT power spectrum. This behaviour has been
recognised by Sinha et al. (Berthelsen et al., 1984) and is explained by the increasing bandwidth
(coarser resolution) of the wavelet function at higher frequencies. But it has also to be taken into
consideration that the test signals do not have the property of increasing bandwidth with increasing
frequency as otherwise often is the case for physical signals.
Analysing seismic data is a more complex situation. The seismic data consist of direct correlation to
the subsurface through the primary reflections; the data also consist of coherent noise related to the
seismic signal (multiple reflection, refractions and mode converted arrivals); further, there is
coherent noise from other sources than the seismic signal (e.g. propeller noise from boats or
unknown sources), and finally there is the background noise.
With regards to the background noise, the significance method, mentioned above, has relevance.
However, the data that were subjected to CWT analysis (geophone recorded data down to 3 s) the
signal-to-noise ratio was at such a high level that a significance test was not necessary. But it should
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be pointed out that the method of significance test is definitely relevant when considering seismic
data with a worse signal-to-noise ratio.
The CWT analyses of seismic data were therefore, like for the log data, also a matter of enhancing
all events at different scales and amplitude levels and then considering the presence of coherent
noise when doing the interpretations. Here the correlation to the CWT analysis of the log and log
dependent synthetic data was of great importance (see Figures 128 and 129).
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Well logs
As stated in section 3.2.1, the three wells in question for the model building are: Lopra-1/1A,
Vestmanna-1 and Glyvursnes-1.
The Vestmanna-1 and Lopra-1/1A were drilled in 1980 and 1981 (Hald & Waagstein, 1984;
Nielsen et al., 1984; Waagstein & Hald, 1984). The Vestmanna-1 and Lopra-1 wells are displaced
about 28 and 60 km, respectively, from Glyvursnes. The Lopra-1/1A well was deepened and logged
in 1996 (Chalmers & Waagstein, 2006) and P-wave sonic and bulk-density logs are available from
the depth interval 200 – 3565 m (KB measured depth) in this well.
The Glyvursnes-1 well was drilled in 2003 and at the same time the Vestmanna-1 well was reamed.
Full-waveform sonic and bulk-density logs in the Vestmanna-1 and Glyvursnes-1 boreholes were
acquired as part of the SeiFaBa project (Japsen & Waagstein, 2005; Waagstein & Andersen, 2003).
In this chapter I present the logs used for my modelling. This chapter is mainly for book-keeping of
which logs and which log intervals were used.

The logs used for the full-waveform
File names below refers to Jarðfeingi's data repository. Logging in Lopra-1 is documented by
Nielsen et al. (1984)while logging in Vestmanna-1 and Glyvursnes-1 is documented by Waagstein
& Andersen (2003).
The logs used are listed in Table 6. Figures 149, 150 and 151 show the logs. Lengths of the logs
were edited to produce velocity and density logs for same depth intervals. Table 7 shows the depth
range covered by the logs after preparation.
The SVEL logs, showing interval times, were converted to interval velocities. S-wave velocities
were calculated with Vp-VS ratio of 1.8.
Table 6 Log data are on the CDROM:/originallogs4modelling/[lopra Vestmanna Glyvursnes]. Scripts for
extracting log values and editing log values are in the CDROM:/logs/ directory. Start depth is where
measurements start and stop depth where they stop.

Well
Lopra-1
Lopra-1
Vestmanna-1
Vestmanna-1
Glyvursnes-1
Glyvursnes-1

File
LOP1_DSI.LAS
LOP1_CNL.LAS
FWVSV1M.LAS
FDGSV1M.LAS
FWVSM.LAS
FDGSM.LAS

Header name
SVEL
RHOB
SVEL
DENS
SVEL
DENS
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Start depth (m)
182.624
3.4564
590.6
589.6
700.3
700.3

Stop depth (m)
2185.992
2185.992
14.9
3.1
7.5
3.0

Sample (m)
0.1524
0.1524
-0.1
-0.1
-0.1
-0.1
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Table 7 logs were resampled to 0.2-m sampling interval after low-pass filtering according to the Nyquistfrequency. Only intervals covered by both velocity and density log were used.

Well
Lopra-1
Vestmanna-1
Glyvursnes-1

Depth interval (m)
182.624 – 2185.992
14.9 – 586.1
9.5 – 696.8

Resample (m)
0.2
0.2
0.2

Composite elastic log of the ideal stratigraphic profile

Figure 149 Velocity and bulk density logs from Lopra-1 well. Red points are original log from file. At about 500
m depth some zero values were replaced with 3000 m/s. Blue points are the logs used for further processing.
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Figure 150 Velocity and Bulk density logs from Vestmanna-1 well. Red points are original log from file. Blue
points are the logs used for further processing.
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Figure 151 Velocity and Bulk density logs from Glyvursnes-1 well. Red points are original log from file. Blue
points are the logs used for further processing.

Dealing with unlogged stratigraphic intervals
Composite velocity and density logs corresponding to the ideal stratigraphic profile (Rasmussen &
Noe-Nygaard, 1970) were constructed for the sequence below Glyvursnes using logs from
Glyvursnes-1, Vestmanna-1 and Lopra-1 (see Figure 5 on page 10). Velocities and densities in
intervals of the MBF and LBF that have not been logged were represented by logged intervals in the
Vestmanna-1 and Lopra-1 based on the description of the wells (Hald & Waagstein, 1984)and on
the regional mapping of the Faroes (Rasmussen & Noe-Nygaard, 1970).
The splicing points of the composite log will most likely have an effect on the synthetic seismic
response. However, since the synthetic seismic response at depths below the Glyvursnes well was
not used for tying directly to seismic data, there has been no attempt to deal with effects of the
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splicing the logs. Below the depth of the Glyvursnes well it was the general character of the
synthetic seismic response that was used to identify types of basalt formation on the seismic data.
The MBF: The total thickness the MBF is 1350 m (Rasmussen & Noe-Nygaard, 1970). The UBFMBF boundary is at 355 m (Waagstein & Andersen, 2003) depth relative to KB in the Glyvursnes-1
well so 342 m (697−355 m) are logged in the upper part of the MBF. The MBF-LBF boundary is at
559 m in Vestmanna-1 well (Hald & Waagstein, 1984). 544 m (559−15 m) are logged in the lower
part of the MBF (15 m is the starting depth of the prepared log). In total 886 m (342+544 m) of the
MBF are logged. The top 464 m (1350−886 m) of the Vestmanna-1 log are repeated to complete the
1350 thickness of the MBF (Figure 5 red dotted lines).
The LBF: The Lopra-1 logs starts at about 750 m below the top of the LBF (Hald & Waagstein,
1984). But the prepared log starts at 182.624 m so the top 906 m (750+183−(586−559) m) of the
Lopra-1 log are repeated to complete the LBF up to the MBF-LBF boundary (Figure 5 green dotted
lines; 586−559 m is to include the LBF covered by Vestmanna-1 log).

The GEUS processed logs
While the initial modelling was based on the raw velocity logs, the GEUS processed log was used
for later work (Waagstein & Andersen, 2003), i.e. the well log tie to VSP corridor stack. At this
point the corrected density logs were available and were used.
Regarding the density log correction Regin Waagstein says (unpublished):
The formation-density logs run by Robertson Geologging (RG) in the Glyvursnes and Vestmanna-1
wells give up to 0.2 g/cm3 lower densities for massive basalt than bulk density measurements of
water-saturated core samples (at 100 bar). Porous basalts and volcaniclastic rocks, on the other
hand, tend to give too low densities as compared with the measurements on cores. Robertson
Geologging has been unwilling to supply calibration data for any of their tools. However, from log
header and ‘user function’ data provided by RG together with the logs, we have been able to
reconstruct the overwritten raw data of the long-spacing data channel of the density tool. We have
then devised a new set of calibration coefficients ‘0’ and ‘1’, which, with the same RG ‘user
function’, gives a linear 1:1 correlation of log and core data within the presumed limits of
statistical uncertainty."
Table 8 Log data used for some analysis are on the CDROM:\geusprocessedlogs and CDROM:\re_logs.

Well
Vestmanna-1
Vestmanna-1
Vestmanna-1
Glyvursnes-1
Glyvursnes-1
Glyvursnes-1

File
VM1-FWS_GEUS.LAS
VM1-FWS_GEUS.LAS
vm1-dens.txt
GL1-FWS_GEUS.LAS
GL1-FWS_GEUS.LAS
gl1-dens.txt

Header name
VC.KM/S
VS.KM/S
DENS_recalibrated
VC.KM/S
VS.KM/S
DENS_recalibrated

P-wave and S-wave velocity logs
A comparison of the initial velocity log to the GEUS processed log shows that the raw log has
generally higher values than the processed log. It also shows that in the shallow 50 m of the
Glyvursnes-1 well there is quite some difference between the two logs (Figure 152).
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Figure 152. Upper: The comparison shows that there is quite some difference between the processed and raw Pwave velocity logs especially down to 40 m depth there are differences in the occurring events. Lower: The ratio
between the raw and processed P-wave velocity log is generally just above one. However down to about 40 m
depth the ratio is very inconsistent and here it has a tendency to be below one.
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Density log
Figure 153 shows a comparison between the initial and the re-calibrated logs from the Glyvursnes-1
well.

Figure 153. Upper: The comparison of the initial density log and to the re-calibrated density log from the
Glyvursnes-1 well shows that down to about 300 m depth the re-calibrated log has generally higher values than
the initial log. But the events are consistent for both logs. Lower: The ratio between the initial and the recalibrated log is generally higher than unity down to about 300 m depth and below that it is about one.

Synthetics
A comparison of the synthetics calculated from raw velocity logs and the original density log to the
synthetic calculated from the GEUS processed velocity log and the re-calibrated density log shows
that the differences are mainly due to timing (Figure 154). The same comparison but with checkshots applied shows consistent results both regarding amplitudes and timing. However, in the very
shallow 0.03 s, there significant difference in amplitude, that is related to differences in the velocity
logs.
Notice that applying check-shots has very little effect on the timing of events of the synthetic
calculated from the processed Vp log. This is a strong indication of the consistency of the GEUS
processed velocity logs.
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Figure 154. Upper: A comparison between the synthetic calculated from the raw velocity and density log to the
synthetic calculated from the processed velocity log and the calibrated density log. Lower: The same as upper
but with check-shots applied.
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Comparison of sampling intervals and resampling vs Backus
averaging
The well logs were used for designing the gridded model used for FD-FWS. The grid spacing of the
model was determined from constraints set by velocities of grid points and frequency of the input
wavelet.
However, it was also considered whether the resampling had any harmful effect on the calculated
seismic response. In this appendix I show some of the tests of different resampling and how they
affect the calculated seismic response when using a wavelet with maximum frequency of 60 Hz.
The process of converting the logs to the time domain, calculating the reflectivity and the synthetic
seismogram was done for several sampling-intervals of the logs. The intervals used were 0.2, 0.4,
0.8 … 25.6 m. Figures 155 to 158 shows the processing to reflectivity. Before each resampling antialias filter was applied as low-cut filter at 0.8·fny (fny = Nyquist frequency). Figure 159 shows the
wavelet used for generating the synthetic seismogram. Figures 160 and 161 show the synthetic
seismograms produced. Sampling intervals between 0.2 – 6.4 m produce similar synthetics.
Figure 162 shows that the frequency content of the different synthetic seismograms is very similar
when using sampling intervals between 0.2 m and 12.8 m and changes when using a 25.6-m
sampling interval showing that information is lost going from a 12.8-m to a 25.6-m sampling
interval.
For consistency, the synthetic seismogram generated above was compared to the synthetic
seismogram generated using facilities in Kingdom Suite (Figure 163).
This analysis only considered P-waves. But one could expect that the results could be applied for Swaves, only by a factor by the VS/VP. This would mean that the maximum sampling interval is ~3 m
before it affects the seismic response.
Finally, I show a comparison between the resampling presented above and resampling by Backus
averaging (Figure 164). For sampling intervals larger than 3.2 m there is an increased deviation
between the two methods in the shallow 0.1 s but otherwise they are consistent. Notice however that
these tests on Backus averaging were done after the FD-FWS modelling was completed and that
this comparison of methods is not for saying that it is not necessary to do Backus averaging. This
comparison is merely to establish that in this specific case there is not a big difference between
using one or the other method when resampling to 3 m.
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Figure 155. Resampling of the bulk density log at different sampling intervals. The sampling intervals are 0.2 –
25.6 m. The figure shows the depth range 0 -- 400 m. Red lines are initial log while blue lines are the resampled
log. Dots on the blue lines show sampling points. Before resampling a low-pass filter of 0.8·fny was applied. The
velocity log was resampled in the same way.

Figure 156. An equally sampled time lookup table was designed with sampling intervals established from depth
sampling interval divided by maximum velocity. The time table was converted to depth with the time-depth
relation and the depth table was used as a lookup table in the log. Log values were assigned to the depth lookup
table by interpolation. The resampled depth intervals are the same as in the previous illustration. The
corresponding resampled time intervals are entered below each log. The log is shown down to 0.18 s covering
approximately the same depth range as Figure 155.
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Figure 157. The reflectivity was calculated for each sampling interval by (AI2-AI1)/(AI1+AI2). Same depth range
as Figure 156.

Figure 158. The reflectivity for the total composite log.
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Figure 159. Upper: The wavelet was extracted from stacked seismic data (Kingdom Suite) using the frequency
content of the data. Lower: The frequency content of the wavelet.

Figure 160. The synthetic was generated by convolving the wavelet (Figure 159) with the reflectivity (Figure
158). Up to 6.4 m sampling interval there is very little difference between the different synthetic seismograms
and still at 12.8 m only small differences are identified except for a clear change in the first 0.1 s. In the interval
between 12.8 – 25.6 m there is a big change of the synthetic seismogram.
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Figure 161. Same as Figure 160 but with sampling intervals 12 – 26 m. At 18 m the sampling interval starts to
have a large effect on the synthetic seismogram.

Figure 162. Upper: The frequency content for all of the synthetic seismograms in Figure 160 shows that the
frequency content of sampling interval 25.6-m is significantly different from the others. Lower: The frequency
content of for all of the reflectivity series in Figure 158.
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Figure 163 The synthetic from Kingdom Suite compared to the synthetic generated above

Figure 164. Comparison of synthetic seismograms calculated from resampled logs and Backus averaged logs.
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The preparation for prestack joint time-frequency analysis
In Chapter 6, the CWT analysis was used for joint time-frequency analysis on prestack traces
(Figures 26 and 29) 12.
As a preparation for this analysis, several shot and noise records were examined. This appendix
shows examples of such data. For the analysis of data see Chapter 6.
Noise records were used to represent the general ambient noise. During acquisition noise records
were acquired in connection with each acquisition layout. There were six noise records for the GBX
layout. Four were recorded in connection with the acquisition of GBX602 (Figure 165) and two in
connection with the GBXDYN acquisition Figure 166.
Figures 167 and 170 show that while the different geophone noise records were similar to each
other, the streamer noise records show different contents related to: A coherent low-frequency noise
from unknown source, noise in the 60 Hz band and varying level of ambient noise.
Several shot records were examined. The airgun-geophone records (Figure 168) show that the shot
records were consistently similar to each other, like for the noise records. The airgun-streamer
records (Figure 169) show the presence of the 60 Hz band noise on all records and that the lowfrequent coherent noise is present on many records. The dynamite-geophone records (Figure 171)
show, like for the other geophone recordings, that the shot records were consistently similar to each
other. On two of the records, record 2 and 3, the air wave is visible as a signal with bandwidth
between 256 and 512 Hz. The dynamite-streamer records Figure 172 show that the seismic signal
can barely be identified directly.
Field report:
The data used for wavelet transform are from layout-1 (GBX).
The GBX602 line was acquired 20.09.2003 15:08 to 15:30) and the GBXDYN line was acquired
20.09.2003 17:52 to 18:42).
Comments in the hand log:
12:25:
14:35:

“Weather good, wind calm”
“Generator on”

The log shows that the generator is running through GBX601-GBX607. The log does not say
whether the generator is running when shooting GBXDYN but GBXDYN is acquired immediately
after GBX607. The generator could be the source of the continuous noise in the 60 Hz band that can
be seen on the GBX602 and GBXDYN data.

12

While Figure 26 and Figure 29 have the same contour levels and color scale for each figure the figures below
(Figures 166 to 171) have the same contour levels for each figure while color scale may vary from plot to plot.
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Noise records:

Figure 165. The four first records on gbx602 are noise records and the fifth record is the first shot record. The
gathers include horizontal component traces and are not sorted. Low-frequent coherent noise can be seen on the
streamer record 3 and 4 and on the shot record.

Figure 166. The figure shows two noise records plus two shot records of dynamite geophone/streamer (records 14 from GBXDYN). Gathers include horizontal component traces and are not sorted.
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Noise trace:

Figure 167. CWT of single traces (channel 110 geophone, channel 130 on streamer) 13 from the noise records
from GBX602. The low-frequency coherent noise in the streamer section (Figure 165) has a large effect on the
CWT of the traces from record 3 and 4. The trace from record 2 is used as noise reference for streamer data
when comparing with shot gathers. Contours are logarithmic starting at lowest noise level. The same contour
levels are used for all streamer traces and all geophone traces separately.

13

Channel number refers to recording channels and is not the same as trace number and station number. Channel 110 is
equal to station/trace 74 and channel 130 is equal to station/trace 110. See Figure 21 for location.
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Airgun-geophone shot trace:

Figure 168. The figure shows CWT of airgun geophone recordings (channel 110 unsorted gather)13. Shot
numbers are in figure titles.
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Airgun-streamer shot trace:

Figure 169. The figure shows CWT of airgun-streamer recording (channel 130 unsorted gather)13. Shot numbers
are in figure titles.

Noise records from GBXDYN:

Figure 170 Dynamite noise records (channel 110 geophone, channel 130 streamer)13. Shot numbers are in figure
titles. Contours levels are the same as in Figure 167.
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Dynamite-geophone shot trace:

Figure 171. All shot records of dynamite-geophone. Channel 11013. Note that the shot record numbers are not the
same as the shot-point number. Shot records 2,3,5,6,7,8 and 9 stands for shot-points 1,2,3,4,5,6 and 7
respectively.
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Dynamite-streamer shot trace:

Figure 172. All shot records of dynamite-streamer. Channel 13013.
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Filter panels
Filter panels for illustrating processing parameters processing parameters (see chapter 7).

Figure 173. Brute stack of airgun-geophone acquisition (GBX602) with different band-pass filters for testing
low-cut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.
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Figure 174. Brute stack of airgun-geophone acquisition (GBX602) with different band-pass filters for testing
high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.

Figure 175. Brute stack of airgun-streamer acquisition (GBX602) with different band-pass filters for testing lowcut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.
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Figure 176. Brute stack of airgun-streamer acquisition (GBX602) with different band-pass filters for testing
high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.

Figure 177. NMO corrected airgun-geophone gather (GBX602 shot 9) with different band-pass filters for testing
low-cut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.
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Figure 178. NMO corrected airgun-geophone gather (GBX602 shot 9) with different band-pass filters for testing
high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.

Figure 179. NMO corrected airgun-streamer gather (GBX602 shot 9) with different band-pass filters for testing
low-cut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.
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Figure 180. NMO corrected airgun-streamer gather (GBX602 shot 9) with different band-pass filters for testing
high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.

Figure 181 Brute stack of f-k filtered GBX602 line. F-k filter was applied as dip-filter on shot gathers then bandpass filtered at 12/14-50/60 and NMO corrected, sorted and stacked. The F-k filtering of the 3D processing was
actually done as polygon filter so this filter panel shall be considered as descriptive for the data. Dips are in m/s
and notation is (fully closed)/(fully open) and all negative velocity signal is removed.
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Figure 182. Brute stack of dynamite-geophone acquisition (SeiFaBa-2) with different band-pass filters for testing
low-cut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.

Figure 183. Brute stack of dynamite-geophone acquisition (SeiFaBa-2) with different band-pass filters for testing
high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.
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Figure 184. NMO corrected dynamite-geophone gather (SeiFaBa-2 shot 23) with different band-pass filters for
testing low-cut. Fixed high-cut at 80/90 and varying low-cut. AGC with 0.5 s time window applied.

Figure 185. NMO corrected dynamite-geophone gather (dynamite shot 23) with different band-pass filters for
testing high-cut. Fixed bandwidth and different band-pass. AGC with 0.5 s time window applied.
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Figure 186 Brute stack of SeiFaBa-2 line with f-k filtered applied on shot gathers. F-k filter was applied as dipfilter on shot gathers then band-pass filtered at 12/14-80/90 and NMO corrected, sorted and stacked. Dips are in
m/s. The dynamite acquisition was split spread so negative velocities were also included. The notation is e.g.
1500/1800 means a -1800/-1500 – 1500/1800 (open/closed-closed/open). The f-k filter on the final stack 14 was
applied on CDP sorted gathers with bad data removed while this f-k filter is applied on shot gathers and without
removing bad data so this filter panel shall only be considered as descriptive for the data.

14

During processing at the Aarhus University the f-k filter parameters were not documented properly. The f-k filter
panels presented here are not representative for the processing analysis but included to describe data.
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Appendix G
3D stacks showing all inlines and every 5th crossline
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Attached CDROM
The enclosed CDROM contains different material that is referred to in the thesis and other material
that is kept for future reference.

•
•
•
•
•
•
•
•
•
•
•
•

Common: Preparation of field data to seismic data processing like trace sorting, assigning
receiver and source positions to trace headers.
ela2d: The finite-difference code used of the full-waveform simulation.
GeusProcessedlogs: Calibrated velocity logs, used for the VSP processing and Backus
averaging analysis.
Glyv2003_observers_log: From the data acquisition 2003.
Logs: Preparation of well logs used for 1-D model.
Matscript: Matlab scripts developed for different purposes.
Modelphd: Generation of models for full-waveform modelling.
originallogs4modelling: The logs used for the full-waveform modelling.
Plots_phdfinal01: Gather plots of travel times and raypaths from refraction modelling.
Plots_phdfinal02: Gather plots of travel times and raypaths from refraction modelling.
re_logs: Calibrated density logs, used for the VSP processing and Backus averaging
analysis.
Thesis_related_publication: Publications in pdf format.
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The following publications and presentations have been in connection with the PhD work. The list
includes only publications with me as first author. The publications are attached at the end of the
thesis and as pdf on the attached CDROM.
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Exploration Conference 2012, Tórshavn.
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Reflection seismic data used for refraction analysis
giving information of the small scale velocity
distribution of near surface basalt flows
U.K. Petersen1*, and the SeiFaBa group
1

Jarðfeingi (Faroese Earth and Energy Directorate), Brekkutún 1, PO Box 3059,
FO-110 Tórshavn, Faroe Islands
E-mail: uni.petersen@jardfeingi.fo

In 2003, surface seismic data were acquired in the Faroe Islands at Glyvursnes as part of the
SeiFaBa project. The objective was to investigate seismic wave propagation in an area where the
elastic properties of the basalt flows are relatively well known.
Here a refraction seismic analysis based on the two land seismic profiles is presented. The analysis
aims to map the very shallow velocity distribution both vertically and horizontally. The analysis for
each profile is based on a 600 m geophone layout with 120 channels. 250 g dynamite charges were
used as sources at 10 m shot intervals, producing a 600 m long velocity profile giving velocity
information down to 80 m depth. The velocity distribution of the profiles is consistent with, and can
be related to, geologic features in the area, such as flow boundaries and a large-scale fracture. The
gradients in the velocity profile compare quite well with the general dip of basalt flows in the area.
The location of the large-scale fracture coincides with an area of large alteration of the horizontal
velocity distribution. A 30 m thick flow unit that was identified by previous geological mapping
shows relatively low velocities in the upper part with a positive downward gradient, related to the
crust, and high velocities in the lower part, related to the core. This is consistent with the velocity
distribution of another 28 m thick basalt flow unit contained in the Glyvursnes-1 well. The corecrust velocity characteristics are not resolved for the thinner flow units.
The velocity distribution has, as expected, large variations over short vertical distances. But the
horizontal velocity variation is also significant. Over a horizontal distance of 50 m crossing the
large-scale fracture, velocities vary from about 5500 m/s to 4000 m/s.
This analysis demonstrates that refraction modelling can be used to determine small-scale variation
in the near-surface layers and to establish that the velocity distribution is indeed complex. In
addition to revealing spatial properties of near-surface basalt flows, the refraction modelling can
also form a basis for better reflection seismic processing.

The velocity profile obtained using a 60x16 grid with 10 m horizontal and 5 m vertical grid spacing. A) P-wave velocities from the Glyvursnes-1
well plotted with true location relative to the velocity profile. The log is resampled to 5 m for comparison with the 5 m vertical grid spacing of the
model. B) The area marked with the black rectangle shows P-wave velocities from a flow-unit of about 30 m thickness obtained from the Glyvursnes1 well log (depth location is 81-109 m) superimposed on the velocity profile. The log is resampled to 5 m. C) The location of a large-scale fracture.
D, E and F are flow interfaces from previous geological mapping in the area, superimposed onto the velocity profile. D and E mark the base and top
of a tabular flow unit of about 30 m thickness. Between E and F, two tabular flow units are contained. F marks the base of a compound flow unit
followed by a tabular flow unit.
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Geophysical aspects of basalt geology
and identification of intrabasaltic
horizons
Uni K. Petersen, Morten S. Andersen, R. James Brown

Introduction
Obtaining good sub-basalt seismic images is known to be problematic. Loss of transmitted seismic
energy due to low transmission coefficients at top and base basalt (e.g. Fruehn, Fliedner, & White,
2001) and attenuation and scattering during propagation through basalts (e.g. Maresh, White,
Hobbs, & Smallwood, 2006) are often referred to as the main obstacle in sub-basalt imaging (e.g.
White et al., 2003; Ziolkowski et al., 2003).
However, some seismic energy is indeed transmitted through basalt complexes, so the problem
amounts to separating primary energy from noise (Planke, Alvestad, & Eldholm, 1999). Gallagher
and Dromgoole (2008) have demonstrated this by reprocessing on a series of profiles with main
focus on filtering out high frequencies, multiple removal, and velocity models taking into account
geological models for the areas.
The need for using geological models as constraints on the velocity models for processing is, that the
high and abrupt velocity contrast between basalts and sediments is typically not properly
represented by velocity models from conventional velocity analysis. Velocity models from
conventional velocity analyses do not catch the step-like increase of velocities when entering the
basalts. They typically produce the top-basalt with a more or less steep velocity gradient. Interval
velocities at the top-basalt that are too low result in interval velocities in deeper sections that are
too high to produce the required NMO correction in the depths.
Identification of basalt sections on preliminary stacks allows on to assign the expected high velocities
representative of basalts for the top-basalt and thus a more proper velocity model that will affect all
aspects of the processing, whether it is stacking, diverse 2D filtering methods or migration of data,
be it prestack or poststack.
Identifying top-basalt is usually unambiguous while the identification of base-basalt is much more
complex. The problem of misinterpreting base-basalt relates to the basalt formations having varying
seismic facies (Petersen, Andersen, & White, 2006) and the base- basalts most probably not being
defined by a simple reflector in many cases. Formations consisting of basalt flows could be underlain
by a thick section of hyaloclastites, as is the case in the Lopra-1A well (Christie, Gollifer, & Cowper,
2006), with seismic facies different to what we usually associate with basalts, i.e. high amplitudes
and scattering. Better understanding of seismic facies of basalts gives the means for better estimates
of total basalt thickness and thus better constraints on the velocity models.
In this paper the results of Petersen et al. (2006), investigating the seismic response at the
Glyvursnes-1 well location, are extended to interpretation of seismic facies on conventional marine
1
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seismic data. The work addresses geophysical aspects of the basalt geology and aims to extend the
geological information from well logs onto conventional marine seismic data in the Faroes area, and
thus provide better means for the interpretation and mapping of basalt formations.

Geology
A lava pile, about 3 km thick, of the Faroe Islands Basalt Group (FIBG), is exposed on the Faroe
Islands (Figure 1) (Rasmussen & Noe-Nygaard, 1970). The Lopra-1/1A well penetrated a further 3 km
or so of basalt below the exposed succession without reaching the base of the volcanic succession
(Ellis, Bell, Jolley, & O'Callaghan, 2002). Andersen et al. (2002) suggested, that about 1 km of basalt
may have been eroded from the top of the volcanic pile. The gross stratigraphic thickness of the
Faroe basalt complex would thus be about 7 km, possibly more. Deep seismic results from wideangle experiments support this estimate (e.g. Richardson, White, England, & Fruehn, 1999).

Figure 1. Upper a: Location of the Faroe Islands relative to the extent of flood basalts. The international border of the
Faroes territory is shown as a blue line (modified from Sørensen, 2003). Upper b: Geological map of the Faroe Islands
showing the locations of deep boreholes (Vestmanna-1, Glyvursnes-1 and Lopra-1/1A) and the distribution of the three
Paleogene basalt formations (modified from Rasmussen & Noe-Nygaard, 1970). Lower: Geological section through the
Faroe Islands with the three wells (modified from Waagstein, 1988). Location of profile is shown on upper figure b.
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The exposed basalts were divided into three series: the lower basalt formation, the middle basalt
formation, and the upper basalt formation (Figure 1 upper-b & lower) representing the three
eruptive sequences by Rasmussen and Noe-Nygaard (1970). Their stratigraphy has been retained
without significant changes for about 40 years. Recently, the stratigraphy was formalised using a
purely lithostratigraphic approach and following international guidelines (Passey & Jolley, 2009)
(Figure 2) and during this paper we will use the new stratigraphy. We will however retain the
nomenclature for the boundary between the Malinstindur and Beinisvørð Formations, the Ahorizon, and the boundary between the Enni and Malinstindur Fms, the C-horizon.
General properties for the basalt formations are from the three deep wells located in Lopra,
Vestmanna and Glyvursnes covering ~4.8 km of the sequence in total (Table 1).

Figure 2. Stratigraphic column for the onshore FIBG. The previous stratigraphy is given to the left of the column for
comparison. Facies architectures are given to the right of the column (From Passey & Bell, 2007).
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Well name
Section of
stratigraphic
sequence covered
by well

Lopra-1/1A
Beinisvørð Fm below
900 m and top 1000
m of Lopra Fm

VP (velocity)

High-frequency
variations mainly
between about 4
and 6 km/s relating
to flows and beds
while the average
velocity from VSP is
5.25 km/s.2

VP/VS ratio from log
VP/VS ratio from VSP
Quality factor, Q

1.842
1.812
35 on average2

Vestmanna-1
Lowest 560 m of
Malinstindur Fm
and uppermost
100 m of
Beinisvørð Fm
Variation mainly
between 5 and
6 km/s while
the average
velocity from
VSP is 5.29
km/s. 3,1

1.81
1.94
25 on average4

Glyvursnes-1
top 350 m of Malinstindur Fm and
bottom 350 m of Enni Fm

The Enni Fm shows similar
variations to those from the
Lopra-1/1A log, between 4 and 6
km/s; the Malinstindur Fm shows
variations similar to those from
the Vestmanna-1 well but here
mainly between 4 and 5 km/s. The
average velocity from VSP is 4.13
km/s.3,1
1.81
2.04
25 on average, 15 for the Enni Fm
and 30 for the Malinstindur Fm4

Table 1. (From Petersen, Brown, & Andersen, 2013) Overview of velocity and attenuation information from three wells
in the Faroes (2: Christie et al., 2006; 3: Shaw, 2006; 4: Shaw et al., 2008; Superscripts refer to: 1: Waagstein & Andersen,
2003).

Method
The analysis is initially based on a seismic experiment at Glyvursnes comprising land seismic data
acquisition and combined land-marine seismic data acquisition in connection with well logs and
zero-offset VSP (Figure 3). Subsequently it is based on conventional seismic data in the vicinity of
Glyvursnes.

Figure 3 (From Petersen et al., 2006) Air photo of the Glyvursnes survey area showing the layout of the data used in this
study. Yellow and red lines onshore show the two geophone layouts used for the combined land-marine acquisition.
Layout-1 recorded at the same time on streamer and geophones (yellow geophone line and green streamer line) while
layout-2 was only recorded on geophones (red geophone line). Shotpoints are plotted with colours respective to the
recording geophone layout. Position of Glyvursnes-1 well is shown (black circle with plus sign). The two perpendicular
blue lines show the two dynamite-geophone profiles. See Figure 1b for location of Glyvursnes.
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The Glyvursnes experiment was designed to facilitate model driven analysis of the seismic facies of
surface seismic profiles in an area with relatively well known geology. The thickness of the basalt
succession at Glyvursnes is estimated to be several km. The modelling is based on well logs,
synthetic primaries only and full waveform modelling. Tie between well logs and seismic profiles are
from VSP upgoing wavefield. The work is based on data acquired as part of the SeiFaBa project
(Japsen et al., 2006).

Surface seismic data
The land seismic data consist of the two 600-m long geophone layouts, SeiFaBa-1 and SeiFaBa-2 with
shotpoints along the profiles. The profiles are oriented perpendicular to each other. The total
number of stations for each profile is 120 and station interval is 5 m. Sources were 250-g dynamite
charges deployed in 3-m deep holes sealed with 0 – 10 mm sand and cement. Shotpoint interval was
~10 m. Due to logistics some shotpoints were left out and some shotpoints were missing due to
misfiring.
The combined data acquisition comprised two 400-m long geophone layouts and a 600 m long
streamer deployed in conjunction with one of the geophone layouts. The recording profiles are
oriented perpendicular to each other. The geophone layouts were 400 m long with 80 stations
placed at 5-m intervals. The streamer had 96 channels, with a 6.25-m group interval. Group length
was 3.25 m with 7 hydrophones per group. The streamer was moored at 3 m depth between a jackup rig at the shoreline and a tugboat at the other end. The source was a 4×40 in3 (2.6 l) sleeve-gun
cluster towed at a depth of 4 m, operating at a pressure of 100 bars. The airgun was fired at time
intervals aimed at obtaining a short shot spacing. The shot intervals were less than 20 m.
The two land seismic profiles and the single marine seismic profile are processed to stack with
standard 2D processing while the combined airgun-geophone recorded data are processed to stack
with 3D processing. Figure 4 shows navigation for stacked data. The stacked data have previously
been presented by Petersen et al. (2006) and full description of the acquisition and processing
parameters is given by Petersen (2014).
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Figure 4. The grid used for the 3D geometry of the airgun-geophone data (every inline and every fifth cross-line is
shown); the positions of the 2D airgun-streamer data (Streamer profile) and the two 2D dynamite-geophone lines
(SeiFaBa-1 and SeiFaBa-2) are also shown. All positions are common depth points (CDP). The position of the Glyvursnes1 borehole is marked with the yellow dot.

Logs
The three wells in question are, in addition to the Glyvursnes-1 well, the Lopra-1/1A and the
Vestmanna-1 well (Figure 1b). The Vestmanna-1 and Lopra-1/1A boreholes were drilled in 1980 and
1981 (Hald & Waagstein, 1984; Nielsen, Stefánsson, & Tulinius, 1984; Waagstein & Hald, 1984). The
Vestmanna-1 and Lopra-1 wells are displaced about 28 and 60 km, respectively, from Glyvursnes.
The Lopra-1/1A well was deepened and logged in 1996 (Chalmers & Waagstein, 2006) and P-wave
sonic and bulk-density logs are available from the depth interval 200 – 3600 m in this well.
The Glyvursnes-1 well was drilled in 2003 and at the same time the Vestmanna-1 well was reamed.
Full-waveform sonic and bulk-density logs in the Vestmanna-1 and Glyvursnes-1 boreholes were
acquired as part of the SeiFaBa project (Japsen et al., 2005; Waagstein & Andersen, 2003).
Based on these wells and based on the mapping of the boundaries of various stages of volcanism
(Rasmussen & Noe-Nygaard, 1970; Waagstein, 1988) a model, a composite log, for seismic
properties of the stratigraphic sequence of the Faroes basalts was constructed. The three wells
represent properties of the three major basalt formations comprising the stratigraphic sequence:
the Beinisvørð, Malinstindur and Enni Fms. The model has previously been presented by Petersen et
al. (2006).
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VSP upgoing wavefield and tie to well logs
Zero-offset VSPs from the 700 m deep Glyvursnes and the 660 m deep Vestmanna wells. The VSP at
Glyvursnes was shot with a 2.46-litre airgun in a two-metre deep pit excavated down to bedrock
suspended in the water at a depth of approximately 1.5 m, sampled at 10-m intervals in the 50 – 600
m depth range. The Vestmanna VSP was with an airgun array of 1.3 litres suspended at a depth of
approximately 1.5 m in a two-metre diameter natural pool, sampled at 5-m intervals in the 50 – 500
m depth range. Attenuation studies on these two wells is previously published by Shaw (2006) and
by Shaw et al. (2008).

Conventional seismic data in the vicinity of Glyvursnes
Seismic facies of surface seismic data at Glyvursnes were compared to some of the profiles from the
OF94 Western Geophysical conventional data in the vicinity of Glyvursnes, with closest endpoints in
the range of ~20 km. The data were acquired with a 5280 in3 airgun array and a 6000 m long
streamer with 480 channels, 12.5-m group interval and 12.5-m group length. The comparison is first
on the initial 1995 processing of the data, second on a reprocessed profile as part of this study, and
finally on the new conventional reprocessing by TGS on the full OF94/95 data.

Results
The surface seismic data have previously been presented in Petersen et al. (2006) where it was
established that the significant reflection at ~0.6 s is related to the A-horizon. It was then shown that
the seismic facies of the overlying Malinstindur Fm is different to those of the overlying and
underlying Enni and Beinisvørð Fms, Malinstindur Fm having much lower amplitude—being
apparently more transparent to seismic signals. Based on this, and on comparison of seismic facies
of synthetic data with seismic data, an estimated thickness of the Malinstindur formation of ~1050
m and depth of the Prestfjall formation of ~1390 m at Glyvursnes was established.
However, while the previous establishing of the A-horizon was a qualitative interpretation, we
intend with this paper to give a quantitative interpretation of the A-horizon in addition to further
presentation of properties for the major basalt formations.

Logs
General properties of the basalt successions covered by the three wells are listed in Table 1, the
successions having attenuation of similar magnitude (Christie et al., 2006; Shaw et al., 2008) and
VP/VS ratios of similar size, while velocity distribution differs for the Malinstindur relative to the Enni
and Beinisvørð Fms. The difference in velocity distribution relates to the greater fluctuations within
the Enni and Beinisvørð relative to the Malinstindur. This difference is preserved after applying
Backus averaging (Backus, 1962) at 25-m intervals (Figure 5). A 25-m interval has previously been
shown to be a representative scale for seismic wave propagation through the basalt succession at
Glyvursnes (Petersen et al., 2013).
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Figure 5. P-wave velocity logs at initial sampling and at 25-m Backus averaging. Well logs for Glyvursnes and Vestmanna
are the full-waveform velocity logs processed by the Geological Survey of Denmark and Greenland (GEUS) and the bulkdensity logs recalibrated to measurements on core (Waagstein, unpublished data). For Lopra the Lopra-1 SVEL log was
used and bulk density log RHOB. The vertical black stippled line on the upper left figure marks the Enni-Malinstindur
boundary, the C-horizon, and on the upper right figure it marks the Malinstindur-Beinisvørð boundary, the A-horizon.

At Backus averaging of 25-m intervals, horizontal P-wave velocities are higher than vertical P-wave
velocities. For the Enni formation horizontal P-wave velocities are about 5 – 10% higher, and for the
Malinstindur Fm they are about 1 – 4% higher (Figure 6). This is consistent with previous anisotropy
analysis on the Vestmanna-1 well logs, where horizontal P-wave velocities are reported to be less
than 2.5% higher than vertical P-wave velocities (Bais, White, Worthington, Andersen, & Group,
2009). Similar calculations on the Lopra-1A well logs, covering a section of the Beinisvørð Fm,
conclude that horizontal P-wave velocities are ~5% higher than vertical velocities (Christie et al.,
2006). However, modelling on walkaway VSP at Lopra shows, on the contrary, 10% higher vertical
velocities in the uppermost 800 m (Kiørboe & Petersen, 1995). And refraction seismic modelling at
Glyvursnes also indicates higher vertical velocities in the uppermost 200 m (Petersen et al., 2013).
The conflicting results of the latter two could be related to method, i.e. the ray-tracing, although this
is not clear.
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Figure 6. Upper left and right: Vertical and horizontal P-wave velocity for Glyvursnes-1 and Vestmanna-1. Lower left and
right: Ratio for vertical and horizontal P-wave velocity. The vertical black stippled line on the upper left figure marks the
Enni-Malinstindur boundary and on the upper right figure it marks the Malinstindur-Beinisvørð boundary.

The fluctuation in velocities could be related to the difference in properties between the
Malinstindur and the overlying Enni and underlying Beinisvørð Fms. The Malinstindur Fm consists
mainly of thin flow lobes forming lava flows of compound-braided facies. Volcaniclastic beds are very
thin or absent in most of the Malinstindur Fm but increasing in number and thickness in its upper
part. The overlying Enni Fm consists of a mixture of simple and compound flows with tabular-classic
and compound-braided facies architectures respectively, and with further increase of volcaniclastic
beds both in number and thickness. The underlying Beinisvørð formation consists mainly of thick
simple flows, presumably tabular lava flows. Volcaniclastics are abundant in the Beinisvørð
formation (Boldreel, 2006; Hald & Waagstein, 1984; Waagstein & Andersen, 2003). The differences
can thus be summarized as “compound flows and minor sedimentary beds” for the Malinstindur and
“thick simple flows and sedimentary beds” for the overlying Enni and underlying Beinisvørð Fms.
Figures 7 and 8 show the acoustic impedance and reflection related to the Enni and Malinstindur
Fms and the signature of the C- and A-horizons. The C-horizon is located in between to reflectors
with opposite polarity, as is the A-horizon. In the Glyvursnes log there is clear separation in the
appearance of the reflection at the C-horizon. Above, in the Enni formation, the reflection is clearly
of greater magnitude than in the Malinstindur formation below. The Vestmanna log covers too little
of the Beinisvørð to enable comparison of Beinisvørð properties with those of the Malinstindur Fm.
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Figure 7. The Glyvursnes well. a) The acoustic impedance, AI. b) The reflectivity calculated with logs resampled to 6.2 m.
Annotation shows location of C-horizon from the interpreted well log in the well completion report (Waagstein &
Andersen, 2003).

Figure 8. The Vestmanna well. a) The acoustic impedance, AI. b) The reflectivity calculated with logs resampled to 6.2 m.
Annotation shows location of the A-horizon from the interpreted well log in the well completion report from Glyvursnes
and Vestmanna (Waagstein & Andersen, 2003).
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Further insight into the characteristics of the basalt formations comes from joint depth-scale analysis
in the form of the continuous wavelet transform (CWT), applied on the seismic properties of the
modelled stratigraphic sequence. At each depth point CWT decomposes the data into scales.
Concentration of energy at certain scales represents e.g. thickness of flow lobes, flow units and
distance between sedimentary beds. The magnitude of wavelet power spectra of the velocity,
density, and acoustic impedance have similar properties to those of the Enni and Beinisvørð Fms
having high amplitudes, while the Malinstindur Fm is much lower in amplitude. The CWT analysis
applied to the reflectivity, on the other hand, has high amplitudes also in the Malinstindur Fm
region, although these appear at shorter scales than for the Enni and Beinisvørð. The Malinstindur
formation has high amplitudes for scales shorter than ~24 m while the Enni and Beinisvørð have high
amplitudes for scales shorter than ~64 m. Otherwise, the reflectivity appears with properties similar
to those of the velocity, density and acoustic impedance. Finally, it is worth noting that the seismic
properties of the basalt formations are reflected by the appearance of exposed basalt sections on
hillsides (Figure 9).

Figure 9. CWT analysis applied on composite log of the modelled stratigraphic sequence. Contour levels are logarithmic.
The model has initially been presented in Petersen et al. (2006).

Full waveform modelling
The general seismic response related to the three major basalt formations was modelled using full
waveform modelling. A 2D model was generated based on the composite log. Since the dip of the
exposed basalt flows in the investigated area is near-horizontal, about 2° with the strike oriented to
the west-southwest (about 3.5 m vertically per 100 m laterally), it was considered adequate to
model layers as horizontal thus simplifying the generation of models. The initially 0.1-m sampled
logs were resampled to 3-m intervals and expanded horizontally thus producing a 2D model. It
should be noted that at 3-m sampling intervals the Backus averaging shows no significant difference
in horizontal and vertical velocities. The modelling was based on the ELA2D code (Falk, 1996).
The full-waveform data were generated using the same acquisition geometry as for one of the landseismic profiles and processed to stack with similar processing parameters. The seismic response
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shows a division in seismic facies that can be related to the Enni, Malinstindur and Beinisvørð Fms,
the Malinstindur being much lower in amplitude than the overlying and underlying Enni and
Beinisvørð Fms (Figure 10). Applying the CWT to the seismic traces also shows that the
characteristics of the logs seen in Figure 9 are preserved in the seismic data. At Glyvursnes it should
thus be possible to identify the Malinstindur Fm directly from the seismic facies.

Figure 10. Left: The full-waveform synthetic stacked section. The synthetic seismogram, primaries-only, is inserted in
blue rectangle. Middle: CWT analysis of the synthetic seismogram, primaries-only. Right: CWT analysis of a trace from
the stacked section. Horizontal lines show the boundaries between the Enni and Malinstindur Fms, marked C, and the
Malinstindur and Beinisvørð Fms, marked A. Blue line “END” marks the base of the model. Below a homogeneous
section is added. No gain, other than correction for spherical divergence, has been applied to the full-waveform
synthetic stack.

It is less clear to say to what degree the data are affected by interbed multiples. Comparison of
full-waveform modelling with the synthetic primaries-only, showed that in the shallow section there
is little difference between the two (Figure 10), while the comparison shows that at depth, below
the strong reflection at ~0.6 s, there is a significant difference. Whether this difference originates in
the wave-train tail generated in the shallow section or is related to interbed multiples occurring
below 0.6 s is not clear.

VSP upgoing wavefield
The quantified interpretation of the A-horizon reflection is based on VSP experiments at Glyvursnes
and Vestmanna. The 660 m deep Vestmanna well penetrates the top of a ~3 m thick sedimentary
bed at 555 m depth interpreted to be the A-horizon (Waagstein & Andersen, 2003) and previous
studies have associated a high-amplitude reflection with this depth location (Bais et al., 2009).
The extraction of the upgoing wavefield for the Glyvursnes VSP is as follows:
1. Pick first onset for all traces
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2. Amplitude balancing of raw data: Scale traces by balancing maximum amplitudes from
analysis on first arrivals.
3. Median filter to remove downgoing wave: After Butterworth bandpass filter at 16,150,180,
a median filter along first onset curve with a 7-point window was applied. The downgoing
wavefield was subtracted.
4. Amplitude balancing of the separated upgoing event: Reverse scaling of raw data and then
correction for the combined spherical divergence, scattering, and intrinsic attenuation.
Analysis on maximum amplitude of first arrivals establishes that the combined attenuation
correction is represented by travel time to the power 1.6.
5. Median filter to enhance upgoing event: A median filter along the reversed curve with a 9point window.
The extraction of the upgoing wavefield for the Vestmanna VSP was similar to that for the
Glyvursnes VSP, only with differences in two parameters. First this regards 4., where analysis on
maximum amplitude of first arrivals establishes that the combined attenuation correction is
represented with by travel time to the power 1.1. It should be noted that this indicates a significant
difference in attenuation for MBF relative to UBF, and thus questions previous results on
attenuation in the MBF (Shaw et al., 2008). Second this regards 5., where a 21-point window was
used with the median filter for enhancing upgoing events.
A synthetic, primaries-only, trace, based on the velocity and density logs (Figures 7 and 8) and the
wavelet extracted from the downgoing wavefield, was produced for each of the wells for log-tie with
the upgoing wavefield and corridor stack. Zero time of the wavelet itself is set at the first zero
crossing from negative to positive. Thus, a positive reflection has this zero crossing from negative to
positive, and a negative reflection has this first zero crossing from positive to negative, as shown in
Figures 11 and 12. The A-horizon (Figure 12), top of ~3 m sedimentary unit, is at 555 m depth.

Figure 11. Glyvursnes VSP. To the left the synthetic with log tie of the C-horizon (blue horizontal line). To the right the
Combination of the VSP upgoing wave field, the synthetic, and the corridor stack plotted in two-way travel time. The
blue polygon marks the data used for the corridor stack, which is plotted to the right of the red line. The synthetic is
plotted in between the upgoing wavefield and the corridor stack.
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Figure 12. The Vestmanna VSP. To the left the synthetic with log tie of the A-horizon (green horizontal line). To the right
the Combination of the VSP upgoing wave field, the synthetic, and the corridor stack plotted in two-way travel time. The
blue polygon marks the data used for the corridor stack, which is plotted to the right of the red line. The synthetic is
plotted in between the upgoing wavefield and the corridor stack.

Figure 13. a) Corridor stack; b) Corridor stack with wavelet replacement. Location of A-horizon is annotated.

The experimental setup of the Vestmanna VSP resulted in a quite different seismic signature to that
at Glyvursnes. While the centre frequency for the Glyvursnes VSP is ~30 Hz, it is ~60 Hz for the
Vestmanna VSP. In order to compare the Vestmanna and Glyvursnes corridor stacks, the Vestmanna
14
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corridor stack was deconvolved with the Vestmanna wavelet and then convolved with the
Glyvursnes wavelet, a wavelet replacement so to speak. The location of the sedimentary bed
defining the A-horizon at Vestmanna is marked on the corridor stack (Figure 13). The upgoing
wavefield ties to the surface seismic data and, based on this, the character of the reflection from the
A-horizon is established on surface seismic data (Figure 14).

Figure 14. a) the Vestmanna corridor stack with the interpreted A-horizon inserted into the upgoing wavefield at
Glyvursnes; b) dynamite-geophone profile, SeiFaBa-2; c) airgun-geophone profile, Inline-4; d) airgun-streamer profile. Ahorizon interpreted on Vestmanna VSP (green) and C-horizon interpreted on Glyvursnes VSP (blue) is annotated. CDP
points are on top of profiles, see Figure 4 for location

Conventional data
The seismic facies identified in the upgoing VSP wavefield and on surface seismic data at Glyvursnes
are expected to show on conventional marine seismic data too. However, inspection of several
profiles of conventional marine seismic data in the vicinity of the Glyvursnes did not show similar
facies. The appearance of the profiles makes it plausible to attribute the unexpected seismic facies
firstly to seabed multiples and secondly to scattered seismic energy.
Reprocessing of the OF94 A-A’ profile, with stacking velocities from refraction seismic modelling, and
with the focus on removing seabed multiples and scattered energy by muting near offsets, produced
seismic facies similar to those at Glyvursnes, i.e. a threefold depth division with a high-amplitude
section down to ~0.3 s and below ~0.7 s and a low-amplitude section in between (Figure 15).
However, the extensive muting in the shallow section must be considered when interpreting the
shallow section of the profile. The mute was governed by seabed depth and starts at the first seabed
multiple. A consequence is that the offset range used for stack is limited in depths of the first seabed
multiple and just below. Any events at these depths must thus be considered in relation artefacts
from processing.
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Figure 15. Left: Section of the OF94 A-A’ reprocessing. Right: Initial 1995 processing. See location on Figure 16).

Figure 16. OF94/95 profile locations. Southwest endpoint of OF94 A-A’’, A, is located ~19 km NE of Glyvursnes.

The comparison with the initial 1995 processing of the same line clearly shows that the new
processing measures are much more appropriate when it comes to imaging the shallow section. It
shall however be remarked that the initial processing probably targeted the deeper section and the
new processing does not improve the deeper sections.
Based on the interpretation of surface seismic data at Glyvursnes (Figure 14) the A-horizon can be
interpreted with confidence on the OF94 A-A’ profile (Figure 17). The interpretation of the C-horizon
is, however, more ambiguous but expected to be at ~0.27 s based on comparison of travel times
between stacks (Figure 17), i.e. assuming the thickness of the Malinstindur Fm at the western end of
the OF94 A-A’ profile to be similar to what has been established at Glyvursnes.
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Figure 17. Sections from the composite tie from Figure 14. The interpreted A-horizon and C-horizon are annotated.
Timescale to left is for Seifaba-2, Inline-4 and marine stack whilst timescale to right is for OF94 A-A’ section.

An estimated depth for the C-horizon is obtained also by extrapolation of the surface mapping of the
C-horizon out onto the western end of the OF94 A-A’ profile. The dip of the C-horizon at southern
Eysturoy is mapped to be 2.5° with a SW-NE strike parallel to the seismic profile (Berthelsen, NoeNygaard, & Rasmussen, 1984). The shortest distance to the profile is ~7900 m, which gives a depth
of ~345 m below MSL. Time conversion based on two layers (water/basalt) with estimated basalt
velocity of ~4500 m/s gives time to C-horizon of ~0,235 s, slightly shallower than from the tie to the
Glyvursnes data, implying a slightly thicker Malinstindur Fm towards the end of the OF94 A-A’ line,
~19 km northeast of Glyvursnes.

Figure 18 From Berthelsen et al. (1984)

TGS reprocessed data
A recent reprocessing of the OF94/OF95 data by TGS resulted in a significant improvement relative
to the initial 1995 processing. The data and processing has been presented by TGS at the Faroe
Island Exploration Conference 2012 (Woodburn, Hardwick, & Travis, 2012). The two main steps in
addition to standard processing were Low Frequency Boost and Multi-domain Noise Attenuation.
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In relation to our work it is of special interest that the TGS processed data show a similar clear
imaging of the A-horizon (Figure 19). The A-horizon can be mapped over the full length of the OF94
A-A’ profile (Figure 20) and on all intersecting profiles (e.g. Figure 21). However, the difference in
seismic facies between the Malinstindur and Beinisvørð Fms is much less pronounced, probably due
to low-frequency coherent noise overlying the Malinstindur Fm.

Figure 19. TGS reprocessing of same section as in Figure 15. The interpreted A-horizon is shown with green line. In the
comparison to Figure 15 to left notice that no time migration and phase correction has been applied to that profile while
time migration and zero-phase correction is applied to the TGS data. See Figure 16 for location. Courtesy of TGS.

Figure 20. OF94 A-A’ profile. At the endpoints of the profile the A-horizon and top basalt (TB) is annotated. See Figure 16
for location. Courtesy of TGS.

In fact, inspection of all of the TGS-reprocessed profiles shows that the A-horizon can be mapped on
most of the profiles surrounding the Faroes and thus gives the means for mapping the A-horizon on
the full Faroes shelf and beyond. The composite profile OF94 C-C’ shows that the A-horizon dips
slightly towards the NE but significantly, with a dip of ~5°, to the SW, (Figure 22).
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Figure 21. OF94 B-B’ profile. At the endpoints of the profile the A-horizon and top basalt (TB) is annotated. See Figure 16
for location. See Figure 16 for location. Courtesy of TGS.

Figure 22. Composite profile OF94 C-C’. Top basalt is at seabed. The A-horizon is annotated but notice that the crossing
at seabed is only suggested due to low data quality close to seabed. See Figure 16 for location. Courtesy of TGS.

The mapping of the A-horizon could, among other things, form the basis for mapping the thickness
of the Malinstindur Fm. E.g. at the southwest end of the OF94 A-A’ profile the dip of the A-horizon
matches that of the onshore mapped C-horizon (Berthelsen et al., 1984). Extrapolation of the Chorizon onto the profile gives an approximate thickness of ~1100 m for the Malinstindur Fm, slightly
greater than at Glyvursnes, while at the NW end of the OF94 C-C’’ profile there is a significant
discordance between the A-horizon and the onshore mapping of the C-horizon and therefor
indicates a significant thinning of the Malinstindur Fm to the northeast of the Faroes to ~650 m.
However, this estimate is made with great reservation as the shallow seismic, just below seabed, is
of very poor quality and the expected on lap of shallow events onto deeper events that can barely
be seen on the seismic profile OF94 C-C’’ could just as well be artefacts of the processing. In fact,
further to the NE, crossing profiles show evidence that the Malinstindur Fm indeed retains a
significant thickness.

Discussion and conclusion
The data at Glyvursnes demonstrate clearly that seismic energy is transmitted through thick basalt
complexes. This is most clearly demonstrated by the prominent reflection related to the A-horizon at
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~1.4 km depth. However, the main reason that the A-horizon shows so clearly on the Glyvursnes
data is due to the transparent seismic facies of the overlying ~1 km thick Malinstindur formation.
This relates to the distinct difference of seismic facies for the different basalt formations. Although
the individual basalt flows have the common property of a high-velocity massive core and a lowvelocity porous crust, the difference in seismic facies relates to the configuration of flow thicknesses
and interbedded sediments.
Well-log analyses establish that there is a difference in properties between the Malinstindur on one
hand and the overlying Enni and underlying Beinisvørð Fms on the other. The Malinstindur Fm
consists mainly of thin flow lobes forming lava flows of compound-braided facies. Volcaniclastic beds
are very thin or absent in most of the Malinstindur Fm but increasing in number and thickness in the
upper part of the Malinstindur Fm. The overlying Enni Fm consists of a mixture of simple and
compound flows with tabular-classic and compound-braided facies architectures respectively, and
with further increase of volcaniclastic beds both in number and thickness. The underlying Beinisvørð
formation consists mainly of thick simple flows, presumably tabular lava flows. Volcaniclastics are
abundant in the Beinisvørð Fm (Boldreel, 2006; Hald & Waagstein, 1984; Waagstein & Andersen,
2003).
The differences can thus be summarized as “compound flows and minor sedimentary beds” for the
Malinstindur Fm and “thick simple flows and sedimentary beds” for the overlying Enni and
underlying Beinisvørð Fms. The primary cause of the differences in seismic facies among these
formations is not known, that is, whether it is the thick simple flows with thick massive core or the
sedimentary beds that produce the high-amplitude facies for the Enni and the Beinisvørð Fms. It is
clear, however, from full-waveform modelling that the seismic facies are strongly related to the 1D
properties of the formations, since modelling based on velocity logs expanded laterally reproduces
seismic facies comparable to those of the Enni, Malinstindur and Beinisvørð Fms.
Our log tie to the A-horizon is based on the Vestmanna well, which penetrates the A-horizon at 555
m depth (Waagstein & Andersen, 2003). The tie to the interpreted A-horizon at Glyvursnes is based
on the seismic facies of basalt formations and on the similarity of the seismic signatures of the Ahorizon reflection at Vestmanna and the assumed A-horizon reflection at Glyvursnes. It can very well
be questioned to what degree it is valid to extrapolate the seismic signature and seismic facies to 28
km distance, however, inspection of data shows that the seismic signature of the A-horizon can be
traced over most of the Faroese shelf at distances of hundreds of km. It should be noticed that the
synthetic seismic signature of the A-horizon at Vestmanna relates to a ~3 m thick sedimentary
succession directly between the top Beinisvørð flow and base Malinstindur flow; whereas the
surface mapping to the south and north-west on the Faroe Islands describes the sedimentary
succession to be ~10 m thick followed a by tuff-agglomerate zone along a presumed NW trending
eruption fissure (Rasmussen & Noe-Nygaard, 1969).
The fact that the A-horizon can be mapped over most of the Faroese shelf makes it a firm marker in
the description of the Cenozoic evolution on the Faroese platform to be set in relation to previous
works, e.g. Andersen et al. (2002). While the thickness of the Malinstindur Fm presented in this
paper is to some degree speculative, due to the long distance of extrapolation of the C-horizon, the
interpretation of the A-horizon facilitates the determination of the total basalt thickness above the
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A-horizon, i.e. the total volume of syn-breakup erupted lava during the final continental breakup
between the Faroes and Greenland (Larsen, Waagstein, Pedersen, & Storey, 1999).
Initially Smyth (1983) suggested that the Beinisvørð Fm extended furthest to the SE, with the
margins of the Malinstindur and Enni Fms progressively 'stepping back' towards the Faroes,
however, geochemical and bio-stratigraphic analysis on a large number of dredge hauls on the outer
Faroese shelf by Waagstein and Heilmann-Clausen (1995) and seismic interpretations led to Ritchie,
Gatliff, and Richards (1999) suggesting a reversed structure of the basalt distribution, such that it is
the Malinstindur and Enni Fm that reach furthest offshore. Ellis et al. (2002) have a description
consistent to that of Ritchie based mainly on seismic interpretation. Contrary to this, Passey and Bell
(2007), based on the emplacement mechanisms of compound lava flows, suggest that the
compound lava flows of the Malinstindur and Enni Fm occur only local to the Faroe Islands and may
not extend offshore for any significant distance and Passey and Hitchen (2011) extend this
assessment to a distribution similar to that of Smyth (1983), with the Beinisvørð Fm reaching
furthest offshore.
It is in this context that the interpreted A-horizon presented in this paper can be used as a significant
marker in the interpretation of seismic profiles, and thus to map pre- and syn-breakup basalts. The
few profiles presented in this paper establish that to the NE and to the East the syn-breakup basalts
extend to a significant distance offshore, on the order of hundreds of km. The profiles presented
here offer the prospect of confident interpretation of syn-breakup basalts on the Faroes shelf.
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Seismic imaging of basalts at Glyvursnes,
Faroe Islands: hunting for future
exploration methods in basalt covered areas
U.K Petersen,1* M.S. Andersen,1,2 R.S. White,3 and SeiFaBa Group
Introduction
Obtaining good sub-basalt seismic images is known to be
problematic (Ziolkowski et al., 2003; White et al., 2003).
Although the properties of basalts are quite different from
those of most sediments Planke (1999) suggested that seismic energy is transmitted through basalt in much the same
way as through sediments so the problem of seismic imaging
through basalts amounts to the conventional task of separating primary energy from noise, even though the noise including multiples may be considerable. The physical properties of
basalt are markedly different from those of the overlying and
underlying sediments. Strong reflections due to high impedance contrasts at the top (and bottom) of the basalts leads to
significant loss of transmitted seismic energy (Fruehn et al.,
2001). Large variations of intrinsic properties along vertical
cross-sections of basalt flows have been demonstrated and
quantified by analyses of well-logs from wells penetrating
successions of flood basalts (Planke, 1994) and from surface
mapping (e.g., Self et al., 1998; Thordarson and Self, 1998).
This causes the stratigraphic filtering effects of basalt successions to be more severe than that of sediments (Maresh
and White, 2005; Shaw et al., 2004). Lateral variations in
the thicknesses of sediments interbedded between basalt
flows and in the thickness of the upper porous part of basalt
flows have been demonstrated by detailed investigations in
exposed flood basalts (Self et al., 1998; Thordarson and Self,
1998). The roughness of inter-beds causes 3D scattering of
seismic energy, as demonstrated in studies comparing stratigraphic filtering and the effective quality factor, Q, of basalt
successions (e.g., White et al., 2005; Shaw et al., 2005; Shaw
et al., 2004).
Taking these problems into consideration, experiments
have been performed in the last decade using: longer offsets
(both synthetic aperture, and longer streamers) to improve
the signal-to-noise ratio and NMO resolution and to allow
processing of post-critical reflections; larger energy sources
to increase the general energy level; low-frequency tuning to
allow for better penetration through basalts (characterised
by low Q values); and shot-by-shot recording of the source
signature and combination of OBS and seismic reflection

data to improve velocity estimates. In one experiment all
of the above-mentioned techniques were applied, providing
considerable improvements in sub-basalt imaging relative to
previous work (Spitzer and White, 2005; White et al., 2005).
An other parameter for seismic acquisition is the orientation
of the seismic line relative to the flow direction of the basalt
flows (Reshef et al., 2003). However, poor effective transmission of seismic energy, scattering, strong multiple reflections,
multiple mode conversions, and low-pass filtering of the
energy that propagates through a layer of stacked basalt
flows are still hampering routine imaging for petroleum
exploration in sediment basins covered by basalts (Maresh
and White, 2005). This was demonstrated by the UK164/0701 well where the base of a basaltic succession was found
700 m deeper than anticipated from interpretation of seismic
reflection data (Archer et al., 2005). In order to obtain imaging quality and detail comparable to those obtained in other
sedimentary basins, further improvements are necessary.
The SeiFaBa Project (Seismic and petrophysical properties
of Faroes Basalts), sponsored by the Sindri group, aims to create data-derived models for the propagation of seismic energy
in basalt to provide a basis for better sub-basalt imaging.
The project comprises drilling of the Glyvursnes-1 wells near
Tórshavn on the Faroe Islands (Figure 1), core analysis for
intrinsic physical parameters, recording of VSP and offset-VSP
data in the Glyvursnes-1 and Vestmanna-1 wells, and surface
seismic wide-angle and reflection data around the Glyvursnes1 and Vestmanna-1 wells (Japsen et al., 2005). At both sites
these investigations of the elastic properties of basalts are
made at a number of different scales. In this paper we present
surface seismic reflection data from SeiFaBa experiment at
Glyvursnes in the summer of 2003 illustrating that basalts
can be imaged effectively using relatively small energy sources
(250 g dynamite; 2.6-litre airgun cluster) and that stratigraphic details of flood-basalt constructions can be identified
and characterized based on analysis of seismic data and then
correlated to well data. We also demonstrate how different
acquisition and processing techniques influence the effective
frequency content of seismic reflection data and thus the
effective propagation through and imaging of the basalts.
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Geological setting
A lava pile about 3 km thick with minor intercalations of
volcaniclastic sediments is exposed on the Faroe Islands
(Rasmussen and Noe-Nyggard, 1970). Below the exposed
section a further 3 km or so of basalt was penetrated in the
Lopra-1/1A well without reaching the base of the volcanic
succession (Hald and Waagstein, 1984). Andersen (2002)
suggested that about 1 km of basalt could have been present
above the section exposed on the Faroes. The total stratigraphic thickness of basalt on the Faroe Block would thus be
about 7 km, possibly more. Deep seismic results from wide
angle experiments confirm this estimate (e.g., Richardson et
al., 1999).
Rasmussen and Noe-Nygaard (1970) divide the exposed
basalt into three series (Figure 1) representing different
stages and ages of volcanism. Although Rasmussen and
Noe-Nygaard’s stratigraphy has been retained, their three
series have informally been treated as formations in recent
literature (e.g., Waagstein, 1988). In this paper we follow
this tradition: the lower basalt formation (LBF), the mid-

Figure 1 Upper a, Location of the Faroe Islands relative to
the extent of flood basalts. Drilled wells in the Faroes are
shown as red open circles, producing oil wells are shown as
red filled circles and the international border of the Faroes
territory is shown as a blue line (modified from Sørensen,
2003). Upper b: Geological map of the Faroe Islands showing
the locations of deep boreholes (Vestmanna-1, Glyvursnes-1
and Lopra-1/1A) and the distribution of the three Palaeogene
basalt formations (modified from Waagstein, 1988). Lower:
Geological section through the Faroe Islands and the three
wells shown (modified from Waagstein, 1988). Location of
profile is shown on upper figure b.
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dle basalt formation (MBF), and the upper basalt formation (UBF). The LBF (stratigraphic thickness about 900
m, (3000 m when including the lower part found in the
Lopra-1A well) and the UBF (stratigraphic thickness about
675 m) consist of thick basaltic lava beds. The lava flows
are typically 10-30 m thick in the LBF and 5-10 m thick in
the UBF with thin beds of interbasaltic tuff-clay sediments.
The MBF (stratigraphic thickness about 1350 m) consists
of thin (about 1-2 m) pahoehoe flow units, often forming flowfields up to about 20 m thick. Sediment/tuff beds
are of minor importance in the MBF. The base of the LBF
sub-aerial basalts is found at about 2450 m in Lopra-1A
(Boldreel, in press) and the lowermost 1000 m of the drilled
basalt succession on the Faroes comprises mostly hyaloclastic basaltic rocks commonly with massive basalt toward the
bottom of the Lopra-1A (Waagstein personal communication, September 2005).

Well logs
Full-waveform sonic and bulk-density logs in Vestmanna-1
and Glyvursnes-1 boreholes were acquired as part of the
SeiFaBa project (Japsen et al., 2005). Details of the physical
properties of the Vestmanna-1 and Glyvursnes-1 will be published elsewhere. The Lopra-1/1A well was logged in 1996
and P-wave sonic and bulk-density logs are available from the
depth interval 200-3100 m in this well. The Vestmanna-1 and
Lopra-1 well are displaced about 28 and 55 km, respectively,
from Glyvursnes. However, lateral continuity of all three lava
formations on the Faroe Islands is well documented (e.g.,
Rasmussen and Noe-Nyggard, 1970; Waagstein, 1988). It is
thus likely that Vestmanna-1 and Lopra-1/1A represent the
general character of the MBF and LBF below Glyvursnes.
Composite velocity and density logs corresponding to
the ideal stratigraphic profile (Rasmussen and Noe-Nyggard,
1970) were constructed for the sequence below Glyvursnes
using logs from Glyvursnes-1, Vestmanna-1, and Lopra-1
(Figure 2). Velocities and densities in intervals of the MBF
and LBF that have not been logged are represented by logged
intervals in the Vestmanna-1 and Lopra-1 that are similar
based on the description of the wells (Hald and Waagstein,
1984) and on the regional mapping of the Faroes (Rasmussen
and Noe-Nyggard, 1970).
Synthetic seismic data
A synthetic seismogram (without correction for geometrical spreading and other attenuation) was generated from
the composite logs corresponding to the ideal stratigraphic
profile using a source signature extracted from stacked airgun-geophone data (Figure 3b). Note the distinct changes in
character at the UBF-MBF and MBF-LBF boundaries. The
synthetic seismogram shows that the signals returning from
the UBF and LBF are characterized by higher amplitude and
more internal character than the signal from the MBF.
Joint time-frequency analysis carried out by means of
wavelet transforms (Torrence and Compo, 1998), both of the
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Figure 2 Composite velocity and density logs for the total
stratigraphic sequence below Glyvursnes, constructed using
the logs from Glyvursnes-1, Vestmanna-1 and Lopra-1 (the
actual well segments are labelled between a) and b), see also
Figure 1). a) The stratigraphic division mapping the boundaries of various stages of volcanism (modified from Rasmussen
and Noe-Nyggard, 1970). The base of the UBF and the base
of the MBF are drawn as black horizontal lines across the
figure; b) composite velocity log. The uppermost part of
Vestmanna-1 log is used to represent the missing interval in
the MBF and the uppermost part of the Lopra-1 log is used
to represent the missing interval in the LBF; c) composite
density log; d) and e) show the calculated acoustic-impedance and the reflection coefficient series. The repeated log
sequences can be identified on the composite logs.
acoustic impedance series and synthetic seismogram, show
that the MBF is characterised by generally lower amplitudes
and a different frequency distribution than that of the UBF
or LBF (Figure 3c and d).

Seismic data
In the summer of 2003 we acquired a composite seismic data
set at Glyvursnes, on the Faroe Islands, including near-vertical-incidence seismic data using six different combinations
of energy source and receiver: airgun-geophone and airgunstreamer, each with two different airgun sources; dynamitegeophone and dynamite-streamer. The layout for a selected
part of the survey used for the data presented in this paper
is shown in Figure 4.

Figure 3 a) Acoustic impedance from composite logs in time
domain; b) Synthetic seismogram generated by means of the
acoustic impedance and a source signature extracted from
stacked airgun-geophone data (bandwidth 12-60 Hz) without correction for geometrical spreading or other attenuation; c) Wavelet transform of acoustic impedance. The
acoustic impedance and synthetic seismogram traces are normalized by standard deviation (Torrence and Compo, 1998).
Contour levels in c) and d). Contour levels are increasing
exponentially.
geophones, the remainder had only vertical geophones).
The deployment of the streamer was very sensitive to weather conditions and tidal current and parts of the acquisition
were done only with airgun-geophone recordings. The seismic sources used were a 4x40 in3 (2.6-litre) sleeve-gun cluster
and a 560 in3 (9.2-litre) Solera-Ggun
The dynamite-geophone/streamer data comprised only a
few shot-points. The seismic source was 250 g of standard
dynamite (burning velocity 3000 m/s) placed in 3 m deep
holes, cemented and packed. The dynamite-geophone data
were acquired with a line of 120 stations (station interval 5
m) and shot-points at 10 m intervals along the line with the
same source parameters as above. In the following discussion
we will refer only to data acquired with the 4x40 in3 sleevegun cluster and with dynamite.

Acquisition
The airgun-geophone/streamer data were acquired on a 96channel streamer moored between a small jack-up rig near
the shoreline and a tugboat at the other end (group interval
6.25 m, depth 3 m) and a line of 80 geophone stations (station interval 5 m, every fourth station had 3-component
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Pre-stack noise analysis
Initial comparisons of shot gathers indicate that the streamer
data are characterized by considerable noise deriving from a
number of different sources while geophone gathers recorded
with the same source are characterized by significantly less
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Figure 4 Air photo of the Glyvursnes survey area showing
the layout of a selected part of the survey to be presented in
this paper. The airgun-geophone/streamer data were acquired
with a 96-channel moored streamer (green line offshore;
group interval 6.25 m, depth 3 m) and a line of 80 geophone
stations (yellow and red line onshore; station interval 5 m).
Layout-1 recorded at the same time on streamer and geophones (yellow geophone line and green streamer line) while
during layout-2 recorded only on geophones (red geophone
line). Shot-points are plotted with colours respective to the
recording geophone layout. The dynamite-geophone/streamer
data were recorded on layout-1 (green and yellow line). For
the dynamite-geophone data there were two layouts (blue
lines). Position of Glyvursnes-1 well is shown (black circle
with plus sign).
noise. Time-variant frequency analysis of single raw unprocessed traces based on a continuous wavelet transformation
[using a Morlet wavelet with centre frequency 0.995 Hz
(Addison 2002)] provides additional information about the
composition of the signal and noise (Figures 5 and 6). For
short recording times, and at frequencies below 256 Hz, the
ambient noise on the geophones is small compared to the
seismic signal (Figure 5). The bandwidth of the seismic signal
from both sources decays with time reflecting the relatively
low effective Q value in the basalts below Glyvursnes (Shaw
et al. 2004; Shaw et al. 2005).
Although the dynamite charge used has much higher (5
times) initial chemical energy than the potential energy in
the airgun, the airgun produces a better and stronger seismic
signal. Most of the energy in the dynamite shot is presumably lost due to non-elastic deformation at the shot site. The
centre frequency of the dynamite shots is slightly higher than
that of the airgun shots (Figure 5 and Figure 6).
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For logistic reasons the streamer was moored at a shallow depth (3 m). Thus the surface ghost gives rise to strong
attenuation of the seismic signal at frequencies below about
60 Hz. At the same time the background noise is very strong
at frequencies below about 30 Hz (Figure 6c). In addition to
ambient noise, the streamer data are characterized by highfrequency noise (~128-512 Hz) caused by reverberations of
the seismic signal in the water column. The combined effect
of ambient noise, the ghost and reverberations in the water
column is to reduce the effective bandwidth, and thus the
penetration of the seismic signal recorded on the streamer
relative to the signal recorded on the geophones (cf. Figure
5a and Figure 6a). However, the streamer still records a useful seismic signal for recording times up to around 1 s.
The low-frequency background noise on the streamer
that we experienced during the data acquisition at Glyvursnes
was to a large extent related to the special deployment of the
moored streamer during this experiment. In more standard
marine operations, the background noise is generally lower.
Furthermore, in deep water the source and streamer depths
may be adjusted to create the optimum bandwidth at the
target depth using signal analysis such as that embodied in
Figure 5 and Figure 6 and knowledge of the source signature
and the frequency decay in the formation to be penetrated
by the seismic signal. However, in the streamer data from the
Glyvursnes 2003 experiment, our data has a relatively low
effective bandwidth.

Preliminary processing
Generally all the recorded geophone data are dominated by
refractions from shallow depths. Refractions in the dynamitegeophone data were removed by top mutes while f-k filtering
was used for the airgun-geophone data. On the streamer
data, refractions and low-frequency coherent noise from an
unknown source were removed with surgical mutes.
Although the noise analysis indicates that time-variant
filtering before stack is a relevant process, time-invariant filtering was preferred for the preliminary processing
presented here. The airgun data were bandpass filtered at
12-14-50-60 Hz (Ormsby) while the dynamite data were
filtered at 12-14-100-120 Hz (Ormsby). The dynamite-geophone data and airgun-streamer data were processed assuming a 2D geometry. A 2D filter was applied to the stacked
airgun-streamer data (mixing three samples and 11 traces).
Airgun-geophone data were processed with 3D geometry.
Velocity analysis was performed on selected supergathers.
Picked stacking velocities compare well with RMS velocities
calculated from the composite velocity log of the ideal stratigraphic profile of the Faroes. Before display, automatic gain
control (AGC) was applied with two different windows at
100 ms and 500 ms; traces were blended at a ratio of 1:1. A
composite profile along the transect (Figure 7) illustrates the
quality of the processed data obtained with the combinations
dynamite-geophone, airgun-geophone and airgun-streamer
(Figure 8). Although stacking improves the coherency of
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primary reflections, the frequency content of the signal and
the signal-to-noise ratio seen on the pre-stack data (Figure
5 and Figure 6) are clearly reflected in the quality of the
final stack (Figure 8). The UBF-MBF boundary, which was
penetrated in Glyvursnes-1, is not clear in any of the three
data sets. However, horizon C’ located at about 0.2 s in the
dynamite-geophone and dynamite-airgun data ties well to
the UBF-MBF boundary in the well. A prominent reflection
at about 0.6 s, horizon A’, is interpreted as the MBF-LBF
boundary. The general character of the successions above
and below horizon A’ compares well with the character of
the UBF and MBF respectively in the synthetic seismogram
of the ideal profile (Figure 3b). Although the earth filter and
stacking modify the frequency content of the reflected signal,
the narrower frequency range of the MBF compared to the
UBF and LBF observed on synthetic data is replicated in
the stacked and scaled data from Glyvursnes (Figure 9). We
consider this further support that horizon-A’ represents the
MBF-LBF boundary.

Results and discussion
Joint time-frequency analysis in the form of continuous
wavelet transformation on unprocessed pre-stack data shows
that the higher frequencies of the seismic data trace are
reduced drastically with depth below the surface (Figure 5

technical article
and Figure 6). The overall best signal-to-noise ratio is obtained
with the airgun-geophone combination.
A zero-offset VSP survey recorded in the Glyvursnes-1
borehole by Shaw (2004) demonstrated strong attenuation
of the higher frequencies of the seismic signal (low Q value)
below Glyvursnes. In accordance with these observations, we
see that the effective bandwidth of the surface seismic data is
reduced dramatically with time (Figure 5b). From an original
bandwidth of about 4-128 Hz, the bandwidth is reduced to
5-20 Hz at a depth of 1.6 s (about 5300 m). This explains the
supremacy of the airgun to the dynamite as a seismic source.
The airgun generates a lower-frequency signal (centred at
approximately 16 Hz; Figure 5a), than the dynamite (centred
at approximately 32 Hz; Figure 5b) and is thus better suited
for transmitting seismic signals through the basalt.
A composite profile consisting of data acquired with
three different acquisition methods (Figure 8) shows that the
frequency content of the signal and the signal-to-noise ratio
seen in the unprocessed pre-stack data (Figure 5 and Figure
6) are reflected in the quality of the final stack. Simple stacking improves the imaging of the primary reflections.
A threefold subdivision of the seismic profile is distinct
in the airgun-streamer, airgun-geophone and dynamite-geophone data. Two high-amplitude successions, one above
horizon C’ (0-0.16 s) and one below horizon A’ (0.59 s) and

Figure 5 Shows the continuous wavelet transforms of geophone channel 110 (station 74). a) Airgun-geophone, offset 208
m; b) Dynamite-geophone, offset 224 m; c) Geophone noise record; d) Frequency spectra of all three records. Values are not
scaled. Contour levels are increasing exponentially and are the same for a), b) and c).

Figure 6 Shows the continuous wavelet transforms of streamer channel 130 (station 90). a) Airgun-streamer, offset 195 m;
b) Dynamite-streamer, offset 415 m; c) Streamer noise record; d) Is the frequency spectra of all three records. Values are not
scaled. Contour levels are increasing exponentially and are the same for a), b), and c).

© 2006 EAGE

49

technical article
a low amplitude succession (between 0.16 and 0.59 s) are
clearly identified. By comparing synthetic data of the ideal
profile (Figure 3b) with stacked data (Figure 8), it appears
plausible that horizon A’ is a reflection from (or close to)
the boundary between the MBF and LBF. Furthermore, with
data comparable to those acquired at Glyvursnes it might
be realistic to identify the MBF by its reflection character.
Multiples appear to be of minor importance above horizon
A’. Although we expect multiples might be important below
horizon A’, we have not addressed this topic during the preliminary processing, which was aimed at understanding the
nature of horizon A’ below Glyvursnes.
The UBF-MBF boundary was found at about 340 m (from
mean sea level) in the Glyvursnes-1 borehole (Waagstein,
personal communication). Depth conversion of the seismic
reflection data places the MBF-LBF boundary at a depth of
1390 m, and we thus estimate the total thickness of the MBF
to be about 1050 m below Glyvursnes.
This is less than the 1350 m for the total thickness of the
MBF found by Rasmussen and Noe-Nygaard (1970) in the
northern part of the Faroes and the 1400 m reported from
around Vestmanna (Waagstein 1988). It thus appears that
the MBF thins towards the south and east. This is in general accordance with Waagstein (1988), who found that the
thickness of the MBF is less between Sandoy and Suðuroy
than at Vestmanna. The reason for the apparent south- and
eastward thinning of the MBF could be that the amount of

Figure 7 Air photo of Glyvursnes survey area showing CDP
positions of the 2D-processed airgun-streamer and dynamitegeophone data (blue lines), and grid for the 3D processed airgun-geophone data (green lines). The grid shows every inline
and every 5th crossline. The black line shows the approximate position of combined dynamite-geophone, airgun-geophone and airgun-streamer profile in Figure 8. Position of
Glyvursnes-1 borehole is also shown.
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lava available during emplacement of the MBF was not sufficient to allow all the flows to reach Glyvursnes if their source
was to the northwest. However, gradual eastward thinning
of the MBF was not observed during mapping of the Faroe
Islands (Rasmussen and Noe-Nyggard, 1970). Alternatively
the Glyvursnes area may have been uplifted relative to the
Vestmanna area after emplacement of the LBF possibly giving rise to faulting. Unfortunately, the present data do not
allow us to choose among the two above-mentioned or other
feasible hypotheses for the thinning of the MBF.

Figure 8 shows the combined profile. See Figure 7 for location. An adjusted stratigraphic model is plotted to the left.
A threefold subdivision of the seismic profile is distinct both
in the airgun-geophone/streamer and dynamite-streamer
data. Two high-amplitude successions (0-0.16 s and 0.59
s to end of record) and a low-amplitude succession (0.160.59 s) are clearly identified. By comparing this figure to
Figure 3b (synthetic from composite logs), we see that the
low-amplitude succession is characterised by a frequency
content that is comparable to that of the synthetic seismogram through the MBF, while the frequency content of the
lower high-amplitude succession is comparable to that of
the LBF. Horizon C’ ties well to the UBF-MBF boundary in
the well (blue marker on yellow line). A’ is interpreted to be
the MBF-LBF boundary. The red line is the seabed derived
from bathymetric information.
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When considering possible errors in the estimate of the
thickness of the MBF below Glyvursnes, one has to bear in
mind that the Glyvursnes-1 well had a check-shot at 600
m depth, which constrains the time-depth relation down to
this depth. Any significant error in the estimated thickness is
thus due to erroneous velocities below 600 m. From 600 m
to horizon A’, a variation of the interval velocities of ± 10%
affects the depth of horizon A’ by ± 80 m. It is thus unlikely
that the thickness of the MBF at Glyvursnes is comparable
to the thickness at Vestmanna, unless an unrealistic average
velocity around 7000 m/s is considered likely, or the interpretation of horizon A’ as the MBF-UBF boundary is rejected.
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Introduction

Method

Obtaining sub-basalt seismic information is known to be problematic.
The physical properties of basalt, which are very different to those of
the overlying and underlying sediments and which have large local
variations, usually cause poor transmission of energy, scattering,
strong multiple reflections, multiple mode conversion and low-pass
filtering of the energy that propagates through a layer of stacked
basalt flows.

We acquired combined airgun-geophone and airgun-streamer data
together with dynamite-geophone data.

The SeiFaBa Project (Seismic and petrophysical properties of Faroes
Basalts) consisting of core analysis, VSP and offset-VSP data and
surface seismic data aims to create firm data-derived models for
propagation of seismic energy in basalt.
The data presented here are the surface seismic data acquired for
reflection seismic processing.
The acquisition site is on Glyvursnes, Streymoy, Faroe Islands,
located in the North Atlantic volcanic province (fig. 1). A lava pile of 3
km is exposed on the Islands. The geology of the Islands has been
initially described by Rasmussen and Noe-Nygaard (1970) dividing
the basalt flows into the upper basalt formation (UBF), the middle
basalt formation (MBF) and the lower basalt formation (LBF). The
MBF consists of thin pahoehoe flows. The UBF and LBF consist of
aa flows. There are three wells: Glyvursnes-1 (700 m), Vestmanna-1
(660 m) and Lopra-1/1A (3650 m) (fig. 2).

Acquisition: The airgun-geophone/streamer data were acquired
with a 96-channel moored streamer (group interval 6.25 m, depth 3
m) and a line of 80 land stations (station interval 5 m). The seismic
source used was a 4x40 cubic-inch sleeve-gun cluster. The dynamitegeophone data were acquired with a line of 120 stations (station
interval 5 m). The seismic source was 250 g of dynamite drilled 3 m
into the rock (fig. 3).
Processing: The airgun-geophone data were processed as 3Dseismic. The dynamite-geophone and airgun-streamer data were
processed as 2D-land seismic. Seismic datum is mean sea level,
bandpass filter at 12-14-50-60 Hz, f-k filter, velocity analysis with
velocity log as guiding function and AGC applied after stack.
2D full waveform finite-difference modelling (ela2d): Produced a
section processed with the same parameters as the dynamitegeophone data acquisition.

Survey area

Here, we focus on the seismic characterization of flood-basalt
constructions based on analysis of seismic and geological data.

Regional geological setting
Fig. 1. Upper A: Location of the Faroe
Islands relative to the extent of flood
basalts and producing oil fields (Grant
et al., 1999; modified by Sørensen,
2003). Upper B: Geological map of the
Faroe Islands showing the locations of
deep boreholes and the distribution of
the three Palaeogene basalt formations
(Waagstein, 1998; modified by Japsen
et al., 2003). Lower: Faroes Lava
Group is subdivided into three
formations representing various stages
of volcanism. Geologic section through
three
well
locations
(from
Waagstein,1998; modified by Japsen et
al.,2003).

Fig. 2. The Stratigraphic division is a mapping of boundaries of
the various stages of the volcanism. The upper and lower basalt
formations (UBF and LBF) consist of thick basalt flows separated
by tuff-clay sediments zones while the middle basalt formation
(MBF) are formed by thin flows and tuff beds are of minor
importance. (Rasmussen and Noe-Nygaard, 1970, p. 8-9).
The figure shows the stratigraphic position of the Glyvursnes-1,
Vestmanna-1 and Lopra-1 boreholes. A composite density and
velocity log representing the total stratigraphy was constructed by
filling the gaps in the logs with data from logged sections of the
same character. The gap in the MBF was filled with values from
Vestmanna-1 log and gaps in the LBF with values from Lopra-1
log. The Base of LBF was found in the Lopra-1A log (Waagstein,
Personal communication 2004, Lopra-1A is the extension of the
Lopra-1 borehole but was not included in this study).
The composite logs are used for deriving a time-depth relation,
estimating locations of base of MBF and base of LBF in analysis
of the stacked sections, construction of a synthetic RMS velocity
section used as a reference guide during velocity picking
(Petersen et al., 2004), construction of synthetic seismic data that
may be compared to the actual data (including models for full
waveform finite-difference modelling)

Fig. 3. Survey area. Blue lines are geophone layouts for dynamite source. Shotpoints are located along the line. Yellow
and red lines onshore are geophone layouts for an airgun source. Yellow and red points offshore are shotpoints. The
green line offshore represents a streamer layout for an airgun source. The yellow star at the costal end of the yellow line
is the Glyvursnes-1 borehole.

Results
Acquisition: The usable bandwidth of geophone data matches the
bandwidth of the source also at low frequencies, thus allowing full use
of the energy from the source (both dynamite and airgun). The
streamer data are dominated by coherent noise at high frequencies
and high noise level at low frequencies. Furthermore the streamer
data suffer from the surface ghost acting as a sinc filter and damping
low frequencies (Petersen et al., 2004). The synthetic seismogram
from Glyvursnes-1 logs ties well to seismic data (fig.4). The
correlation among the different acquisition methods is good (fig. 5).
Generally the data suffer from low velocity coherent noise at shallow
depths.
Penetration: The stacked sections show reflections from as deep as
0.6 s (approximately 1500 m; fig. 5). Synthetic data (fig. 6) indicate
that it is reasonable to interprete primaries from below 1.2 s
(approximately 3000 m). The comparison of the acquisition methods
(fig. 5) indicates that the combination of marine source and geophone
recordings is suitable for seismic data acquisition targeted at
penetration into and below a thick basalt succession
Interpretations: The seismic signal from the thin-bedded MBF
(pahoehoe flows) is distinctly different from the signature of the thick
bedded LBF (aa flows). The base of MBF is interpreted to be at 0.6
seconds. (figs. 5 and 6)
Modelling: When considering the seismic response to a wavelet with
maximum frequency of 60 Hz (figs. 6 and 7) we can smooth out the
extreme vertical heterogeneity of the basalt flows by using elastic
properties averaged over 10-m intervals

Fig. 4. Synthetic seismogram from Glyvursnes-1 logs. A
zero-offset VSP was used for check shots. Seismic datum
is mean sea level. The wavelet was extracted using the
frequency content of the seismic data. The tie is to the
nearest airgun-geophone line. The calculated correlation
was not good due to noise and to missing data at shallow
depth. However, peaks and troughs tie well. The base of
UBF is entered as blue dotted line (Waagstein, personal
communication 2004). Note change in reflection character
(reduction of amplitudes) just above the base of UBF.

Fig 6. Full-waveform synthetic data (to right) processed with the same
parameters as the dynamite-geophone data acquisition (to left).
Left figure: Dynamite-geophone data. The yellow line is the position
and depth of Glyvursnes-1 well, with a blue marker for the base of
UBF. A tie to the synthetic stack is plotted to the left of the well.
Right figure: Synthetic stack. At 0.7 s a change of seismic signature is
occurring (similar to the 0.6 s event in the seismic data) consistent
with the base of UBF in the model. A tie to the synthetic seismogram
for the model is plotted in the centre. The tie shows that from 0.5-1.2 s
the seismic stack reproduces the seismic response from the reflection
series indicating that multiples are not a big problem. A bad
correlation above 0.5 s can be explained by refractions dominating the
data at shallow depth.
The model is constructed on the basis of the composite log assuming
flat horizontal layers. Grid spacing is 5 m.

Fig. 7. Acoustic impedance series (in depth) from the
composite log (depth) and the synthetic seismogram
designed with the wavelet extracted from the stacked
seismic data.
Tests of different sample intervals for the logs show that
equivalent synthetics are produced for sampling intervals
up to 10 m. This indicates that for modelling the seismic
responce of successive basalt flows within the bandwidth
used for this survey it is sufficient to use average values
for elastic properties at 10-m intervals.

Fig. 5. Combined stack. The correlation among the different acquisition method is
good. Seabed horizon derived from bathymetric information and two-way time in
water is plotted in red. Markers are: base of UBF interpreted from Glyvursnes-1 log,
base of MBF and base of LBF are both from regional geological model (Rasmussen
and Noe-Nygaard, 1970; two-way time from the composite log; fig. 2). The base-ofMBF marker is sligthly below the change of seismic signature at approximately 0.6 s
indicating that the total thickness of the MBF is less than assumed.

Fig. 8. The profile combining dynamite-geophone data, airgungeophone data and airgun-streamer data. The yellow dot is the
position of Glyvursnes-1 borehole.

Discussion and Conclusions

Acknowledgments

System atic sub-basalt im aging is hindered by a lack of knowledge
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O ur results from the G lyvursnes experim ent show that seism ic
energy is indeed transm itted through these thick basalt units
sufficiently to yield interpretable reflections from as deep as 1500 m
depth (0.6 s) and possibly even to 3000 m depth (1.2 s) with a sm all
energy source. This supports the conclusion by P lanke et al. (1999)
that the im aging problem am ounts to the conventional task of
separating the prim aries from the noise, even though this noise,
including m ultiples, is considerable.
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ABSTRACT
The main objective of this work is to establish the applicability of shallow surfaceseismic traveltime tomography in basalt-covered areas. A densely sampled ∼1300-m
long surface seismic profile, acquired as part of the SeiFaBa project in 2003 (Japsen
et al. 2006) at Glyvursnes in the Faroe Islands, served as the basis to evaluate the performance of the tomographic method in basalt-covered areas. The profile is centred at
a ∼700-m deep well. V P , V S and density logs, a zero-offset VSP, downhole-geophone
recordings and geological mapping in the area provided good means of control.
The inversion was performed with facilities of the Wide Angle Reflection/Refraction
Profiling program package (Ditmar et al. 1999). We tested many inversion sequences
while varying the inversion parameters. Modelled traveltimes were verified by fullwaveform modelling.
Typically an inversion sequence consists in several iterations that proceed until
a satisfactory solution is reached. However, in the present case with high velocity
contrasts in the subsurface we obtained the best result with two iterations: first
obtaining a smooth starting model with small traveltime residuals by inverting with
a high smoothing constraint and then inverting with the lowest possible smoothing
constraint to allow the inversion to have the full benefit of the traveltime residuals.
The tomogram gives usable velocity information for the near-surface geology in
the area but fails to reproduce the expected velocity distribution of the layered basalt
flows. Based on the analysis of the tomogram and geological mapping in the area, a
model was defined that correctly models first arrivals from both surface seismic data
and downhole-geophone data.
Keywords: Full waveform, Ray tracing, Shallow seismic, Tomography, Velocity analysis.

INTRODUCTION
Since the start of the hydrocarbon exploration era in the
Faroese area the sub-basalt imaging problem has been recognized as one of the major risk factors. The problem in obtaining sub-basalt information from reflection seismic data has
usually been attributed to the quite different physical proper-
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ties of basalt versus those of the overlying and underlying sediments, which also have large local variations. These large differences, especially in acoustic impedances, often cause poor
transmission of energy, scattering, strong multiple reflections,
multiple mode conversion and low-pass filtering of the energy
that propagates through a stack of basalt flows (e.g. White
et al. 2003; Ziolkowski et al. 2003).
More recent work has shown that although the seismic signal deteriorates as described above when propagating through
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Figure 1 a) Location of the Faroe Islands relative to the extent of flood basalts. The international border of the Faroes territory is shown as
a blue line (modified from Sørensen 2003). b) Geological map of the Faroe Islands showing the locations of deep boreholes (Vestmanna-1,
Glyvursnes-1 and Lopra-1/1A) and the distribution of the three Palaeogene basalt formations (modified from Rasmussen and Noe-Nygaard
1970). c) Geological section through the Faroe Islands with the three wells (modified from Waagstein 1988). The location of the profile is shown
on b).

a stack of basalt flows, there is still sufficient primary energy
from below the basalts for sub-basalt imaging. It has been
suggested that the problem reduces to focusing of the primary
energy (e.g., Gallagher and Dromgoole 2008). Whatever processing sequence is used, the focusing of primary energy depends critically on the quality of the velocity models used in
the processing.
The Faroe Islands Basalt Group, part of the North Atlantic
Igneous Province, attains a thickness of more than 6.6 km.
Previous studies have given us the means for a good understanding of the emplacement of the Faroe Islands Basalt Group
and of its seismic properties. Knowledge of these properties
can ultimately provide a basis for improved velocity mod-
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els in the Faroese area (Rasmussen and Noe-Nygaard 1970;
Hald and Waagstein 1984; Nielsen, Stefánsson and Tulinius
1984; Waagstein 1988; Waagstein and Andersen 2003; Boldreel 2006; Chalmers and Waagstein 2006; Passey and Bell
2007; Passey 2007; Passey and Jolley 2009).
The stratigraphic sequence of the Faroe Islands Basalt
Group (Fig. 1) consists mainly in the following 3 formations
with different characteristics: the ∼3-km thick Beinisvørð Formation (also referred to as the Lower Basalt Formation in
the literature) is characterized by thick-sheet lobes of tabularclassic facies architecture, with thicknesses up to about 60
m but typically 5–25 m and with thin, mostly 0.5–2 m
thick, volcaniclastic beds. The ∼1.4 km thick Malinstindur
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Table 1 Overview of velocity and attenuation information from three wells in the Faroes (Superscripts refer to: 1: Waagstein and Andersen
2003, 2: Christie et al. 2006, 3: Shaw 2006, 4: Shaw et al. 2008).
Well name

Lopra-1/1A

Vestmanna-1

Glyvursnes-1

Section of stratigraphic
sequence covered by well

Beinisvørð Fm below 900 m
and uppermost 1000 m of
Lopra Fm

Lowest 600 m of Malinstindur
Fm

Uppermost 350 m of
Malinstindur Fm and
lowermost 350 m of Enni Fm

V P (velocity)

High-frequency variations
mainly between about 4 and 6
km/s relating to flows and beds
whilst the average velocity
from VSP is 5.25 km/s.2

Variation mainly between 5
and 6 km/s whilst the average
velocity from VSP is 5.29
km/s.3,1

The Enni Fm shows similar
variations to those from the
Lopra-1/1A log varying
between 4 and 6 km/s; the
Malinstindur Fm shows
variations similar to those from
the Vestmanna-1 well but here
mainly varying between 4 and
5 km/s. The average velocity
from VSP is 4.13 km/s.3,1

V P /V S ratio from log
V P /V S ratio from VSP
Quality factor, Q

1.842
1.812
35 on average2

1.81
1.94
25 on average4

1.81
2.04
25 on average, 15 for the Enni
Fm and 30 for the
Malinstindur Fm4

Formation (also referred to as the Middle Basalt Formation
in the literature) consists mainly of thin flow lobes, about
1–2 m thick, forming lava flows of compound-braided facies
up to about 20 m thick. Volcaniclastic beds are very thin or
absent in the Malinstindur Formation. The Enni Formation,
∼0.9 km thick, (also referred to as the Upper Basalt Formation) consists in a mixture of simple and compound flows with
tabular-classic and compound-braided facies architectures, respectively, with volcaniclastic beds ranging in thickness from
0.01–5 m.
Quantitative information on the Faroe Islands Basalt Group
comes mainly from 3 deep onshore wells located such that they
cover different sections of the stratigraphic sequence (Fig. 1).
A brief overview of the velocities is listed in Table 1. Within
the flow lobes the velocity is highest in the core, where porosity is lowest, whilst it is lower in the porous crust and basal
zone. Volcaniclastic beds generally have the lowest velocities.
The V P /V S ratio is about the same for porous crust, massive core and volcaniclastic beds (Waagstein and Andersen
2003; Boldreel 2006). Both the Beinisvørð and the Enni Formations have high fluctuations in velocities relating to the
high abundance of volcaniclastic beds while the Malinstindur
Formation, with fewer volcaniclastic beds, has a more stable velocity distribution. As a consequence of this, acoustic
impedance in the Beinisvørð and Enni Formations has larger
amplitudes than in the Malinstindur. This is reflected in the
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seismic response of the three formations, where the Malinstindur is apparently transparent to seismic signals, in contrast to
the Beinisvørð and Enni Formations (Petersen, Andersen and
White 2006).
A second source of basalt velocities is from large-scale refraction seismic experiments in the Faroese area. In agreement
with well data (Table 1), these experiments consistently report
velocities of ∼5 km/s (e.g., Richardson et al. 1999; Fliedner
and White 2003; Bohnhoff and Makris 2004; Raum et al.
2005; Klingelhofer et al. 2005). However, these experiments
give very little detail on the velocity distribution within the
basalt sequence and do not identify any of the three main
formations (Beinisvørð, Malinstindur or Enni).
Detailed velocity information on the Faroe Islands Basalt
Group can be obtained by velocity inversion using densely
sampled reflection seismic data, especially in areas where dipping layers intersect the sea-bed. In this paper we report on
velocity inversion of a data set acquired across the shoreline at
Glyvursnes, Faroe Islands. The 700-m deep Glyvursnes-1 well,
drilled as part of the project known as SeiFaBa (Japsen et al.
2006), was located so that the well intersects the MalinstindurEnni boundary and so as to give optimal conditions for
the combination and comparison of different types of data,
namely, offset VSP and surface seismic, both onshore and offshore. These data make it possible to assess the performance
of velocity inversion on a densely sampled reflection seismic
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profile onshore and in shallow waters offshore in an area with
high velocity contrasts of the subsurface.
The inversion is based on the WARRP (Wide Angle Reflection/Refraction Profiling) program package from GeoPro
GmbH in Hamburg (Ditmar et al. 1999). It allows for any
source-receiver configuration and can be applied to any topography. The method calculates traveltimes from ray tracing.
The general tomography algorithm that WARRP is based on is
listed in Appendix A. When using ray-theory based inversion
schemes, their limitations have to be considered: the ray theory
does not account for diffractions; is sensitive to low angular
coverage; has less resolution relative to waveform inversion
(Williamson and Worthington 1993) and, for highly heterogeneous velocity distributions, areas of the model are bypassed
by raypaths (e.g., Washbourne et al. 2008). However, with
a reasonable parameter selection, ray-theory inversion is an
efficient tool for providing detailed velocity information.
THE DATA
This refraction seismic analysis is based on a reflection seismic
profile from the SeiFaBa 2003 acquisition (Andersen et al.
2004; Petersen et al. 2006). The initial profiles, GBX602 and
GBXDYN, form a combined profile with certain qualities that
make it well suited for shallow refraction seismic analysis. It
has relatively long offsets, two-way shooting and is centred at
the Glyvursnes-1 well. The total length of the receiver layout
of the profile is 1086 m, comprised of a 400-m geophone
layout and a 600-m streamer layout. The geophone interval
is 5 m, every fourth geophone having 3 components. The
hydrophone interval is 6.25 m. The sources are a 160-in3
airgun cluster with source intervals from 15–20 m and 250-g
dynamite charges in 3-m deep holes at source intervals from
50–100 m. The maximum source-receiver offset is 1343 m.
Both dynamite shots and airgun shots were recorded on both
geophones and streamer simultaneously. The recorded length
is 3 s, sampled at 0.5 ms. All shots were also recorded on a
downhole geophone at 400 m depth in the Glyvursnes-1 well.
During the modelling a third profile, SeiFaBa-01 (dynamitegeophone), was included in order to balance the ray-coverage.
The geophone layout of this profile coincides with the GBXDYN shot points and is 600 m long with 5-m receiver intervals
starting at the well location. There are 50 shot points along
this profile at 10-m intervals starting close to the well location
and ending ∼500 m from the well. Shots 17–25 are missing
due to logistics and shots 14, 36, 37 and 38 due to misfiring.
As part of the SeiFaBa project (Japsen et al. 2006), the
Glyvursnes-1 well was drilled to a depth of ∼700 m. This
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Table 2 Well logs used in the analysis are the full-waveform velocity
logs processed by Geological Survey of Denmark and Greenland
(GEUS) and the bulk-density logs recalibrated to measurements on
core (Waagstein, unpublished data).
Start Depth Stop Depth Sampling
(m)
(m)
Interval (m) File
ρ
2.93
V P 5.6
V S 5.6

698.83
597.4
597.4

0.1
0.2
0.2

Gl1-dens.txt
GL1-FWS_GEUS.LAS
GL1-FWS_GEUS.LAS

well gives velocity information in the form of the zero-offset
VSP and velocity logs. The logs from Glyvursnes-1 used for
this analysis (Table 2) consist in the GEUS-processed fullwaveform velocity logs (Waagstein and Andersen 2003) and
the bulk-density log recalibrated to measurements on core
samples (Waagstein, unpublished data). The VSP source is
a 150-in3 airgun fired in a specially constructed pond with
water depth of about 1.5 m. The offset from the pond to the
well is 14 m. The VSP receiver is a 3-component downhole
geophone, clamped with a hydraulic system, recording at 10m depth intervals from 50–600 m (Shaw 2006).
The SEG polarity standard for hydrophone or verticalcomponent geophone data specifies that, in normal polarity,
the first break due to a compressional arrival is represented
by a negative number (Thigpen, Dalby and Landrum 1975;
Brook, Landrum and Sallas 1993), i.e., a downward or leftward deflection on a seismogram. This corresponds to the upward motion of a geophone case or to a pressure increase at
a hydrophone. For an explosive source and either a direct arrival or a reflection from an interface with a positive reflection
coefficient, this implies a negative deflection for a minimumphase wavelet (Sheriff 2002, p. 267). But for a zero-phase
wavelet this same situation is represented by a positive central
peak. However, Sheriff (2002) also noted that in some areas,
including the North Sea, the opposite convention is used for
zero-phase wavelets. Inspection of our data shows that while
the geophone recordings are in accordance with the SEG normal polarity standard the polarity of the hydrophone data had
to be reversed to comply with SEG normal polarity.
The start of data recording is triggered by the source. So the
data should have proper zero time. However, zero time was
re-established from analyses of gathers, this being a case of
a small-scale profile very sensitive to small systematic errors.
To facilitate the picking of events, the zero time for a positive
reflection was established so as to correspond to the troughpeak zero crossing.
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Figure 3 Elevation information used in generating the model.

Figure 2 Positions (WGS 84, UTM29) used for generating the 2D
topography, bathymetry, shot and receiver positions. Black asterisks
and white text show the location of shots 4 and 46.

Geophone positions in the GBX survey (GBXDYN/
GBX602) have an uncertainty on the order of ±0.05 m, whilst
in the SeiFaBa-01 survey it is greater – on the order of ±1 m.
The uncertainty in the dynamite shot positions of both these
surveys is also about ±1 m. The airgun shot points are measured with an uncertainty of about ±2 m.
The hydrophone positions are determined both from the
traveltimes of the direct arrivals and from the two tethering
points of the streamer, i.e., the jack-up rig and the tugboat.
The uncertainty in the hydrophone positions is 0 to +5 m in
the in-line or profile direction and ±3 m cross-line.
We specify a single 2D survey line in the x-direction (thin red
line in Fig. 2), a combination of the three profiles: GBX602,
GBXDYN and SeiFaBa-01. Source positions are projected in
the y-direction onto this survey line and projected (best-fit)
receiver positions are determined from the actual offsets and
projected source positions.
In the present data some actual source positions have a
significant cross-line offset (y-direction) from the survey line
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(Fig. 2). This leads to a significant scatter for some of the projected receiver positions; so, whilst the source-receiver offset
is preserved, there can be significant errors in some of the projected receiver positions. In the present modelling we accept
receiver position errors of up to ±15 m from the correct values. Traces with larger errors are disregarded when picking
first breaks. Such an error in receiver position, ±15 m, may be
relatively large but it is a trade-off, since imposing a smaller
deviation would lead to the abandonment of too much data.
The initial model is designed from the topographic and
bathymetric information of the modelled survey line (Fig. 3).
The topography of the land profile is accurately defined due
to the high accuracy of the land navigation and because the
shot points coincide with the geophone layout. The sail line,
i.e., the source line, is offset from the streamer layout, i.e., the
receiver line, by a distance of ∼50 m. For parts of the profile there are differences of up to 10 m between the depths at
the hydrophone positions and the depths at the corresponding
shot positions. In the absence of a better solution, we use the
average of these depths.

RESULTS
The results are discussed in view of the performance of inversion parameters and the obtained velocity model. The main
consideration during inversion was to arrive at a single model
that produces consistent traveltimes for all gathers and is consistent with known geology in the area. The final results of the
tomography reflect the outcomes from about 50 different inversion sequences using varying input parameters to optimize
the resulting model.
The parameters to adjust during inversion are:
- The velocity-regularization parameter, α in equation (A6)
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Figure 4 a), b), c), d) and f), g), h), i) The development of the model during the modelling sequence in Table 3. e) and j) The final model from the
modelling sequence in Table 4. The same colour scale is used for all velocity models and all ray density distributions respectively. In c) (iteration
4) an annotated white transparent area A marks an interpreted low-velocity layer.

- The objective-function minimization parameter, the maximum desired value of the objective function #($m) (equation
(A6))
- The gridding of the model
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The initial model to be used for tomographic inversion is
defined as two-layer with the upper layer as the sea and the
lower layer below the sea-bed (Fig. 4a). The upper layer (the
sea) is considered to be homogeneous with a velocity of 1480
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Table 3 The first inversion sequence. RMS: deviation between
picked and modelled travel times, VRP: velocity-regularisation parameter and OFMP: objective-function minimisation parameter. e.g.
velocity-regularisation parameter = 100 and objective-function minimisation parameter = 0.1 are used to arrive at the first iteration.
Model

RMS

VRP

OFMP

Initial model
Iteration 1
Iteration 2
iteration 3
Iteration 4
Iteration 5
Iteration 6
Iteration 7
Iteration 8
Iteration 9
Iteration 10

0.0178
0.0080
0.0045
0.0026
0.0022
0.0020
0.0019
0.0025
0.0073
0.0075
0.0075

100
30
10
3
1
0.3
0.1
0.03
0.01
0.003

0.1
0.03
0.01
0.003
0.001
0.0003
0.0001
0.00003
0.00001
0.000003

m/s while the layer below the sea-bed is the one considered
for inversion. To ensure the presence of turning rays from
the substratum, the velocity distribution of the lower layer
has a positive vertical velocity gradient. Apart from this the
velocity distribution below the surface was chosen with no
assumptions of prior knowledge.

The velocity is defined at nodes of a 2D grid in the vertical
plane of the survey line. Each velocity layer has a limit of 1000
grid points. A wide range of gridding was tested including
non-regular grids. The best performance was with a 50 × 20
(horizontal x vertical) grid, equivalent to approximately 20 m
vertical and 30 m horizontal spacing.
The inversion was first done following Ditmar et al. (1999),
by starting with a high velocity-regularization parameter and
decreasing by a factor of 3–5 for each iteration, keeping
the objective-function minimization parameter at no more
than 1% of the velocity-regularization parameter. We present
an inversion sequence that was followed for 10 iterations
(Table 3). At each step the quality of the inverted model was
considered. The primary quality parameters supplied by the
WARRP code are the ray density distribution (Fig. 4f–j) and
the root-mean-square (RMS) deviation between picked and
modelled traveltimes (Table 3). The inverted model was also
assessed by inspecting raypaths and traveltimes on individual
gathers (e.g., Figs 5 and 6).
Further, quality was estimated by relating the inverted
model to the known geology in the area. In fact the comparison between the model and the geology was weighted
more than the quality estimation based on traveltimes. Based
on RMS deviation the desired solution would be at iteration

Figure 5 Traveltimes and raypaths for the final velocity model. Shot gather 4.
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Figure 6 Traveltimes and raypaths for the final velocity model. Shot gather 46.
Table 4 The final inversion sequence.
Model

RMS

VRP

OFMP

Iteration 1
Final inversion

0.0080
0.0041

0.005

0.00001

4, 5 and 6. But these solutions do not reflect the layering of
basalt flows in the area (Passey 2005) and were thus rejected.
After the first iteration, the model starts to develop a lowvelocity zone in the middle that was more pronounced for
each iteration (closed green contours in Fig. 4c–e). This lowvelocity zone was interpreted as the computational expression
of a low-velocity layer, as illustrated by the area marked A in
Fig. 4(c). The handling of a low-velocity layer puts greater
demands on the modelling parameters. Failure to model the
low-velocity layer affects the velocities below the low-velocity
layer; in other words, the errors propagate to other areas.
To produce an overall traveltime corresponding to the picked
events, velocities in area A (Fig. 4c) that are too high result in
velocities that are too low in other areas of the model. Different velocity-regularization parameters and objective-function
minimization parameters for the gradual step-by-step inversion were tested but all failed to model the expected layered
structure of successive basalt flows.
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The best results were obtained with a quite different approach that allowed us to obtain the final model in only
two steps. The first iteration used the same high values of
velocity-regularization parameter and objective-function minimization parameter as in the first approach to obtain an initial model, a coarse model that with least details still produces
traveltimes close to those of the picked events (iteration 1 in
Table 4). The next iteration was performed with the lowest
possible values of the velocity-regularization parameter and
objective-function minimization parameter that the algorithm
could handle, thus minimizing the effect of the regularization
condition (final inversion, Table 4).
Whilst this result (Fig. 4e) in terms of the RMS deviation
performs worse than most of the stepwise iterations (Table 3),
it shows a better modelling of the interpreted low-velocity
layer and when regarding the geology in the area the velocity distribution is consistent with the strike and dip of flows
(Passey 2005). The contrast between the RMS deviation and
quality assessment of the model must also be seen in light
of the amount of modelled arrival times, so although iteration 4 has lower RMS deviation than the final inversion it is
apparently based on far fever traveltimes as indicated by the
ray density distributions of the models (Fig. 4h and Fig. 4j).
Figures 5 and 6 show two seismic shot gathers representing
forward and reverse shooting with raypaths and traveltimes
based on the final inversion.
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Figure 7 Effects of uncertainty on the final model. a) Random error between ± 5 ms on picks; b) + 5 ms time shift on picks; c) shifting the
streamer 5 m to the north. Same colour scale for all velocity models. d), e) and f) Respective velocity ratio relative to the final model (Fig. 4e).

Error calculation
Uncertainties can be characterized as dependent or independent. Independent uncertainties are related to picking of events
and non-systematic errors in receiver and shot point positions.
Effects of independent errors were tested by imposing a random error of ± 5 ms on all picks and then inverting with the
same parameters as for the final inversion. Comparison shows
a velocity difference of less than ±5% (Fig. 7a and Fig. 7d)
relative to the final inversion.
Dependent uncertainties are considered in relation to systematic errors in zero times of the gathers and systematic
errors in positions of receivers and shot points. The response
to the systematic error in zero time of the gathers was tested
by time shifting all traces the same amount, 5 ms downwards. The very shallow velocities are affected as velocities
below the sea-bed are as much as 10% lower, velocities onshore as much as 15% lower. The deeper velocities are within
±15% of velocities relative to the final inversion (Fig. 7b and
Fig. 7e).
⃝
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Systematic errors in receiver and shot positions are related
to the streamer layout relative to the geophone layout. Whilst
there is good constraint on the position of the geophone layout
the position of the streamer layout is liable to larger uncertainties in the north-south direction. According to the uncertainty
analysis on the positioning of the streamer the streamer was
shifted 5 m to the north. The modelling response shows velocities within 5% of those from the original models (Fig. 7c
and Fig. 7f).
Tie to surface mapping
The correlation to the known geology in the area serves two
purposes: the velocity distribution establishes velocity properties of geological structures in the area and it indicates the
extent to which it is possible to interpret geological structures
directly from the modelled profile.
As part of the SeiFaBa project (Japsen et al. 2006), Passey
(2005) performed a geological study of the area surrounding
the Glyvursnes-1 well to establish the stratigraphy of the
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Figure 8 The velocity profile with the extrapolated markers annotated
A, B and C. D marks the intersection of C with the sea-bed. The
vertical black line in the middle of the model shows the depth profile
along which velocities were extracted for comparison with log and
VSP velocities.

younger rock units that were not encountered in the well and
to evaluate any structural features in the area. The lowest part
of the mapped stratigraphic sequence intersects with the modelled profile. Based on the expected seismic properties of the
mapped units, a few markers, A, B and C (Fig. 8), are defined
for use in the correlation with the modelled profile. The section between A and B consists mainly in a 25–35 m thick tabular basalt flow and is thus expected to be a high-velocity layer.
The section between B and C consists mainly of a ∼4 m thick
sandstone, an ∼8 m thick tabular basalt flow and a 9–16 m
thick volcaniclastic sequence and is thus expected to be a relatively low-velocity layer.
The markers were extrapolated onto the modelled profile according to the geological mapping (Fig. 8). The section between markers A and B does in fact correlate with a
well-defined high-velocity section of the modelled profile and
the section between markers B and C correlates with a lowvelocity section of the modelled profile. The velocity distribution complies well with the dip of the extrapolated markers.
The place where marker C crosses the sea-bed (D in Fig. 8)
coincides with the base of a low-velocity zone, while farther
to the left the low-velocity zone extends below marker C.

QUANTITATIVE CORRELATION TO
VELOCITY WELL LOGS
The VSP and velocity logs
Interval velocities were derived from VSP data by picking
traveltimes. First breaks were picked on the first maximum
gradient of the signal, i.e., the first zero-crossing of the second
derivative. A comparison between the VSP-picked traveltimes
and the traveltimes calculated from the velocity log showed
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Figure 9 Asterisks show picked VSP traveltimes while the curves show
cumulative interval time from the velocity log; plotted as reduced time
where tR = t/vR and vR = 4000 m/s.

Figure 10 Comparing horizontal and vertical P-wave velocities.

that although the two are similar, traveltimes from the velocity log were slightly lower (Fig. 9). The difference of ∼2.8%
agrees with Shaw (2006).
The delay in VSP traveltimes is also in agreement with a
study by Stewart, Huddleston and Kan (1984) who reported
that the VSP traveltimes are delayed by 2.0 ms/1000 ft on
average. They attributed this to the different travelling pattern
of the high-frequency sonic log signal and the low-frequency
VSP signal and showed that short-path multiples and velocity
dispersion can account for the seismic pulse delay. We take
a different approach to explain the time delay of the seismic
signal by the rescaling of the sonic log to scales of the seismic
signal.
The frequency of the signal used for logging was about 23
kHz (Waagstein and Andersen 2003) while the VSP signal had
a centre frequency of ∼33 Hz (Shaw 2006). In other words,
logging the data compares to looking at the earth in scales
of centimetres whilst the VSP compares to seeing the earth in
scales of decametres.
Backus averaging analyses (Backus 1962) of the log data by
least RMS traveltime deviation between logged and VSP data
for various averaging intervals show best fit for an averaging

2012 European Association of Geoscientists & Engineers, Geophysical Prospecting, 61, 168–186

178 U.K. Petersen, R.J. Brown and M.S. Andersen

interval of ∼25 m. This can be interpreted as indicating that
the seismic signal used for the VSP in some aspects sees the
earth at a resolution of ∼25 m.
At the 25-m Backus-averaging interval, the traveltimes from
the velocity log and the VSP correspond very well (Fig. 9) and

there is still good consistency between the details of the two.
There is, however, a section in the 100–200 m depth range
where the traveltimes deviate significantly and consistently.
This can be a matter of the horizontal extent covered by the
signal. The full sonic log is affected by properties only in the

Figure 11 Shot gathers 4: traveltimes from full-waveform synthetics versus ray theory. See Fig. 5 for the seismic gather.

Figure 12 Shot gather 46: traveltimes from full-waveform synthetics versus ray theory. See Fig. 6 for the seismic gather.
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Figure 13 Traveltimes and raypaths at the location of the downhole geophone. Upper: the full-waveform synthetics, middle: seismic gathers;
lower: raypaths.

vicinity of the well location (scales of decimetres), whilst the
VSP signal is affected by properties over a much larger distance
(scales of decametres).
VSP traveltimes were converted to interval velocities at various averaging intervals. For 30-m intervals, realistic velocity
values were obtained and these show good agreement with
the logged velocities (Fig. 10)
Comparing the modelled profile to VSP and velocity log
A quantitative comparison between modelled velocities and
velocities from VSP and logs is obtained by extracting velocities from the model along a depth profile corresponding
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to the vertical position of the Glyvurnes-1 well (Fig. 10; see
Fig. 8 for location).
Down to 0.1 km depth the modelled velocities resemble the
interval velocities from the log, although the modelled velocities are significantly lower, by up to 1 km/s. At 0.1–0.13 km
depth the modelled velocities coincide with the log velocities
and below this the modelled velocities are higher than the log
velocities. Below 0.13 km depth the modelled velocities lose
the details of the velocity distribution.
A comparison of the vertical and horizontal P-wave velocities at 25-m Backus averaging shows that throughout the
total depth, the horizontal P-wave velocity is higher. While in
most sections the difference is small, there are sections with a
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Figure 14 Final velocity model from Fig. 4(e) with suggested lowvelocity layers I, II and III annotated.

Figure 15 Layered model. Black vertical line at the middle of the
model shows the location of the depth profile along which velocities
were extracted for comparison with log and VSP.

large difference, e.g., in the 0.32–0.35 km depth interval the
difference is ∼0.5 km/s (Fig. 10).
A comparison between VSP velocities and modelled refraction velocities is equivalent to a comparison between vertical
and horizontal P-wave velocities since the VSP velocities are
derived from vertically propagating waves and the modelled
velocities are derived from near-horizontal raypaths. However, differences in details between the 30-m interval VSP
velocities and the modelled velocities make comparison difficult (Fig. 10). Therefore, the modelled velocities were compared with 100-m interval VSP velocities. In areas with good
ray coverage the modelled velocities were lower than the
VSP velocities, contrary to results from the Backus averaging
(Fig. 10).

Full-waveform modelling
When using the ray theory for tomographic inversion on
small-scale seismic profiles, as in the present case, it should
be considered to what extent the solution is also valid for
full-waveform signals. To validate the solution, we compared
full-waveform synthetics with traveltimes from the ray theory.
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The ELA2D finite-difference full-waveform code
(RELEASE 1.1 1997) by Joachim Falk was used for
the full-waveform modelling. This code is based on the
finite-difference method of Virieux (1986). The input for the
modelling consists in grids of P- and S-wave velocities and
densities. P-wave velocities came from the final velocity model
(Fig. 4e); S-wave velocity for the water layer was set to 0
and for the subsurface it was set from the general V P /V S
ratio of 1.8 for basalts (e.g., Waagstein and Andersen 2003).
Densities were assigned as 1000 kg/m3 for the water layer
and 2500 kg/m3 for the subsurface as an estimated average
from the density log.
The full-waveform synthetic confirmed that for surface seismic data the final velocity model (Fig. 4e) produces valid traveltimes of first breaks for a 30-Hz Ricker wavelet (Figs 11 and
12) except for a small section of the farthest offset of gather
46, where the traveltimes from the ray theory have a delay
relative to the full-waveform data.
However, when verifying the model against the data
recorded on the downhole geophone at a depth of 400 m
in the Glyvursnes-1 well, the solution is invalid in all aspects.
Firstly there is an inconsistency between traveltimes by the ray
theory and from full-waveform synthetics (Fig. 13 upper) and
secondly the model produces incorrect traveltimes relative to
seismic data (Fig. 13 middle).
The model from the tomographic inversion (Fig. 4e) shows
indications of the layered structure of basalt flows. The horizontal continuation of the layers is, however, incomplete. The
inverted model is interpreted to contain three low-velocity layers: I, II and III (Fig. 14). The strike and dip of layers from
surface mapping in the area (Passey 2005) were used to establish the suggested location of the low-velocity layers.
A layered model was defined based on this interpretation
(Fig. 15). Except for the uppermost layer, the layers were
defined as homogeneous with flat interfaces. The velocities
for the layers were derived from areas in the final velocity
model with high ray density (Figs 4e and Fig. 4j). The velocity
distribution in the uppermost layer in the subsurface came
directly from the tomographic inversion.
The modelling of interfaces as flat and layers as homogenous does not reflect the expected structure of flows and flow
interfaces (e.g., Waagstein and Andersen 2003; Passey 2007;
Shaw et al. 2008; Bean and Martini 2010). These properties
are indeed considered important for understanding the seismic properties of successive basalt flows but are beyond the
scope of this paper, where we focus on seismic traveltimes.
Some of the small-scale detail of the velocity distribution in
Fig. 4(e) could be interpreted as real properties of the basalt

2012 European Association of Geoscientists & Engineers, Geophysical Prospecting, 61, 168–186

P-wave velocity distribution from refraction seismic analysis 181

Figure 16 Shot gather 4: traveltimes from full-waveform synthetics versus ray theory; upper: seismic gather with full-waveform synthetics as
yellow background; middle: full-waveform synthetics; lower: raypaths.

flows; however, when considering that these, to some degree,
are artefacts of the method, we decided to use the large-scale
velocity distribution of the model as the basis for the layered
model. Each layer in the model could very well represent the
combined property of many basalt flows.
The seismic response from the layered model (Fig. 15) agrees
with the seismic data and the downhole-geophone data –
considering both traveltimes from the ray theory and fullwaveform synthetics (Figs 16–18). It should however be noted
that the full-waveform synthetics show high amplitudes for interface waves and post-critical-angle reflections that are not
present, or that have much smaller amplitude, in the seismic
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data. This is attributed to the simplified modelling of interfaces as flat and the layers as homogeneous (Fig. 16).
Traveltimes from reflections at the two deepest interfaces
tie to events on the gathers (interfaces 5 and 6 in Fig. 17).
Reflections from interface 5, with a zero-offset time of 0.11
s, tie to a zero crossing from above that correctly represents a
positive reflection; and reflections from interface 6, with zerooffset time at 0.16 s, tie to a zero crossing from below that
correctly represents a negative reflection. At the Glyvursnes-1
well location the depth of interface 6 is ∼300 m, which thus
represents the depth at which the character of the sonic log
changes from large alterations in velocities to a more stable
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Figure 17 Shot gather 46: traveltimes from full-waveform synthetics versus ray theory; upper: seismic gather with full-waveform synthetics as
yellow background; middle: the full-waveform synthetics; lower: raypaths. Traveltimes from interfaces 5 and 6 are marked on the figure.

velocity trend. This represents a marker close to the base of
the Upper Basalt Formation at 355 m depth (Waagstein and
Andersen 2003).

DISCUSSION AND CONCLUSION
The principal objective of this work was to gain an understanding of the applicability of shallow surface-seismic traveltime tomography in basalt-covered areas. The tomogram
(Fig. 4e) gives velocity information about and correlates to
geology in the area, although clearly the velocity distribution
does not reflect the expected basalt-flow structure. The a priori
geological mapping of the area (Passey 2005) played a signifi-
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cant role in the interpretation of the solution. Whereas Ditmar
et al. (1999) recommended a gradual decrease of the smoothing constraint over several iterations, we conclude that, in
the present case, first obtaining a smoothly varying starting
model that produces traveltimes close to picked events and
then doing the inversion in a single iteration with minimized
smoothing constraint gives the best result.
The better result from two-step inversion relative to the
gradual approach is attributed to the current case of multiple
velocity inversions (high-velocity layer overlying low-velocity
layer) having a detrimental effect on the ray coverage in the
form of shallow penetration and uneven ray density distribution. The smooth starting model has a relatively even ray
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Figure 18 Traveltimes and raypaths at the location of the downhole geophone based on the layered model. Upper: the full-waveform synthetics;
middle: seismic gather; lower: raypaths.

density distribution and the traveltime residuals contain information that is utilized in the two-step inversion sequence. The
gradual inversion sequence, however, develops a more uneven
ray density distribution for each iteration and loses thus some
of the initial information.
All considered, stand-alone traveltime tomography based
on the ray theory must be seen as an inadequate method for
imaging the current profile, although the tomogram gives usable velocity information for the near-surface geology. However, based on the interpretation of the tomogram and geological mapping, a model was defined (Fig. 15) that produces correct traveltimes for first arrivals and is consistent
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in comparison with full-waveform synthetics for all gathers,
including the downhole-geophone gather. This model is well
documented and is a valid, although simplified, velocity distribution of the profile.
Comparing velocity log and VSP with the tomogram shows
that in the uppermost 100 m the velocities from tomographic
inversion are significantly lower (Fig. 10). This could be indicative of anisotropy, as log and VSP represent vertical velocities whilst the tomogram resembles horizontal velocities. This
is also in line with Kiørboe and Petersen (1995) who reported
a 10% lower horizontal P-wave velocity in the uppermost 800
m around the Lopra well. However, the apparent anisotropy
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could also be an artefact of the method, as an overall positive
vertical velocity gradient is needed for turning rays from the
substratum for surface seismic acquisition geometry.
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farmer Sjúrður Patursson and the fish-farming company Gulin
for help and goodwill during all acquisition at Glyvursnes.
Thanks to Landsverk (the Faroese Office of Public Works)
for assisting with high-accuracy position measurement. And
finally, thanks to all the driving forces behind the SeiFaBa
group.
REFERENCES
Andersen M.S., Worthington M., Mohammed N.G., White R.S.,
Shaw F. and Petersen U.K. 2004. Seismic Experiments at
Glyvursnes, June-December 2003, Aquisition report. Geological
Survey of Denmark and Greenland, report 2004/37.
Backus G.E. 1962. Long-wave elastic anisotropy produced by horizontal layering. Journal of Geophysical Research 67, 4427–4440.
Bean C.J. and Martini F. 2010. Sub-basalt seismic imaging using
optical-to-acoustic model building and wave equation datuming
processing. Marine and Petroleum Geology, 555–562.
Bohnhoff M. and Makris J. 2004. Crustal structure of the southeastern Iceland-Faeroe Ridge (IFR) from wide aperture seismic data.
Journal of Geodynamics 37, 233–252.
Boldreel L.O. 2006. Wire-line log-based stratigraphy of flood basalts
from the Lopra-1/1A well, Faroe Islands. Geological Survey of Denmark and Greenland Bulletin 9, 7–22.
Brook R.A., Landrum R.A. and Sallas J.J. 1993. Report to the SEG
Technical Standards Committee regarding proposed polarity convention for vibratory source/recording systems.
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APPENDIX A
THE TOMOGRAPHY ALGORITHM
The tomographic inversion of refraction seismic data is a matter of inverting traveltimes to a velocity model. This means:
what velocity distribution does a model need to have in order
to produce traveltimes that reproduce the observed traveltimes?
A condition for finding a solution is that the traveltimes can
be related to a parametrized model. One way to parametrize
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the model is to divide it into cells – or to grid the model.
The total traveltime for a certain source-receiver pair is then
a summation over the time spent in each cell
ti =

M
!

$s j p j ,

(A1)

j=1

where ti is the traveltime for a certain source-receiver pair
and M is the number of cells in the gridded model. $sj is the
travelled length in cell j of the model and $pj is the slowness
in cell j of the model.
The inversion of traveltime data is a matter of finding pj .
But the distances travelled in each cell, $sj , is unknown. By
imposing modelled traveltimes from an initial model a traveltime residual can be expressed by
$ti =

M
!

$s j $p j ,

(A2)

j=1

where $ti is the difference between the observed and modelled
traveltimes and $pj is the difference between the slowness of
the initial model and that of the desired model. In matrix form
this is
A$m = $t.

(A3)

$t is a vector containing the traveltime residuals for all sourcereceiver pairs, $m is the model residual consisting in all $pj
and A is a (imax x jmax ) matrix of $s. The matrix A is determined from the initial model. Subtracting $m from the initial
model m0 will then give a model more consistent with the observed traveltimes. The desired vector, $m, is not found from
matrix inversion due to the high computational cost. Instead
an objective function is designed:
#($m) = ∥A$m − $t∥1 ,

(A4)

which is to be minimized. This is the general formulation of
the problem. The inputs for equation (A4) are the wave paths
calculated from an initial model and the traveltimes from the
first breaks.
It is common practice to calculate the wave propagation
based on the ray theory. This offers a computationally costefficient method for doing the job. However, the ray theory
is a high-frequency approximation and does not account for
diffraction effects. The ray theory is in fact only accurate for
modelling anomalies down to the scales of the first Fresnel
zone, i.e., a few wavelengths (Williamson 1991; Williamson
and Worthington 1993). Alternative methods of obtaining
wave paths and traveltimes have been suggested by various
authors (e.g. Červený and Soares 1992, Vasco, Peterson and
Majer 1995).
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The WARRP (version 3.0.17) program package used for
the current project is based on the inversion scheme outlined
in equation (A4). The following is an outline of the inversion
algorithm. For details on the inversion algorithm we refer to
Ditmar et al. (1999).
The objective function in equation (A4) is sensitive to noisy
data, as the model parameters will be unrealistically high or
low in order to satisfy erroneous traveltimes. Therefore some
kind of smoothing is used to lessen these effects (Phillips and
Fehler 1991). In the WARRP algorithm the smoothing is applied with a regularization condition (equation (A5)):
%
% &
$
" # $
∂n(x, z) 2
∂n(x, z) 2
+
10
dxdz.
(A5)
R=
∂x
∂z
%1
%1 is the area covered by the velocity grid and n is the model
vector $m. It should be noted that for purposes of inversion
the model vector, here defined as change in slowness, is defined as the fractional change of slowness in the description
by Ditmar (1999).
The regularization condition involves an expression for the
magnitude of the change of the model vertically and horizon-
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tally. The factor 10 in the first term accounts for the assumption that vertical variations are more probable than horizontal ones. The intensity of the regularization is controlled by a
velocity-regularization parameter, α, which appears in:
#($m) = ∥A$m − $t∥1 + α R.

(A6)

The raypaths and traveltimes necessary for the inversion are
calculated from the ray theory with the SEIS83 code (Červený
and Pšenčı́k 1984). The current project represents a shallow,
small-scale profile, where the section under investigation is
expected to have large heterogeneities over small distances.
So the limitations of the ray theory for refraction tomography
are definitely an issue here. The shortcomings of the ray theory
are expected to have their greatest effect in areas with low ray
coverage, while areas with large angular coverage are expected
to be less influenced.
Finally, it should be emphasized that the results of the inversion are non-unique. This implies that the solution must
be viewed in relation to expected geology and other a priori
information in order to disqualify unrealistic models.
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