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Abstract

New seismic reflection data have been used to image intra- and sub-basalt features beneath the
Faroe-Shetland basin in the North Atlantic, where flood basalts and their complex internal structure
hinder successful seismic imaging. We demonstrate that acquisition and processing of low-frequency,
long-offset marine seismic streamer data and recordings from ocean-bottom seismometers have the
potential to enhance imaging and interpretation of seismic reflections from within and beneath basalts.

Introduction

The North Atlantic continental margin was formed by continental break-up in the early Tertiary,
which was accompanied by massive production of flood basalts covering pre-existing sediments
(White and McKenzie, 1989). In summer 2002, seismic data were acquired successfully along the
375 km-long iSIMMO2A profile east of the Faroe Islands (Figure 1). Figure 2 shows an overview-plot
of the entire seismic reflection profile iSIMMO2A, which covers a range of basalt environments: the
southeast flank of the Faroe-Shetland Basin is a basalt free region and basalt cover increases to the
northwest over the Fuglgy Ridge, across the continent-ocean transition east of the Faroe Islands and
out over oceanic crust beneath the Norwegian Sea.

The highly reflective top and base
boundaries of basalts and their complex
internal structure make successful
seismic imaging difficult (Fliedner and
White, 2001). The basalt layers
typically create strong  multiple
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Figure 1. Faroe-Shetland region (bathymetry contours at 500 m interval) and location of iSIMMO2A seismic
reflection profile. Black line indicates portion of profile used in this study.
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Figure 2. iSIMMO2A seismic reflection profile. Box marks the location of seismic reflection data shown in detail
in Figure 3. Black triangles indicate 85 OBS positions, blue triangle denotes location of OBS 29 shown in this
study. TB indicates the top-basalt boundary, BB the interpreted base-basalt reflection, and BM the interpreted
Cretaceous basement reflection. Data courtesy of WesternGeco.

Data acquisition and processing

Stacked basalt flows typically exhibit a low-pass character to seismic waves (Ziolkowski et al., 2003).
Therefore, an airgun array was designed to produce constructive interference of the first bubble pulses
of the individual airguns (Avedik ef al., 1996), which yields a significant amount of low-frequency
energy in the resulting seismic signal. Additionally, the large tow depth of the air-gun array of 18 m
further enhances the low-frequency, broad-band character of the seismic source signature. Details of
the source design and data acquisition are published by White et al. (2002) and Christie et al. (2005).

Other typical characteristics of stacked basalt flows are the large velocity contrast at the top-basalt
boundary and the high impedance contrasts between the intra-basalt layers, which both cause
significant loss of seismic energy. To compensate for the seismic loss, and to produce a low-frequency
source signal we used a large air-gun array with a total volume of 167 litres (10,170 cu. in). To
maximise aperture for the reflected sub-basalt wavefield, long-offset data were acquired along the
iSIMMO2A profile by M/V Geco Topaz using a 12 km streamer. WesternGeco’s Q-Marine acquisition
system allows such large source-receiver offsets to be recorded with a small (3.125 m) receiver
sampling interval, which greatly benefits subsequent data processing.

Four-component OBS were also deployed along the profile (Figure 2), primarily to image the deeper
crust and the uppermost mantle. However, information from these recordings was also used to confirm
velocity estimates from the streamer data by examining diving waves through the basalt layer
(Figure 3). The OBS line was shot by the RRS Discovery, with airgun tuning modes similar to those
used for the streamer acquisition (Lunnon et al., 2003). The source array for the OBS acquisition was
designed for maximum output in the 5-20 Hz band, based on expected losses from effective Q
estimates derived from the Lopra borehole seismic analysis (Christie et al., 2005).

The processing sequence for the iSIMMO2A profile comprises shot-by-shot designature, extensive
de-multiple processing followed by pre-stack Kirchhoff time migration. To reduce multiple reflections
a 3-step process was followed: two passes in the Radon domain to suppress multiples from the sea
floor and the top-basalt boundary, and wavefield inversion based on the Kirchhoff integral to suppress
intra-basalt peg-leg multiples. The last step required uniform and dense shot and receiver distribution,
for which the Q-Marine system was ideal. Subsequent migration velocity analyses yield detailed
interval velocities, which were used in the interpretation process to characterise the various lithologies.
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data recorded at OBS 29 (see
Figure 2 for location). Left
panel illustrates synthetic data
modelled at this location (post-
basalt events excluded). BB
marks base-basalt reflection,
BM shows basement reflection
(green line on right panel), and
TB denotes basalt diving wave
(red line on right panel).
Fliedner and  White (2001)
showed that the diving wave
eventually hits the base of the
basaltic layer and encounters a

6 velocity decrease with depth if
it is underlain by sediments. At this point the turning ray terminates and the offset at which this termination
occurs depends upon the thickness and vertical velocity gradient of the basalt. Velocities and thicknesses
obtained from OBS were used as independent estimates in conventional velocity analyses presented in this study.
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Interpretation

Figure 4a shows the time-to-depth converted interval velocity field and Figure 4b the pre-stack time
migrated data along iSIMMO2A, both with the geological interpretation superimposed. The velocities
within the post-basalt sediments increase from ~1.6 km/s at the sea floor to ~2.8 km/s at the top-basalt
boundary and the seismic facies of these sediments (light yellow) is characterized by moderate
amplitude, strong continuous seismic reflections. Below this a steep velocity gradient occurs in the
first ~200 m of the basaltic sequence, followed by a continuous increase from ~4.5 km/s to ~5.8 km/s
within the ~2.5 km thick basalts. The orange coloured regions denote this massive basaltic sequence.
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Figure 4. (a) Interval velocity field and (b) pre-stack time migrated section with interpretation superimposed,
both after time-to-depth conversion. Velocities in the basalt layer are consistent with those seen in the Lopra
borehole (Christie et al., 2005).

The layer beneath the basalt flows (yellow) is also part of the volcanic phase, but clearly different
from the flood basalts. The reflection character changes from high amplitudes and strong continuous
events in the massive basalts to relatively low amplitudes and only moderately continuous horizons,
which indicates the transition into more heterogeneous hyaloclastite basalt breccias interbedded with
tuffs, sediments, and probably also sills. Furthermore, at a depth of ~5 km a velocity inversion from
~5.8 km/s to ~5.2 km/s occurs in both data sets, indicating the boundary between massive basalt flows
and underlying hyaloclastites. Another velocity inversion from ~5.2km/s to ~4.5km/s can be
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observed at a depth of ~7 km, which may be caused by the sub-basalt sediments (green) between
hyaloclastites and presumed Cretaceous basement (brown).

Conclusions

We conclude that recording low-frequency, long-offset data significantly improves the confidence in
data processing and subsequent interpretation of intra-basalt and sub-basalt features. The seismic
reflection data set recorded along iISIMMO2A reveals small-scale structures in this highly complex
environment and, in combination with the long-offset OBS recordings, provides accurate information
on the seismic velocities within and below the basalts, which are important both for improving the
quality of the seismic imaging and in interpreting the lithologies.
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