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Preface 

 

Not very long ago it was the general belief that it was impossible to find hydrocarbons in a volcanic 

region. Therefore it would not make sense to undertake exploration in a region like the Faroes shelf, 

which is located at the northwest European continental margin and covered with flood basalts. 

However, as hydrocarbon production commenced and developed in the North Sea, and continued up 

along the Norwegian coast, and migrated to the area west of Shetlands it became more credible – after 

a number of successful discoveries – that hydrocarbons might also be present in the sedimentary 

deposits beneath the volcanic basalts that extend from the Faroe-Shetland Channel into the Faroes 

Shelf. 

The scope of this thesis spans broadly and covers the main aspects of a general seismic survey – from 

planning and acquisition through processing to interpretation. The GlyVeST project, as part of a 

broader university programme with the humorous and apt name PUFFINS, was planned by Prof. Jim 

Brown and came about as a result of the growing exploration activity around the Faroe Islands early 

in this century. During Prof. Brown’s time at the University of the Faroe Islands quite a few university 

projects – from BSc through MSc to PhD – have been successfully spawned. As a result of these 

projects quite a few people have gained high competencies in the realm of geosciences. 

I want to express my gratitude to Prof. Brown for his unremitting help, encouragement and 

support during the work with my thesis. A project that went on for an extended period of time 

due to different reasons, the most prominent being obstacles as caused by IT – especially 

Linux – insufficiencies at the university. I want to express a special gratitude to the sponsors 

of the PUFFINS programme without which we could not have carried out any project.  
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I want to thank the University of the Faroe Islands, particularly the Department of Science 

and Technology, and the colleagues during the research period for inspiration and friendship. 
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them a prosperous future in a peaceful and harmonic world. 
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Abstract 

 

This thesis spans over three main scientific goals, which may be categorized as: 1) development of 

strategies for optimal data acquisition and processing of reflection seismic data, 2) tying of wells and 

seismic sections, and 3) testing of two geological hypotheses: the first is to test a geologically inferred 

strike-slip fault in Skopunar Fjord; and the second to test thickness variations of the Malinstindur 

Formation, applying joint interpretation of shallow- and deep-penetration seismic data. 

It is evident that the fold of coverage is crucial to create good-quality seismic images, even if it means 

a drop in air gun pressure due to denser shooting. The acquisition should be planned so that the CMP 

fold is high, and no less than about 24.  

Swell-noise attenuation of the raw data was initiated with an f-x technique, while residual noise 

attenuation was done cautiously with f-k filtering. Attacking the water-bottom multiples in this 

shallow-water area with a combination of τ-p deconvolution and SRME, then followed by post-stack 

deconvolution was quite successful. Migration was performed with the fast and accurate Stolt f-k 

algorithm. The final processed data show reflections that correlate with intrabasaltic horizons. 

In my data, there is no visible sign of any fault in Skopunar Fjord with a throw of 200-300 m, as has 

been suggested by others. If this fault existed, it would have had a temporal displacement of 100-200 

milliseconds that would have been easily observed on the seismic data. If the fault should exist 

anyway outside of the study area, a good approach would be to collect more seismic, at least two lines 

north and south off Sandoy. These lines would inevitably traverse the fault if it existed. 

Joint interpretation of shallow- and deep-penetration seismic data can be significantly more rewarding 

than the interpretation of one of these alone. This made it possible to interpret confidently an 

intrabasaltic stratigraphic sequence with an average thickness of about 1300 m. Isochore calculation 

shows ~100 m thinning over a distance of ~30 km. 
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1. Introduction 

 

1.1 Motivation and objectives 

In 2006 the PUFFINS project was launched at the University of the Faroe Islands. PUFFINS 

(short for Probing Underbasalt Formations in the Faroe Islands with New Science) 

encompassed several studies at different academic levels – and at different universities – 

including research programs of which the Glyvursnes-Vestmanna Seismic Tie (abbreviated 

GlyVeST) was included. 

This thesis spans over three main scientific goals, which may be categorized as: 1) development of 

strategies for optimal data acquisition and processing of reflection seismic data (chapters 3 and 4), 2) 

tying of wells and seismic sections (chapter 5), and 3) testing of geological hypotheses: The first is to 

test a geologically inferred strike-slip fault in Skopunar Fjord (chapter 6); and the second to test 

thickness variations of the Malinstindur Formation, applying joint interpretation of high-resolution 

and deep-penetration seismic data (chapter 7). 

This relates to some of the original points of the GlyVeST project: 

• To confirm, or disprove, a large change (~350 m) in the thickness of the MBF of the 

Faroe Islands from ~1400 m at Vestmanna to ~1050 m at Glyvursnes as indicated by 

results of the SeiFaBa project, and to investigate the nature of the thickness change. 

• Using tested optimal processing software flows and processing parameters, to obtain 

continuous exploration-seismic images, essentially marine-seismic images. 

As such, the testing of the hypotheses (2nd paragraph, Point 3 above) are the goals, while the 

first two points of the same paragraph are what was required to meet the goals. 

 



Chapter 2 – Faroe Islands exploration history – geological and geophysical background 

PhD thesis Page 21 of 196 Hilmar Simonsen 

2. Faroe Islands exploration history  

geological and geophysical background 

 

2.1 Introduction 

The Faroes Basin is one of roughly nine main sedimentary basins in the Northeast Atlantic 

Margin, the evolution of which has a time span of at least 350 Ma (Doré et al., 1999). The 

tectonic setting in the region is related to the close of the Caledonian orogeny in Devonian 

time. Rifting episodes can be distinguished in a 250 Ma interval, from the splitting of the 

Pangea supercontinent in Permo-Triassic until the continental break-up in the Early Eocene. 

Five major rifting episodes in the Northeast Atlantic Margin have been distinguished: in the 

Permo-Triassic, Jurassic, Cretaceous and Late Cretaceous to Eocene. 

In the last decades, there have been hundreds of publications dealing with many aspects of 

the Faroese geology, like: volcanic, structural, geophysical, geochemical, sedimentary, 

palaeontological (including palynological), tectonic, glacial, erosional and climatic. A couple 

of research programs studying the problem of subbasalt imaging have been performed around 

the Faroe Islands. Following a brief description below of the previous projects FLARE, 

iSIMM, and SeiFaBa, I will provide more details on this project (GlyVeST). 
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Figure 2-1: Crustal extension in the Northeast Atlantic Margin can be traced back to the Pangea 

supercontinent with a number of rifting episodes between the Permo-Triassic and the Early Eocene. 

The Laurasian continent finally broke apart and the North Atlantic Ocean was created (from 

www.usgs.gov). 
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2.2 General geological history 

As a consequence of several extensional episodes in the northeast Atlantic Margin persisting 

from the Permo-Triassic until Early Eocene, the Laurasian continent was split, the European 

and North American continents started to move apart and oceanic crust was created in the 

North Atlantic Ocean (Figure 2-1). Extensional episodes of Permo-Triassic, Jurassic, ‘middle’ 

Cretaceous and latest Cretaceous-Early Eocene age can be distinguished from one another in 

time and space in the Northeast Atlantic Margin (Figure 2-2). However, the full extensional 

history of the Northeast Atlantic Margin spans an approximately 350 Ma interval, between 

the closure of the Caledonian orogeny and early Eocene break-up (Doré et al., 1999). 

 

Figure 2-2: Stretching episodes in the Northeast Atlantic Margin can be distinguished from one 

another from Permo-Triassic till Early Eocene (yellow). However, the extensional history in the 

region goes back to Devonian time, between the closure of the Caledonian orogeny and early 

Eocene break-up (modified from the Geological Society of America, www.geosociety.org). 

In the Paleocene-Eocene, pulsating volcanism from the proto-Icelandic plume created a huge 
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basaltic platform known as the North Atlantic Igneous Province (NAIP). A significant part of 

the NAIP is represented by the Faroe-Rockall plateau extending from the Hatton-Rockall area 

in the south to the Faroe Islands in the north. The eruptive events that led to the building of 

the Faroe-Rockall plateau occurred over a relatively short period of geologic time 

(Waagstein, 1988). Basaltic rocks reckoned to be related to the proto-Icelandic plume are 

geographically widespread. They are recognized on Baffin Island, in western and eastern 

Greenland, in the Faroe-Rockall region, the Hebrides and Northern Ireland. 

Mapping of the structural geology of the Faroes Shelf is still in a developing stage, and is 

dependent on a larger number of wells providing more geological information. The ensuing 

description of the structural geology will be partly based on the abundant amount of released 

data from the Faroe-Shetland Basin and adjacent areas in the Northeast Atlantic Margin, and 

partly on released data from the Faroes Shelf. The onshore geology of the Faroe Islands has 

been well established thanks to the mapping of Rasmussen and Noe-Nygaard (1970 [1969]) 

as well as more studies in recent years. 

 

2.3 Tectonic evolution 

The tectonic evolution of the Faroes Shelf should be seen in the context of the evolution of 

the whole Northeast Atlantic Margin. This margin comprises a number of sedimentary basins, 

each with their distinct geological structural evolution and events of stretching and rifting. 

The Faroes Shelf, sometimes referred to as the Faroe Basin, is one of these basins. Spencer et 

al. (1999) divided the whole Northeast Atlantic Margin area into nine main basins and, up to 

that time, five of those basins had been the object of exploration since the 1970’s. They are 

the Halten Terrace, the Northern North Sea, the Faroe-Shetland Basin, the Slyne Erris 

Troughs, and the Porcupine Basin (some of them shown in Figure 2-3). Today, the Faroes 

Shelf with its 7 drilled offshore wells can be added to the number of basins that have been 

subjected to exploration. 

The Faroes Shelf and the other remaining three basins are so-called frontier basins, where 

exploration has either recently begun or is still under development. They are located on the 

outermost rim of the Northeast Atlantic Margin, areas either fully or partly covered by 

extrusive lavas. These are the Vøring Basin, the Møre Basin, the Rockall Basin and, as 

mentioned, the Faroes Shelf (some of them also shown in Figure 2-3). The evolution of the 
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North Atlantic Igneous Province is a classic example of the creation of a volcanic margin, or 

the transition when rifting is replaced by drifting. Allen and Allen (1990) put it this way: The 

evolution of a rift system into a passive continental margin takes place when new oceanic 

lithosphere is created at a spreading centre – the rift-drift transition. 

 

Figure 2-3: Basins and other structural features of the northern part (Faroe-Shetland to Norway) of 

the Northeast Atlantic Margin. The whole region (northern and southern parts) constitutes 9 main 

sedimentary basins. BD: Brendans Dome. BL: Bivrost Lineament. E: Erlend Centres. EFH: East Faroe 

High. FSB: Faroe-Shetland Basin. FSE: Faroe-Shetland Escarpment. GR: Gjallar Ridge. HH: Helland 

Hansen Arch. HT: Halten Terrace. L: Lofoten Islands. MR: Munkagrunnur Ridge. NNS: Northern North 

Sea. OL: Ormen Lange Dome. VE: Vøring Escarpment (after Spencer et al., 1999). 

The ~350 Ma tectonic evolution of the Northeast Atlantic Margin (Doré et al., 1999) 

commenced in the Devonian and persisted until the continental break-up in Early Eocene. 

The first depositional evidence of rifting, however, is from the Permo-Triassic and very 

obscure in the Faroe-Shetland Basin. In the Northeast Atlantic Margin as a whole, five 

geological periods of stretching have been distinguished – in the Permo-Triassic, Late 

Jurassic, Early Cretaceous, ‘middle’ Cretaceous, and Maastrichtian-Early Eocene followed by 

the onset of plate separation at ca. 53 Ma (Dean et al., 1999; Doré et al., 1999). 
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In the Faroe-Shetland Basin, rifting in the Cretaceous and Paleocene has been proven. A 

Jurassic rifting has not been established; however, 3D seismic data over the Corona Ridge 

(see Figure 2-4 for location) suggests that N-S trending faults may be of Jurassic age (Dean et 

al., 1999). Extension in the Faroe-Shetland Basin thinned the continental crust from 

approximately 21 to 7 km, yielding -a cumulative stretch factor (β) of 3 (Dean et al., 1999). 

Furthermore, deep crustal modelling across the Faroe-Shetland Basin and Northern Rockall 

Trough suggests the Atlantic Margin basins have been highly attenuated with β-values of 3-5. 

β decreases away from the basin axes according to Holmes et al., (1999). 

 

Figure 2-4: Location map showing the main structural elements of the Faroe Shetland Basin. It is 

bordered by the Corona Ridge in the west, the Rona Ridge in the East, the Judd Fault in the South, 

and the Erlend Platform in the North. Note that, in this figure, the Faroes Shelf is referred to as the 

Faroe Platform (from Naylor et al., 1999, where profiles AA’, BB’ and CC’ are shown). 

Both recent and earlier studies have yielded evidence of a continental remnant beneath the 

Faroes Shelf (Bott et al., 1974; Hald and Waagstein, 1983; Richardson et al., 1999). The 

Faroes Shelf is located closer to the continent-ocean-transition-zone (COT) than the Faroe-

Shetland Basin, which makes a high β plausible. A thick sedimentary pile beneath the flood 

basalts is evident from interpreted seismic data extending from the Faroe-Shetland Basin into 

the Munkagrunnur Ridge (Japsen et al., 2005) and borehole data in the SE part of the Faroes 
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Shelf. The continent-ocean transition is indicated on several seismic sections by seaward-

dipping reflector sequences to be some 100-200 km west of and approximately 50-100 km 

north of the Faroe Islands (Figure 2-3). 

 

Figure 2-5: North Atlantic reconstruction back in the Early Eocene. The area affected by the proto 

Icelandic mantle plume is kept within the circle (2000 km in diameter). Possible position of the 

location of the plume centre at onset is represented by the dashed line. The light purple shading 

represents areas covered by flood basalts, the dark purple shading represents seaward dipping 

reflectors sequences. RP and RT: Rockall Plateau and Trough. FSB: Faroe-Shetland Basin. MB: Møre 

Basin. MNVM: Mid-Norwegian Volcanic Margin (after Ritchie et al., 1999). 
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2.3.1 Basin development and sediment influx 

It has been mentioned that the cumulative continental stretch factor (β) may be considerable 

beneath the Faroes Shelf. Holmes et al. (1999) point out that deep crustal modelling across 

the Faroe-Shetland Basin and the Rockall Trough suggests that the Atlantic Margin basins 

have β-factors of 3-5 with maximum extension along the basin axes. Three provenance areas 

have been suggested for sedimentary influx into the Faroes Shelf in pre-Tertiary time. They 

are the Scottish massif, eastern Greenland (mainly the Kangerlussuaq area) and fault blocks 

of the Faroe-Rockall Platform. The relative contributions of these sources is still unclear and 

the subject of research. 

However, recent studies in the Faroes Shelf indicate that sediments beneath the basalts likely 

originate from the Kangerlussuaq area of eastern Greenland (e.g. Whitham et al., 2006; 

Parnell et al., 2006). This is possible because Greenland was close to the Faroes Shelf in 

Early Paleocene time and therefore may have contributed with an enhanced proportion of 

coarse clastic sediments with favourable reservoir properties. On the contrary, if the main 

proportion of sediments originates from the Scottish massif, this may have been too distant to 

transport coarse clastics to the Faroes area, implying poorer reservoir properties. 

 

2.4 The North Atlantic Igneous Province 

The Faroe Islands constitute a prominent feature of the North Atlantic Igneous Province 

(NAIP), which is a result of tremendous volcanism in Paleocene-Eocene time. Responsible 

for this volcanism, according to Ritchie et al. (1999), was the proto-Icelandic mantle plume 

that may have been activated as early as Late Cretaceous. Volcanic rocks and intrusions 

postulated to be associated with the proto-Icelandic mantle plume extend from localities on 

Baffin Island and west Greenland over the southeast and east of Greenland, the Faroe-Rockall 

area, the northern North Sea to the Hebrides and Antrim of Northern Ireland (Figure 2-5; 

Ritchie et al., 1999). In Eocene time these large volumes of extruded rock were spread over 

an area of roughly 2000 km in diameter. 
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2.5 The onshore geology of the Faroe Islands 

The first effort to produce a geological map of the Faroe Islands that covers the whole 

basaltic sequence was performed by Joannes Rasmussen and Arne Noe-Nygaard in the 1960s. 

That topic will be elaborated upon later in this chapter but a few comments will be made 

here. Rasmussen and Noe-Nygaard (1969) subdivided the onshore basalts of the Faroe 

Islands into six basic elements: 1) The Lower Basalt Fm, 2) The Coal-Bearing Sequence, 3) 

The Tuff Agglomerate Zone, 4) The Middle Basalt Fm, 5) The Upper Basalt Fm, and 6) 

Basaltic Intrusions. 

The basaltic formations are built up of numerous lava flows and sheet lobes (Passey et al., 

2006) each representing an eruptional event. Aa flows are generally thick (10–50 m), with 

intercalated sediments and tuffaceous deposits. These thick-bedded basalts are characterised 

by porosity variations within individual basalt beds and they dominate the Lower Basalt Fm 

(LBF). This lithologic succession is characterized by large, systematic, internal variations of 

most physical properties (Japsen et al., 2005). Pahoehoe flows are often of compound type, 

being made up of fairly thin basalt beds about 2 m thick on average. The compound flows 

may be separated by thin beds of tuff. Thin-bedded basalts are dominant in the Middle Basalt 

Fm (MBF) and parts of the Upper Basalt Fm (UBF) (Figure 2-6). The variation of physical 

properties, such as density and velocity, is moderate in this type of lava flows but is still 

significant compared to most sediments (Japsen et al., 2005). 
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Figure 2-6: Thick aa flows (Lower Basalt Fm) overlain by compound thin-bedded pahoehoe flows 

(Middle Basalt Fm) separated by a relatively thin coal-bearing horizon termed A. This cliff is ~400 m 

high and located on the west coast of Suðuroy at the mountain of Prestfjall (from Japsen et al., 

2005). 
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Figure 2-7: Columnar rocks at the shoreline of Froðba in the island of Suðuroy (photo from 

Jarðfeingi). 

 

2.5.1 Intrusions 

Fractures and cracks are abundant in the Faroe Islands Basalt Group. They most likely 

resulted from the cooling and contraction of the lava after it had been erupted and emplaced; 

but they may also, at least in part, have resulted from tectonic activity. The fractures and 

cracks, which may be vertically or horizontally oriented, or have a mixture of different 

orientations and shapes, have commonly been intruded by magmatic material that in some 

cases has been eroded more than the host rock to form gullies, gorges or caves; or, being 

more resistant than the host rock, to form prominent features, which may be exposed as walls, 

elongated ellipses or sausages, spheres or prisms. Sills are also common, some of them being 

huge and voluminous. Columnar rocks are a result of the solidification of intrusions in which 

the crystallization direction is perpendicular to the maximum cooling surface. One of the 

most dramatic examples of columnar basalts on the Faroe Islands is at the village of Froðba 

(Figure 2-7). Also at this location, material has been intruded into a curved hollow known as 

Kúlugjógv (meaning spherical gorge) (Figure 2-8). Another spectacular example of an 

intruded sill that has resulted in columnar basalt is the Giants Causeway of Antrim (Figure 
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2-9). 

 

Figure 2-8: Kúlugjógv (spheric gorge) resulted from lava intruded into a curved hollow (photo from 

Jarðfeingi). 
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Figure 2-9: A dramatic feature of the North Atlantic Igneous Province is the Giants' Causeway at 

Antrim, Northern Ireland. The feature is a basaltic sill that was intruded ~60 Ma ago (from 

www.raphaelk.co.uk). 

 

2.5.2 Intercalated sediments 

Between the lava flows of the Faroe Islands Basalt Group (FIBG) there are sedimentary units 

of varying characters at different locations. In the past these units were fairly underestimated 

from a sedimentological point of view, and with bias commonly classified as tuffs. Although 

tuffs are abundant, many other lithologies occur as well, such as volcaniclastic sandstones, 

conglomerates, reworked and organic sediments (e.g. Passey et al., 2006). The Sneis Fm is a 

thick volcaniclastic sandstone-conglomerate sequence deposited under mass-flow conditions 

whereby hyperconcentrated debris and stream-flow deposits are recognised. The Sneis Fm, 

although widely intruded by sills, exhibits a facies variation from north to south across the 

Faroe Islands, implying a gross southerly transportation direction (Passey and Jolley, 2006). 

A number of other mass-flow deposits, although not on the same scale, have been observed 

throughout the uppermost 1-2 km of the FIBG. Logging of the uppermost 1 km of the 

preserved FIBG has demonstrated an increased input of volcaniclastic material, most likely 

due to a waning eruption frequency. 
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Passey and Jolley (2006) point out that a number of key stratigraphic marker beds have been 

identified, aiding correlations between lava flow sequences from the different islands. Some 

of these volcaniclastic sequences were deposited on laterally continuous disconformity 

surfaces, representing significant hiatuses in the eruption of the lava flow sequences. One 

such surface is recognised roughly 240 m above the Sneis Fm by the presence of the 2-5 m 

thick Argir Beds, which are well exposed and easily mapped across Sandoy in the south and 

across southern Streymoy in the north. This disconformity surface is also characterised by a 

change in lava flow morphology and, in the NE of the Faroe Islands, by a marked change in 

petrology. The detailed correlation between the islands using the Sneis Fm and the Argir Beds 

has also enabled the detection of subtle structural movements between islands not previously 

recognised. 

Sedimentation played an active role during the development of the Faroe Islands Basalt 

Group (FIBG), creating transport conduits that possibly had a significant influence on 

deposition of volcaniclastic material into the Faroe-Shetland Basin. Passey and Jolley (2006) 

also point out that a number of the volcaniclastic sequences clearly show good porosities and 

permeabilities, although these have not been quantified. One such unit is the Sund Bed 

which, where present, constitutes the base of the Sneis Fm. It has not been affected by the 

closely associated intrusions or by the compaction of a more than 1 km thick sequence of lava 

flows. Intercalated sedimentary units, like the Sund Bed, may act as potential reservoirs 

within the FIBG. 

 

2.6 Petroleum geological history 

 

2.6.1 Introduction 

The West of Shetland area, British sector, is well developed in a petroleum exploration 

context, and there is a great amount of released data and literature to describe its tectonic and 

structural geological evolution. Exploration on the Faroes Shelf, on the other hand, is still at a 

rather preliminary stage. Therefore the ensuing petroleum geological analysis will put most 

emphasis on the British sector. However, the last two sections focus on the Faroes Shelf 

according to presently available data. 
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2.6.2 Atlantic Margin: The hunt for hydrocarbons 

More than 100 exploration wells had been drilled in the UK part of the Atlantic margin, and 

some geologists had written off the exploration potential, before BP discovered the Foinaven 

and Schiehallion oilfields to the west of Shetland in 1992 and 1993, respectively (The 

National Trust for Scotland, www.kilda.org.uk). The Foinaven field held between 250 and 

600 million barrels of recoverable oil, Schiehallion 340 million barrels, and the neighbouring 

Loyal field 85 million barrels of recoverable oil. These discoveries were a turning point with 

regard to the way the whole Atlantic Margin area was viewed. Actually, the Clair field, which 

lies 76 km west of Shetland, was discovered back in 1977 but its first phase of production did 

not commence until February 2005. This first phase involved the recovery of oil and gas from 

the central part of the field, which has estimated recoverable reserves of around 250 million 

barrels of oil (www.rigzone.com). 

Following the completion of the first Faroe Islands licensing round in 2000 most focus was 

on the west Judd Basin in the southeast corner of Faroese territorial waters. The motivation 

for this target was the Foinaven and Schiehallion discoveries some years earlier. Exploration 

targets were Paleocene sands (Smallwood and Kirk, 2005) where the hope was to strike quick 

discoveries under similar conditions to those applicable to the Foinaven and Schiehallion 

fields. The geological models forming the basis for the hunt in the Faroese area followed the 

models of the British sector of the Judd Basin. When the drilling of four wells had been 

completed in this area, it became clear that no hydrocarbons in economic quantities had been 

struck; except for the Marjun discovery, which needed further appraisal. An active petroleum 

system was proven in the whole area but suitable traps with a seal rock were lacking. Thus, 

apparently, the geological models that had been favourable on the British side of the border 

could not be extrapolated into the Faroese sector. 

The Amerada Hess-operated Marjun well varied from the other wells in that hydrocarbons 

were struck but the discovery was made at a considerably deeper stratigraphic level than 

initially targeted. The original target was at a maximum depth of 2800 m below mean sea 

level (bmsl), which is in the Paleocene. But no hydrocarbons were encountered at this level 

so the drilling was extended to a deeper level, which resulted in the discovery of heavy 

hydrocarbons at 4200 m bmsl, in the T10 Early Paleocene interval in a reservoir 170 m in 

gross thickness (Smallwood and Kirk, 2005). However, an appraisal program for Marjun on 
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the British sector turned out to be disappointing, and therefore the Amerada Hess group 

relinquished the license blocks in the Faroese sector as well as in the British sector. 

The problem with Marjun is the low permeability of the reservoir (as revealed at the Faroe 

Islands Exploraton Conference [FIEC], 2006). It is rather unclear how far the Marjun 

prospect extends into the Faroes Shelf. The porosity is lower than expected for its depth of 

burial. One hypothesis is that the reservoir layer is not currently at its maximum depth of 

burial but was subjected to uplift later in the Tertiary. Thus it has maintained the reduced 

porosity from the time it was buried at a deeper level. Another hypothesis is that pores may 

have been reduced as a consequence of high heat flow during the time the proto-Icelandic 

plume passed in the Paleogene. Finally, magmatic intrusions and underplating may have 

brought abnormal amounts of heat to the area. 

 

2.7 Industry seismic coverage 

The first seismic exploration in Faroese water was in 1975-1977, carried out by the company 

Western Geophysical. This included only a few kilometres of coarse-grid speculative 2D 

seismic data. No more seismic data were acquired until 1993 when Digicon collected a small 

amount of 2D seismic data. Since then, seismic data have been acquired almost every year by 

various companies both for exploration and research purposes. As of October 2001 

approximately 50,000 km of 2D seismic data had been acquired, plus approximately 10,000 

km2 of 3D seismic data (Figure 2-10). 
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Figure 2-10: Seismic data coverage (2D and 3D) on the Faroes Shelf as of October 2001 (left) 

compared to the coverage as of August 2010 (right). Primary focus has been in the E, SE and S areas. 

The largest portion of 3D coverage has been in the SE area as indicated by the shaded areas (figures 

provided by the Faroese Earth and Energy Directorate). 

 

2.8 Current seismic imaging capability in basalt 

Setting up a seismic survey for subbasalt imaging may differ from ‘conventional’ seismic 

surveying. In recent years much effort has been made to optimise surveying methods in order 

to obtain better data in areas covered by basalts or high-impedance layers in general. 

Although massive basalts possess high intrinsic seismic quality factors (Qint) – on the order of 

100-500 (Maresh et al., 2006) – seismic attenuation is a pronounced problem in flow basalt 

environments. A number of reasons have been found for this, including the scattering of 

signal at the layer boundaries, rugose layer boundaries, and the deterioration of the rock as 

manifested by fissures, cracks and fractures. In order to mitigate a part of this problem, low 

predominant frequencies, on the order of 20-40 Hz, have been utilised, but this is at the 

expense of seismic resolution. However, if the imaging targets are deep, the higher 

frequencies will not be transmitted anyway and it is better to see deep with low resolution 

than not to see anything at all. 
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With progressive improvements in computing power, implementation of more complex 

processing techniques have proven to be powerful in improving seismic images. Two of the 

most useful processes are waveform tomography and pre-stack depth migration (Maresh and 

White, 2005). For the specific case of subbasalt imaging, one of the main problems is the 

presence of multiples, particularly those from intra-basalt reflections, and improved multiple 

suppression is one of the most effective ways of enhancing the subbasalt image. But however 

good the processing, it is always better to start with high-quality data; and one of the main 

requirements is to record data rich in low frequencies. The reason for this is shown 

graphically in Figure 2-11, which illustrates the way in which waveforms with different 

frequencies are attenuated as they pass two ways through a 1000 m thick basalt sequence. For 

a typical effective quality factor (Qeff) of 30, the amplitude of a 40 Hz wavelet is decreased by 

nearly 90% in travelling through the basalt layer, whereas the amplitude of a 10-Hz wavelet 

decreases by only 40% (Maresh and White, 2005). 

 

2.8.1 Seismic attenuation in basalts 

Maresh et al. (2006) present two end-member cases on seismic attenuation in basalts: 

modelling of basaltic layering and modelling of rough surfaces. The purpose of the end-

member models was to investigate the impact of seismic attenuation from basalt layering and 

the impact of rugose surfaces of the single flows. It turns out that scattering is the dominating 

attenuating factor of basalt layers. Typical Qeff values for basalts around the world are in the 

range 15-50, as opposed to the intrinsic quality factor (Qint) of 100-500 of massive basalt. 

Maresh et al. (2006) measured Qeff in Well 164/07-1, in the northern Rockall Trough, from 

VSP to be 15-35. In-situ measurements on VSP data of the Uppper Basalt Fm (UBF) and 

Middle Basalt Fm (MBF) at the Glyvursnes-1 well-site in the Faroe Islands yielded Qeff-

values of 20-30. In-situ measurements of the MBF on the Vestmanna-1 well-site, Faroe 

Islands, yielded values of about 30 and in the Lower Basalt Fm (LBF) at the Lopra-1/1A 

well-site, Faroe Islands, values of 13-35. An ocean-drilling programme on the Norwegian 

margin yielded Qeff of 25 for flow basalts, for basalts at the Juan de Fuca Ridge 20-50 and for 

the Columbia Plateau basalts 48. All these values are very low compared to the Qint of basalts 

in the range of 100-500. 
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Maresh and White (2005) stated 3 main 

reasons for the poor return of seismic 

energy from beneath sequences of lava 

flows: 1) the high impedance contrast at 

the top-basalt horizon, 2) scattering 

induced by the rugosity of basalt surfaces, 

and 3) internal flow structure, which 

causes considerable further scattering 

through the body of the basalt sequence 

and also extensive intra-bed multiples. 

Finally, they stated that the effect of this 

scattering is particularly marked for high 

frequencies. Maresh et al. (2006), 

however, conclude that the main cause of 

seismic attenuation in plateau basalts is 

scattering caused by the layering of lava 

flows. Full waveform 1D modelling of 

stacked sequences of lava flows indicates that much of the seismic attenuation observed from 

the VSP can be accounted for by the scattering effects of multiple thin layers with high 

Figure 2-11: Effect of  the quality factor, Q, 

and the depth of  source and receiver on 

frequency dependent amplitudes of  seismic 

waves passing through basalt. All 

calculations are for two-way transmission at 

normal incidence through a 1 km thick 

basalt layer with an average seismic velocity 

of  4000 m/s. The incident wave has 

amplitude of  1 across all frequencies from 

0–80 Hz, so signal enhancement occurs 

everywhere the amplitude is greater than 1. 

(a) Effect of  varying Q. b) Effect of  

varying the source and receiver depth (both 

kept identical). (c) Effect of  holding Q 

fixed at the geologically typical value of  30. 

Lines show the effect of  different source 

and receiver depths (both identical). (d) As 

for (c), but with the receiver on the seabed 

in deep water. (From Maresh and White, 

2005). 
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impedance contrasts. Regarding the surface roughness they conclude that modelling of the 

rugose basalt surface at the top-of-basalt sediment interface suggests that surface scattering 

from this interface plays a much smaller role than internal scattering in attenuating the 

seismic signal as it passes through the basalt sequence. Furthermore they comment that an 

acquisition configuration can be designed to produce and record energy in the waveband 

allowed through by the filtering effect of the basalt section, and this can significantly enhance 

the effectiveness of subbasalt imaging. 

 

2.8.2 Factors benefiting subbasalt imaging 

Maresh and White (2005) dealt with the question: Is it possible to boost the seismic signal 

beyond the source and obtain stronger amplitudes from subbasalt structures? They made clear 

that this has actually been addressed in different ways. Research projects have been run that 

take advantage of the beneficial effects on amplitudes from long offsets. They went further 

demonstrating that better amplitudes are also obtained by optimizing the dominant frequency 

from the source. Referring to Figure 2-11a, the lower the effective quality factor (Qeff) the 

more rapid and extreme the loss of high-frequency energy compared to lower frequencies. It 

is clear that in order to record primary reflections from beneath thick basalts, it is important 

to optimize the sources and receivers to produce and to record broad-band data to much lower 

frequencies than are conventionally used for imaging sedimentary sequences. This requires 

the use of bigger air-gun chambers and towing both the source and receivers deeper in the 

water for amplifying the low-frequency response. However, the best low-frequency signal 

can be obtained by placing the receivers at the seabed. Ocean-bottom seismometers also yield 

the opportunity to collect multi-component signals and hence provide a much broader set of 

seismic data, allowing e.g. Vp/Vs conversion. 

However, when the source and receivers are towed at greater depths than the conventional 5-

8 m, not only the benefit of lower frequencies but also constructive interference of the 

primary signal may be obtained enhancing the amplitude. For a vertically downward 

travelling wave, constructive interference occurs when the source is towed at a quarter-

wavelength depth (Maresh and White, 2005). For example, at a frequency of 20 Hz and a 

speed of sound in water of 1500 m/s, constructive interference occurs if the source is towed at 

19 m depth (Figure 2-11). The resultant downward-travelling composite signal has an 

amplitude that is double that of the primary signal from the source. Exactly the same 
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interference effect occurs at the receiver. So if the source and the receiver are both towed at 

the optimum depth for a given frequency, then the resultant amplitude ideally is four times 

the primary amplitude. It belongs to the story, however, that this is the maximum 

improvement, assuming a perfect harmonic wavelet, which is never obtained in reality 

(possibly apart from vibroseis). 

 

2.9 Previous seismic research 

 

2.9.1 The FLARE project 

Probably the first experiment on subbasalt imaging on the Faroes Shelf was the Faroes Large 

Aperture Research Experiment (FLARE). It was carried out with the acquisition of three 2D 

seismic lines (FLARE-1 to 3) in summer 1996 located southeast and east of the Faroe Islands 

(Figure 2-12). 

Large-aperture seismic profiling is carried out by shooting alternately from two ships that are 

sailing in the same direction at a constant separation, and by recording data on both ships’ 

streamers. Increasing the distance between the ships and re-shooting, the profile yields 

continuous recordings to any desirable offset. The FLARE experiment set out to record 

continuous offsets up to 38 km (Fruehn et al. 1999; Fliedner and White, 2001). 

White et al. (1999) claimed that the two-ship synthetic aperture technique used in FLARE 

was highly successful: It provided seismic data capable of imaging through high-velocity 

basalt layers found throughout the western Faroe-Shetland basin. The basalt flows have 

seismic velocities of 4.5 to 5.5 km/s, thickness of at least 3.5 km beneath the islands, and they 

pinch out eastward. The subbasalt sedimentary section has velocities of 3.5 to 4.5 km/s and 

an average thickness of 2.5 km – occasionally up to 4 km. There were no sediments beneath 

the Faroe Islands resolvable by the seismic technique. 

Finally, White et al. (1999) remarked: As 7000-m streamers on 2-D seismic vessels become 

routinely available, it will be feasible to collect continuous seismic profile data with a single 

pass to offsets in excess of 20,000 m using the two-ship technique developed in FLARE. This 

is likely to lead to significant advances in hydrocarbon prospecting in areas containing large 
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basalt flows or sills, and will therefore be of importance throughout the northwest European 

frontier areas. 

 

Figure 2-12: Location of the FLARE seismic lines and land seismometer positions on Suðuroy (inset) 

(from White et al. 1999). 

 

2.9.2 The iSIMM project 

The iSIMM (integrated Seismic Imaging and Modeling of Margins) project was run from 



Chapter 2 – Faroe Islands exploration history – geological and geophysical background 

PhD thesis Page 43 of 196 Hilmar Simonsen 

October 2001 until November 2005 and was a major earth-scientific research project funded 

jointly by governments and the petroleum industry. The primary aim of iSIMM was to 

develop a new quantitative model for the development of rifted continental margins, 

supported by the acquisition of new seismic data from the UK Atlantic margin, targeted 

specifically to address this objective. 

In the summer of 2002 the iSIMM-team completed a seismic programme on the northwest 

European Atlantic margin with OBS acquisition and Q-Marine acquisition. Afterward they 

commented: "This project is pushing the frontiers of technology in seismic acquisition 

targeted at subbasalt and deep crustal imaging. These data will constrain new theoretical 

models which address the development of rifted continental margins, including the effects of 

dynamic support by mantle plumes and the production and intrusion of igneous melt". 

 

2.9.3 The SeiFaBa project 

SeiFaBa (short for Seismic and petrophysical properties of Faroe Basalts) was run from 2002 

till about 2006. It is a research project involving academic workers from various institutions. 

The purpose of SeiFaBa was to investigate the characteristics of wave propagation – 

including P- and S-wave responses – anisotropy, absorption and scattering in the Faroese 

basalts (cf. Japsen et al., 2005). The project was mainly centred at the Glyvursnes-1 borehole 

that was drilled in autumn 2002, and the Vestmanna-1 borehole drilled in 1980. The latter was 

reopened in 2002 and logged as a part of SeiFaBa. A third borehole, known as Lopra 1/1A 

(drilled in 1981/1996), was also important with respect to SeiFaBa. 

According to Japsen et al. (2005), the Vestmanna-1 well was drilled to 660 m in 1980, re-

opened to 590 m in 2002 and logged as part of the SeiFaBa project. The hole is located 30 km 

northwest of Glyvursnes-1 in the lower part of the Middle Basalt Fm (MBF) and extends 100 

m into the Lower Basalt Fm (LBF); a full-diameter core was also taken. The Lopra-1/1A well 

was drilled through the LBF to 2.2 km in 1981 and deepened to 3.6 km in 1996 without 

reaching the base of the volcanics. The upper 2.5 km are flood basalts and the remaining 

section is dominated by sub-aqueous hyaloclastites (lava that has cooled rapidly because of 

abrupt contact with water or ice). Six short cores of basalt were taken from this well. 

The Glyvursnes-1 well was drilled to 700 m in autumn 2002 as a slim borehole with wire-line 
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coring technique around the boundary between the Middle Basalt Fm (MBF) and the Upper 

Basalt Fm (UBF) on the shore of Glyvursnes; a full-diameter core was also taken here. As 

Glyvursnes lies in flat terrain, and a near-vertical shear zone is nearby the well, this place was 

considered to provide good conditions for combining VSP, offset-VSP and surface seismic 

experiments. 

 

2.9.4 Seismic experiments at Glyvursnes 

With respect to the seismic experiments at Glyvursnes, Japsen et al. (2005) conclude that 

within the individual basalt flows of the Faroes Shelf there are typically large variations in 

physical properties, largely governed by porosity, and sometimes the tops of the flows have 

rugged small-scale relief. The pronounced layering and local rugged relief may cause some or 

all of the following: internal multiples, forward and back scattering of the incident energy, 

multiple mode conversion, anisotropy, absorption and geometric spreading and low-pass 

filtering of the energy that propagates through a stacked layer of basalt flows. 

Since seismic wavelengths are an order of magnitude, or more, larger than typical basalt flow 

thicknesses, reflections are rarely seen from individual flows. The seismic response depends 

on the complex interactions of reflections from multiple flow units (Planke and Eldholm, 

1994; Smallwood et al., 1998). In the specific case of the Faroe basalts, synthetic sections 

representing multiple flows show that the reflectivity pattern and average velocities vary 

between the LBF, MBF and UBF, which each have distinctively different average flow 

thicknesses and properties. To study these effects, according to Japsen et al. (2005) three 

experiments around the Glyvursnes-1 borehole were carried out by the SeiFaBa group in 

2003: 

• Three VSP surveys with source offsets of 14 m, 242 m and 415 m. Two of the offset 

locations were on either side of a well-defined dyke/fracture zone. 

• Onshore and offshore high-resolution reflection data acquisition. 

• A dense array of 45 autonomous Guralp (6TD) seismometers deployed for a six-

month period around the site of the borehole. During the periods of controlled source 

seismic shooting, all sites maintained a sampling rate of 200 samples per second. For 

intervening periods when they were recording earthquakes, a sampling rate of 100 
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samples per second was used. In addition, three 400 m long (120 channel) 

independent temporary land arrays were set up using a mixture of one- and three-

component geophones. 

Throughout acquisition of the marine reflection seismic and the offshore–onshore, wide-

angle seismic data, a three-component borehole seismometer was held clamped at 400 m in 

the MBF in the Glyvursnes borehole. 

 

2.10 The GlyVeST project 

 

2.10.1 Project description 

In 2006 when the GlyVeST project was launched Prof. Brown made an outline of the idea 

with the project. This is an extract of the outline: "A line from Vestmanna to Glyvursnes 

closely follows the west coast of Streymoy, offering the rare opportunity of tying the two 

points with a joint marine and land reflection seismic experiment, i.e., offshore and onshore 

profiles. This zone is particularly appropriate for detailed study in view of the well-surveyed 

locations at both Glyvursnes and Vestmanna, where there are logged boreholes and additional 

surface seismic data. Results from these two places indicated, among other things, a large 

change in the thickness of the Middle Basalt Fm (MBF) – from about 1050 m at Glyvursnes 

(as indicated by seismic results) to about 1400 m at Vestmanna (as indicated by geologic 

mapping and borehole data). A detailed land and marine seismic survey along this profile will 

answer some very intriguing questions as to the nature of this thickness change and the 

tectonic (geologic) history of the Faroese region. It will help to answer questions about the 

relative roles of volcanism and sedimentation in this region, important to the understanding of 

the petroleum potential of the Faroese region." 

Independent of the success of future exploration wells, there is a need for a considerable 

research effort to improve the capability of subbasalt seismic imaging so that it can be used 

for detailed structural and stratigraphic studies of the sort carried out in areas without a basalt 

cover. 
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2.11 Summary 

I have reviewed the geological history of the Faroes Shelf as well as the history of hydrocarbon 

exploration in the Faroese territory. Numerous geophysical surveys have been carried out and 7 

exploration wells have been drilled from the awarding of the first petroleum licenses in 2000 until 

2012, but two more are planned for 2014. Though no viable hydrocarbon discoveries have been made, 

generally speaking, the drilled wells have proven an active petroleum system. The tectonic 

mechanisms that entailed a series of extensional episodes in the NE Atlantic Margin, from the Permo-

Triassic until Early Eocene, and finally led to the opening of the North Atlantic Ocean, spanned over 

~350 Ma from the end of the Caledonian orogeny (~400 Ma ago) to early Eocene break-up (~50 Ma 

ago). These involved the break-up of Laurasia, separation of Europe and North America, and the 

formation of oceanic crust in the North Atlantic. 

Scattering is the dominant attenuating mechanism for seismic waves in layered basaltic sequences. 

Typical effective quality factors (Qeff) of basalts worldwide are in the range 15-50. Measurements of 

Qeff from a well in the Rockall Trough yielded a range of 15-35. In-situ measurements on VSP data 

from the Glyvursnes site in the Faroe Islands yielded values of 20-30 for the UBF-MBF, from the 

Vestmanna site ~30 for the MBF and from the Lopra site 13-35 for the LBF. An ocean drilling 

programme on the Norwegian margin yielded Qeff of 25, basalts on the Juan de Fuca Ridge 20-50 and 

the Columbia Plateau basalts 48. All these values are very low compared to the intrinsic quality factor 

(Qint) of basalt, which is in the range 100-500. It is concluded that the main cause of seismic 

attenuation in plateau basalts is scattering as caused by the layering of lava flows. 
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3. Marine seismic data acquisition 

 

3.1 Introduction 

In this chapter, the main principles in the acquisition of 2D marine reflection seismic data are 

described. They are particularly based on two marine seismic surveys, the GlyVeSTMaP 

(Glyvursnes-Vestmanna-Seismic-Tie-Marine-Portion) 'normal' seismic survey in July 2007, 

and the SAT-08 (the Sandoy tunnel) high-resolution survey in October 2008. These surveys 

had much in common, like the environment in which the data were acquired, the seismic 

vessel, the crew, and the seismic equipment. But the geophysical targets and purposes were 

fundamentally different, as manifested in the different seismic sources, the streamer length, 

and the acquisition parameters. The 'normal', or deep-penetration, GlyVeSTMaP survey 

applied recording lengths of 0–10 seconds, making it possible to depict deep horizons, while 

the high-resolution SAT-08 survey applied a recording length of 0–2 seconds, focusing on 

shallow horizons and geological features relevant for the planning of a subsea road tunnel. An 

individual account of the two surveys will be given with regard to the planning, logistics, 

choice of air gun, streamer length, acquisition parameters, etc. Furthermore, the operation at 

sea, set-up of instruments, navigation and positioning, deployment of water equipment, 

monitoring of instruments, as well as CMP sorting and binning will be discussed. 

 

3.2 Seismic surveys 

 

3.2.1 GlyVeSTMaP deep penetration (Survey 1) 

In the summer of 2007 roughly 400 km of 2D reflection marine seismic data were acquired 

around the Faroe Islands for the GlyVeSTMaP project (Figure 3-1), hereafter referred to as 

Survey 1. Starting from the northwest the ship sailed through Vestmannasund to a point off 

the east coast of the island of Sandoy yielding the option to tie the seismic profile directly to 

the legacy seismic line OF94-29. This passage also granted the option to tie the seismic data 

to two logged boreholes, the Vestmanna 1 and the Glyvursnes 1. 
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From there a profile was taken to a point off the southeast coast of the island of Suðuroy, 

where the Lopra-1/1A borehole is located. This furthermore granted the opportunity to tie this 

borehole with seismic data. Then a long profile was taken northward passing east of Torshavn 

before turning eastward to the area south of the Bordoyarvik, giving the opportunity to tie to 

another legacy seismic line, OF94-10. Most of the routes were sailed more than once as 

 

Figure 3-1: Seismic data map. The GlyVeSTMaP profiles (coloured) have been acquired in such a 

pattern that they can be tied to some legacy profiles (black) and boreholes on land (blue dots). The 

research vessel R/V Magnus Heinason (inset) was used for the acquisition. Distance between ticks 

(vertical and horizontal) is 20 km. 

indicated in Figure 3-1. As an integral part of the marine survey, 19 broad-band multi-

component seismometers had been deployed along the coasts paralleling the sailing direction. 

This was performed so as to use the marine source to record P and S waves and converted 

modes on land, yielding the opportunity to derive seismic velocities and anisotropic 

properties within the flow basalts. This option was also chosen because previous workers in 

the vicinity of this area had claimed that the air gun-geophone combination is superior to 

either dynamite-geophone or dynamite-hydrophone combinations (Petersen et al. 2006). 

The primary goal of Survey 1 was to tie the above-mentioned boreholes with seismic data. 
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The R/V Magnus Heinason, research vessel of the Faroese Fisheries Laboratory, was 

equipped with seismic-acquisition instrumentation from Aarhus University. This included a 

96-channel streamer with seven Benthos RDA hydrophones per channel group at 6.25 m 

channel-group interval. The ~600-m streamer was deployed with a 50-m stretch section as 

lead-in. The source was a 210-in3 Sercel GI air gun, where "G" stands for generator and "I" 

for injector. The source and streamer were towed at equal nominal depth of 8-10 m for six of 

the lines, and 3 m for one line. Five birds were used to keep the streamer at the correct tow 

depth. Acquisition and recording parameters are shown in Table 3-1. 

 

Table 3-1: Acquisition and recording parameters for the GlyVeSTMaP and SAT-08 surveys. 

 

3.2.2 SAT-08 high resolution (Survey 2) 

In the period 4–8 October, 2008, reflection seismic data were acquired in the Skopunar-Fjord 

and the Hests-Fjord area, Faroe Islands, as part of the projection of a subsea road tunnel 

planned for future construction. A total of 42 seismic lines, most of them 4-6 km long, were 

acquired (Figure 3-2) for the SAT-08 survey, hereafter referred to as Survey 2. Again, the R/V 

Magnus Heinason was fitted with seismic equipment from Aarhus University, and personnel 

from the University of the Faroe Islands and the University of Aarhus were hired to assist in 

the planning and the execution of the survey. 
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Figure 3-2: Location of the SAT-08 seismic profiles in Skopunarfjørður and the southernmost part of 

Hestsfjørður. The NNE-SSW seismic lines (red) are 4-5 km long, the spacing between them ~150 m. 

They were shot in alternating directions. A total of 42 lines were acquired. Also shown is the 

Glyvursnes-1 borehole. 

An air gun cluster consisting of two sleeve guns, each with a chamber size of 10 in3 and a 

total operational pressure of ~130 bar (1885 psi), was used for source for the acquisition of 

15 of the sequences, while only one of the guns (i.e. half cluster), but the same pressure of 

130 bar, was used for the other 27 sequences. The streamer length was ~300 m, having 48 

receiver-channel groups and a group interval of 6.25 m. Again, acquisition parameters are 

shown in Table 3-1. Four birds were connected to the streamer to keep it at the nominal tow 

depth of 2 m. Strong tidal currents occasionally caused streamer feathering and some 

operational issues. Due to a sometimes choppy sea and – in particular – the shallow streamer 

depth, swell noise is predominant in some of the raw shot gathers. Figure 3-3 compares 

arbitrary shot records of the GlyVeSTMaP survey and the SAT-08 survey. The motivation for 

choosing the short cable length of 300 m was to facilitate the manoeuvring of the ship in the 

narrow sound since the lines were acquired perpendicular to the coasts. The survey 

encompasses a relatively large number of lines with a nominal separation of 150 m, and also 

a few lines paralleling the coast. 
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Figure 3-3: Selected shot gathers from the GlyVeSTMaP survey (above) where the streamer depth 

was 8-10 m, and (below) the SAT-08 survey where streamer depth was 2 m. Clearly, the shallower 

streamer depth induces more swell noise to the data. General for both surveys are the severe short-

period multiples caused by the shallow water depth and the high-impedance rock at the water 

bottom. 

The source was chosen so as to boost higher frequencies to obtain higher resolution in the 

shallow target zone (uppermost few hundred metres). Figure 3-4 and Figure 3-5 compare 

amplitude and phase spectra of typical shot gathers of the GlyVeSTMaP survey and the SAT-

08 survey; the GlyVeSTMaP example has a source depth of 10 m, and the SAT-08 a source 

depth of 2 m. It is clear that the predominant frequency is higher for the SAT-08 data than the 

GlyVeSTMaP data. 
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3.2.3 Planning prior to the operation at sea 

A seismic survey must be executed according to clearly defined geophysical and geological 

targets. Detailed and timely planning is necessary before the survey can commence. This 

includes, but is not restricted to, a well-considered acquisition plan, specification of 

equipment, selection of crew, and arranging for all the required entities to be available for the 

survey. Decision regarding the source is crucial for the near-field signature and its frequency 

content. Streamer type, channel-group spacing (which is fixed for a given streamer), streamer 

length (number of sections), streamer spacing (for 3D surveys), and shot interval must be 

decided upon. Normally long streamers are desired in order to increase the fold of coverage. 

However, very long offsets require correspondingly powerful sources, and good navigation 

tools to compensate for streamer feathering. The streamer tow depth is often the same as the 

source tow depth, but they may be chosen different for certain geophysical and geological 

reasons.  

 

Figure 3-4: a) Amplitude and phase spectra of a selected shot record (0-1000 ms, all offsets) from 

the GlyVeSTMaP survey. Source depth is 10 m. Peak energy is obtained at ~50 Hz. b) Amplitude and 

phase spectra of a selected shot record (0-1000 ms, all offsets) from the SAT-08 survey. Source 

depth is 2 m. Here peak energy is obtained at ~100-150 Hz. 
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3.2.4 Logistics 

For the seismic surveys discussed specifically in this chapter, in both cases, acquisition gear 

was shipped in containers from Denmark to the Faroe Islands and installed aboard the 

research vessel. The equipment included streamer sections on a winch, air gun, compressor, 

computers, monitors, seismic plotter, cable boxes, etc. The most important gear for both 

surveys is summarised in Table 3-2.  

 

Figure 3-5: a) Amplitude and phase spectra of the shown window from the GlyVeSTMaP survey. As in 

previous figure, peak energy is obtained at ~50 Hz. b) Amplitude and phase spectra of the shown 

window from the SAT-08 survey. Peak energy is still obtained at ~100-150 Hz. 

 

3.2.5 Targets and acquisition parameters 

 

3.2.5.1 Air guns 

The most important factors that determine the shape, phase and frequency content of a source 

wavelet are the air gun pressure, volume and tow depth. The tow depth determines the 

frequencies whose amplitudes are either increased due to constructive interference, or 
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reduced/cancelled due to destructive interference between the direct signal and the ghost. The 

signal-penetration depth depends on frequency, air gun power and geology. Higher 

frequencies are attenuated more rapidly than lower frequencies. 

 

Table 3-2: Seismic equipment shipped from Aarhus to Torshavn. Except for the source the 

equipment was the same for both surveys. 

The target zone of Survey 2 was from 0 to 100/200 m below the water bottom, while the 

target of Survey 1 was to reach as deep as possible. A so-called GI air gun (Generator-

Injector) with 2 x 105 in3 chamber size (totalling 210 in3) was used for Survey 1, while two 

sleeve air guns combined in a cluster (10 in3 volume each) were used for Survey 2. As shown 

in Table 3-1 the air-gun pressure was almost the same for both surveys, but because of the 

significant difference in volume the dominant frequency is higher for Survey 2 compared to 

Survey 1 (Figure 3-4 and Figure 3-5). 

 

3.2.5.2 Streamer 

For Survey 1 six streamer sections made up the cable to a total length of about 600 m with 96 

channel groups at a spacing of 6.25 m. Each of these channel groups consisted of 7 

hydrophones making up a group. For Survey 2 three of the sections were removed from the 
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streamer so it had a total length of about 300 m and 48 channel groups. In terms of fold, the 

shortening of the cable was compensated for by a shorter shot interval of only 6 m. These 

parameters yielded a nominal fold of 25. 

 

3.2.5.3 Ghost reflection and tow depth 

The tow depths of cable and source are critical for two reasons. One, we need eventually to 

correct all of the data to mean sea level, and two, because of the ghost problem (also 

mentioned in Section 2.8.2). The ghost problem normally refers to the destructive 

interference between the direct signal and the ghost at (and around) a particular frequency, 

which manifests itself as a notch in the amplitude spectrum. But ghost reflection can also 

refer to constructive interference between the direct signal and the ghost, which manifests 

itself as a boost in the amplitude spectrum. At shallow tow depths the frequency at which 

ghost reflection occurs is high and normally beyond our desired frequency bandwidth. 

Ghost reflection is the result of energy travelling from the shot up to the sea surface, which is 

reflected almost perfectly (but phase reversed) at the water–air interface, and then travelling a 

similar path to the direct ray from the shot to the reflector. The ray returning from the 

reflector does the same thing at the receiver. There can be four different rays produced: 

- Direct ray 

- Ghosted only at the shot 

- Ghosted only at the receiver 

- Ghosted at both shot and receiver. 

At zero offset, destructive interference occurs at 𝑓𝐷 = 𝑛
𝑉

2𝑍
 for n = 1, 2, 3, ..., where V is water 

velocity and Z is source depth. Oppositely, at zero offset, constructive interference occurs at 

𝑓𝐶 = 𝑛
𝑉

4𝑍
 for n = 1, 3, 5, ... Thus if the source and/or cable depth is 10 m, and water velocity 

is 1500 m/s, destructive interference will occur at a frequency of 75 Hz. At this frequency the 

direct ray and the ghost are exactly 180 degrees out of phase, and one removes or interferes 

destructively with the other. On the other hand, if the tow depth is 2 m destructive 

interference will occur as high as 375 Hz, which is normally far above the desired bandwidth. 

Constructive and destructive interferences are offset-dependent, which means that they are 

shifted toward higher frequencies as offset increases. 
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3.2.5.4 Sampling rate 

In order to allow for the option to process at very high frequencies in Survey 2, which was a 

high-resolution survey, a very high sampling rate of 0.25 ms was applied. Survey 1 was 

executed with a sampling rate of 1 ms. The Nyquist frequency, fNyq, is the highest frequency 

that can be restored accurately (i.e. without aliasing) and is related to the sampling rate, Δt, 

according to: 

𝑓𝑁𝑦𝑞 =
1

2𝛥𝑡
     (Eq. 1–1). 

Therefore theoretically the highest possible non-aliased frequency in the Survey 1 data is 500 

Hz and in the Survey 2 data 2000 Hz. In real-life seismic processing, however, it is a rule of 

thumb to apply anti-alias filtering (i.e. high-cut filter) that is about 75 % of the Nyquist 

frequency. With regard to Survey 2 it is unlikely to obtain useful information in the frequency 

range of about 1000–2000 Hz, since those frequencies are attenuated extremely rapidly and, 

if present, are likely to be associated with noise. Resampling means increasing Δt, which is 

common in seismic data processing. It is of utmost importance that resampling is preceded by 

an anti-alias filter (it cannot come after resampling). 

 

3.2.5.5 Recording length 

The recording length is equal to the maximum time of the shot record. In principle, the 

recording length should not be longer than the shot-interval time in order to avoid recording 

interference of the next shot. The recording length should be great enough to record all depths 

of interest, and preferably a bit more. Continuous recording is a technique where the 

recording continues while the next shot is being fired. So this is in contrast to that stated 

above regarding the recording length. Continuous recording can be applied if there is a desire 

to record a bit more than the nominally specified recording length (e.g. a bonus-recording 

time unit for a client), or it can be applied for the purpose of speeding up the acquisition rate. 

In both cases it requires the processing people to be able to eliminating interfering signals – 

sometimes only the direct arrival, but sometimes also the water-bottom and shallow reflection 

– from the overlapping shot. The technique is easiest to handle in deep water due to the 

greater separation between the direct arrival and the water bottom reflection. 
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Only a few hundred ms were considered of interest in Survey 2, so a recording length of 1000 

ms was chosen. In Survey 1 the targets were intrabasaltic and subbasaltic reflections; 

therefore recording lengths of up to 10,000 ms were applied. However, because of the 

relatively weak air gun and high acoustic-impedance contrasts, a great penetration depth is 

unlikely to be achieved for this survey. 

 

3.2.5.6 Shot interval 

The shot interval has to comply with the time it takes for the air compressor to refill after a 

discharge. The temporal shot interval also depends on the ship’s speed; there is a lower limit 

for speed in order to avoid streamer sinking and feathering. The ideal speed is normally about 

5 knots (~2.57 m/s), but if there is strong tidal current from behind it may be necessary to 

increase the speed a bit. In the beginning of Survey 1 the recording length was 3000 ms, and 

the shot interval 12.5 m (at 5 knots this gives ~4860 ms). Because of this short shot interval 

the air-gun compressor could refill to only 90 bar (1305 psi) between shots. So, for the 

following lines the shot interval was increased to 25-50 m, the recording length to 6000-

10,000 ms, so the air-gun pressure could be increased to 110-140 bar (1595-2030 psi). 

Clearly the greater the shot interval, the better refill and the higher pressure could be utilised. 

The speed of the ship may vary slightly because of varying currents, and this may cause the 

ship’s speed over ground to increase or decrease, consequently causing variations in the shot 

interval. 

 

3.2.6 The CMP method 

The geometry has to be set up and merged with the data before the processing can commence. 

For common midpoint (CMP) processing, setting up the geometry involves stipulating the 

CMP spacing, which in normal non-flexible binning equals the CMP bin size. In flexible 

binning, the bins would be stretched a bit, and hence overlapping, in order to cover more 

CMPs in each bin, and hence increase the fold. The CMP fold, nf, depends on the cable length 

and the shot interval in the following manner: 
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𝑛𝑓 = 𝑛𝑔
𝛥𝑔

2𝛥𝑠
     (Eq. 1–2) 

 

where ng is the number of receiver groups, Δg is the receiver-group spacing (cable length = ng 

* Δg), and Δs is the shot interval. In by far the most survey layouts, the CMP interval equals 

half of the Δg. By using these relationships the following statement can be established: 1) the 

fold does not change when alternating traces in each shot record are dropped, but this will 

double the CMP spacing (and the bin size), and 2) the fold is halved when every other shot 

record is skipped, whether or not alternating traces in each record are dropped. 

The fold of coverage plays an important role with regard to the signal-to-noise ratio (S/N), 

because the amplitude values of the traces in a bin are summed up and averaged to one trace, 

and the more traces in a bin the more likely that random noise, uncorrelated from trace to 

trace, will become smaller due to the averaging. If noise is random, and signal is identical on 

each trace, then S/N ∝√nf. Fold may be depth varying, because as the depth increases, greater 

offsets may be included in the stack. 

Although the terms common depth point (CDP) and common midpoint (CMP) are often used 

interchangeably a CDP gather is equivalent to a CMP gather only when reflectors are 

horizontal and velocities do not vary horizontally. This is rarely the case; therefore usually 

CMP is the more correct term to use. 

 

3.2.7 3D geometry 

In 3D seismic data acquisition, fold may be defined as the number of midpoints within a 2D 

CMP bin. Although usually expressed as an average fold for a 3D survey, the fold varies from 

bin to bin as the offsets and azimuths change. Fold can also vary from location to location 

due to streamer feathering (Figure 3-6); deficit of fold, which becomes visible on a foldmap, 

is compensated for by data infill (i.e. extra shooting). The CMP spacing is typically different 

in the inline direction compared to the crossline direction, which makes the 2D-CMP bin 

rectangular rather than square. When the shot interval is a multiple of one half the receiver- 
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Figure 3-6: a) Marine 3D data is normally acquired using multiple streamers and shot arrays. The 

shot arrays (shown in blue) are fired alternately, producing 6 lines of CMP's (shown in red) at once. 

In practice up to 20 streamers may be used. b) The streamers are allowed to feather, or drift, in 

order to obtain data from a wide range of mid-points. Compasses in the streamers, acoustic 

transponders on both gun arrays and streamers, and direct measurement of tail-buoy and float 

positions are used to determine the position of every hydrophone group for every streamer for 

every shot. From Robertson Research International Ltd., 1997-1998. 

group spacing – which is usually the case – the fold is simply calculated from Equation 1–2. 
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The fold is the same in the inline and the crossline direction, but the bin size varies according 

to the acquisition layout. The bin size in the inline direction is still one half the receiver group 

spacing, while in the crossline direction it depends on the spacing between the streamer 

cables and the spacing between the guns. 

It is common in 3D seismic data acquisition to have two air-gun arrays applied in a flip-flop 

shooting mode (Figure 3-6). One gun is located on the starboard side, and the other on the 

port side, separated by a given distance. When shooting in a flip-flop mode, the number of 

CMP points in the crossline direction becomes twice as many as there would be with only 

one gun. Assuming that the spacing between the cables is twice the gun spacing then the bin 

size in the crossline direction becomes one fourth the cable spacing. 

 

Figure 3-7: Marine seismic vessels are typically about 75-90 m long and travel about 5 knots while 

towing arrays of air guns and streamers containing hydrophones a few metres below the surface of 

the water. The tail buoy helps the crew locate the end of the streamers. The air guns are activated 

periodically, such as every 25 m (about 10 seconds). From Schlumberger 

(www.glossary.oilfield.slb.com). 

 

3.3 The source 

The air gun is the commonly used source for marine reflection surveys. So I will start to 

define what an air gun is. It is a seismic source (Figure 3-8) that injects a bubble of highly 

compressed air into the water. Its amplitude spectrum depends on the amount of air in the 

bubble, the air pressure, and the water depth. Arrays of guns of different sizes are often used 
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so that a broader amplitude spectrum will be generated (Sheriff, 2002). The air gun consists 

of one or more pneumatic chambers that become filled with compressed air at pressures from 

close to 2000 psi (pounds per square inch) to around 3000 psi. The air gun is submerged 

below the water surface, and is usually towed behind a ship (Figure 3-7). 

When an air gun is fired a solenoid is triggered, which releases air into a fire chamber which 

in turn causes a piston to move and thereby allows the air to escape the main chamber and to 

produce a pulse of acoustic energy. Air gun arrays typically consist of gun strings, which 

again consist of a number of individual air guns, or air gun clusters, with different sizes of 

chambers. Apart from desiring a broader amplitude spectrum, the reason for the different 

chamber sizes is to create an optimal initial shock wave with minimal reverberation of the 

bubble after the first shot. Large chambers, i.e larger than about 70 in3, tend to give lower-

frequency signals, whereas small chambers, i.e. smaller than about 70 in3, tend to give 

higher-frequency signals (www.wikipedia.org). The air gun is made of the highest grades of 

corrosion-resistant stainless steel. A sleeve gun is a type of conventional air gun where the 

sleeve around the gun slides back to release the air into the water (Figure 3-8). 

 

3.3.1 GI air gun 

Because the source applied in Survey 1 was the so-called GI air gun, a brief description will 

be given here. It is a pneumatic seismic source, made up of two independent air guns within 

the same casing, used to control and reduce bubble oscillations. The first air gun is called the 

generator, as it generates the primary pulse and creates the bubbles. The second is called the 

injector, as it injects air inside the bubble. Each gun has its own reservoir, its own shuttle, its 

own set of exhaust ports, and its own valve. Figure 3-9a and Figure 3-9b compare the far-field 

signature of a conventional air gun and a GI air gun with the same total volume and the same 

pressure. It shows that the peak-to-peak output is lowered, while the primary-to-bubble ratio 

is enhanced with GI mode. In GI mode the firing of the injector chamber has been delayed 

relative to the firing of the generator chamber by 15 ms, which is approximately half the 

period of the generator fired alone. Increasing the total volume of the GI air gun from 150 in3 

to 210 in3 (Figure 3-9) slightly increases the peak-to-peak output and the primary-to-bubble. 

This GI air gun, with G and I chambers of 105 in3 each, is the air gun that was used in Survey 

1. 
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Figure 3-8: Air gun. (a) High-pressure air flows continuously into the upper chamber and through the 

shuttle into the lower chamber. Opening the solenoid valve puts high-pressure air under the shuttle 

seat, causing the shuttle to move upward, opening the lower chamber and allowing its air to flow 

out through ports to form a bubble of high-pressure air in the water. The nominal size of a gun is the 

size of its lower chamber. (b) Sleeve gun; the sleeve around the gun slides back to release the air 

into the water. (c) Photo of a sleeve gun. From Sheriff, 2002. 

 

3.3.2 GI configuration 

In GI air gun mode there will be a delay between the G-chamber firing and the I-chamber 

injection. This delay is of course not to be confused with recording delay, where the start of 

recording begins some time (e.g. 200 ms) after the gun has fired. For the GI air gun we tested 

1) zero delay, i.e. the G and the I chambers were fired simultaneously giving no bubble 
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suppression (referred to as GG mode); 2) 15-ms delay, i.e. air is injected into the bubble 15 

ms after the primary firing; and 3) 35-ms delay (the last two referred to as GI mode). 

Subsequent analysis (spectral analysis, shot gathers, brute stacks) of the different 

configurations did not show any noticeable difference. 

 

Figure 3-9: (a) Far-field signature of a conventional air gun with full bubble pulse, compared to (b) a 

GI air gun harmonic mode suppressing the bubble pulse. The peak-to-peak is lowered from 4.9 bar-

meter to 3.7 bar-meter, but the peak-to-bubble ratio is quadrupled in the GI harmonic mode. The 

total volume is 150 in3 in both cases, divided equally into the generator and the injector chambers in 

the GI mode. Air gun pressure is 2000 PSI and source depth 6 m. (c) Far-field signature of a GI air gun 

harmonic mode as in (b) but with a larger total volume of 210 in3 giving a larger peak-to-peak output 

of 4.0 bar-meter and primary-to-bubble ratio of 9.8. Air gun pressure and source depth are the 

same. (d) A GI air gun. From Marinesources (www.sercel.com). 

 

3.4 Acquisition and operation at sea 

 

3.4.1 Set-up of instrumentation 

In the seismic industry, geophysical companies have seismic vessels prepared for acquisition 

with all of the needed instrumentation and gear in place. But in the case of Survey 1, which 

was a purely scientific research project, and Survey 2, which was a relatively small survey in 
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connection with the planning of a subsea tunnel, the research vessel of the Faroese Fisheries 

Laboratory was hired with no seismic gear on board. The gear was hired from the University 

of Aarhus and two days were needed to install it. The heaviest parts were the containers with 

the streamer winch and the compressor, which were lifted with a crane and put directly in 

place on the ship’s deck. The gun module and boxes with smaller parts (seismic instruments, 

gauges, computers, cables, etc.) were lifted with the ship’s crane onto the deck, unpacked and 

set up by the seismic crew. A room on the deck was made clear to accommodate the 

surveillance instruments, and cables were drawn from this instrument room to the back deck 

and connected to the air gun, compressor, streamer, etc. A GPS antenna was mounted on the 

top of the bridge (see Positioning below). 

 

3.4.2 Positioning 

Having the correct geographic position for the data is crucial and completely necessary in the 

ensuing data treatment. This can be done by recording the position of the air gun (or a 

reference point) for each shot. Then, from the air-gun-streamer configuration the position of 

each receiver-channel group will be calculated along the seismic profile. This will be done in 

the geometry set-up, or the seismic-navigation data merging. The position coordinates can be 

logged by a GPS antenna mounted on a suitable place on the ship so it can freely 

communicate with satellites. This place will typically be on the top of the bridge, or some 

other free and uncovered place. From here the geometric distance (x and y coordinates) to the 

air gun must be measured so the correct position for the data is known. The GPS antenna will 

be logging the position and timing of every shot. Modern air guns and tail buoys have relative 

GPSs that communicate mutually and with the main GPS antenna. Also modern streamers 

have units attached to them that measure their relative positions. 

 

3.4.3 Deployment of water equipment 

Deploying the gear means bringing all the water equipment to the correct position and ready 

for shooting. Deployment is initiated by pulling out the streamer with tail buoy, birds and 

other units connected to it (in 3D surveys also the doors to keep streamer separation). Finally 

the source is deployed. The tail buoy is attached to the far-offset end of the streamer, and the 

birds are connected to the streamer at some defined spacing during the deployment. When the 
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entire streamer is out, the lead-in will be the connecting part between the streamer and the 

winch on the streamer deck. The lead-in is specially constructed in order to minimise strum 

noise (i.e. noise induced when the lead-in vibrates like a string). For Survey 1 and Survey 2 

the air gun was held in the assigned position on the starboard side by a crane on the deck. 

Deploying the gear is a physically demanding operation that requires the participation and 

cooperation of many people on the deck, as well as in the instrument room and on the bridge. 

 

Figure 3-10: Seismic crew members in the surveillance room of the R/F Magnus Heinason during the 

GlyVeSTMaP acquisition in 2007. 

 

3.4.4 Surveillance of instruments 

Surveillance of instruments, or seismic quality control, is a central part in every seismic data 

survey. For Survey 1 and Survey 2 the monitoring of instruments and maintaining of 

recording logs was done throughout the acquisition. The seismic crew (some of them 

students, like myself) worked in two shifts, two or three persons on shift 6 hours at a time, 

one or two in the instrument (or surveillance) room (Figure 3-10), and one on the bridge. 
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Apart from this there was the marine crew of course. The duty in the instrument room was to 

make sure that the shooting and recording went as expected. 

The main duties for the crew in the instrument room were: 

- To prepare and trigger the recording upon start of line (SOL), and to stop recording 

upon end of line (EOL). 

- Manually write the position, shot number and recording file number (FFID) at SOL 

and EOL, and do the same at regular intervals, so-called checkpoints, throughout the 

acquisition of the line. 

- Monitor shot records online. 

- Make a note in the observer’s log if shots were missing. 

- Monitor the position of the streamer birds that they held position at the nominal depth. 

If they started to deviate too much it might be due to improper vessel speed, water 

density variations (e.g. fresh water source), or strong currents. Problems had to be 

noted in the observer’s log. 

- Check the air compressor gauge, that it showed sufficient pressure to feed the air gun. 

Problems had to be noted in the observer’s log. 

- Ensure that the sailing direction and position was according to the preplot and 

acquisition plan. 

The main duties for the person on the bridge were: 

- To check the speed over ground (SOG) and speed over water (SOW) at regular time 

intervals and report to the instrument room so it could be logged at check points. 

- To check and report the sailing azimuth (as read from the gyrocompass). 

- To check the position of the tail buoy that had to be done visually because the tail 

buoy did not have a GPS. During night time it could not be seen, because the lantern 

was out of order. It could be drifting primarily due to currents. Any observed 

problems were to be reported to the instrument room so they could be noted in the 

observer’s log. 

- Ensure that the sailing direction and position were according to the preplot and the 

acquisition plan. 
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3.4.5 Brute-stack generation 

As part of the quality control (QC) brute-stacks were generated in the instrument room for 

each sequence. We established a brute-stacking velocity model based on velocities from the 

literature. After EOL the data was stacked with software provided by the contractor, and a 

hard-copy brute-stack was printed in the instrument room for QC purposes. 

 

3.5 Seismic QC in the industry 

In the industry, QC is performed in real time and involves a broad range of tasks having the 

purpose to ensure the best possible quality of the seismic data, and that the data are within 

specs. Some of the important tasks are monitoring the near-field hydrophones (i.e. the near-

field signature) and the bubble period (volume refill). If there is an air leak causing a pressure 

decrease on some air gun, it should be detected immediately from this monitoring. The RMS 

ambient noise level for all receiver channels is monitored, as well as the RMS level for 

different specified windows (such as water bottom, target area, and end-of-record). When 

there are bad or noisy channels they will be flagged for trace editing. 

The shot gathers are important to monitor as they will give a first impression if the data looks 

all right. Real-time QC also includes monitoring the source amplitude balance (if two guns 

are applied), create brute stacks, merge seismic data with navigation data, create EBCDIC 

header and SEGY header, and create data tapes as per the client's request. Seismic QC in the 

industry also involves the continuous production of fold maps to ensure that the fold of 

coverage is adequate in the survey area, or if infill or re-shooting is required. Picking of 

velocities and creating data cubes for different offset ranges, showing inlines and crosslines, 

may also be part of the QC. 

The requirements for the QC tasks may be different from survey to survey due to different 

clients having different preferences. However, the basic functions are normally quite similar 

from job to job. Some projects request the need for fast-track processing of the data, which 

normally encompasses time processing up to migration, sometimes including pre-stack and 

post-stack time migration. 

 



Chapter 3 – Marine seismic data acquisition 

PhD thesis Page 68 of 196 Hilmar Simonsen 

3.6 Keeping track of the current 

There are strong tidal currents in the area where Survey 1 and Survey 2 were carried out. For 

Survey 1, the current was paralleling the sailing direction much of the time (either against or 

from behind). And for Survey 2 the current was either from the side or oblique to the sailing 

direction. In both cases, careful planning was needed to match the acquisition with the most 

favourable current. Originally, this was done by choosing a period with relatively weak 

current to carry out the surveys. While in operation, the current was simulated up to 48 hours 

ahead with a current simulating software tool (Figure 3-11). This tool, originated by 

researchers at the University of the Faroe Islands, predicts and simulates future current. 

 

Figure 3-11: Screen dumps of two current situations in Vestmannasund, separated by a certain time 

interval, as displayed by the simulating software tool HÚK. The colours indicate current strength; the 

tiny arrows indicate current directions (courtesy of Knud Simonsen, University of the Faroe Islands). 

 

3.7 Preprocessed CMP stacks 

Two preprocessed CMP stacks, one from each of Survey 1 and Survey 2, are shown in Figure 

3-12. Even though the preprocessing was done by two different processors, using different 

processing flows, it is evident that Survey 1 has the deeper penetration yielding primary 

reflections from as deep as ~600 ms, thanks to the relatively low-frequency content of the 

source. Survey 2, on the other hand, has higher resolution in the uppermost 100-200 ms of the 

section, due to its higher dominant frequency. The data of the Survey-1 stack, in this case, has 

a CMP fold of 24 while the data of the Survey-2 stack has a CMP fold of 25. 
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Figure 3-12: (Above) CDP stack of a Survey 1 line. Horizontal length is ~43 km. Shallow and deeper 

reflections can be seen. From approximately the middle of the section to the right there is a reflector 

at ~650 ms to ~300 ms. Peg-leg multiples are seen below this reflector. (Below) CDP stack of a 

Survey 2 line. Horizontal length is ~5 km. Some reflections are seen between the water bottom and 

the 1st water bottom multiple but deeper reflections can hardly be discerned. 

 

3.8 Conclusions 

I have described the circumstances and activities pertaining to the acquisition of marine 

reflection-seismic data. I have presented concrete examples from two 2D marine surveys in 

which I participated during my study period. Survey 1 applied an air gun with a chamber size 

of 2 x 105 in³ at 3 m and 10 m depth, while the air gun applied for Survey 2 had a chamber 

size of 10 in³ and was towed at 2 m depth. With virtually the same air-gun pressure in both 

cases these differences are reflected in the amplitude spectra of the two datasets; the 

predominant frequency in Survey 1 is ~50 Hz, while the predominant frequency in Survey 2 

is in the 100-150 Hz range. 

The difference is mainly due to the source itself but towing the source deeper may boost 

lower-frequency components due to constructive interference with the ghost reflection. At 
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zero offset constructive interference occurs at 𝑓𝐶 = 𝑛
𝑉

4𝑍
 for n = 1, 3, 5, ..., where V is water 

velocity and Z is source depth. The ghost reflection also entails destructive interference, 

which at zero offset occurs at 𝑓𝐷 = 𝑛
𝑉

2𝑍
 for n = 1, 2, 3, ... Exactly the same effect also occurs 

at the streamer, and if source and streamer are towed at equal depth, the effect from 

interference will be doubled for the affected frequencies. Constructive and destructive 

interferences are offset-dependent, which means that they are shifted toward higher 

frequencies as offset increases. The deeper the source and cable the lower the frequencies at 

which destructive and constructive interferences occur. 

 

3.9 Appendix A 

Reflection coefficient 

The reflection coefficient is the ratio of amplitude of the reflected wave to that of the incident 

wave at a reflection interface. If the wave impinges at normal incidence, then its reflection 

coefficient can be expressed as: 

 

𝑅 = (
𝜌2𝑉2−𝜌1𝑉1

𝜌2𝑉2+𝜌1𝑉1
) = (

𝑍2−𝑍1

𝑍2+𝑍1
)    (Eq. 1-3) 

 

where R = amplitude reflection coefficient, whose values range from -1 to +1 

  ρ1 and ρ2  are densities of medium 1 and 2, 

  V1 and V2 are interval velocities in medium 1 and 2, 

  Z1 and Z2 are acoustic impedances of medium 1 and 2. 

Typical values of R are approximately -1 from water to air, meaning that nearly 100% of the 

amplitude is reflected and none is transmitted; ~ 0.5 from water to rock; and ~ 0.1 from shale 

to sand. At non-normal incidence, the reflection coefficient, still defined as the ratio of 

amplitudes as stated above, depends on other parameters, such as the shear velocities, and is 
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described as a function of incidence angle by the Zoeppritz equations. 

 

3.10 Appendix B 

Transmission coefficient 

The transmission coefficient T is the ratio of the amplitude of a wave transmitted through an 

interface to that of the incident wave. However, we are usually interested in amplitude that 

has passed through an interface twice (once going down and once returning upward), 

therefore a two-way transmission coefficient T* for normal incidence is often used: 

 

𝑇∗ = 1 − 𝑅2 =
(4Z2𝑍1)

(𝑍2+𝑍1)2    (Eq. 1-4), 

 

where the parameters are as defined in Appendix A. 
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4. Processing techniques and 

acquisition parameterisation for 

sub-basalt imaging 

 

4.1 Introduction 

In 2007 the PUFFINS Consortium acquired approximately 400 km of 2D marine seismic data, 

referred to as the GlyVeSTMaP data, for research purposes around the Faroe Islands. One of the main 

objectives of this research is to find methods for improved seismic imaging in a basalt-covered area 

like the Faroe Islands. Figure 4-1 shows the complete processing flow, from SEG-D input to final 

output, applied for this data. 

 

Figure 4-1: Schematic representation of the processing flow applied for the data in this study. 

However, these data do not possess a high quality, as illustrated from the shot gathers in Figure 4-2.  
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Figure 4-2: Example of shot gathers from the GlyVestMaP survey. Trace length is 3000 ms. The data 

is significantly contaminated by ambient noise, multiples, and bird noise. They also have low signal-

to-noise ratio. 

 

The poor quality is due to a variety of reasons the most conspicuous being: 

• relatively poor acquisition gear; 

• low CMP fold – from 6 to 24; 

• a relatively weak source, 90-140 bar (1305-2030 psi), weakest for the lines with the highest 

CMP fold (shorter shot-point interval); 

• bird noise (see Figure 4-2, Figure 4-3, Figure 4-4); 

• generally bare and rugose basalt water bottom, entailing seismic scattering and a large amount 

of multiple energy; 

• shallow water depths – typically 40-70 m – generating short-period multiples; 

• strong to very strong sea currents causing streamer feathering; 

Bird noise 
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• occasionally rough sea giving strong swell noise; 

• strum noise from head and tail; 

• 3D effects due to steep bathymetry gradients perpendicular to the acquisition direction. 

 

Figure 4-3: Strong bird noise occurring occasionally in the shot gathers of the GlyVeSTMaP data. It is 

characterised by having no moveout, occurring as 5 bars at arbitrary times (see text for further 

explanation, and Figure 4-4 for zoom in). 

 

Due to these circumstances and the fact that the acquisition gear was rather 'academic' (cheap) in 

nature, the raw seismic data present great challenges to the processing. Attenuating the water-bottom 

multiples is one of the difficult tasks, even when applying excellent techniques like SRME (Surface 

Related Multiple Elimination) and τ-p deconvolution. Obtaining good processing results becomes 

even more difficult due to the fact that the data has not been subject to navigation processing, so 

streamer feathering, drifting and variations in depth is not being compensated for prior to the seismic 

processing.  

Bird noise 
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Figure 4-4: Zoom-in of a bird-noise area. 

 

On the contrary, low-frequency, high-amplitude swell noise, ambient noise, ship’s engine, tidal-

current noise, etc., can be attenuated relatively efficiently with conventional techniques like bandpass 

filtering and different kinds of swell-noise attenuation. Bird noise is characterised by extreme noise 

levels with no moveout on shot gathers, manifested as five high-amplitude horizontal bars (Figure 4-3 

and Figure 4-4), corresponding to the 5 birds that were attached to the streamer during acquisition. It 

is similar to a different kind of noise referred to as crossfeed, and may be difficult to remove in the 

processing. Shot gathers affected by crossfeed are usually edited, at least as shot-channel edits, though 

crossfeed-affected channels taken to the CMP domain may become proper spikes, which can be 

removed by de-spiking techniques. F-k filtering may also be an option to remove relatively weak 

occurrences of crossfeed. 

In order to address the multiples problem, I tested different techniques such as SRME, f-k filtering, 

Radon, and prestack deconvolution on slant-stack (τ-p) gathers. It turned out that SRME along with 

prestack τ-p deconvolution, combined with poststack deconvolution, do a superior job. Frequency-

wavenumber (f-k) filtering may be useful to remove low-frequency high-amplitude swell noise and 

strum noise from the tail. It can even be used to advantage for removing strum noise from the head, 

though linear moveout (LMO) filtering may be a better option. f-k filtering can also be used to remove 
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guided waves, which often appear on shallow-water gathers due to refractions at the critical-angle 

points. However, f-k filtering is notorious for its potential to alter amplitudes, which is a problem e.g. 

in connection with AVO analysis. I applied f-k filtering in a model-and-subtract mode in order to 

minimise this problem. The GlyVeSTMaP data did not prove suitable for common velocity picking, 

but I obtained a robust velocity model by extracting velocity information from sonic-log data from 

deep boreholes in the vicinity of the acquisition area. 

A special task when working with the first acquired seismic line was to make a script that could 

modify the SEG-D file names from 1 to 999. It was necessary to add leading zeroes to the ‘names’ so 

all files had 4-digit numbers appearing in sequential order in the Linux system. For example, filename 

1.sgd became 0001.sgd, filename 2.sgd became 0002.sgd, and filename 999.sgd became 0999.sgd. I 

composed a script in Linux’ bash as demonstrated in Appendix C. 

 

4.2 Study area and acquisition parameters 

GlyVeSTMaP is an acronym for Glyvursnes Vestmanna Seismic Tie Marine Portion. The survey 

totals seven 2D marine seismic profiles, each 40-70 km in length, acquired around the Faroe Islands. 

The locations of the seismic profiles along with the locations of deep onshore boreholes are shown in 

Figure 4-5. The acquisition parameters are summarised in Table 4-1. 
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Figure 4-5: GlyVeSTMaP survey area. Shown are the locations of the seven seismic lines GlyVest 01 

to 07, and the locations of the three onshore boreholes Vestmanna 1, Glyvursnes 1 and Lopra 1/1A. 
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4.3 Effect of CMP fold on signal-to-noise ratio 

In CMP stacking the fold of coverage has a big influence on the coherence of events seen in the data. 

If the fold is low it may be difficult to distinguish events that would have been easily distinguished in 

high-fold data. In a flow-basalt environment, water bottom and intrabasaltic scattering can be a 

serious problem for 2D seismic data with low CMP fold (personal communication, Constantin Gerea 

at the SEG 2010 Annual Meeting). Evidently, the optimal resolution is obtained with high-fold 3D 

data. Flexible binning is an option to increase the fold compared to normal binning. As for the 

GlyVeSTMaP 2D seismic lines, the nominal CMP fold varies from 6 to 24 due to changes in the shot 

interval for the different lines. While testing processing parameters on the various lines, it became 

evident that by far the best resolution is obtained in the data with the highest fold. Furthermore, the 

higher CMP fold data yielded results with significantly better – and more coherent – deeper 

reflections than data 

from the same survey 

acquired with an 

increase in air gun 

pressure but lower 

CMP fold. 

Yilmaz (2001) states 

that, in CMP 

recording, the ratio 

of the signal 

amplitude to the 

RMS noise 

amplitude is 

theoretically 

improved by a factor 

√N, where N the total 

number of elements in 

the recording system, N = ns × nr × no, where ns is the number of sources per CMP trace, nr is the 

number of receivers per CMP trace, and no is the multiplicity of offset coverage of the same 

subsurface point. The elements described are intimately related to the expression for the CMP fold, nf, 

which is given by: 

 

𝑛𝑓 = 𝑛𝑔
∆𝑔

2∆𝑠
     (Eq. 3–1), 

Table 4-1: Acquisition parameters for the GlyVeSTMaP seismic lines. A total 

of 7 lines were acquired with varying parameter values as indicated with 

slashes. 
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where ng is the number of receiver groups, Δg is the receiver-group spacing, and Δs is the source 

interval. In this relationship the bin size (CMP interval) is half the receiver group spacing, which is 

applicable for most recording geometries.  

In seismic data processing it can be necessary to drop every other CMP trace prior to computer-

expensive processes (a technique referred to as trace decimation, or trace drop). This is even 

legitimised by the typical abundance of traces in seismic recording, because data are often recorded 

with twice as many channels per shot record as would be used in processing. The reason for the 

abundance is to circumvent spatial aliasing. For the common-midpoint concept to be valid, the bin 

size needs to be doubled if every other trace is dropped from the data. Doubling the bin size at the 

same time as every alternate trace is dropped will keep the fold the same as before trace dropping, 

though it may be at the expense of the lateral resolution. As this operation decreases the lateral sample 

rate, due to the greater trace spacing, it must be compensated for by wavenumber filtering in order to 

avoid spatial aliasing. The wavenumber, or k, filtering needs to be done before the trace drop in the 

processing flow. Dropping every other CMP trace is the spatial equivalent to resampling data to a 

lower sample rate on the time axis, and both operations must be accompanied with anti-alias filtering. 

The highest frequency that can be recovered from sampled data in the time axis without spatial 

aliasing is called the Nyquist frequency fNyq, and is dependent on the sample rate Δt: 

 

𝑓𝑁𝑦𝑞 =
1

2∆𝑡
     (Eq. 3–2). 

 

Equivalently the highest frequency that can be recovered from data in the horizontal direction without 

spatial aliasing, called the spatial Nyquist frequency fmax, is dependent on the trace spacing Δx, layer 

dip θ, and medium velocity v: 

 

𝑓𝑚𝑎𝑥 =
𝑣

2∆𝑥𝑠𝑖𝑛𝜃
    (Eq. 3–3). 

 

Equation 3–3 is valid for the prestack case. For the poststack case the number 2 in the denominator 

becomes 4, while the rest of the equation remains the same. This is caused by the fundamental 

difference between the poststack dipping-layer case incorporating 2-way time, the one implied by the 
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processor, and the prestack, pre-NMO case (1-way time) (personnal communication, Jim Brown). 

 

4.4 Pre-processing of the GlyVeSTMaP data 

 

4.4.1 Geometry 

I initiated the processing with the assigning of the geometry. I extracted the air gun positioning data 

from the SEG-D header as described in Appendix D. And then from the acquisition configuration the 

position of each hydrophone was calculated in a geometry spreadsheet. Air gun depth and nominal 

streamer depth were also added to the spreadsheet. 

 

4.4.2 Trace editing 

The next point was the trace editing. No editing had been done onboard the vessel, so it had to be 

done at processing. I went through a number of shot gathers to point out permanently bad traces and 

flag them as edits. A few shots had to be edited due to missing positioning data. Considering the poor 

data quality significantly more edits could have been made, but these applied edits were considered 

sufficient for the purpose of the data. 

In the acquisition log file it is shown that active channels are 1 to 97 (channel 1 is near trace), but 97 

is an auxiliary channel (PPS pulse). Channels 47, 77, and 94 are dysfunctional and have been 

deactivated. After editing I found 6 channels as permanently noisy or bad, which I split from the data 

(Figure 4-6 and Figure 4-7). These are channels 35, 62, 79, 80, 81 and 96. Channel 97 is auxiliary and 

is omitted as well. It is apparent that many traces are bad/noisy on some shot gathers, but not on 

others. In a real (industrial) situation they would have been removed as shot-channel edits, and if the 

number exceeded a maximum allowable amount (as defined in the so-called specs), the data would 

have been scrapped. I flagged seven shots as bad due to missing positioning data, which were edited 

as well. These are shot points 3882, 3883, 3888, 3890, 3895, 3898 and 3902. 
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Figure 4-6: Five arbitrary shot gathers including bad/noisy traces (examples indicated with arrows). 

Those traces that were permanently bad/noisy were removed from the data (see next figure). 

 

4.4.3 Low- and high-cut filter test 

Next I did a test to decide which low- and high-cut filters to apply for the processing. As usual in 

seismic data processing, the aim was to remove the greatest possible amount of noise while preserving 

the greatest possible amount of useful bandwidth. I found a Butterworth 2 Hz @ slope 18 dB/oct as 

the optimal low-cut filter, and a Butterworth 200 Hz @ 72 dB/oct as the optimal high-cut filter. With 

the applied sample rate of 1 ms, the Nyquist frequency is 500 Hz, and 75 % of this is 375 Hz, so the 

high-cut filter is far below the limit where we can expect aliasing. The results are shown in Figure 4-8 

to Figure 4-11. 
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Figure 4-7: The same shot gathers with the permanently bad/noisy traces removed. There are still 

noisy traces left in the data, but these are not permanently noisy as can be seen from shot to shot. 

See text for further explanation. 

 

 

Figure 4-8: A raw shot gather and its amplitude spectrum 0–30 Hz. 
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Figure 4-9: The same shot gather with a low-cut Butterworth filter of 2 Hz @ 18 dB/Oct and its 

amplitude spectrum 0–30 Hz. 

 

 

Figure 4-10: The same raw shot gather with no filter and its amplitude spectrum 0–420 Hz. 
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Figure 4-11: The same shot gather with a high-cut Butterworth filter of 200 Hz @ 72 dB/Oct and its 

amplitude spectrum 0–420 Hz. 

 

4.4.4 First-break picking 

The first-break was picked on near-trace common-channel gather and saved as an ascii file. Upon 

reading the ascii file back during the processing the first-break values were saved in a trace header 

called wb_pick. The first break, or water-bottom time, is important in several steps of the processing. 

 

4.5 Swell noise attenuation 

Next goal after the pre-processing was the attenuation of swell noise. By courtesy of Ion-GXT I have 

used a proprietary module of theirs for this processing. First I applied the swell noise attenuation 

module in 3 passes in the shot domain, the different passes distinguished by different frequency range 

and different aggressiveness. Generally we want to be more aggressive in the lower frequency range, 

approximately 0-10 Hz, where we expect to find the most swell noise; and milder in the higher 

frequency range, approximately 10-22 Hz, in order to avoid harming primaries. Finally I applied one 

pass of the module in the randomly sorted trace domain in the frequency range 0-6 Hz with moderate 

aggressiveness. The reason for being cautious is that in the randomly sorted domain there is a greater 
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risk of harming primaries. Following the regular swell noise attenuation, I proceeded with the 

attenuation of residual swell noise in the f-k domain, which will be described in the next section. 

The swell noise attenuation results are shown in Figure 4-12 to Figure 4-26. The velocities applied for 

the QC stacks in Figure 4-21 to Figure 4-26 are time varying constant velocities specified for QC 

purposes only. 

 

4.5.1 f-k filtering 

After the regular swell noise attenuation I ran a flow applying f-k filtering in a model-and-subtract 

mode to attenuate residual swell noise, strum noise and guided waves. I ran one pass of f-k filtering 

with a bandpass condition allowing only frequencies from 0 to 20 Hz to be affected by the residual 

attenuation. This was with an Ormsby filter with corner frequencies 0-1-15-20 Hz applied within the 

modelling loop (i.e. before subtraction from the input data). In order to make sure that all relevant 

wavenumbers were included in the filtering I applied a linear moveout (LMO) correction with a 

constant velocity of 3000 m/s prior to the f-k transformation. The f-k polygon applied is shown in 

Figure 4-27. 

Initially I did not intend to do more f-k filtering; however since the data were still extremely noisy I 

chose to run one more pass of model-and-subtract for which I designed the polygon shown in Figure 

4-28. Also here LMO correction of 3000 m/s is applied prior to the filtering. But no bandpass mute is 

applied, and therefore the f-k filtering is applied aggressively to remove a large portion of noise in the 

data. Figure 4-29 to Figure 4-33 compare the stacked section before swell-noise attenuation, after 

swell-noise attenuation, and after f-k filtering. The difference plots (Figure 4-32 and Figure 4-33) 

show that virtually no primary energy is removed from the data during these three processing steps. 

As before, the velocities applied for the stacks are time varying constant velocities specified for the 

QC purpose. I took the output from the last processing step (post f-k filtering) to the next, which is 

suppression of multiples (see next section). 
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Figure 4-12: Shot gathers before swell-noise attenuation. 

 

Figure 4-13: Shot gathers after swell-noise attenuation. 
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Figure 4-14: Difference of shot gathers before versus after swell noise attenuation. 

 

Figure 4-15: Shot gathers before swell noise attenuation. 
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Figure 4-16: Shot gathers after swell noise attenuation. 

 

Figure 4-17: Shot gathers after swell noise attenuation and f-k filtering (2 passes). 
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Figure 4-18: Difference of shot gathers before versus after swell noise attenuation. 

 

Figure 4-19: Difference of shot gathers before versus after f-k filtering. 
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Figure 4-20: Difference of shot gathers before swell noise attenuation versus after swell noise 

attenuation and f-k filtering. 

 

Figure 4-21: CMP-stacked section before swell noise attenuation. Spatial length of stack is 69 km. 
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Figure 4-22: CMP-stacked section after swell noise attenuation. Spatial length of stack is 69 km. 

 

Figure 4-23: Difference of stacks before versus after swell noise attenuation. 
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Figure 4-24: CMP-stacked section before swell noise attenuation (Landmark colour). Spatial length of 

stack is 69 km. 
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Figure 4-25: CMP-stacked section after swell noise attenuation (Landmark colour). 

 

Figure 4-26: Difference of stacks before versus after swell noise attenuation (Landmark colour). 

 

4.6 Suppression of multiples 

 

4.6.1 SRME 

SRME is an abbreviation for surface related multiple elimination. It is a wavefield prediction and 

subtraction method based on the wave equation, which uses recorded data to predict multiples by 

wave extrapolation and inversion procedures. Wavefield prediction and subtraction methods require 

the complete wavefield to work optimally and therefore should be applied before alternative multiple-

suppression methods (Xiao et al., 2003). 

I did not have SRME tools available in my main phase of processing at the university, but did get an 

opportunity to apply it later. At that time I did not have the earlier processed data at hand, but I did 

have the raw data. I therefore started from scratch to process the data up to and including SRME. The 

SRME did a fairly good job in removing water bottom multiples, as demonstrated in Figure 4-34 to 

Figure 4-51. Those figures compare stacked sections before SRME / after SRME / and difference, 
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before SRME+f-k-filtering / after SRME+f-k-filtering / and difference, after SRME / after SRME+f-k-

filtering / and difference. The same comparisons are repeated in zoomed mode. The f-k filtering was 

done in model-and-subtract mode in two passes as part of the swell-noise attenuation procedure 

described above. Again, the velocities applied for the stacks are the same time-varying constant 

velocities as applied for the QC stacks above, which are neither final nor proper stacking velocities. 

 

Figure 4-27: LMO-corrected shot gather (left) and its amplitude/f-k spectrum (right). The polygon in 

the f-k spectrum is designed to attack residual swell noise. Also applied is a bandpass mute (0-20 Hz) 

as described in the text indicated by the green colour in the f-k spectrum. 

At this time I did not have the circumstances to proceed to the next step, which would have been 

deconvolution. However, I applied deconvolution in my main (earlier) phase of processing at the 

university (see below). It is quite plausible that adding deconvolution on top of the SRME and the 

processing done up to this point would have yielded more interesting deconvolution results. 
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Figure 4-28: LMO-corrected shot gather (left) and its amplitude/f-k spectrum (right). The polygon in 

the f-k spectrum is designed to attack residual swell noise, guided waves and strum noise. 

 

Figure 4-29: CMP stack before swell noise attenuation. Spatial length of stack is 69 km. 
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Figure 4-30: CMP stack after swell noise attenuation. Spatial length is 69 km. 

 

Figure 4-31: CMP stack after swell noise attenuation and f-k filtering. 
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Figure 4-32: Difference of stacks before versus after swell noise attenuation. 

 

Figure 4-33: Difference of stacks before versus after swell noise attenuation and f-k filtering. 
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Figure 4-34: CMP stack before SRME. Full trace length (3000 ms). Spatial length is 69 km. 

 

Figure 4-35: CMP stack after SRME. Full trace length (3000 ms). Spatial length is 69 km. 
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Figure 4-36: Difference of CMP stacks before versus after SRME. Full trace length (3000 ms). 

 

Figure 4-37: CMP stack before SRME. Zoomed to trace length 1570 ms. Spatial length is 69 km. 
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Figure 4-38: CMP stack after SRME. Trace length 1570 ms. Spatial length is 69 km. 

 

Figure 4-39: Difference of CMP stacks before versus after SRME. Trace length 1570 ms. 
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Figure 4-40: CMP stack before SRME and f-k filtering. Full trace length (3000 ms). 

 

Figure 4-41: CMP stack after SRME and f-k filtering. Full trace length (3000 ms). 
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Figure 4-42: Difference of CMP stacks before versus after SRME. Full trace length (3000 ms). 

 

Figure 4-43: CMP stack before SRME and f-k filtering. Zoomed to trace length 1570 ms. 
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Figure 4-44: CMP stack after SRME and f-k filtering. Trace length 1570 ms. Spatial length is 69 km. 

 

Figure 4-45: Difference of CMP stacks before versus after SRME and f-k filtering. Trace length 1570 

ms. Spatial length is 69 km. 
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Figure 4-46: CMP stack after SRME. Full trace length (3000 ms). Spatial length is 69 km. 

 

Figure 4-47: CMP stack after SRME and f-k filtering. Full trace length (3000 ms). Spatial length is 69 

km. 
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Figure 4-48: Difference of CMP stacks after SRME versus after SRME and f-k filtering. Full trace 

length (3000 ms). Spatial length is 69 km. 

 

Figure 4-49: CMP stack after SRME. Zoomed to trace length 1570 ms. Spatial length is 69 km. 
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Figure 4-50: CMP stack after SRME and f-k filtering. Trace length 1570 ms. Spatial length is 69 km. 

 

Figure 4-51: Difference of CMP stacks after SRME versus after SRME and f-k filtering. Trace length 

1570 ms. Spatial length is 69 km. 
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Figure 4-52: Poststack SRME and f-k filtering zoom-in in the shallow section reveals interesting 

features that appear to be reflections at intrabasaltic boundaries (arrows). 

 

 

Figure 4-53: Poststack SRME and f-k filtering zoom-in in the shallow section reveals interesting 

features that appear to be reflections at intrabasaltic boundaries. 
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Figure 4-54: Poststack SRME and f-k filtering zoom-in in the shallow section reveals interesting 

features that appear to be reflections at intrabasaltic boundaries. 
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Figure 4-55: Poststack SRME and f-k filtering zoom-in reveals interesting features, also a bit deeper, 

that appear to be reflections at intrabasaltic boundaries. 

 

4.6.2 Intrabasaltic reflections 

Applying the SRME on top of the f-k filtered data yielded some quite interesting results in terms of 

intrabasaltic reflections. As shown in the zoomed images of Figure 4-52 to Figure 4-55 several 

intrabasaltic features become visible, which appear to be reflectors at intrabasaltic boundaries. It is 

quite possible that improved stacking velocities would reveal even more details about these 

intrabasaltic features. 

 

4.6.3 Tau-p deconvolution  

Deconvolution can be performed before stack on different gathers, most commonly on shot or CMP 

gathers. Another choice is to transform the gathers into the slant-stack domain prior to deconvolution, 

also called τ-p deconvolution. In this domain τ is the intercept and p is the ray parameter (inverse of 

velocity). In shallow water, where the water bottom is very flat, and peg–leg multiples are a key 

concern, τ-p deconvolution alone is often very effective (Xiao et al. 2003). The GlyVeSTMaP data 

have water depths of typically 75-120 m making τ-p deconvolution a good candidate for multiple 

suppression. In general, deconvolution methods are less effective in deep water where the period of 
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the multiples is longer, relative to the length of the record. This is because there may not be enough 

multiples in the record length to satisfy the periodic requirements. Another problem is that long–

period multiples require long operators. Since primaries can be periodic over long time windows, long 

operators have the potential to suppress primaries as well as multiples. 

The advantage of applying deconvolution in the τ-p domain, rather than on shot or CDP gathers, is 

that the periodicity of the multiples stretches over a much larger offset range in the τ-p domain and 

will therefore be attenuated over this larger range, compared to if deconvolution is performed on shot 

or CDP gathers. Slant-stack (i.e. τ-p) transformation involves the application of linear moveout 

correction and summation over the offset axis. As a result of this mapping, the offset axis is replaced 

with the ray-parameter axis (Yilmaz 2001). A companion mapping is called the velocity-stack 

transformation, which involves application of hyperbolic moveout correction and summation over the 

offset axis. As a result of this mapping, the offset axis is replaced with the velocity axis. This variant 

of τ-p transformation is usually referred to as Radon transformation (named for the inventor of this 

method). Multiple attenuation in this domain utilises velocity discrimination between primaries and 

multiples, because when applying the prime velocity and transforming to the Radon domain, multiples 

and primaries will appear in opposite quadrants and from here multiples can be muted. While τ-p 

(linear transformation) deconvolution is usually considered a good method for short-period multiple 

attenuation, Radon (hyperbolic transformation) is usually considered a better candidate for longer 

period, deeper water, multiple attenuation. Radon multiple attenuation has not been applied to the 

shallow-water GlyVeSTMaP data and will not be discussed further in this thesis. 

Figure 4-56 shows selected shot gathers from a GlyVeSTMaP line, their autocorrelograms as well as 

their respective slant-stack gathers and their autocorrelograms. Evidently, the deconvolution 

parameters can be determined much more unambiguously from the autocorrelograms of the slant-

stack gathers than the shot gathers Figure 4-57. In the time domain multiples have increasingly poorer 

temporal periodicity with increasing offset; i.e. the events are converging at the far offsets so they are 

not periodic. The advantage of transforming from the t-x domain to the τ-p domain is that multiples 

become periodic over a much larger offset range. However, the periodicity reduces with increasing 

slowness, which in the τ-p domain corresponds to the larger offsets. 

When transforming from the t-x to the τ-p domain, rather than working with p, we find it more 

convenient to work with P, equal to p multiplied by the offset range. The number of P values, ZP, 

must be chosen according to the range of P values applied. Note that P is measured in ms, not ms/m 

(see Eq. 3-5). In order to avoid aliasing, as per the Nyquist frequency [1/(2Δt)], the number of P 

values is related to the frequency f according to: 
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𝑓 =
𝑍𝑃

2(𝑃𝑚𝑎𝑥−𝑃𝑚𝑖𝑛)
1000    (Eq. 3–4). 

 

Pmin and Pmax have to cover the whole range of possible slownesses, where Pmin is usually negative and 

Pmax is usually positive; this is to allow for the lowest (greatest negative) and the highest values of 

slownesses. Pmin and Pmax, in milliseconds, are determined according to: 

 

𝑃 = 1000
𝐿

𝑉
     (Eq. 3–5), 

 

where L is the offset range applied for the τ-p transformation. If all offsets are applied this value is the 

full cable length; V is velocity, which for water-bottom-multiple attenuation should be slightly lower 

than the water velocity (e.g. 1450 m/s). The negative value of Pmin is because we want to take into 

account any possible negative velocities (e.g. caused by tail strum). It is not uncommon to set Pmin = – 

Pmax. The one thousand-multiplication factor is to compensate for P being in milliseconds, while the 

velocity is in metres per second. 
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Figure 4-56: a) Selected shot gathers (above) and their autocorrelograms (below) from the 

GlyVeSTMaP data. b) Slant-stack (τ-p) transformations of the same gathers (above) and their 

autocorrelograms (below). Trace length of gathers 2000 ms. 

The deconvolution gates should be picked or specified by the inspection of τ-p analysis displays, 

where the P values (or moveout values) are plotted against the time intercept (τ) values. On those 

gathers it will be seen for which P values the time windows should be defined (i.e. have clearly 

defined primaries and multiples). In case of very shallow water (< 100 ms) it can be an advantage to 

apply a bulk shift before doing the τ-p transformation, and then back off the bulk shift after the 

inverse transformation. Applying a bulk shift of, say, 2000 ms can enhance the periodicity of the 

multiples in the τ-p domain and thus improve the efficacy of the multiple attenuation. 
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Figure 4-57: Autocorrelograms of a) selected shot gathers, and b) corresponding slant-stack (τ-p) 

gathers. The optimal prediction lag (red bar) was determined to be 40 ms and the optimal operator 

length (blue bar) to be 80 milliseconds. Trace length is 500 ms. 

The prediction gap should be made as short as possible, but long enough that it does not compress the 

wavelet. Therefore a range of prediction gaps could be tested (being evenly divisible by the sampling 

rate), the one chosen being just above the limit where it starts to compress the wavelet. The operator 

length must be long enough (as measured from the end of the prediction gap) to span over the first 

multiple, and maybe the second as well, but if kept too long the deconvolution effect will break down. 

The operator length is usually to be added to the prediction lag, and not to include it. White noise 

level is less critical for the effectiveness of the deconvolution but typically fits well between 0.1 and 1 

% (exceptionally up to 5 %). For noisy data an increased percentage of white noise can be used to 

improve the result. In my processing of the GlyVeSTMaP data, I applied deconvolution before stack 

as well as after stack. 

The deconvolution parameters were easier to determine from slant-stack transformation of shot 

gathers rather than CMP gathers. Whereas the water-bottom multiples do not appear prominently in 

the autocorrelograms of the shot gathers (Figure 4-56), they do so in the autocorrelograms of the slant-

stack gathers (Figure 4-56 and Figure 4-57). The optimal results were obtained with an operator length 

of 80 ms and a prediction lag of 40 ms; the results are shown in the autocorrelograms of Figure 4-58 

as well as the stacks of Figure 4-59 to Figure 4-60. The τ-p deconvolution processing itself was done 
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on slant-stack transformation of CMP gathers. The choice of a sufficiently long prediction lag was 

needed in order to protect the water bottom and the shallow section. I found a white-noise level of 1 

% to be appropriate. 

 

Figure 4-58: Autocorrelograms of slant-stack gathers before deconvolution (left) and after 

deconvolution (right). Note that water-bottom multiples have been attenuated while the water-

bottom reflection is intact. 

For the post-stack deconvolution, after a good deal of testing, I set the operator length to 160 ms, and 

the prediction lag equal to the water bottom TWT minus 5 ms. This requires the water bottom to be 

defined for every CMP and transferred to the trace header. I kept the white-noise level at 1 %. In fact, 

the application of different prediction gaps for deconvolution before and after stack may be preferable 

in order to avoid too much spectral alteration of the same frequency bands. The post-stack 

deconvolution has a significant effect on the attenuation of peg-leg multiples below the strong 

intrabasaltic reflector termed BPU (Figure 4-60 to Figure 4-61). I applied post-stack deconvolution 

before migration because the primary aim was to suppress multiples. The migration process itself may 

alter the period of the multiple reflections and therefore should be applied after deconvolution in most 

cases.  
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Figure 4-59: CMP stack after trace editing, bandpass filtering, amplitude recovery, correction for 

spherical divergence and top mute. Spatial length is 46 km. 

As already mentioned, due to software and hardware restrictions, I did not have the opportunity to 

apply deconvolution on top of the well-processed SRME data shown above. Thus, the deconvolution 

results shown in Figure 4-59 to Figure 4-61 may appear as a setback compared to the results shown 

earlier up to SRME. The quality of the images is a setback, because after the revision of this chapter 

they were not available in high resolution. Also, I had access to much better display tools at the later 

stage of processing compared to the earlier stage shown here. Another drawback is that the amplitude 

is not locked but varies from image to image in this succession of figures. 
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Figure 4-60: CMP stack as in Figure 4-59 but with the addition of τ-p deconvolution. Note the 

attenuating effect on noise and water bottom multiples. Spatial length is 46 km. 

 

Figure 4-61: CMP stack as in Figure 4-60 but with the addition of post-stack deconvolution. Note the 

attenuation of the peg-leg multiples below the strong reflector denoted BPU. Spatial length is 46 km. 



Chapter 4 – Processing techniques and acquisition parameterisation for sub-basalt imaging 

PhD thesis Page 117 of 196 Hilmar Simonsen 

 

Figure 4-62: CMP stack as in Figure 4-61 but with the additional application of Stolt migration. Note 

the further attenuation of multiples and noise (will be discussed in Section 4.8). 

 

Figure 4-63: Time-to-depth conversion of the stack in Figure 4-62. Spatial length is 46 km. 

 



Chapter 4 – Processing techniques and acquisition parameterisation for sub-basalt imaging 

PhD thesis Page 118 of 196 Hilmar Simonsen 

4.6.4 Basic principles of deconvolution  

A noise-free seismic trace s(t) is basically given by the convolution of its source wavelet w(t) and the 

primary earth impulse response e(t), that is  

 

𝑠(𝑡) = 𝑤(𝑡) ∗ 𝑒(𝑡)     (Eq. 3–6), 

 

where * denotes convolution. 

A noise component n(t), if present, is additive, and so the seismic trace becomes 

 

𝑠(𝑡) = 𝑤(𝑡) ∗ 𝑒(𝑡) + 𝑛(𝑡)    (Eq. 3–7). 

 

In reality, and apart from the primary earth impulse response e(t), a complete seismic trace would also 

include multiples, refractions, surface waves, near-source effects, absorption, etc. making the 

complete model much more complicated than described here. However, deconvolution attempts, 

among other things, to recover the reflectivity series, i.e. the primary earth impulse response, from the 

recorded traces by the application of an inverse filter. One such is the Wiener-Levinson least-squares 

algorithm, which I used in minimum-phase mode for predictive deconvolution of the prestack data. 

 

4.7 Velocity analysis 

As usually done in CMP processing I started to do velocity analysis on semblance plots created from 

supergathers. However, due to the data character, the quality of the semblances was very poor and 

unsuitable for velocity picking (see Figure 4-64). The semblances did not exhibit any clear velocity 

trend due to severe multiples, noise and artefacts present in the data. 



Chapter 4 – Processing techniques and acquisition parameterisation for sub-basalt imaging 

PhD thesis Page 119 of 196 Hilmar Simonsen 

 

Figure 4-64: Example of semblance plot (leftmost panel), velocity picking shown with white dots. 

Due to the low signal-to-noise ratio it is very difficult to distinguish any velocity trend. Radon filtering 

can be used to cut out multiples and thus improve the velocity trend, but Radon itself requires a 

reasonable predefined velocity function, which was hard to obtain with this data. The display also 

shows supergather (2nd panel from left), dynamic stack, and constant velocity stacks. 

On the other hand sonic logs are available from the onshore boreholes Vestmanna-1 and Glyvursnes-

1, both of which are located only a few kilometres from where the data were acquired (Figure 4-5). 

Velocity information from borehole logs are usually of invaluable importance in the construction of 

velocity models for seismic data processing. The approximate depth to key stratigraphic 

unconformities is either known or can be predicted in the study area (cf. Passey and Varming, 2010), 

and they are recognisable from the sonic logs as well. I extracted the logged P-wave interval 

velocities, which I rearranged into blocks and converted from depth to time as shown in Figure 4-65. 

Passey and Varming (2010) mapped the stratigraphic position of the MSU (Malinstindur-Sneis 

Unconformity) and the BPU (Beinisvørð-Prestfjall Unconformity) over a large area, and I interpreted 

coherent reflectors on the GlyVeSTMaP seismic data to be coincident with these unconformities. The 

interval-velocity model shown in Figure 4-66 has been determined from the time-velocity logs in 

Figure 4-65 upon tying horizons interpreted on the seismic data with the key stratigraphic 

unconformities. The seismic section has been divided into 5 velocity layers as shown in Table 4-2. 

E.g. layer 1 (weathered zone) starts with a low velocity of 2800 m/s but increases rapidly to 4000 m/s 
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as indicated by the high gradient value of 7. The low starting value is due to a high degree of rock 

deterioration in the uppermost zone (further discussed in Chapter 4). 

 

Figure 4-65: Sonic logs from the Glyvursnes 1 borehole (upper row) and the Vestmanna 1 borehole 

(lower row). Note different scaling of lower and upper rows. 1st column: original sonic logs; 2nd 

column: blocked versions; 3rd column: depth-to-time conversions; 4th column: blocked versions. 

MSU: interpreted Malinstindur-Sneis Unconformity; BPU: interpreted Beinisvørð-Prestfjall 

Unconformity. Location of the wells is shown in Figure 4-5. 

The interval velocity model was defined for every tenth CMP, i.e. 31.25 m (10 x 3.125 m) and a 

vertical sample rate of 10 ms, the interval velocities were converted to RMS velocities using the Dix 

equation method, which says: 

 

𝑣𝑟𝑚𝑠,𝑛
2 =

1

𝑡
∑ 𝑉𝑖

2𝛥𝑡𝑖
𝑛
𝑖      (Eq. 3–8), 

 

where Vi is the interval velocity in the ith layer, Δti is the two-way traveltime in the ith layer, and t is 

the two-way traveltime to the bottom of the nth layer. 
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The reciprocal of Equation 3–8 is the conversion from RMS velocity to interval velocity. The Dix 

equation then reads: 

 

𝑉𝑛
2 =

𝑣𝑟𝑚𝑠,𝑛
2 𝑡𝑛−𝑣𝑟𝑚𝑠,𝑛−1

2 𝑡𝑛−1

𝑡𝑛−𝑡𝑛−1
    (Eq. 3–9), 

 

where V is interval velocity; tn-1 and tn are traveltimes of the (n-1)st and nth reflector; vrms,n-1 and vrms,n 

are RMS velocities of the (n-1)st and nth reflectors. 

 

Figure 4-66: Velocity model, as determined from the sonic logs in Figure 4-65, superposed on the 

GlyVeST01 seismic line. The approximate positions of the adjacent Glyvursnes 1 and the Vestmanna 

1 wells are indicated – see their exact positions in Figure 4-5. Velocity values are shown in Table 4-2. 

 

4.8 Migration 

When is it right to use time migration, and when to use depth migration? The fact is that time 

migration is cheaper, and easier to employ, than depth migration; but time migration is valid only 

when lateral velocity variations are mild to moderate (Yilmaz, 2001). If that assumption fails, it may 

Glyvursnes 1 
Vestmanna 1 
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be necessary to invoke depth migration. As shown in the velocity model Figure 4-66 and Table 4-2 the 

lateral velocity variations are mild to moderate, and therefore time migration may be a good choice. 

 

Table 4-2: Interval velocity values as assigned in the velocity model in Figure 4-66. The gradient 

indicates how fast the velocity increases within the assigned layer. 

The f-k migration uses the 2D Fourier transform to convert the input t-x section to the f-k domain. In 

the f-k domain the data are migrated using a simple algorithm (Stolt, 1978). The inverse 2D Fourier 

transform provides the migrated (x, τ) section. The Stolt f-k migration is probably the fastest migration 

algorithm and is very accurate for constant and nearly constant velocities. On the contrary, the Stolt 

algorithm has difficulty imaging steep dips in areas where there are large vertical or lateral velocity 

variations. I chose to apply Stolt f-k migration to the GlyVeST data, because those data both satisfy 

the criterion of small to moderate lateral and vertical velocity variations and because it is fast and 

efficient. I chose a Stolt stretch factor (w) of 0.6 and applied the RMS stacking velocity model as the 

migration velocity model. 

The migration result is shown in Figure 4-62 followed by time-to-depth conversion in Figure 4-63. 

 

4.9 Conclusions 

Seismic imaging in a flow basalt area may be quite challenging. The GlyVeSTMaP data were 

acquired in relatively shallow water, in an area where the water bottom is rugose and mostly bare for 

sediments. The data are severely contaminated with short-period water-bottom multiples and peg-leg 

multiples. 

In a flow-basalt environment, water-bottom and intrabasaltic scattering can be a serious problem for 

2D seismic data with low CMP fold. Therefore, the acquisition should be planned in such way as to 

avoid fold being less than ~24, preferably much higher. The optimal resolution is evidently obtained 

with high-fold 3D data. Flex binning might be considered as it increases the fold and usually improves 
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the data. 

Water-bottom multiples can be substantially attenuated applying a combination of techniques. I 

applied SRME in the usual three steps: Extrapolating traces back to zero offset, prediction of 

multiples followed by the subtraction of multiples from the input data. I ran τ-p deconvolution with 

CMP gathers as input, but the deconvolution parameters were determined from the autocorrelograms 

of τ-p-transformed shot gathers. 

Sonic logs from deep boreholes near the seismic data acquisition location were extracted, blocked and 

depth-to-time converted, yet still retaining peaks that indicate key stratigraphic unconformities 

distinguished on the seismic data as well. Thus the discernible reflectors on the seismic data could be 

picked and a robust interval velocity model defined. Then the interval velocities were converted to 

RMS velocities for stacking and migration. 

Post-stack deconvolution prior to migration made a further contribution to the suppression of 

multiples, notably peg-leg multiples, and reduction of noise in the data. Then migration was done with 

the Stolt f-k algorithm, which is fast and accurate in areas with mild to moderate velocity variations. 

The final processed data shows intrabasaltic reflections that can be picked easily and used to constrain 

intrabasaltic stratigraphic sequences within the flow-basalt. 
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4.11 Appendix C 

Scripting in bash to modify filenames 

The first acquired GlyVeSTMaP seismic line (Glyvest-01) contains 5554 raw-data files in SEG-D 

format named as <filenumber>.sgd. They are named in sequential order as: 

1.sgd 

2.sgd 

... 
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... 

5554.sgd 

But in ProMax they were stored non-sequentially in the following order: 

1.sgd 

10.sgd 

100.sgd 

1000.sgd 

2.sgd 

20.sgd 

... 

... 

Storing the files sequentially in ProMax required one or more leading zeros to be added to all file 

numbers below 1000, so all numbers made up four digits: 

0001.sgd 

0002.sgd 

...  

... 

5554.sgd, 

Therefore, 999 file names had to be modified. This should not be done manually but automated with 

some coding. 

So, I wanted to compose a piece of code, or script that could automatically modify all files names 

from 1.sgd to 999.sgd. Since working in Linux, it was suitable to compose this scrip in bash as you 

can do bash scripting directly from a Linux terminal. However, in order to save this code for possible 

later use I decided to use a text editor to write the code and save it in a file. There are many text 

editors that can be applied, such as gedit, nano, vi or Notepad++. 
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I first created a new folder and copied some files into it so the script could be tested before the real 

operation. It is also possible to create some dummy files (with another script) and then test the 

operation on these files. It is practical to save the script in the same folder as the files whose names 

you want to modify. I named the script change. 

The script is displayed in Figure 4-67, with explanatory comments shown in green – each line of 

explanatory comment starts with a hash symbol (#) except for the one in line 1, which is the shebang 

(also called hash bang). It tells the shell upon execution of the script which interpreter to use to run 

the commands inside the script. All the other lines (12, 16, 20, 23, 31, 34, 36, and 37) are code 

commands. Empty lines are included to make the script more readable. 

 

Figure 4-67: The script that modifies all file names with numbers below 1000 to contain one or more 

leading zeros. Text in green, preceded with the hash symbol, are explanatory comments – except for 

line 1. 
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Next is to make the file executable and then run it so the file names can be modified. Figure 4-68 

shows the steps relevant to obtain this goal. 

 

Figure 4-68: This is a Linux terminal showing the commands from checking the file permission of the 

file change through the execution and finally displaying the modified file names (see text for 

further explanation). 

 

The first line ls -l change prompts for the current file permission status. Next line shows that it is 

readable and writeable, but not executable. The third line chmod +x change tells the system to 

extend the permission to include execution. Running ls -l change again (line 4) shows that now the 

file is executable, which is also indicated by the colour of the file name, which has changed from 

white to green (line 5).  
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The next command ls *.sgd lists all the .sgd files currently in this directory (21 dummy files created 

for demonstration purposes), and we note that the files from 1.sgd to 10.sgd do not have leading zeros 

– neither are the 21 files stored sequentially. Now we run the code (i.e., execute the file change) as 

shown on the next following line: 

./change [enter] 

The file names listed next (from 1.sgd to 10.sgd, but starting with 10.sgd) are the only ones whose 

names have been modified. The other ones, i.e., those who already contained 4 digits, evaluated to 

false in the if statement on line 20 in the code (Figure 4-67) and therefore never made it into the 

scope of the if statement (this was as planned). 

Finally, running the command ls *.sgd again shows that all the file names now consist of four-digit 

numbers followed by the extension .sgd, and they are listed sequentially indeed! 

 

4.12 Appendix D 

Extracting information from the SEG-D header 

The SEG-D (main) header is more complicated to deal with than the SEG-Y header if we do not know 

the exact byte location and string length of headers in advance. User-friendly freeware has existed for 

some time to unravel byte locations of SEG-Y headers, but this has not been the case for SEG-D 

headers. In the following I describe briefly how to extract position data from the SEG-D header when 

the byte location etc. is known. 

Navigation (or position) data needs to be merged with the seismic data early in the processing. This 

can be done in different ways; one is to include it during the definition of the geometry. While 

acquiring seismic data, the positions of the shot points are recorded and from the streamer and air gun 

configuration the position of each receiver channel is calculated. For raw data stored in SEG-D format 

the shot point positions will normally be embedded in the main/general header (also called SEG-D 

header). From here it is necessary to extract them before they can be incorporated in the geometry 

spread sheet. 

Byte locations, string length and format type are required information before information can be 

extracted from the SEG-D header. In other words one needs to know the start byte, format type, and 

string length. In the case of the GlyVeSTMaP data the positions were stored as UTM coordinates. The 

UTM-X had start byte 148 and string length 9 (xxxxxx.xx), and the UTM-Y has start byte 158 and 
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string length 10 (yyyyyyy.yy). The format type was ASCII characters with one digit occupying one 

byte. 

In the ProMAX software the extraction is done by choosing the parameter ‘Remap SEG-D main 

header values’ in the ‘SEG-D Input’ process (Figure 4-69). Furthermore, in ProMAX, it is necessary 

to extract the integer part and the decimal part as two separate variables and recombine them 

afterwards by using ‘Trace Header Math’. The operation would be something like: 

) Extracting the coordinate integral part and decimal part as two separate variables (e.g. as xm 

and xd; example of parameter specification is shown in Figure 4-69). 

) Recombine the integral part and the decimal part (utmx = xm + xd*0.01). 

) Print the coordinates (e.g., to an ASCII file). 

) Load the positions into the geometry spreadsheet. 
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Figure 4-69: Geographic coordinates (gun position) are usually stored in the SEG-D header; and they 

can be extracted in ProMAX by using SEG-D Input --> Remap SEG-D main header values. The 

extraction parameters are defined in Input/override main header entries (pop-out window). This 

example is based on the GlyVeSTMaP data main header. See text for further explanation. 

 

4.13 Appendix E 

About designature processing 

In by far the most cases seismic data processing will be preceded by designature processing. Normally 

the seismic company makes a modelled far-field signature available, which coefficients will be the 

input to the designature processing (zero phasing and de-bubble). Unfortunately, there was no far-field 

signature available for the data that has been under consideration in this chapter. The far-field 

signature is normally modelled from the recorded near-field signature in the water where the survey is 

accomplished. The far-field signature will vary from one acquisition environment to another.  



Chapter 4 – Processing techniques and acquisition parameterisation for sub-basalt imaging 

PhD thesis Page 130 of 196 Hilmar Simonsen 

Designature processing outputs a zero phasing operator that will be convolved with the seismic data 

during processing thus rotating the data to zero phase. In some cases, the far-field signature can be 

derived from near-offset traces of acquired seismic data. The more representative data used for the 

derivation, the better it is. This would be a data driven approach, probably giving a better result than a 

modelled approach. But it may be more complicated and it does require good-quality data.  

Starting with the source signature, we actually don’t know its phase for the GlyVeST data, but can 

assume it to be minimum phase. Deeper in the section we can expect mixed phase (i.e. all different 

kind of phases), even if we have applied designature processing to the source wavelet.  

In the deeper part, usually in the target zone, it is common to do Q compensation with respect to 

phase, which means phase rotate the wavelets again to zero phase in this particular depth of interest. 

 

Example of designature processing 

This is an example of designature processing performed on good-quality data from an industrial 

seismic survey. The far-field source signature has been modelled with the Nucleus software. 

The source signature parameters were: 

• Array name : P3480_Bolt_7m_RG2D  

• Total volume : 3480 cu.in.  

• Source depth : 7.00 m  

• Streamer depth : 8.00 m  

• Group length : 12.50 m  

• Average pressure : 2000 psi  

• Ghost strength : -0.90  

• Primary amplitude : 67.76 bar m  

• Peak-peak amplitude : 134.79 bar m  

• P/B-ratio : 25.88  

• Bubble period (+) : 76.00 msec  

• Bubble period (-) : 129.00 msec  

• Seawater temperature: 25.00 C  

• Seawater velocity : 1534.6 m/s  

• Filter :  

• Low-cut frequency : 2.00 Hz  
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• Low-cut slope : 6.00 dB/oct  

• High-cut frequency: 200.00 Hz  

• High-cut slope : 370.00 dB/oct  

• Instrument :  

• Time of 1st sample: -64.00 msec, i.e. index of time zero = 33.00  

• Sample interval : 0.50 msec  

• Farfield position :  

• Distance : 9000.00 m  

• Azimuth : 0.00 deg  

• Angle of vertical : 0.00 deg 

 

Courtesy of GX Technology I’m using the propriety modules GXT Debubble filter generator and 

GXT Zero Phase Filter generator to generate the de-signature and the de-bubble operators. 

 

Parameter testing: 

• The GXT De-bubbling Filter generator module is used to extract the de-bubble filter. It has 

the following parameters for testing: 
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 Parameter test 1: Width of the main air gun signature 

  Parameter test 2: i) High full frequency, ii) Max frequency 

 Parameter test 3: i) Min frequency, ii) Low full frequency 

  

• The GXT Zero-Phasing Filter generator module is used to extract the zero-phasing filter. It 

has the following parameters for testing: 

 Parameter test 4: Width of the main air gun signature 

 

The following slides show the results of the parameter test. 
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Designature operators tested on near-trace real-seismic data: 
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5. Well-log seismic tie and synthetic 

CDP generation of the GlyVeST 

data 

 

 

Figure 5-1: The seismic line GlyVeSTMaP 1 is tied to two onshore deep boreholes, the Glyvursnes 1 

and the Vestmanna 1. Locations where the well-log data is tied to the seismic data are indicated with 

circles for the Argir-Beds unconformity (ABU), the Malinstindur-Sneis unconformity (MSU), and the 

Beinisvørð-Prestfjall unconformity (BPU). The locations for the well-log seismic tie were chosen as 

for the seismic data where the unconformities were sufficiently well exposed. Therefore the BPU is 

not at its closest point to the Vestmanna-1 borehole. 
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5.1 Introduction 

As implied by the acronym GlyVeST (Glyvursnes-Vestmanna-Seismic-Tie) one of the main 

purposes of this project is to tie seismic data to two deep scientific boreholes, the Glyvursnes 

1 and the Vestmanna 1, located on the island of Streymoy (Figure 5-1). Several logs are 

available from these boreholes, and among these the sonic log and the density log were found 

relevant in tying well-log information to the seismic data. The depths to at least three 

significant unconformities, also known from many outcrops on land, have been identified in 

the boreholes. The deepest of them has been recognised in the Vestmanna-1 borehole, and the 

other two in the Glyvursnes-1 borehole. It is of interest in this study is to identify these 

unconformities from reflections on the seismic data, and test if they can be correlated with 

artificial reflections from synthetic CDP traces that have been generated from the log data. 

The layers encountered in the Vestmanna-1 borehole, located in the north, are 

stratigraphically deeper than the layers encountered in the Glyvursnes-1 borehole, located 

~30 km further to the southeast. If the well-log data can be tied to the seismic data with 

reasonable confidence, it is possible from the different wireline logs to learn more about the 

physical properties that cause the intrabasaltic reflections. It is well known that 

unconformities and/or lithologic changes usually imply acoustic-impedance contrasts, the 

magnitude of which determines the magnitude of the reflection coefficients. But to what 

extent is the thickness of a low-velocity thin bed within the basalts significant to the 

generation of reflections on the seismic data? Widess (1973) showed that a bed as thin as 3 m 

may, for typical frequency and velocity, have considerable reflectivity power. An intrabasaltic 

velocity anomaly usually implies a sedimentary layer intercalated between two or more basalt 

flows, and it has a different velocity – typically lower – than the average and relatively 

homogeneous basalt itself. An intrabasaltic layer, causing a velocity anomaly, is usually 

associated with a lithologic unconformity within the basalt sequence (refer to Chapter 6). 

 

5.2 Method 

The sonic/acoustic and density logs were extracted from the LAS (Log ASCII Standard) file 

and arranged into blocks (i.e. sample interval) of a suitable size. From here the acoustic-

impedance log is calculated according to the relationship: 𝑍 = 𝜌𝑉 = 𝜌𝑖𝑉𝑖, where ρi is the 
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density and Vi is the P-wave velocity at depth sample i. Since I had problem with the 

ProMAX 19.1 module to read in the density values required to calculate and display the 

acoustic impedance correctly, I invoked Gardner’s relationship to calculate the acoustic 

impedance. Gardner’s relationship, which is usually applied to calculate density and acoustic 

impedance for various sedimentary rocks based on their velocity values, can also be applied 

for basalt. This is demonstrated in Appendix F. 

Usually, though not always, the acoustic impedance can be approximated merely as a 

function of P-wave velocity, since a rock's velocity varies far more rapidly than the rock's 

density. This is stated in Gardner’s empirical relationship in which density is proportional to 

the P-wave velocity raised to the power 0.25, that is: 

𝜌 = 𝑎𝑉1 4⁄ ⇔ 𝑉 = (
𝜌

𝑎
)

4

    (Eq. 5–1) 

where 𝑎 is 0.31 when 𝑉 is in m/s, and 0.23 when 𝑉 is in ft/s (Gardner et al. 1974). Density ρ 

is in g/cm3 in both these cases. Adopting this relationship Z can be approximated solely from 

the velocity in the ith depth sample, that is: 

𝑍 = 𝜌𝑉 = 𝑎𝑉5 4⁄     (Eq. 5–2a) 

𝑍 ∝ 𝑉5 4⁄      (Eq. 5–2b) 

Having calculated Zi at depth sample i, the reflectivity series Ri can be computed from: 

𝑅𝑖 =
𝑍𝑖+1−𝑍𝑖

𝑍𝑖+1+𝑍𝑖
     (Eq. 5–3). 

The next step was the generation of a synthetic CDP trace, which was performed in the 

following manner: 

 

• The acoustic-impedance log was converted from depth to time. 

• A reflection series was computed in time. 

• A wavelet was built – choices were: Ricker, Ormsby, and Klauder wavelets. 

• The wavelet was tapered using a Bartlett window. 

• The wavelet was normalised to an amplitude of one. 
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• The wavelet was convolved with the reflectivity series to produce the synthetic CDP 

trace. 

• The synthetic CDP trace was reconverted from time to depth. 

o This is done so that input logs can be edited in the display allowing for 

interactive rebuilding of the synthetic trace. 

Finally, the processing system derived a match filter that forces the phase and amplitude 

characteristics of the synthetic trace to match those of the real seismic data. 

 

 

Figure 5-2: Left – Ricker wavelets shown in time-domain at three different peak (mean) frequencies; 

Right – The same Ricker wavelets in the frequency domain. Images were produced in Matlab by the 

implementation of Equation 5–4. 

 

After testing the Ricker, the Ormsby, and the Klauder wavelets in the generation of the 

synthetic trace, I chose the Ricker wavelet because it best fitted the seismic data. Figure 5-2 

shows the shape of Ricker wavelets at three different mean frequencies, and their amplitude 

spectra. Only one parameter – the mean frequency – is needed for its generation and this 

frequency determines the length of the wavelet: the higher the mean frequency the shorter the 

wavelet, and vice versa (Figure 5-2, left). The mean frequency also determines the amplitude 

spectrum of the wavelet (Figure 5-2, right). Expressions for the Ricker wavelet and its Fourier 

transform are: 
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𝑓(𝑡) = (1 − 2𝜋2𝑓𝑀
2𝑡2)exp(−𝜋2𝑓𝑀

2𝑡2) ↔
2

√𝜋
(

𝑓2

𝑓𝑀
3 ) exp (

−𝑓2

𝑓𝑀
2 ) = 𝐹(𝑓) ( Eq. 5–4), 

 

where f is frequency, fM is the mean frequency, and t is time. The symbol ↔ denotes a Fourier 

transform pair (Sheriff, 2002). 

 

Figure 5-3: SEG polarity standard. (a) For a positive reflection, at normal polarity, a minimum-phase 

wavelet begins with a down kick; and (b) the centre of a zero-phase wavelet is a peak. In the North 

Sea and some other areas the opposite convention is used for zero-phase wavelets (Sheriff and 

Geldart, 1995). 

It is a drawback, though, that while the Ricker wavelet is zero phase, the real seismic data has 

been processed without converting to zero phase. This inevitably affects the comparison of 

the synthetic CDP with the seismic data. However, as mentioned earlier, a match filter was 

derived that forces the phase and amplitude characteristics of the synthetic trace to match 

those of the real seismic data. And both the Ricker wavelet and the real seismic data have 

been processed according to the SEG normal polarity standard (Figure 5-3). 
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In this particular work, all log depths had to be converted from metres (m) to feet (ft), 

because some modules of the ProMAX 19.1 software work best when depth is in feet. The 

conversion factor from metres to feet is 0.3048. 

 

5.3 Well-log tie to seismic 

 

5.3.1 Glyvursnes 1 

The Glyvursnes-1 well is located on the headland of Glyvursnes about 3 km southeast of the 

capital, Tórshavn (Figure 5-1). The elevation at the well site is ~15 m (49.2 ft) above mean sea 

level. The Glyvursnes-1 well was drilled to a total depth of 700 m (2297 ft). Drillers’ depths 

were measured relative to ground level, whereas all logging depths are relative to the top of 

the casing, i.e. ~8 cm (0.26 ft) above ground level (personal communication Uni K. Petersen). 

The drilled strata consist of basalt lava flows belonging to the Enni Fm, Sneis Fm and 

Malinstindur Fm, as well as intercalated sediments. 

At the well site, Passey and Varming (2010) reported the depth to the base of the Argir Beds 

unconformity (ABU) to be 27 m (88.6 ft) below mean sea level (bmsl). Adding the elevation 

from where the well was logged (15.1 m) yields 42.1 m (138.1 ft) (Table 5-1). Furthermore, 

they reported the depth to the Malinstindur-Sneis unconformity (MSU) to be 282 m (925 ft) 

bmsl. Adding 15.1 m to this depth yields 297.1 m (974.7 ft). The location where the well-log 

data is tied to the seismic data is shown in Figure 5-1. 
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Table 5-1: Logged depths at the Glyvursnes-1 and Vestmanna-1 well sites. 

 

5.3.1.1 The Argir Beds unconformity (ABU) 

In Figure 5-4 a local minimum is observed in the sonic log (panel 1) at ~100 ft, then a local 

maximum at ~118 ft, and then a local minimum again at ~135 ft. Corresponding values for 

the acoustic impedances and reflection coefficients are shown in panels 2 and 3. The 

synthetic seismogram (panel 4) was created with a 40-Hz Ricker wavelet. A trough is 

displayed on the synthetic CDP trace starting at 73 ft, with minimum at ~104 ft, then turning 

positive at 159 ft. This trough on the synthetic trace is a composite of the two velocity 

minima mentioned above. After depth-to-time conversion (Figure 5-5) the synthetic CDP 

trace has been superposed on the real CDP stack in red, and shows a good match for most of 

the trace length. 

Figure 5-6 (rightmost panel) compares the synthetic seismogram with a larger number of 

traces from the real seismic data. The reasonably good match between the synthetic trace and 

the real seismic data, along with other indications (i.e. geologic and stratigraphic description 

in the literature, dip and strike, point of predicted termination at the seabed), supports the 

interpretation of this reflector to be associated with the Argir Beds. Furthermore, the strength 
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and coherency of the reflector on the real seismic data indicates it to be a ‘significant’ 

unconformity. 

 

Figure 5-4: Log features at the Argir Beds unconformity (ABU) at the Glyvursnes-1 well site. Shown 

are 4 panels, from left to right: sonic log, acoustic impedance, reflection coefficient, and synthetic 

seismogram. Expanded: zoom of the ABU area. The base of the ABU has been reported at 138 ft. 

Refer to the Method section (5.2) and Appendix F for an account of applying Gardner’s relationship 

to derive the acoustic impedance from the sonic/velocity log. 

The trough on the synthetic trace (Figure 5-4, rightmost panel) starting at ~73 ft, turning 

positive at ~159 ft indicates that the top and the base of the Argir Beds cannot be 

distinguished from each other; nevertheless the strong negative excursion must be associated 

with the velocity contrasts between the Argir Beds and the superjacent and subjacent basalt 

flows. From the sonic log the Argir Beds appear to have a thickness of approximately 11.5 m 

(138 ft – 100 ft = 38 ft) at the well site, which is more than the average thickness reported in 

the literature of approximately 2-5 m (Chapter 2; Passey et al., 2007). 
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5.3.1.2 Malinstindur-Sneis unconformity (MSU) 

In Figure 5-7 a local velocity minimum is seen at ~975 ft. It correlates with a reduction in the 

acoustic impedances at the same depth, a strong negative reflection coefficient at 972 ft and a 

moderate-to-strong positive reflection coefficient at ~980 ft. The synthetic seismogram 

(rightmost column) was created with a 40-Hz Ricker wavelet. The velocity change is seen as 

a trough starting at 933 ft, reaching a minimum at ~972 ft, and turning positive at 1030 ft. 

After depth-to-time conversion the synthetic CDP trace was superposed in red on the real-

data CMP stack (Figure 5-8, rightmost panel), yielding a poor-to-moderate match around the 

interpreted MSU reflection at ~150 ms. Figure 5-9 compares the synthetic seismogram with a 

larger number of traces from the real-data seismic section. 

 

Figure 5-5: The same 4 columns as in Figure 5-4 coupled with real CMP-stack data (rightmost 

column). The synthetic CDP trace (4th panel from left) has been superposed in red on the real CMP 

stack at CMP location 3894. The Argir Beds unconformity (ABU) reflector is located at ~170 ms. 

If we compare the ABU and the MSU, the velocity contrasts as observed from the borehole 

sonic logs are similar in magnitude. Nevertheless, as observed from the reflectivity series, the 

reflection coefficient is significantly larger at the MSU than at the ABU (with negative sign in 

both cases). Despite this difference, the MSU reflector is not stronger, maybe even weaker 

and less coherent than the ABU on the real seismic data (compare Figure 5-10 and Figure 
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5-11). A likely explanation is the difference in thickness of the Argir Beds and the Sneis Fm. 

This is supported from the measured thicknesses, as mentioned above, that the Argir Beds are 

~38 ft thick while the Sneis Fm is ~8 ft thick (= 980 – 972 ft) at the well location. If there is a 

similar difference at tie locations, it may explain the difference in the two reflectors' intensity. 

This topic is further elaborated in the Discussion section about the reflectivity power of thin 

beds. 

 

Figure 5-6: Same as Figure 5-5 but with more traces in the CMP stack (rightmost panel). The Argir 

Beds unconformity (ABU) is seen as an oblique reflector at around 170 ms. 

 

5.3.2 Vestmanna-1 well 

The Vestmanna-1 well is located at the village of Vestmanna on the west coast of the island of 

Streymoy (Figure 5-1). The well-site ground level is ~1.8 m (6 ft) above the mean-sea-level. 

The drilled strata consist of basalt lava flows with intercalated sediments belonging to the 

Malinstindur, the Prestfjall, possibly the Hvannhagi, and the Beinisvørð Fms (see Chapter 2). 

At the well site, Passey and Varming (2010) reported the depth to the Beinisvørð-Prestfjall 

unconformity (BPU) to be 557 m (1827 ft) bmsl. Adding the elevation from where the well 

was logged yields 558.8 m (1833 ft) (Table 5-1). 
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5.3.2.1 Beinisvørð-Prestfjall unconformity (BPU) 

In the sonic log of Figure 5-12 a local velocity decrease is seen starting to build at ~1811 ft 

and rebounding to an ‘average’ value at ~1833 ft. The same trends are seen in the acoustic 

impedances and the reflectivity series. This low-velocity zone has a thickness of ~22 ft (6.7 

m) and is seen on the synthetic seismogram as a moderate-size trough starting at ~1772 ft, 

having a minimum value at ~1807 ft, and turning positive at ~1826 ft. This is succeeded 

downward by a high-amplitude peak. The reflectivity series was convolved with a 40 Hz 

Ricker wavelet to create the synthetic seismogram. Upon depth-to-time conversion the 

synthetic CDP trace has been superposed on the real CMP stack in red in Figure 5-13, yielding 

a good match for the whole trace length. The BPU, as interpreted from the synthetic trace, is 

located at ~420 ms at this position on the CMP stack. The sonic-log information stops at 

~1923 ft, so the events appearing on the synthetic trace below this depth do not qualify for 

interpretation. 

 

Figure 5-7: Log features at the Malinstindur-Sneis unconformity (MSU) at the Glyvursnes-1 well site. 

Shown are 4 panels, from left to right: sonic log, acoustic impedance, reflection coefficient, and 

synthetic seismogram. Expanded: zoom of the MSU area. The MSU has been reported at 975 ft. 

Refer to the Method section (5.2) and Appendix F for an account of applying Gardner’s relationship 

to derive the acoustic impedance from the sonic/velocity log. 

Most seismic reflections mark unconformities and/or time boundaries that commonly 
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correspond to distinctive lithologic changes (Sheriff and Geldart, 1995). The BPU reflector is 

considerably more coherent than the shallower ABU and MSU reflectors on the real-seismic 

data (compare Figure 5-10, Figure 5-11 and Figure 5-14), and likely to represent the most 

significant unconformity. There was a relatively long volcanic hiatus after the eruptive events 

that led to the creation of the Beinisvørð Fm (Table 5-1), and the overlying Prestfjall Fm 

represents this hiatus consisting of swamp, lacustrine and fluviatile deposits (Passey et al. 

2007). On average the Prestfjall Fm is significantly thicker (up to ~50 ft) than the Argir Beds 

(~13 ft) and the Malinstindur Fm (~7 ft) (Chapter 2; Passey and Varming, 2010). 

 

Figure 5-8: The same 4 columns as in Figure 5-7 coupled with real CMP-stacked data (rightmost 

column). The synthetic CDP trace (4th column from left) has been superposed in red on the real CMP 

stack at CMP location 5901. The Malinstindur-Sneis unconformity (MSU) reflector is located at ~150 

ms. 

 

5.4 Discussion 

In this study I have tied 2D seismic data of the GlyVeST survey to synthetic CDP traces 

generated from well-log information of the Vestmanna-1 and the Glyvursnes-1 boreholes. 

The reflectivity series were convolved with a 40-Hz Ricker wavelet to generate the synthetic 

CDP traces to be matched with the real seismic data. It is a drawback though, that the seismic 
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data has not been processed to zero-phase source signature, while the synthetically generated 

Ricker wavelet is zero-phase. However, the synthetic CDP data and the minimum-phase real-

seismic data both obey the SEG polarity standard. The distances between the well sites and 

the points of seismic tie may also be a drawback. 

 

Figure 5-9: The Malinstindur-Sneis unconformity (MSU) is seen as an oblique reflector at around 150 

ms. Top and base boundaries of the Sneis Fm are not resolved on the seismic data, indicating it to be 

a 'thin bed'. 

The thicknesses of the depositional layers superposed on the unconformities of this study 

inevitably involve a discussion of thin beds and seismic resolving power. Referring to the 

classic paper of Widess (1973), resolving power is the ability to distinguish between the 

properties of two (or more) elements. The elements that I have considered are the interfaces 

of the sedimentary layers intercalated in the basalt flows. When the layer thickness is large 

enough that the individual reflected wavelets from each of the two interfaces are completely 

separated in time, the trace(s) of the record has the potential to yield maximum possible 

information. As the bed thickness diminishes, the reflections from top and bottom become 

less resolved, while increasingly more of the energy becomes a composite of the two 

reflections. 

This trend continues until the thickness is equal to about, 𝜆𝑣/8, where 𝜆𝑣 is the dominant 
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wavelength computed using the velocity of the bed. Beds thinner than this can for 

convenience be defined as thin beds (keeping in mind that resolvability is usually more 

complex, depending on data quality, exact wavelet shape, etc. Also, compare with resolution 

according to the Rayleigh criterion, λ/4 [6.5]). The amplitude 𝐴𝑡ℎ of a reflection from a thin 

bed, for which  𝑏 < 𝜆𝑣/8, and the velocity is v
2
, and the velocities of the overlying and 

underlying media are v
1
 and v

3
, and for which v

2
 ≠ v

1
 = v

3
, is to the first order of 

approximation given by Widess (1973) as: 

 

 𝐴𝑡ℎ = 4𝜋𝐴𝑏/𝜆𝑣    (Eq. 5–5), 

 

where b is the thickness of the bed, and A is the amplitude of the reflection if the bed was 

very thick. The equation shows that a bed as thin as 10 ft (3 m) may, for typical frequency 

and velocity, have considerable reflectivity power. For example, if the bed is 3 m, the velocity 

3500 m/s, and the dominant frequency 40 Hz, then the amplitude would be about 43 % of 

what it would be if the bed was very thick. 
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Figure 5-10: CMP stack showing the Argir Beds unconformity (above) with normal polarity, and 

(below) with reversed polarity. Reversed polarity enables the picking of the unconformity over a 

longer distance. 

With respect to the entire field-seismic data profile, the BPU is the strongest and most 

coherent of the three reflectors analysed (Figure 5-15). So the intensity of an intrabasaltic 

reflector, as caused by a thin bed, depends greatly on the thickness of the thin bed, and not 

merely on the acoustic-impedance contrasts. However, as derived from the borehole sonic 

logs, the layer immediately above the Beinisvørð-Prestfjall unconformity appears to be 

slightly thinner than the layer immediately above the Argir Beds unconformity. So why then 

is the ABU reflection less coherent than the BPU reflection on the seismic data? 
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Figure 5-11: CMP stack showing the Malinstindur-Sneis unconformity (above) with normal polarity, 

and (below) with reversed polarity. There is no interpretational benefit with reversed polarity here 

as there is in Figure 5-10. 

The fact is that the BPU reflector is incoherent at certain intervals on the seismic data, and it 

has been documented from geological mapping that the Prestfjall Fm varies considerably in 

thickness throughout the country. Significant variations are also likely for the Argir Beds (cf. 

5.3.1.1; Passey et al., 2007). Thus the smaller thickness of the Prestfjall Fm at the Vestmanna-1 

well site compared to the greater thickness of the Argir Beds at the Glyvursnes-1 well site 

may not apply everywhere. The velocity variations shown in Chapter 4 may also affect the 

intensity of the thin-bed reflections from place to place. 
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Figure 5-12: Log features at the Beinisvørð-Prestfjall unconformity (BPU). Shown are 4 panels, from 

left to right: sonic log, acoustic impedance, reflection coefficient, and synthetic seismogram. 

Expanded: zoom of the BPU area. The BPU has been reported at 1833 ft. (As with Figure 5-4 and 

Figure 5-7, refer to the Method section and Appendix F for an account of the acoustic impedance). 

 

Figure 5-13: The same 4 columns as in Figure 5-12 coupled with real CMP stacked data (rightmost 

column). The synthetic CDP trace (4th column from left) has been superposed in red on the real CMP 

stack at CMP location 9701. The Beinisvørð-Prestfjall unconformity (BPU) reflector is located at ~420 



Chapter 5 – Well-log seismic tie and synthetic CDP generation of the GlyVeST data 

PhD thesis Page 161 of 196 Hilmar Simonsen 

ms. The sonic log information terminates at 1923 ft, so the events that appear on the synthetic trace 

below this depth do not qualify for interpretation. 

 

 

Figure 5-14: CMP stack showing the Beinisvørð-Prestfjall unconformity (above) with normal polarity, 

and (below) with reversed polarity. This reflector is best visualised with normal polarity. 

 

5.5 Conclusions 

I have tied 2D GlyVeST data to synthetic traces generated from logs of the Vestmanna-1 and 

Glyvursnes-1 wells, using a 40-Hz Ricker wavelet. Three unconformities were recognised 

from the logs and picked for tying. The BPU is the most prominent of these. Variations in 

coherency and amplitude are seen in the BPU, MSU and the ABU reflections, which I 

interpret as tuning effects due to thickness and velocity variations. Top and bottom reflections 

do not appear to be resolved on any of the sedimentary layers, and this indicates they are 

probably within the limit of thin beds defined here as thinner than one eighth of the dominant 

wavelength. 

An unconformity within basalt flows may, or may not, cause reflection on seismic data. 
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Possible reflection depends on if there is a depositional sequence having different velocity 

than the rocks above and below. When such a depositional sequence is effectively a thin bed 

(i.e. maximum a few metres), which is common for intrabasaltic deposits in the Faroe Islands, 

the reflections from the upper and lower boundaries will essentially combine into a single 

reflection. The reflection amplitude depends on the velocity of the thin bed, its thickness, and 

the dominant frequency of the wavelet travelling through it. 

 

Figure 5-15: CMP stack displaying the reflectors: ABU, MSU and BPU. The BPU is the most coherent, 

but becomes incoherent at certain intervals, and disappears in the deeper section. 
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5.6 Appendix F 

Applicability of Gardner’s relationship to basalt 

Gardner’s relationship is applicable for various kinds of sediments. Whether it is (or may be) 

applicable for basalt has been tested in this study. In its general form Gardner’s relationship is given 

by 𝜌 = 𝛼𝑉β ⇔ 𝑉 = (
𝜌

𝑎
)

1/𝛽
, where ρ is bulk density in g/cm3, V is P-wave velocity in m/s, and α and 

β are empirically derived constants that depend on geology. We can calibrate α and β from sonic and 

density well-log information, respectively.  

The density and sonic/velocity logs from Glyvursnes 1 were loaded into an open-source application 

called FreeMat. Hence the logs were reproduced along with the Gardner density (as calculated from 

the sonic/velocity log), the acoustic impedance, and the Gardner acoustic impedance (also as 

calculated from the sonic/velocity log). All five trends are shown in Figure 5-16; and in Figure 5-17 

after a modest adjustment of 𝛼. 

Prior to producing the curves, the loaded density and velocity values needed to be interpolated to 

obtain a consistent matrix form. That is because these two logs have been logged at different intervals 

and at different reference level from Kelly Bushing. The density log was originally logged at an 

interval of 10 cm, and the sonic log at an interval of 20 cm. They also needed to be calibrated with 

respect to depth from Kelly bushing in order to have the sonic/velocity and density references in the 

same depth. 

Finally, the macro created in FreeMat to generate Figure 5-16 reads (note that explanatory 

comments start with ‘%’): 

 

% Macro to load density and velocity data, interpolate the values so both are defined in the same 

depths 5.6:0.1:700 

% Then compare: 1) measured rho with Gardner-calculated rho, and 2) calculated acoustic 

impedance with Gardner AI 

clear all; close all; clf; 

load /Users/hs/Downloads/glyv_dens.csv 

load /Users/hs/Downloads/glyv_vel.txt 

Zrho=glyv_dens(:,1);  
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Rho=glyv_dens(:,2);  

Zvel=glyv_vel(:,1);  

Vp=glyv_vel(:,2);  

Zint=5.6:0.1:700; % Defining all depths in the interval 5.6 m to 700 m with 0.1 m increment 

Vint=interplin1(Zvel,Vp,Zint); % Interpolate all logged sonic/velocity values (Vp) from depths Zvel to 

depths Zint 

Rint=interplin1(Zrho,Rho,Zint); % Interpolate all logged density values (Rho) from depths Zrho to 

depths Zint 

Rgard=0.31*(Vint*1000).^0.25; % Rho as calculated from Gardner 

AIcalc=(Rint.*(Vint*1000))/1000; % Acoustic Impedance Z=rho*V, division by 1000 to have it in the 

same x-value range as other curves in plot 

AIgard=(0.31*(Vint*1000).^1.25)/1000; % Acoustic Impedance from Gardner, again division by 1000 

to have it in the same x-value range as other curves in plot 

plot(Vint,Zint,'r-',Rint,Zint,'b-',Rgard,Zint,'k-',AIcalc,Zint,'m-',AIgard,Zint,'c-'); 

axis ij % flip vertical axis 

title('Glyvursnes','fontsize',30); 

xlabel('Rho [g/cm3] - Velocity [km/s] - Acc. Imp.','fontsize',20); 

ylabel('Depth [m]','fontsize',20); 

legend('Velocity','Rho','Rho Gardner','Acc. Imp.','Acc. Imp. Gardner') 
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Figure 5-16: Glyvursnes 1 borehole logs. Red – sonic log and blue – density log (rho) were loaded 

from ascii files. Black – the Gardner density (rho Gardner) was calculated from the sonic log 

according to the relationship 𝜌 = 𝛼𝑉𝛽, where 𝛼 = 0.31 and 𝛽 = 0.25 (‘standard’ values). The 

Gardner density (black) fits reasonably well with the measured density (blue). Magenta – the 

acoustic impedance Z as calculated from 𝜌 ∗ 𝑉 (log values). Cyan – the Gardner acoustic impedance 

as calculated from 𝑍𝐺𝑎𝑟𝑑𝑛𝑒𝑟 = 𝛼𝑉5 4⁄  also fits reasonably well with log-calculated Z. See also Figure 

5-17. 
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Figure 5-17: Same as Figure 5-16 but with adjusted 𝛼. Here 𝛼 = 0.33, compared to 0.31 in Figure 

5-16. It is evident that the Gardner relationship applies very well for the basalts at Glyvursnes 

following this modest calibration of 𝛼. 
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6. Interpretation of near-surface 

reflection-seismic data in a 

constrained marine area with flow 

basalts 

 

6.1 Introduction 

Creating seismic images of horizons and other geological features within and beneath 

volcanic basalt layers can be a great challenge for geoscientists in both industry and academe. 

Massive basalt is a high-impedance rock, which normally implies that a large proportion of 

the seismic energy is reflected back upon incidence at a boundary between a low-impedance 

medium - such as water or sediment - and the basalt itself.  

This study relates to the planning of a subsea road tunnel (Figure 6-1) in the Faroe Islands to 

be drilled through flow basalts and deals with aspects that are analogous to exploration 

problems in areas with high-acoustic-impedance layers. Near-surface 2D marine reflection-

seismic data have been interpreted and visualized for the purpose of obtaining an optimal 

understanding of the uppermost 100-150 m of rock below the water bottom. The seismic data 

set, which was processed at Aarhus University December 2008 to January 2009, has f-k 

filtering and automatic gain control (AGC) applied making it suitable for interpretation of 

geological features, but not for more thorough amplitude analysis (the true amplitudes would 

have been destroyed by those processes). 

Certain intra-basaltic features beneath the water bottom have been recognized, which has 

served to answer crucial questions related to the study area. The testing of a previously 

postulated strike-slip fault, which is inferred to have a vertical displacement of 200-300 m, 

and a lateral displacement of 4-6 km, is an important topic of this work. 
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6.2 Geologic summary 

The geology of the study area is characterised by numerous basalt flows, averaging 10-30 m in 

thickness, separated by generally thin layers (few centimetres to < 1 meter) of tuffs, volcaniclastic 

sediments, as well as some reworked and organic sediments (Passey et al., 2007; Passey, 2009). The 

lithological strata are generally dipping easterly to southerly thus submerging below the water surface 

in a direction between east and south. On the other hand they are typically cropping out from steep 

cliffs in the northern or western part of the country.  

 

Following the most recent geological mapping, that of Passey and Jolley (2008), and further upgraded 

by Passey and Varming (2010), the Faroe Islands Basalt Group (FIBG) has a gross stratigraphic 

thickness of ~6.9 km, and is subdivided into seven formations based on the recognition of widespread 

disconformities and lithologic changes Table 6-1. 

 

Figure 6-1: Study area. Only one of a total of 42 seismic lines is shown tying the islands of Streymoy 

(north) and Sandoy (south). The planned subsea-road tunnel trajectory is shown in green. Survey box 

area is about 200 km2, and total two-way-time is 600 ms. Base map in box from Heinesen (2007). 
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6.3 Method 

The fact that key stratigraphic horizons - e.g. unconformities - can be observed onshore, and 

their approximate positions offshore can be predicted from the general strike and dip of the 

layers is an important link in the interpretation of these data. The points at which some of 

these horizons break the water surface onshore are very close to the location of seismic 

profiles offshore in the study area. Seismic data used in this work comprise 'high' resolution 

data, but also a 'low' resolution profile that extends beyond the main study area to constrain 

the points of outcrop of key stratigraphic horizons. The acquisition of the 'high' resolution 

versus 'low' resolution data set was discussed in Chapter 1. Post-migrated stacked data was 

used in the interpretation of the geological features. 

 

Table 6-1: Schematic representation of how stratigraphic features of this work are thought to 

correlate with the stratigraphic frameworks of Rasmussen & Noe-Nygaard (1970) and Passey & 

Jolley (2009). 
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6.4 Intrabasaltic reflections 

Sheriff and Geldart (1995, pp. 150-152) state that most reflections mark unconformities 

and/or time boundaries that most commonly correspond to distinctive lithologic changes. 

However, since the geology in the study area is almost entirely made up of flow basalts with 

predominantly thin strata of intercalated sediments, significant lithologic changes are 

uncommon. Nevertheless, significant unconformities have been established onshore (e.g. 

Rasmussen and Noe-Nygaard, 1970 (1969); Passey, 2009) and one of them is the C horizon, 

which most plausibly corresponds to a key seismic feature in the interpretation of these data, 

referred to as the C′ horizon.  

In seismic interpretation, it is desirable and usually possible to see whether a reflection marks 

an increase or a decrease in acoustic impedance (the product of density and P-wave velocity). 

An increase from one medium to another usually, though not always, indicates an increase in 

both velocity and density, in view of the empirical approximate relationship between density 

and velocity, which holds quite well for most rocks of the Earth – e.g. the equation of 

Gardner et al. (1974): 𝜌 = 𝑎𝑉1 4⁄ , where 𝜌 is density, 𝑎 is an empirical constant, and 𝑉 is 

velocity.  

 

Figure 6-2: Left: Migrated stacked section (above) without interpretation, and (below) with the 

interpretation of the C′ horizon. Location of profile A-A’ is shown in the right panel, length about 4.5 

km. Right: Plan view of the interpretation of the C′ horizon on multiple lines. Most of the lines are 4-

5 km long. Seismic profile B-B’ is shown in Figure 6-3. Area is 8.92 km x 9.5 km (~85 km2). 
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6.5 Picking of horizons 

A fairly strong reflector beneath the water bottom can be distinguished on most of the seismic 

sections with reasonably good coherence (Figure 6-2). On the lines furthest to the ESE, the 

event is observed below the water bottom coherently throughout. From its polarity (same as 

at the water bottom reflector) it is evident that it represents an increase in acoustic impedance, 

suggesting a denser or more compact, higher-velocity rock below the reflector than above. 

This suggests an interface between a low impedance layer, such as sediment, above and a 

higher impedance layer, such as volcanic rock, below. The top of the low impedance layer is 

unresolved on the seismic data, which is presumably because the layer is thinner than λ/4, i.e. 

the practical limit of vertical resolution according to the Rayleigh criterion (see also 5.4 for a 

further discussion on vertical resolution). Here λ is wavelength, and λ= v/f, where v is seismic 

velocity and f is seismic frequency. Moving WNW, reflection terminations indicate 

intersection of this reflector with the water bottom, occurring at increasing distance away 

from the coast of the island of Sandoy. 

As indicated by the reflector’s strength, partly undulating nature, position, and correlation to 

a lithologic boundary onshore, it is likely to represent a hiatus in the volcanic extrusion 

sequence during which sediments may have been deposited. It correlates with the C horizon 

onshore; though in this study I will use the term C′ horizon for this reflector. Within this zone 

there is an increased likelihood for higher porosity and permeability that may have impact on 

the construction of a subsea tunnel. 
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Figure 6-3: CMP-stacked section. Above: uninterpreted; below: with the interpretation of the C′ 

horizon (blue) and B′ horizon (yellow) 30-50 ms below the C′ horizon. Location of profile B-B’ is 

shown in Figure 6-2. 

On a large proportion of the 42 seismic lines I picked one more coherent to semi-coherent 

intra-basaltic reflector, typically 30-50 ms deeper than the C′ horizon but closely paralleling it 

(Figure 6-3). This horizon, referred to as B′ horizon, also terminates at the seabed on many 

lines with approximately the same dip and strike as the C′ horizon but, being deeper, its 

terminations are located further W (Figure 6-4). It has an apparent upward bending trend at 

the southern end of some lines, i.e. abutting the island of Sandoy (Figure 6-5). A 

corresponding trend can hardly be observed from the reflections at the northern end of the 

profiles, i.e. close to the island of Streymoy. These N–S seismic profiles were acquired in 

alternating directions, and thus one could be tempted to believe that the bending trends are 

due to geology, and not to acquisition artefacts. 
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Figure 6-4: Interpretation of the C′ horizon (blue lines) and B′ horizon (yellow lines) superimposed on 

map of Passey (2009) showing the predicted relative strike and dip of the Sneis Fm basal surface and 

the suggested location of the postulated strike-slip fault. The C′ horizon is approximately coincident 

with the base of the Sneis Fm, which is only about 1-2 m thick in this area. The interpreted horizons 

terminate at the water bottom with approximately the same strike as predicted, but in most of the 

area they traverse the postulated fault. The red dashed line on the lower left in the base map is the 

inferred 0 m structural contour of Passey (2009) located 5-6 km WNW from the terminations of the 

C′ horizon. Profiles A-A’ and B-B’ are shown in Figure 6-2 and Figure 6-3. The yellow dots indicated 

with numbers (e.g. -78) are spot heights of the Sneis Fm basal surface as measured by Passey (2009). 

Survey box area (central part of the figure) is 13 x 10 km. 

However, we do not have navigation data for the recording streamer, and the fact is that the 

vessel had to make abrupt turns close to the coasts on both sides of Skopunar Fjord, at line 

run-offs, to avoid collision. Likewise the vessel was making abrupt turns at the run-ins of 

every line. Position could only be recorded at the vessel, and extrapolated to the air gun, so 

for the processing geometry to be correct the streamer needs to be fully extended. Even if the 

recording was adjusted to avoid streamer bending from start of line to end of line, there is no 

navigation data for the streamer to check it. Navigation may be checked – or QC-ed – from 

the direct arrival, but due to shallow water close to the coasts (TWT ~50 ms) the direct arrival 

is mixed with water bottom reflection. 
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Figure 6-5: Left: The southern ends of consecutive profiles close to the coast of the island of Sandoy 

(see Figure 6-2, right, for location). The interpreted reflectors have an upward bending trend on 

some profiles. Right: A similar trend cannot be observed on the northern ends of consecutive 

profiles close to the island of Streymoy. This is the only seismic indication of a possible fault 

displacement as postulated by Passey (2009) as observed from these data. It implies that the fault, if 

it exists, has to be located very close to the Sandoy coast, beyond the end of the profiles to the left. 

 

6.6 Inferred strike-slip fault 

The testing of the inferred strike-slip fault in Skopunar fjord is an important component of 

this study. Passey (2009) provides evidence of an apparent vertical displacement of strata 

between the islands of Streymoy and Sandoy (Figure 6-4). He produced a set of triangulated 

irregular network (TIN) layers for three key stratigraphic marker units, or basal surfaces, one 

of them (the Sneis Fm basal surface) shown in the base map of Figure 6-4. The conjecture of 

the strike-slip fault came about as a result of the pattern of these TIN observations, in 

particular because there is a vertical discrepancy of the basal surfaces between Streymoy and 

Sandoy of 200-300 m, with the Sandoy side as the apparently 'downthrown' block. Only very 

small variations have been observed in the dip and strike of the layers, and faults in the Faroe 

Islands generally have small or negligible vertical displacements. Furthermore, according to 

Passey (2009), there is an abrupt change in the depositional facies between the islands of 

Streymoy and Sandoy. So he concluded that the displacement between Streymoy and Sandoy 

was caused by a dextral strike-slip fault with a lateral displacement of 5.5-6.3 km, and that 

this event must postdate the volcanism that led to the formation of the Faroe Islands Basalt 

Group (FIBG) in Paleocene-Eocene time. Since no indication of a strike-slip fault has been 

found on land, and there is no dislocation between the islands of Streymoy and Hestur 

(Figure 6-2; Figure 6-4), attention has been directed towards the Skopunar fjord area. 

However, neither Passey (2009) nor other workers have been able to distinguish any such 



Chapter 6 – Interpretation of near-surface reflection-seismic data in a constrained marine area with flow 

basalts 

PhD thesis Page 175 of 196 Hilmar Simonsen 

fault from available seismic data and, thus, further evidence has been sought to confirm or 

discard this hypothesis. 

 

6.7 Discussion 

Both the C′ horizon and B′ horizon can be distinguished coherently with no obvious 

interruption in most of the study area. This tends to refute the possibility of a fault throw near 

the middle of Skopunar fjord. There has been no sign of faulting in the vicinity of the 

Streymoy coast, and close to the Sandoy coast the only possible indication of faulting comes 

from reflectors that tend to bend upwards at line terminations (Figure 6-5). The C′ horizon is 

observed throughout the study area, but most coherently on the seismic lines located farthest 

to the ESE. Farther to the WNW the reflector typically becomes more discontinuous, which 

may indicate a larger degree of deterioration as caused by cracking and/or fracturing. 

Relatively low seismic velocities found by Geomap (2007) and Neish (2007) are also 

consistent with such deterioration in this area. The increase in discontinuity could also be 

caused by an increase in rugosity at layer boundaries causing seismic scattering; or it could 

be due to the overlying Sneis Fm becoming locally thinner or absent. 

Farther to the WNW the C′ horizon and B′ horizon terminate at the seafloor increasingly 

farther away from the Sandoy coast. The subparallel terminations of the two reflectors are in 

good agreement with the strike of the basal surface(s) predicted in the TIN layers by Passey 

(2009) in the NE part of Skopunar fjord (Figure 6-4). (Note, in Figure 6-4, that the base of the 

Sneis Fm, which is approximately 1-2 m thick in this area, is approximately coincident with 

the C′ horizon). The sea floor terminations of the C′ horizon are also consistent with the 

mapping of the C horizon by Rasmussen and Noe-Nygaard [1970 (1969)] and Waagstein 

(1998) in the W and NW area of Sandoy (Figure 6-6). These observations suggest that the 

Skopunar fjord is primarily a result of glacial, and possibly fluvial, erosion postdating the 

volcanism that built up the FIBG. All in all, the observations are certainly at odds with the 

previous hypothesis of a strike-slip fault (Passey, 2009; Neish, 2007) located along the ESE 

trending bathymetry low of Skopunar fjord.  
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Figure 6-6: The interpretation of the C′ horizon in this study is consistent with the geological 

mapping of the Faroe Islands by Rasmussen & Noe-Nygaard (1969) and Waagstein (1998), where the 

C horizon (located between the Middle Basalt Fm and the Upper Basalt Fm) is exposed onshore W 

and NW of Sandoy (from Waagstein 1998). 

 

6.8 Conclusions 

A near-surface reflection-seismic data set has been interpreted and analysed with respect to 
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distinguishing the coarse geological features in the shallow section of the Skopunar fjord area 

of the Faroe Islands. Besides interpreting seismic horizons in this flow-basalt area, focus has 

been directed towards uncovering possible faults as well as fissure and crack systems that 

may have decreased the integrity of the rock and may act as fluid conduits in this area, where 

a subsea road tunnel construction is planned. 

Below the water-bottom reflector, two intra-basaltic reflectors have been recognized: the C′ 

horizon and B′ horizon. The recognition of these reflectors has been key in the testing of an 

inferred strike-slip fault in the Skopunar fjord. However, since there is no sign of interruption 

of the reflectors from one end of the seismic sections to the other, any fault with a significant 

throw, previously suggested as 200-300 m, can either not be supported, or would have to be 

situated very close to the coast of the island of Sandoy. On the other hand the interpretation of 

these data is in good agreement with the earlier mapping of Rasmussen and Noe-Nygaard 

[1970 (1969)] and Waagstein (1998) of the C horizon. 

Another critical aspect in this work has been to assess the likelihood of comprehensive water 

leakages in the zone of a proposed subsea tunnel. Because of the high acoustic-impedance 

contrasts entailed by the C′ horizon and B′ horizon, along with their shape and nature, they 

most plausibly represent intervolcanic hiatuses during which relatively thick sedimentary 

layers were deposited. Because sediments usually have higher porosities (and permeabilities) 

than volcanic rocks these two reflectors might represent potential zones of fluid migration. 

As judged from incoherency of the interpreted seismic reflectors, particularly in the central 

and WNW parts of the study area, and from a low-velocity zone detected by Geomap (2007) 

and Neish (2007) in the uppermost few tens to about 120 m, there is a high probability of 

rock deterioration. 
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7. Mapping of an intrabasaltic 

stratigraphic sequence from joint 

interpretation of high-resolution and 

deep-penetration marine-seismic 

data 

 

7.1 Introduction 

One of the main challenges in hydrocarbon exploration in areas with flow basalts is the 

constraining of sub-basaltic and intrabasaltic boundaries. In most cases it is not possible to 

resolve the boundaries of single basalt flows and/or intercalated sediments on seismic data, 

because these layers typically are an order of magnitude thinner than a seismic wavelength 

(Maresh and White, 2005; Japsen et al., 2005). However, this depends also on the frequency 

composition of the seismic wavelet as it impinges upon those boundaries. Basalt flows are 

commonly separated by tuffs, coal and/or volcaniclastic sedimentary layers, which are here 

referred to as intrabasaltic layers. Since acoustic-impedance contrasts are likely to range from 

very modest to non-existent among the basalt flows themselves, seismic reflectors, if any, are 

likely to originate from relatively thick intrabasaltic layers expressing some degree of 

unconformity at their boundaries. 

In this study I have attempted to recognize intrabasaltic reflections in 2D marine seismic data 

and, in addition, to distinguish isolated intrabasaltic surfaces, in order to map a stratigraphic 

sequence of basalt flows of the Faroe Islands Basalt Group (FIBG). The FIBG has already 

been well constrained onshore, and extrapolated to some extent to areas offshore. A finding 

from seismic data in a previous study of the stratigraphic sequence in question, referred to as 

the Malinstindur Fm, suggests that it thins southeastward – from ~1400 m at the Vestmanna-1 

borehole (Figure 7-1) to ~1050 m at Glyvursnes (Petersen et al., 2006), which is over a 

distance of about 30 km. Passey and Varming (2010) found from the extrapolation of key 

stratigraphic horizons and the production of isopach maps that the Malinstindur Fm thickens 

by ~300 m toward the SE – from ~1200 m close to the NW inlet of the Vestmanna Sound 
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(Vestmannasund) to ~1500 m close to the SE inlet of the Vestmanna Sound, which is over a 

distance of ~12 km. 

This study benefits from joint interpretation of high-resolution and deep-penetration marine 

seismic data in the interpretation of shallow and deeper events, which will be used in 

constraining this intrabasaltic sequence. Isochore calculations in the Skopunar Fjord 

(Skopunarfjørður) show that the thickness of the Malinstindur Fm is fairly constant, thinning 

about 100 m from the Vestmanna-1 borehole to the Skopunar Fjord (Figure 7-1) – a distance 

of about 30 km. Locally in the Skopunar Fjord it thickens by ~100 m over a distance of ~4.5 

km. 

 

7.2 Method 

The use of two different seismic datasets is key in the constraining of the intrabasaltic 

stratigraphic sequence, which is the primary goal in the interpretation of these data. The 

datasets, the GlyVeSTMaP deep-penetration (Survey 1) and the SAT-08 high-resolution 

(Survey 2), were acquired with different air guns and different parameter settings, but using 

the same seismic equipment and vessel (Chapter 1). 

The fact that key stratigraphic horizons, such as unconformities, can be observed onshore and 

can be extrapolated to the offshore area from the general dip and strike of the layers is an 

important entity in the interpretation of these data. The points at which some of these 

horizons break the water surface onshore are very close to the location of seismic profiles 

offshore in the study area. The study area is characterized by numerous basalt flows 

averaging 10-30 m in thickness, separated by generally thin layers (a few centimetres to < 1 

metre) of tuffs, volcaniclastic sediments, as well as some reworked and organic sediments 

(Passey et al., 2007; Passey, 2009). The strata are generally dipping easterly to southerly 

implying that layers cropping out in the northern or western part of the country are 

submerged below the sea surface further east and south. 

The stacking of the high-resolution seismic dataset was done with a maximum CDP fold of 

about 25 – corresponding to a 48-channel streamer, a channel-group interval of 6.25 m, and a 

shot interval of about 6 m. These acquisition parameters were kept constant for Survey 2 

throughout. For Survey 1, the deep-penetration seismic dataset, a 96-channel streamer at a 
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receiver-group interval of 6.25 m was applied, but the shot interval and other acquisition 

parameters were changed from sequence to sequence, as the same locations were sailed more 

than once giving the opportunity to test various parameters. Thus, in the study area, there are 

three options to choose between with respect to nominal CDP fold: 24, 12, and 6. In this 

survey the profiles with the lowest fold (greatest shot interval) benefited from the maximum 

air gun pressure (~140 bar), while the shortest shot interval was obtained at the expense of 

some decrease in the air gun pressure (~90 bar). 

Another difference of these end members is the tow depth. The nominal tow depth for the 

profile with the highest fold was 3 m, equal for streamer and air gun; and the nominal tow 

depth for the profile with the lowest fold was 10 m, also equal for streamer and air gun. But it 

became clear, after testing different processing flows, that the fold had the greatest effect on 

the data quality of Survey 1. The profile with the nominal fold of 24 yielded by far the best 

seismic stack to be used for interpretation of intrabasaltic horizons. 

 

7.3 Study area and geology 

The study area, shown in Figure 7-1, is a marine corridor extending from the northern part of 

the Vestmanna Sound to the southern part of the Skopunar Fjord in the Faroe Islands. The 

onshore geology of the Faroe Islands has been extensively investigated and mapped by 

different workers in the past. Following the most recent mapping, that of Passey and Jolley 

(2008), and further upgraded by Passey and Varming (2010), the Faroe Islands Basalt Group 

(FIBG) is found to have a gross stratigraphic thickness of ~6.9 km, and is subdivided into 

seven formations based on the recognition of widespread unconformities and lithologic 

changes (Table 6-1). 
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Figure 7-1: The study area is located centrally in the Faroe Islands. The seismic lines are shown in 

yellow and consist of the Survey-1 and the Survey-2 datasets. Also shown are the borehole locations 

Vestmanna 1 and Glyvursnes 1 (red). 

 

The base of the FIBG is composed of the ~1000 m thick Lopra Fm, a volcaniclastic strata- 

and hyaloclastite-dominated sequence, which is overlain by the ~3300 m thick Beinisvørð 

Fm composed of aphyric tabular lava flows. There is a significant unconformity at this level, 

the Beinisvørð-Prestfjall Unconformity (BPU), and these lavas are overlain by the 3-15 m 

thick Prestfjall Fm, composed of coals, mudstones and sandstones. Volcanism resumed with 

the eruption of tuffs and lapillistones preserved and intercalated with volcaniclastic 

sedimentary conglomerates and sandstones of the ~50 m thick Hvannhagi Fm. This was 

succeeded by the eruption of the ~1300 m thick compound lava flow sequence of the 

Malinstindur Fm. 
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Another unconformity is recognised at the top of the Malinstundur Fm, the Malinstindur-

Sneis Unconformity (MSU), and is overlain by the 1-30 m thick Sneis Fm composed of 

volcaniclastic sandstones and conglomerates. The Sneis Fm is overlain by the Enni Fm, 

composed of interbedded compound and tabular basalt lava flows and is at least 900 m thick. 

 

7.4 Intrabasaltic reflections 

Sheriff and Geldart (1995, pp. 150-152) state that most reflections mark unconformities 

and/or time boundaries that most commonly correspond to distinctive lithologic changes. 

However, since the geology in the study area is almost entirely made up of flow basalts with 

predominantly thin strata of intercalated sediments, significant lithologic changes are 

uncommon. Nevertheless, as mentioned in the previous section, significant unconformities 

have been established onshore and one of them, the Malinstindur-Sneis Unconformity 

(MSU), most plausibly corresponds to a key seismic reflector in the high-resolution data 

(Survey 2). This reflector is referred to as the C′ horizon (Chapter 4). Another unconformity, 

the Beinisvørð-Prestfjall Unconformity (BPU), is highly coincident with a key seismic 

reflector in the low resolution data (Survey 1). This reflector is referred to as the A′ horizon. 

Simonsen and Brown (2010) interpreted the C′ horizon from the high-resolution Survey-2 

data as a coherent seismic reflector in the Skopunar Fjord area that terminates at the water 

bottom with approximately the same strike as predicted by Passey (2009) in the same area. 

We found that the reflector is intact, where present, across the entire fjord, without any sign 

of interruption, and thus contradicts a proposed strike-slip fault (Passey, 2009) postulated to 

have a vertical displacement of 200-300 m. We also found a slightly deeper intrabasaltic 

reflector with approximately the same strike as the C′ horizon, which also traverses the 

proposed strike-slip fault without showing any sign of vertical displacement. 
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Figure 7-2: Left: Stacked (time-to-depth converted) section (above) without interpretation, and 

(below) with the interpretation of the A′ horizon (green). Interpretation of the water bottom is 

shown in yellow. Right: Plan view of the interpretation of the A′ horizon, and location. Also shown is 

the relative location of the Survey-2 data (blue). 

The C′ horizon is distinguished on most of the seismic sections with reasonably good 

coherence up to ~100 ms beneath the water bottom (as was shown in Figure 6-2). From its 

polarity it is evident that it represents an increase in acoustic impedance, suggesting a denser 

or more compact, higher-velocity rock below the reflector than above. This suggests an 

interface between a low-impedance layer, such as sediment, above and a higher-impedance 

layer, such as volcanic rock, below. It correlates well with the MSU onshore and therefore it 

is reasonable to assume that the reflector represents the base of the Sneis Fm, which is 

composed of volcaniclastic sandstones and conglomerates. The top of this lower impedance 

layer is unresolved on the seismic data, which is presumably because the layer is significantly 

thinner than a seismic wavelength (the Sneis Fm may be only 1-2 m in this area). Moving to 

the WNW, reflection terminations indicate intersection of this reflector with the water bottom, 

occurring increasingly farther away from the coast of the island of Sandoy. 
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Figure 7-3: Velocity profile used for the time-to-depth conversion of the Survey-1 seismic line. The 

interval velocities were determined from sonic logs in boreholes nearby. Single arrow indicates 

increasing velocity; double arrow indicates constant velocity for the interval. 

The deeper A′ horizon has been interpreted from the deep-penetration Survey-1 data on a 

seismic profile that extends beyond the northern part of the Vestmanna Sound to beyond the 

southern part of the Skopunar Fjord (Figure 7-2). On a time section it is observed at a 

maximum depth of ~800 ms E off Skálhøvdi, Sandoy (Figure 7-2), then ascending until it 

terminates in the north at the water bottom in the vicinity of the fjord inlet between the NE 

coast of Vagar and the W coast of Streymoy. Time-to-depth conversion of the seismic profile, 

based on the velocity model shown in Figure 7-3, makes the position of this reflector to be in 

good agreement with the predicted position of the BPU of Passey and Varming (2010) (Figure 

7-4). 
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Figure 7-4: (A) Interpretation of this study's A′ horizon (green) fits well with the predicted position of 

the BPU of Passey and Varming (2010), as seen from this base map of theirs with the A′ horizon 

overlay. Isolines indicate elevation/depth in m relative to mean sea-level. Yellow dots are picked 

spot heights of the BPU of Passey and Varming (2010), and red dots are peak geographical 

elevations. (B) Same as (A) rotated. 

Phase of the reflection is not constant, and there seems even to be a polarity shift, most likely 

due to geological changes, like thickness and/or velocity variations of the intrabasaltic layer 

causing tuning variations in the compound reflection from the unconformity. The Prestfjall 

Fm is 3-15 m in thickness, composed of coals, mudstones and sandstones. The Hvannhagi 
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Fm, where present, is ~40-50 m in thickness and composed of tuffs, lapillistones, 

volcaniclastic sedimentary conglomerates and sandstones, and has been intruded by 

numerous irregular dolerite sills (Chapter 2). The Prestfjall Fm and the Hvannhagi Fm may 

be missing at certain intervals, and the BPU may be replaced by an interface between the 

Beinisvørð Fm and the Malinstindur Fm. Significant acoustic impedance contrasts are 

unlikely between the Beinisvørð Fm and the Malinstindur Fm. 

 

7.5 Isochore calculation and discussion 

While the Survey-1 data were depth converted with the velocity profile shown in Figure 7-3, 

the Survey-2 data were depth converted with a constant velocity below the seabed of 3500 

m/s (which was also the stacking velocity used in the processing after converting from 

interval to RMS velocity). This simple velocity profile for the Survey-2 data was determined 

from shallow refractions (guided waves) on shot gathers and considered sufficient because 

what is of interest is the C′ horizon, which has a maximum depth below the seabed of ~130 m 

in the study area. 

The Survey-1 deep-penetration seismic line extends ~70 km NNW-SSE. The high-resolution 

Survey-2 seismic lines were acquired in a close grid in a ~32 km2 area (~5.5 x 5.5 km). One 

of those lines sub-parallels the Survey-1 line and has a length of ~5.5 km. After the 

interpretation of 2D horizons on both datasets these horizons were extrapolated to a wider 

area in OpendTect (an open source interpretation and visualisation software) to 2D surfaces 

in order to have both seismic lines to match vertically; and from here isopachs were 

calculated for the Malinstindur Fm in the Skopunar Fjord (Figure 7-5). The length of the 

isopach area is 4.5 km, and the horizons bordering the Malinstindur Fm are the A′ (lower 

boundary) and the C′ (upper boundary). This yielded a minimum thickness of 1215 m and a 

maximum thickness of 1315 m – increasing in the SE direction. 

Further to the north, the BPU has been found from logging in the Vestmanna-1 borehole. In 

this study I interpret the A′ horizon to be coincident with the BPU. Passey and Varming 

(2010) have picked the BPU at four spot heights onshore on NW Vagar as well and 

extrapolated it over a wider area (Figure 7-4). They also logged the MSU, which I interpret to 

be coincident with the C′ horizon, at many localities on land and performed extensive 

extrapolation. Hence they have estimated the thickness of the Malinstindur Fm around 
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Vestmanna Sound (Figure 7-6). They estimated the gross thickness of the Malinstindur Fm at 

the Vestmanna-1 location to be 1370 m and the thickness variation in the Vestmanna Sound 

area from 1175 m to 1530 m. The thickness estimation at the Vestmanna-1 location is based 

on the depth of the BPU found in the borehole and the extrapolation of the MSU to this 

location. However, spot height data for the BPU are scarce, limited to four on the NW part of 

the island of Vagar (Figure 7-4), and therefore the prediction of the BPU beyond the 

Vestmanna-1 location is less well founded compared to the prediction of the MSU. 

 

Figure 7-5: (A) Area of the isopach calculation of the Malinstindur Fm (C-C’), plan view, and (B) 

shown in cross section. The sequence thickens by ~100 m in the SE direction over this ~4.5 km long 

line. (C) Location of the isopach calculation relative to the isopach calculation of Passey and Varming 

(2010) in the Vestmanna Sound shown in Figure 7-6. 

I therefore suggest that the gross thickness of the Malinstindur Fm decreases only moderately 

from the Vestmanna-1 location (~1370 m) to the Skopunar Fjord area (1215 m to 1315 m) - 

i.e. by ~50-150 m over a distance of ~30 km. This is less than the thinning suggested by 

Petersen et al. (2006) of ~350 m from Vestmanna 1 to Glyvursnes 1, the latter located ~7 km 

NE of the Skopunar Fjord (Figure 7-1). 
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Figure 7-6: Passey and Varming (2010) estimated the thickness of the Malinstindur Fm in the 

Vestmanna Sound area to vary from ~1175 m to ~1530 m as indicated in this base map. Plan view of 

the interpreted A′ horizon (green) and water bottom (yellow) of this study are also indicated. 

 

7.6 Conclusions 

It has been demonstrated that joint interpretation of high-resolution and deep-penetration 

seismic data can be significantly more rewarding than the interpretation of a single dataset 

alone. This made it possible to constrain an intrabasaltic stratigraphic sequence with an 

average thickness of about 1300 m. Basalt is a so-called high-impedance rock and the seismic 

signal may be scattered at the sometimes rugose interface between basalt and sediments. This 

can prevent deeper penetration of the seismic signal. 

The calculation of an isochore in the Skopunar Fjord shows a thinning of about 50-150 m of 

the Malinstindur Fm in the SE direction, from the location of the Vestmanna-1 borehole to the 

Skopunar Fjord – a distance of about 30 km. Locally, in the Skopunar Fjord, however, the 

Malinstindur Fm thickens in the same direction, from about 1215 m to about 1315 m. These 

relatively small local thickness variations may be due to erosion at sequence boundaries, 

since both boundaries must be considered as having been associated with significant 
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unconformities. 
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8. Concluding remarks 

 

In a flow-basalt environment, water-bottom and intrabasaltic scattering can be a serious problem for 

2D seismic data with low CMP fold. Therefore, the acquisition should be planned in such way as to 

avoid fold being less than ~24, preferably much higher. The optimal resolution is evidently obtained 

with high-fold 3D data. Flex binning might be considered as it increases the fold and usually improves 

the data. 

Water-bottom multiples can be substantially attenuated applying a combination of techniques. I 

applied SRME in the usual three steps: Extrapolating traces back to zero offset, prediction of 

multiples followed by the subtraction of multiples from the input data. I ran τ-p deconvolution with 

CMP gathers as input, but the deconvolution parameters were determined from the autocorrelograms 

of τ-p-transformed shot gathers. 

Post-stack deconvolution prior to migration made a further contribution to the suppression of 

multiples, notably peg-leg multiples, and reduction of noise in the data. Then migration was done with 

the Stolt f-k algorithm, which is fast and accurate in areas with mild to moderate velocity variations. 

The final migrated data shows intrabasaltic reflections that can be easily picked. 

As demonstrated in Figure 5-16 and Figure 5-17, Gardner’s relationship may hold quite well for 

basalt, and even better if we calibrate α. For the basalts at Glyvursnes, 𝛼 = 0.33 and 𝛽 = 0.25 yield a 

nearly perfect fit with the measured values of density and acoustic impedance (𝑍 = 𝜌 ∗ 𝑉). 

In my data, there is no visible indication of any fault in Skopunar Fjord with a throw of 200-300 m, as 

has been suggested by others. Let us consider the vertical throw for two end-member models. 

Applying velocities V1=3000 m/s and V2=4000 m/s, and throw magnitudes Z1=200 m and Z2=300 m. 

Note that velocities are relatively low in this shallow part (3500 m/s was applied in the processing). 

This will give the end-member models: 

i. TWT1,2 = 2*Z1/V2 = 2*200m/4000ms-1 = 0.1s = 100ms 

ii. TWT2,1 = 2*Z2/V1 = 2*300m/3000ms-1 = 0.2s = 200ms 

That means for a velocity interval for the basalts of 3000-4000 m/s, and a spatial throw interval of 

200-300 m the temporal magnitude of the throw would lie between 100 ms and 200 ms. For 

comparison the distance between reflectors C′and B′in Figure 6-3 is 30-50 ms. Therefore it should 

be inevitable to recognise the throw on the seismic data if it existed. 
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Joint interpretation of high-resolution and deep-penetration seismic data can be considerably more 

rewarding than the interpretation of one of these alone. This made it possible to interpret confidently 

an intrabasaltic stratigraphic sequence with an average thickness of about 1300 m. The upper horizon 

was interpreted on the high-resolution data, while the lower horizon was interpreted on the deep-

penetration data. Isochore calculation shows a slight thinning of ~50–150 m in the Malinstindur Fm 

toward the SE, from the Vestmanna-1 borehole (~1370 m) toward Skopunar Fjord (~1300 m), a 

distance of ~30 km. Locally in Skopunar Fjord, however, the Malinstindur Fm thickens in the same 

direction, from ~1215 m to ~1315 m over a distance of 4.5 km. Petersen et al. (2006) suggested from 

seismic data that the Malinstindur Fm thins from ~1400 m at the Vestmanna-1 borehole to ~1050 m at 

Glyvursnes (a distance of 30 km). Passey and Varming (2010) found from geological mapping that 

the Malinstindur Fm thickens by ~300 m toward SE – from ~1200 m close to the NW inlet of the 

Vestmanna Sound to ~1500 m close to the SE inlet of the Vestmanna Sound, which is over a distance 

of ~12 km. 

Considering Passey and Varming (2010), Petersen et al. (2006) and my own findings, I suggest that 

these thickness variations are arbitrary, not consistent enough to be caused by tectonic activity. They 

are partly due to erosion at sequence boundaries during volcanic hiatuses, and may also be partly due 

to differences in lava distribution at the time of volcanism. 
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