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ABSTRACT

During previous studies of the Upper-Palaeozoic carbonate build-ups at the Loppa
High in SW Barents Sea, a connection between locations of the build-ups and syn-
depositional faults was observed. This thesis is studying this relationship in detail,
applying the Ant-tracking semi-automated method for detection of faults. To my
knowledge, this relatively new method has not been used in the Barents Sea area
before. The Ant-tracking is a patent protected technology developed by
Schlumberger Stavanger Research for Petrel™ software for automatic detection of
faults and fractures from three dimensional seismic data. In this thesis, two 3D
seismic surveys were used the SG9810 survey and the high resolution NH0372 site
survey. In both of these surveys faults and fractures were revealed. These were
further analyzed and also visualized in three dimensions. The connection between
the positions of the Upper-Palaeozoic carbonate build-ups and the positions of faults
and fractures was confirmed. Furthermore, all the detected build-ups were

associated with one or two faults or fractures.

Key words: fault, fracture, Ant-tracking, carbonate build-up, Loppa High
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Chapter 1 Introduction

1. Introduction

Carbonate rocks contribute with approximately 10% of the worlds’ sedimentary rocks
but contain about half of the world’s oil and gas resources (Ahr, 2008). There are
many topics of interest concerning carbonate rocks, like composition, structure,
porosity development, deposition and depositional environment, and other. Faults in
carbonate rocks are studied in several significant projects worldwide (e.g. UniCam,
2006, SWRI®, 2007). Many papers describe faults connected to carbonate build-ups,
observed in out-crops on shore (e.g. Stemmerik et al., 1994), as well as in two
dimensional (2D) (e.g. Hovland et al., 1994) and three dimensional (3D) seismic data
(e.g. Elvebakk et al., 2002, Rafaelsen et al., 2003a, Rafaelsen et al., 2008).
According to Stemmerik and Worsley (1989) and Stemmerik et al. (1999) deposition
of Upper Carboniferous — Lower Permian carbonate build-ups is influenced by high-
frequency and high-amplitude, glacioeustatic sea-level fluctuations. Rafaelsen et al.
(2003a, 2008) states, from 3D surveys in the Barents Sea, that the location of
carbonate build-ups is controlled by faults and sea floor morphology at the time of
their deposition. Elvebakk et al. (2002) described a direct relationship between
location of the polygonal network build-ups and the mapped position of

syndepositional faults.

There are different approaches to fault interpretation. It can be done manually, or
using a semi-automated interpretation method. The Ant-tracking algorithm, first time
introduced by Pedersen et al. (2002) and developed by Schlumberger Stavanger
Research for Petrel™ software, is a new unique algorithm and a part of an innovative
workflow. The Ant-tracking algorithm workflow is a powerful tool designed for the
interpretation of faults. It also detects minor faults and fractures not noticeable
directly from amplitude seismic data and enhances other linear anomalies and
discontinuities (Pedersen et al., 2005). To detect only preferred anomalies as faults

and fractures, preconditioning of the data is inevitable.

Several papers (e.g. Silva et al., 2005) have confirmed that Ant-tracking algorithm is
one of the most effective methods for interpreting and extracting faults. Silva et al.
(2005) concluded that the fault interpretation using Ant-tracking is more than three
times faster than manual fault interpretation. Because this method is relatively new,

there are only few publications mentioning successful application of Ant-tracking for
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Chapter 1 Introduction

fault recognition, e.g. Sutadiwiria and Prasetyo (2006) for a potential carbonate field
offshore Indonesia, or Shi (2009) for the Chengdao Oilfield offshore China.

In the Loppa High area, SW Barents Sea (Figure 1.1), carbonate build-ups have
been studied using both 2D (Stemmerik et al., 1999) and 3D seismic data (Elvebakk
et al., 2002, Hunt et al., 2003, Rafaelsen et al., 2003b, Carrillat et al., 2005). The
application of 3D seismic data (Elvebakk et al., 2002), revealed that Upper
Palaeozoic carbonate build-ups in this area are not isolated, as assumed before, but
create inter-connected mosaics of laterally linked ridges, referred to as polygonal
network build-ups, enclosing polygonal lagoons. Furthermore, Elvebakk et al. (2002)
confirmed that this pattern is not only local phenomena but occurs also in other
areas of Barents Sea. Carrillat et al. (2005) presented 3D multi-attribute seismic data
analysis for supervised automated 3D mapping of carbonate build-ups and
palaeokarst facies at Loppa High. The visualisation of karst also revealed fault

control on the location of the build-ups.

However, there are no publications that have applied the Ant-tracking algorithm for
study of faults and fractures in carbonates in the Barents Sea area. The overall
objective of this thesis is to investigate, analyze and visualize in three
dimensional images the relationship between faults and fractures, and
Palaeozoic warm water carbonate build-ups at the Loppa High, SW Barents
Sea (Figure 1.1). To achieve this, the Ant-tracking algorithm workflow will be applied
to 3D seismic data. The parameters of the workflow will be tested and customized to

fit this case.

1.1. Study area

The Barents Sea (Figure 1.2) is an epicontinental sea, bordered by Svalbard
archipelago to the northwest, Franz Josef Land to the northeast, Novaya Zemlya to
the east and by Russia and Norway to the south. Its western border towards the

Greenland Sea and the Norwegian Sea is a continental slope (Figure 1.1A).

The 3D seismic study area is located at the Loppa High, a structural high

approximately halfway between Norway and the Bjgrngya island (Figure 1.1A).
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NORWAY

Figure 1.1 (A) Bathymetry map of Barents Sea (Modified from Larsen et al., 2003) overlaid by map of
main structural features in the area (Modified from Gabrielsen et al., 1990). (B) Detailed map of Loppa
High. Positions of 3D seismic surveys SG9810 and NHO372 (site survey), study area and four wells

are indicated.
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Figure 1.2 The map shows the location of the Barents Sea north of Russia and Norway, and the
surrounding seas and islands (Modified from NormanEinstein, 2005). Position of Figure 1.1A is
indicated by the black rectangle.

The Loppa High was considered one of several key exploration areas for the Upper
Palaeozoic rocks in the “Barents Sea Project’, a cooperative effort between the
authorities and the oil industry (Larssen et al., 2002). Three exploration wells were
drilled here (7120/1-1, 7120/2-1 and 7121/1-1) before year 2002 (Figure 1.1B). The
wells tested the Upper Palaeozoic succession on the high (Figure 1.3) (Larssen et
al., 2002). Well 7220/6-1 (Figure 1.1B), which is part of the data input to this thesis,
was drilled in 2005 and penetrates the Upper Carboniferous carbonates of the
Gipsdalen Group and into Caledonian basement (NPD, 2009).

1.1.1. Geological structural setting

Gabrielsen et al. (1990) defined structural elements of the Norwegian continental
shelf. The Loppa High (Figure 1.1B) consists of an eastern platform and a crestal
western and north-western margin (Figure 1.4). It is bounded by the Asterian Fault
Complex to the south - to the Hammerfest Basin, and by Ringvassay-Loppa and
Bjorngyrenna Fault Complexes to the west - to the Tromsg and Bjgrngya basins

(Figure 1.1A). The eastern boundary is a monocline towards the Hammerfest Basin
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and the Bjarmeland Platform and the northern boundary is the Svalis Dome with its
associated rim syncline, the Maud Basin.
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Figure 1.3 Correlation of Upper Palaeozoic lithostratigraphic units in the offshore areas of the
southern Norwegian Barents Sea (modified from Larssen et al., 2002). The stratigraphical interval
studied in the thesis is indicated by red rectangles.
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Figure 1.4 Seismic line across the study area, showing the positions of Top-Triassic, Top-Palaeozoic,
Top-Gipsdalen and Top-Basement surfaces and the well 7220/6-1.
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The Loppa High has mid-Carboniferous rift topography that was filled and draped
successively by Upper Palaeozoic siliciclastic evaporites and carbonate deposits
(Figure 1.3) (Larssen et al., 2002). The Triassic succession is unusually thick (Figure
1.4), deposited during rapid subsidence. It contains siliciclastic sediments of the
Ladinian-Norian Snadd Formation (NPD, 2010).

During the Upper Palaeozoic, the Barents Sea formed part of a vast continental shelf
(Figure 1.5) extending from the Arctic Russia westwards through northern Greenland
and the Arctic Canada Sverdrup Basin to Alaska (Worsley et al., 1986, Beauchamp
et al., 1989, Doré, 1991, Stemmerik and Worsley, 1989). Since the Caledonian
orogenic movements terminated in Early Devonian, the Barents Sea region has been

affected by several phases of tectonism (Gabrielsen et al., 1990).

/
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Framework B Bjarnoya /
BF. Bulleforden Trough /
DB: Dasnerearkshiaoen Basin {
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i Faults 1 i Lind £ K
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WWER: Wande| Sea Basin

Sy Sverdrup Basin
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\ .EJI N
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Figure 1.5 The northern margin of Pangaea during Upper Palaeozoic, showing major structural
elements. Inset map shows the present day position of Greenland and Norway and the adjacent shelf
areas (From Stemmerik and Worsley, 2005).

Gabrielsen et al. (1990) described structural development of the Norwegian
continental shelf. The west of Loppa High was influenced by NNW-SSE trending
structures during Late Devonian and Early Carboniferous (Rennevik et al., 1982).
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Then, the block faulting occurred in Late Carboniferous and Early Permian (Brekke
and Riis, 1987), together with NNE-SSW trending structures prevailing in the
western Loppa High area. In mid-Sakmarian, the crestal area of the Loppa High was
uplifted and rotated towards east and formed an island in the Barents Sea, which
was drowned by a transgression in the Middle Triassic. This phase is linked to main
faulting to the west of the Loppa High along a structural trend, the Polhem Fault
Complex. During otherwise relatively quiet period, the latest Triassic and Early
Jurassic, tilting occurred on Loppa High. Block faulting started again in the Early
Jurassic and continued into Early Cretaceous (Berglund et al., 1986) and resulted in
the present day outline of the Loppa High. The Loppa High was uplifted and became
an island in the Early Cretaceous (Gabrielsen et al., 1990). Towards the end of the
Cretaceous, renewed tectonic activities took place and are thought to be formed in
response to strike slip movements along the Wandel Sea strike slip mobile zone and
the Senja Fracture Zone and later by the opening of the Norwegian-Greenland Sea
in the Paleocene-Eocene. The structures include reverse faulting and folding, and

also extensional faulting in some areas (Gabrielsen et al., 1990).
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1.2. Carbonate build-ups

The term carbonate build-up (Figure 1.6) describes carbonate deposits of limited
lateral extend, consisting of rocks built essentially of organisms (Scoffin, 1987).
Carbonate build-ups are deposited on seafloor and create mounded structures with

positive topographic relief.

In the investigated area of Loppa High, carbonate build-ups form inter-connected
mosaics of laterally linked ridges, enclosing polygonal lagoons (Figure 1.6A)
(Elvebakk et al., 2002). Build-ups’ deposition is dependent on sea-level changes
(Stemmerik and Worsley, 1989, Stemmerik et al., 1999). The reef-building organisms
require water movement to carry nutrients to them (Scoffin, 1987), which causes
build-ups’ growth in shallow shelf areas. The location of initial reef growth is also
governed by substrate, organisms creating build-ups prefer to attach to a firm
substrate, in association with topographic elevated areas (Scoffin, 1987, Rafaelsen
et al.,, 2008), often created by syndepositional faulting. In the Gipsdalen Group
(Figure 1.3), the build-ups form vertically stacked complexes (Figure 1.6B). Several
authors (Elvebakk et al., 2002, Rafaelsen et al., 2003a, Carrillat et al., 2005,
Rafaelsen et al., 2008) mentioned a relationship between location of the carbonate

build-ups and position of faults.

Depending on the size of stacked build-ups and the resolution of seismic data,
carbonate build-ups can be visible in seismic profiles. The focus of this thesis are the
Upper Carboniferous — Lower Permian (Upper-Bashkirian — Lower-Sakmarian)
carbonate build-ups of the Gipsdalen Group (Figure 1.3) at the Loppa High (Figure
1.1). Carbonates of the Gipsdalen Group were deposited in warm and arid climate
during a period of high-frequency and high-amplitude glacioeustatic sea-level

changes (Figure 1.7) (Stemmerik and Worsley, 1989).
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0 500 1000 1500 2000 2500m

Figure 1.6 (A) Some interconnected ridges of carbonate build-ups and enclosed polygonal lagoons
are indicated on the TWT-map view of the Top-Gipsdalen surface as well as the position of the
seismic inline 7425. (B) Seismic inline 7425, displaying carbonate build-ups on the Top-Gipsdalen

surface.
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Figure 1.7 Paleogeography maps of the Barents Sea region during the deposition of warm water
carbonates of the Gipsdalen Group (Bashkirian -Sakmarian) (Modified from Stemmerik, 2000).
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1.3. Karstification

Karstification is a process of dissolution of carbonates and evaporites by water
percolating through the rock as well as mechanical abrasion caused by the water

flow and transported particles (Bates and Jackson, 1980).

Meteoric water, percolating through the soil, combines with CO, from organic matter,
forming a weak solution of carbonic acid (Rafaelsen et al., 2006). More acidic water
causes faster dissolution of carbonate rocks. Water, flowing at the surface, enters
fractures and faults in the rock and enlarges them by karstification process (Figure
1.8). The rate of the Kkarstification processes is controlled by several factors:
drainage area, structure and composition of the karstified rock, climate — particularly
the amount of precipitation, and the amount of vegetation in the area (Rafaelsen et
al., 2006). The Karstification process creates karst topography such as dolinas
(sinkholes) (Figure 1.8), karren (channels of furrows) and mogotes (karst towers in
tropical areas) on the surface, and shafts, caves (Figure 1.8) and drainage systems

in the subsurface (Bates and Jackson, 1980).

Sinkholes Results of karstification

/‘O\

N

Karstified fault
<—— Caves

Figure 1.8 The result of karstification process in carbonate rocks, showing sinkholes, caves and a
karstified fault. Water is draining through the rock enlarging the caves.
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1.4. Lithostratigraphy

Lithostratigraphy of the Barents Sea area spans sequences from Upper Palaeozoic
to Tertiary. The under-laying basement is composed of metamorphic rocks of
Caledonian, equivalent to those exposed along the Norwegian coast, on the island of
Bjorngya and on Svalbard (Worsley et al., 1986, Harland et al., 1997, Larssen et al.,
2002).

The Upper Palaeozoic succession, which is the target of this thesis, contains 4 major
groups. These groups are the siliciclastic-dominated Upper Devonian — Lower
Carboniferous Billefjorden Group, the Upper Carboniferous — Lower Permian warm-
water carbonates and minor siliciclastics dominated Gipsdalen Group, the
temperate-water carbonates dominated mid-Permian Bjarmeland Group and the
cool-water carbonates, cherts and siliciclastics dominated Upper Permian
Tempelfjorden Group (Figure 1.3). The boundaries between them reflect significant
changes in climate, sea-level and tectonic regime (Larssen et al., 2002, Stemmerik
and Worsley, 2005). The change in palaeoclimate reflects the northward movement
of the Barents Sea area from the humide equatorial tropical zone in the Early
Carboniferous, through the northern arid climatic belt during the Middle
Carboniferous to Early Permian, and through the temperate to cool water zone in the
Middle Permian (Steel and Worsley, 1984, Worsley et al., 1986, Stemmerik and
Worsley, 1989, Stemmerik and Worsley, 2005).

1.4.1. Billefjorden Group

The term “Billefjorden Group” was introduced by Cutbill & Challinor (1965).
Billefjorden Group (Figure 1.3) is a suite of predominantly non-marine sediments
now recognised to be of Late Devonian to Early Carboniferous age (Larssen et al.,
2002). It is a well-established lithostratigraphic unit and its depositional evolution and
overall facies development is well known (e.g. Steel and Worsley, 1984). The type
area of this group is in Billefjorden in central Spitsbergen with thickness of 2500 m
(Dallmann et al., 1999). The offshore development of the group is similar to the

onshore one on Spitsbergen with one major exception in the southeastern Finnmark
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Platform: the upper part of the group includes some shallow marine deposits
(Larssen et al., 2002).

The the Billefjorden Group offshore is best mapped on the Finnmark Platform, where
it is represented by three formations (Figure 1.3): the Soldogg Formation, the
Tettegras Formation and the Blaererot Formation (Larssen et al., 2002). Main
lithologies in this group are: medium- to coarse-grained, occasionally conglomeratic
sandstones and minor siltstones and coals represented by the Soldogg Formation;
stacked metre-scale fining-upward cycles of sandstone, siltstone, claystone and coal
redpresented by Tettegras Formation and basal unit of fossiliferous limestones,
overlain by marine shales and fine- to medium-grained, fluvial and shallow marine
sandstones represented by Bleererot Formation (Larssen et al., 2002). Sediments of
the Billefjorden Group are separated from the underlying basement rocks by an

angular unconformity.

According to Larssen et al. (2002) the red-bed sequences on the Loppa High are
tentatively assigned to this group, but need further investigation. The succession on
the Loppa High (Figure 1.3) represents deposition in alluvial fans and proximal
braided river systems in a rapidly subsiding sub-basin. Volcanoclastic material in well

7120/2-1 (Figure 1.1) is suggesting local volcanic activity.

1.4.2. Gipsdalen Group

The term Gipsdalen Group was introduced by Cutbill and Challinor (1965) for a suite
of rocks of mid-Carboniferous to early Permian age (Figure 1.3). The type area of
this group is in central Spitsbergen, where it is widely exposed (Larssen et al., 2002).
The group’s geological development is well known onshore, on Spitsbergen (e.g.
Steel and Worsley, 1984, Dallmann et al., 1999) and on Bjgrngya (e.g. Worsley et
al., 2001).

Offshore succession in the southern Norwegian Barents Sea (Figure 1.3) is
dominated by red-coloured siliciclastics and warm-water, often dolomitized
carbonates — also with the significant presence of evaporites and the halite diapirs in
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the Nordkapp Basin (Larssen et al., 2002). Warm-water dolomitized carbonates of

this group on Loppa High are in the centre of interest of this thesis.

The thickest drilled succession of Gipsdalen Group is from the southern flanks of the
Loppa High, where it is more than 1000 m thick in well 7121/1-1 (Figure 1.1) and
seismic data suggest that the succession continues even 500 m deeper (Larssen et
al., 2002). In contrast, the Gipsdalen Group sediments are totally absent on the crest

of the Loppa High (Figure 1.4).

The Gipsdalen Group is represented by three formations (Figure 1.3): Ugle, Falk and
arn.

The Gipsdalen Group (Figure 1.3) was decribed by Larssen et al. (2002). The group
is composed of several-metre thick rhythmic units showing the trend of upward
shallowing, deposited during a period of high-frequency and high-amplitude
glacioeustatic sea-level changes (Figure 1.7) (Stemmerik and Worsley, 1989). The
basal part of the succession is dominated by continental red bed sandstones,
siltstones and conglomerates (Ugle Formation). These are overlaid by mixed
carbonates of shallow marine facies and siliciclastics (grey-coloured marine
sandstones), conglomerates and shales (Falk Formation). The upper part of the
group is dominated by rhythmically bedded limestones and dolomites with
Palaeoaplysina build-ups, and minor evaporites on the platform areas (drn
Formation). Seismic data from Loppa High show that build-ups form several hundred
metre thick, stacked successions in the deeper ramp areas (Elvebakk et al., 2002).

The boundary between the Gipsdalen Group and the underlying Billefjorden Group is
represented by a major regional unconformity, associated with a significant change
in palaeoclimate from warm and humid to warm and arid to semi-arid (Steel and
Worsley, 1984, Stemmerik and Worsley, 1989, Stemmerik, 2000).

1.4.3. Bjarmeland Group

The group was introduced by Dallmann et al. (1999). According to Gabrielsen et al.

(1990), Bjarmeland was also used before to name a structural element on the
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Barents Shelf: the Bjarmeland Platform (Figure 1.1A). The Bjarmeland Platform is
also defined as type area for this group (Larssen et al., 2002). The maximum
confirmed thickness of the group is 488 m in well 7121/1-1 (Figure 1.1) at the south-
eastern flank of the Loppa High (Larssen et al., 2002).

Lithology of the Bjarmeland Group (Figure 1.3) is dominated by white to light grey
bioclastic limestones, containing a typical cool-water fauna, and also silty, dark grey
to black limestones characteristic for the deeper-water succession. In the shallow
environment were deposited shelf bioclastic grainstones, and in deeper outer shelf
bryozoans-dominated cool-water carbonate build-ups and thinly bedded bioclastic

wackestones and packstones (Larssen et al., 2002).

The Bjarmeland Group is represented by three formations (Figure 1.3): the Polarrev,
the Ulv and the Isbjgrn. The Polarrev Formation represents the cold-water carbonate
build-ups and the Ulv Formation represents the inter-build-up lithofacies
interfingering the build-ups (Larssen et al., 2002). The uppermost Isbjgrn Formation
was developed in inner shelf areas. It overlies earlier build-ups but does not extend

into deeper waters characteristic of the Ulv Formation (Larssen et al., 2002).

1.4.4. Tempelfjorden Group

The term Tempelfjorden Group was introduced by Cutbill & Challinor (1965) for a
suite of spiculites, spiculitic chert, silicified skeletal limestones and fine-grained
siliciclastics of mid- to late Permian age (Figure 1.3). The type area of this group is in
the innermost part of Isfjorden in central Spitsbergen (Larssen et al., 2002). Several
areas offshore illustrate a quite significant variations in the group’s development: the
southern Loppa High — Hammerfest Basin, the Bjarmeland Platform and the eastern
Finnmark Platform (Figure 1.3) (Larssen et al., 2002).

The facies, development and depositional evolution of the Tempelfjorden Group
have been described by Steel & Worsley (1984) and Ezaki et al. (1994). The
Tempelfjorden Group has the maximum confirmed thickness of 901 m, in well on the

southern margins of the Hammerfest Basin (Larssen et al., 2002). On the Loppa
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High, the succession thins and is then truncated up-flank, reflecting repeated uplift in

the Permian to Early Triassic (Larssen et al., 2002).

The Tempelfjorden Group was deposited during an overall transgression,
representing deposition in cool-water, temperate shelf and basinal environments
(Larssen et al., 2002). Two formations are assigned to the Tempelfjorden Group

(Figure 1.3): the Ragye Formation and the @rret Formation.
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2. Data and methods

2.1. Data

The data for this thesis were provided by Det norske oljeselskap, Harstad.

e The main dataset is the northern part of the 3D seismic survey SG9810 (Figure
2.1), acquired by SAGA PETROLEUM AS in 1998. Data were processed by
GECO-PRAKLA in January 1999. The dataset contains full-stacked final migrated
seismic data in SEG-Y format. The sampling interval was 4 ms, the streamer
depth 6 m, and the acquisition grid: Ax x Ay = 12.5 m x 37.5 m. The calculated

seismic resolution in the carbonates of the Gipsdalen Group is 42 m.

e The second dataset is the high resolution 3D seismic site survey NH0372 (Figure
2.1). The acquisition grid was: Ax x Ay = 6.25 m x 12.5 m, and the streamer depth
3 m. The calculated seismic resolution in the carbonates of the Gipsdalen Group
is 23 m.

e One well, located inside both 3D surveys, SG9810 and NH0372, was used in this
thesis. According to NPD (2009), well 7220/6-1 (Figure 2.1, Figure 1.4) was drilled
in 2005 by Norsk Hydro Produksjon AS. The well is 1540 m deep and penetrates
into metamorphic rocks assigned to the Caledonian orogeny. It is considered a dry

well with oil shows in carbonates of the Gipsdalen Group.

e The stacking velocity cube from the area of the 3D seismic survey SG9810 was
used to create a velocity model. The grid size of the stacking velocity cube is 525
m x 525 m.

2.2. Methods

The data analysis was carried out using Petrel™ 2009 PC software, at the University
of Tromsg. Petrel™ 2009, of Schlumberger, is seismic-to-simulation software, an
integrated workflow tool for geoscientists (Schlumberger, 2009b). Methods applied

for the analysis of the data are listed below.

- Testing and customizing of the Ant-tracking algorithm workflow and its
application to both the study area of 3D seismic survey SG9810 and the high
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resolution site survey NHO0372, for the recognition of faults and fractures
connected to Palaeozoic warm water carbonate build-ups of the Gipsdalen
Group at the Loppa High.

- 3D visualization of the results of the Ant-tracking algorithm workflow - faults
and fractures connected to Palaeozoic warm water carbonate build-ups of the
Gipsdalen Group at the Loppa High.

- Seismic interpretation of the main horizons in the study area of survey
SG9810 to be used in a velocity model.

- Creating the velocity model, using stacking velocity cube from the area of
seismic survey SG9810 and the main interpreted seismic horizons.

- Depth conversion of the main seismic horizons and the seismic cube SG9810
using the created velocity model.

- Comparison of the results from the study area of survey SG9810 with the

results from the high resolution site survey NH0372.

The main methods: the Ant-tracking algorithm workflow, the 3D visualization of the
results and the velocity modelling and the depth conversion are described in more

detail in the following chapters.

20°

72°8 72°

Figure 2.1 Positions of 3D seismic surveys SG9810 and NH0372 (site survey), study area and four
wells are indicated on the Loppa High.
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2.3. Ant-tracking

Ant-tracking, a patent-protected technology from Schlumberger, is used for
identification and automatic extraction of faults and fractures from a pre-processed
seismic volume (Schlumberger, 2009b, Schlumberger, 2009a, Pedersen et al.,
2002). It is a unique innovative algorithm based on behaviour of virtual ant colonies,
which are using their pheromones to mark their paths in order to optimize their
search for food (Schlumberger, 2009b).

Similarly (after Pedersen et al., 2005), virtual ants are placed in seismic volume to
look for fault zones. A large number of ants is evenly distributed in the volume. They
are programmed to move along what appears to be a fault zone, while emitting
‘pheromone’. If they get to the area, which does not fulfil conditions for fault zone,
they are terminated. This way, the surfaces fulfilling pre-programmed conditions will
be traced by many ants coming from different initial positions and therefore

enhanced, sharper and more continuous.

It is important to keep in mind that Ant-tracking will not only enhance faults and
fractures in the data, but also other discontinuities such as different chaotic
responses, internal amplitude variations, processing effects and other (Pedersen et
al., 2005). That is why the preconditioning of the data is important. Depending on
what in the data needs to be enhanced, parameters in the Ant-tracking algorithm
workflow would differ. To get the best results, testing of parameters and their

combinations is inevitable.

After application of the Ant-tracking attribute cube, the last step of the Ant-tracking

algorithm workflow used in this thesis, Petrel™

2009 offers an option of Automatic
fault extraction process. It is a set of interactive tools to display, analyze and edit
extracted fault-patches (Schlumberger, 2009b). This is a very good tool for extracting
major faults in the area. However, in this case, we want to concentrate on minor
faults and fractures, and Automatic fault extraction process removes minor details
from the Ant-tracking result. Therefore, faults and fractures, connected to Palaeozoic
warm water carbonate build-ups of the Gipsdalen Group at the Loppa High, will be

visualized directly from the results of the Ant-tracking algorithm workflow.
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2.3.1. Ant-tracking algorithm workflow — explanations and
definitions

The Ant-tracking algorithm workflow consists of several steps which are meant to
pre-condition the data. The last step is the Volume Attribute cube of Ant-tracking
algorithm itself. The input for the Ant-tracking Attribute Cube should be an edge
enhanced volume, such as Chaos or Variance attribute cube (Schlumberger, 2009b).
It is possible to apply Ant-tracking cube directly to the seismic data, but that would

not generate the desired result.

Main steps of Ant-tracking algorithm workflow:

Cropping and Realizing the Seismic cube
Graphic Equalizer Attribute cube (optional)
Structural Smoothing Attribute cube

Variance or Chaos Attribute cube (edge detection method)

O & b=

Ant-tracking Attribute cube

In each of these steps are several parameters, which can be set or kept default. To
achieve the best results, it is necessary to test these parameters and their
combinations, according to given seismic data and the information we wish to extract
from them. The main steps of the Ant-tracking algorithm workflow are explained in

detail below.

2.3.1.1. Cropping and Realizing the Seismic cube

The Ant-tracking algorithm is an intensive process for the computer-processor
(Schlumberger, 2009b). Therefore, the seismic cube must be realized in the first
step. Realization is a process, which creates a physical copy of seismic data in ZGY
bricked seismic format (Schlumberger, 2009b). Realization increases memory-
loading speed and converts 32-bit cube to 16 or 8-bit format.

For testing of parameters of the Ant-tracking algorithm workflow, the main seismic
cube must be cropped to a small volume (Figure 2.2). This greatly spares time of the
testing. Only after deciding the final parameters, the time-consuming Ant-tracking
algorithm workflow can be applied to the whole realized seismic cube.
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Figure 2.2 (A) The seismic cube of the study area. (B) Cropping smaller seismic volume for testing of
the Ant-tracking workflow. (C) Zoomed cropped and realized seismic volume.

2.3.1.2. Graphic equalizer Attribute cube

The Graphic equalizer attribute cube (Figure 2.3B) enhances or reduces the selected
frequency component of the input signal. It can be used to apply high, low or band-

pass filters to the input seismic volume (Schlumberger, 2009b) if necessary.
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Figure 2.3 (A) Original seismic data. (B) Filtered seismic data. (C) Applied filter removing the low
frequencies.

2.3.1.3. Structural smoothing Attribute cube

The Structural smoothing (Figure 2.4B) is a smoothing of the input seismic data,
guided by the local structure, for increasing the continuity of the seismic reflections
(Schlumberger, 2009b). Structural smoothing attribute has optional parameters
available for sharpening the discontinuities: Dip-guide and Enhance edge. The Dip-
Guide performs the smoothing parallel to local structural orientation estimate and the
Enhance edge performs the smoothing by two half filters and removes only more
chaotic signal to enhance edges in the seismic data. The size of the filter can be
defined independently for each orientation by Inline, Crossline and Vertical scale

parameters (0 — 5.0, default 1.5).

Seismic
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Figure 2.4 (A) Original seismic data. (B) Seismic data after the application of the Structural smoothing.
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2.3.1.4. Variance and Chaos Attribute cubes

The Variance Attribute cube (Figure 2.5A) is an edge detection method. It estimates
the local variance in the seismic signal (Schlumberger, 2009b). The size of the filter
can be defined independently for each orientation by the Inline and the Crossline
range parameters (1 — 11, default 3) and by the Vertical smooth parameter (0 — 200

ms, default 15 ms).

The Chaos Attribute cube (Figure 2.5B) is an edge detection method and computes
the local chaos — measure of the ‘lack of organization’ in the dip and azimuth
estimation method. It can be used to enhance faults and discontinuities
(Schlumberger, 2009b). There are no optional parameters to choose when applying

this attribute cube.
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Figure 2.5 (A) A seismic line after application of the Variance attribute cube. (B) A seismic line after
application of the Chaos attribute cube.

2.3.1.5. Ant-tracking Attribute cube

The Ant-tracking algorithm is used for automatic extraction of faults and fractures
(Figure 2.6) from a pre-processed seismic volume (Schlumberger, 2009b). There are
several parameters available in the Ant-tracking algorithm: Initial ant boundary, Ant
track deviation, Ant step size, lllegal step allowed, Legal steps required and Stop
criteria [%]. The Initial ant boundary (1 — 30) controls how closely the ants are
deployed within the volume. Larger the number is, fewer ants are deployed and less
detail is captured. The Ant track deviation (0 — 3) allows the ants to search on sides
of their tracking direction. A larger value allows finding more connections. The Ant

step size (2 — 10) defines increment within each step. Higher value lowers the

24



Chapter 2 Data and methods

resolution of the result. The lllegal step allowed (0 — 3) defines how many steps is an
ant allowed to search without detecting an edge zone. A larger value allows finding
more connections. The Legal steps required (0 — 3) describes a number of required
legal steps after an illegal step. Lower value is less restrictive and allows finding
more connections. The Stop criteria [0 — 50%)] controls the termination of ants after

taking too many illegal steps. Larger value allows the ants to advance further.

There is an option of choosing the ‘Passive ants’ or the ‘Aggressive ants’ parameter.
This option gives 2 different defaults of above mentioned parameters: the Passive
ants default (Initial ant boundary = 7, Ant track deviation = 2, Ant step size = 3, lllegal
step allowed = 1, Legal steps required = 3 and Stop criteria = 5 [%]) and the
Aggressive ants default (Initial ant boundary = 5, Ant track deviation = 2, Ant step
size = 3, lllegal step allowed = 2, Legal steps required = 2 and Stop criteria = 10
[%]). Depending on the data and the objective, one of above two options or
customized settings can be chosen. The ‘Passive ants’ are suitable for finding only
major regional faults. On the other hand, the ‘Aggressive ants’ find both major and

subtle faults and fractures.

The Orientation Control for Ant-tracking is achieved by using the Stereonet, another
available parameter. In the Stereonet, it is possible to restrict or allow chosen dips
and azimuths of ants’ paths. This makes the ants to search for discontinuities only in
preferred orientation, depending on the objective of the search.
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Figure 2.6 Two examples of the results from the Ant-tracking workflows. (A) The Ant-tracking result
from the Variance cube. Allowed dips are 20-80°. (B) The Ant-tracking result from the Chaos cube.
Allowed dips are 20-90°. The red arrows are indicating the same faults, detected by the two Ant-
tracking workflows with different parameters.
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All the final parameters chosen for the case of this thesis can be found in 3.7 Ant-

tracking algorithm workflow — chosen parameters.
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2.4. Three dimensional visualization of the results of the Ant-
tracking algorithm workflow

The faults and fractures connected to carbonate build-ups of the Gipsdalen Group
are visualized in three dimensions (3D). In the 3D window, the whole seismic cube is
viewed. In order to visualize only one fault, the result of the Ant-tracking algorithm
workflow is cropped to a small volume (Figure 2.7A) - containing one build-up and
one connected fault. The Ant-tracked data are rendered (Figure 2.7B) and the
opacity is chosen so, that only the maximum positive values of the data are visible
(Figure 2.7C). This is showed on the background of a seismic line to visualize
position of the build-up and the associated fault in the data (Figure 2.7C). Volume
Rendering is a direct three dimensional visualisation of a seismic volume, so that all
the seismic data are displayed simultaneously (Figure 2.7B). High ant-tracking
values indicate the strongest discontinuity, if these are opaque and the low ant-
tracking values are transparent (by customizing the opacity), the faults are made

visible in three dimensions (Figure 2.7C).
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carbonate
build-up

Figure 2.7 (A) Whole seismic cube of the study area. Position of the chosen carbonate build-up is
indicated by the red circle. Detail of the cropped volume is showed in the zoomed picture. (B)
Rendered cropped cube. (C) Rendered cropped cube with opacity settings applied as indicated.

2.5. Velocity modelling and depth conversion

The depth conversion is a conversion of the z-axes of seismic data from two-way-
travel time [ms] to metres [m] (Figure 2.8). To do this, a velocity model is needed
(Figure 2.9). In the Petrel™ 2009 software, there are several approaches available

depending on the input data. The input for the velocity model, created in this case,

27



Chapter 2 Data and methods

was the stacking velocity cube (Figure 2.9C, Figure 2.10), six interpreted seismic
surfaces (Figure 2.9A, Figure 2.10) and three well tops from the well 7220/6-1
(Figure 2.9B, Figure 2.10).
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Figure 2.8 (A) Original seismic data in milliseconds, two-way-travel time. (B) Depth converted seismic
data in metres.
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Figure 2.9 The created velocity model. (A) Interpreted seismic surfaces as the base input. (B) Well
tops corrections. (C) Model consisting of ‘Interval velocity surfaces’ calculated from both the stacking
velocity cube and the seismic surfaces.
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Figure 2.10 The figure is showing all the input data into the velocity model.

After the velocity model was created, the seismic data were depth converted by the
‘General depth conversion process’, using the created velocity model. Difference
between the original [ms] and the depth converted [m] seismic line is showed in

Figure 2.8.
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3. Results

The main steps of the Ant-tracking workflow are suggested in the Petrel manual.
However, these steps contain many parameters which may be customized. Also in
one of the steps, when choosing the edge detection method, several different
attribute cubes can be chosen. The most common are the Variance and the Chaos
attribute cube. To extract faults and fractures associated with build-ups from the
seismic data, the Ant-tracking workflow was customised to fit the situation. The
testing of parameters was done by choosing different values for parameters in each
of the main steps of the Ant-tracking workflow and analyzing how it changes the final
result. The whole process was run over and over many times with different
combinations of parameters, until it was possible to clearly recognise faults and

fractures in the carbonates of the Gipsdalen Group.

The results of the main steps of the Ant-tracking algorithm workflow, with the final

chosen parameters applied, are introduced in the following chapter.

3.1. Ant-tracking algorithm workflow — chosen parameters

The Ant-tracking workflow consists of several steps, which are meant to pre-
condition the data before applying the Ant-tracking algorithm itself. These steps are
in detail explained in 2.3.1. Ant-tracking algorithm workflow — explanations and
definitions. Here are introduced the final chosen parameters for the Ant-tracking
workflow. Two sets of different parameters have been chosen to apply to the seismic
data. The first set of parameters contains the Variance attribute cube and the second
one contains the Chaos attribute cube. In the further text they will be referred to as
‘Variance-Ant-tracking workflow’ and ‘Chaos-Ant-tracking workflow’ respectively. A
few of the chosen parameters in mentioned two sets slightly differ for the study area
of SG9810 and for NH0372 survey (Figure 2.1). The aim was to achieve the best
possible results, of fault and fracture detection and visualization, in both surveys.
The NHO0372 survey has higher resolution, a six times denser acquisition grid, and
better data quality than the SG9810 survey. This may be the cause of differences in

some of the parameters. The details are described below.
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3.1.1. Variance — Ant-tracking workflow

To increase the continuity of seismic reflections, the data were structure-smoothed
(Figure 3.1B, Figure 3.1E) in the first step and parameters: Dip-guide and Enhance
edge were selected. When the Dip-Guide is selected, smoothing is performed
parallel to local structural orientation estimate. When the Enhance edge is selected,
smoothing is performed by two half filters and only more chaotic signal is removed,
what enhances edges in the seismic data (Schlumberger, 2009b). The size of the

filter was kept default.

To detect edges in the data, the variance attribute cube was applied in the second
step. Only vertical smooth parameter was changed from the default to 8 ms in the
study area of SG9810 survey (Figure 3.1C, Figure 3.3A) and to 10 ms in NH0372
survey (Figure 3.1F, Figure 3.3D). The optimum length of the vertical smooth
parameter [ms] is data and objective dependent. Larger values of the parameter (up
to 200 ms) reduce noise but also sharpness of the edges. In our case, we wanted to
detect the edges, so low values have been selected. The testing showed that a value
of 8 ms is the most suitable to use in the SG9810 survey (Figure 3.2A). The use of
the same value, 8 ms, in the NHO372 survey (Figure 3.2C) did not give as good final
result of the Ant-tracking workflow. Therefore to achieve a comparable good result,
in both workflows, the vertical smooth parameter was set to a value of 10 ms (Figure
3.2B) in the NHO0372 survey.

To extract faults from the data, the Ant-tracking attribute cube (Figure 3.3B, Figure
3.3E) was applied in the third step. The aim is to extract also minor faults and
fractures, that is why the default parameters for the ‘Aggressive ants’ were chosen in
this case. The Aggressive ants are able to find both major faults and subtle fractures,
because their parameter-settings allow finding more connections in discontinuities in
the data. To analyze the results correctly, it is desirable that faults and fractures in all
directions and dips are found. However, testing showed that dips under 20° are
allowing the ants to track artificial horizontal structures in areas of less pronounced
seismic signal between two strong reflections, parallel to these reflections. Also, in
survey SG9810 were detected many vertical structures, interpreted as artificial
response, making the result unclear. Therefore the dips over 80° allowing the ants to
track the vertical artificial response were restricted in this survey. In site survey
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NHO0372, most likely due to high resolution and good data quality, the Variance cube
did not create same vertical artificial response. Even if many of the detected
discontinuities were sub-vertical, after analyzing the whole result in three
dimensions, it was possible to keep the allowed dips up to 90°. Therefore, the final
Stereonet settings were adjusted to all azimuths: 0 - 360° but only dips: 20 — 80° for
the study area of SG9810 (Figure 3.3B) and 20 — 90° for NHO372 survey (Figure
3.3E).
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Figure 3.1 The first two steps of the ‘Variance — Ant-tracking workflow’ applied to seismic inline 8353
of SG9810 survey in B and C, and to seismic inline 8352 of high-resolution survey NH0372 in E and
F. (A, D) Original seismic data. (B, E) Structure smoothed seismic data. (C, F) Seismic data after
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application of the Variance attribute cube. The positions of the Top-Palaeozoicum, the Top-Gipsdalen
and the Top-Basement surfaces are indicated.

To achieve a good quality of 3D visualization, the ant-tracked volume was ant-
tracked once more (Figure 3.3C, Figure 3.3F), in the last step of the workflow. It
enhanced the amplitudes of the previous result from the Ant-tracking workflow. The
final result became clearer and the amplitudes stronger. In this case, it was desirable
to enhance the result only slightly, so the artificial response, which often has lower
amplitude values, would not get too enhanced and superimpose the result. The
Passive ants are suitable for finding only major faults. This makes them also suitable
for this case. The default parameters for the ‘Passive ants’ were applied and the

Stereonet settings were kept unchanged from the previous step.
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Figure 3.2 Seismic data after application of the Variance attribute cube. Comparison of an effect of
the Variance attribute cube when different vertical smooth parameter is set. (A) 3D seismic survey
SG9810. The vertical smooth parameter is set to 8 ms. (B) High resolution 3D seismic survey
NHO0372. The vertical smooth parameter is set to 10 ms. (C) High resolution 3D seismic survey
NHO0372. The vertical smooth parameter is set to 8 ms.
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Figure 3.3 The last two steps of the ‘Variance — Ant-tracking workflow’ applied to the seismic inline
8353 of survey SG9810 in B and C, and to the seismic inline 8352 of high-resolution site survey
NHO0372 in E and F. (A) Seismic data after application of the Variance attribute cube. (B) Ant-tracked
seismic data, aggressive ants. (C) Second time ant-tracked seismic data, passive ants. (D) Seismic
data after application of the Variance attribute cube. (E) Ant-tracked seismic data, aggressive ants.
(F) Second time ant-tracked seismic data, passive ants. The positions of the Top-Palaeozoicum, the

Top-Gipsdalen and the Top-Basement surfaces are indicated.
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3.1.2. Chaos — Ant-tracking workflow

To enhance discontinuities for fault and facture mapping, a high-pass filter (Figure
3.4C, Figure 3.4H) was applied to the seismic volumes in the first step (Figure 3.4B,
Figure 3.4G). A filter makes discontinuities in the data more apparent (Figure 3.4B,
Figure 3.4G). The filter applied to the study area of 3D seismic survey SG9810
removes frequencies below 40 Hz (Figure 3.4C) and the filter applied to the high
resolution 3D seismic survey NH0372 removes frequencies below 70 Hz (Figure
3.4H). The testing showed that the final result of the ‘Chaos — Ant-tracking workflow’

is the best when the mentioned filters are applied.

To increase the continuity of the seismic reflections, the data were structure-
smoothed (Figure 3.4D, Figure 3.4l) in the second step and parameters: Dip-guide
and Enhance edge were selected. When the Dip-Guide is selected, smoothing is
performed parallel to local structural orientation estimate. When the Enhance edge is
selected, smoothing is performed by two half filters and only more chaotic signal is
removed, what enhances edges in the seismic data (Schlumberger, 2009b). The size

of the filter was kept default.

To detect discontinuities in the data, the chaos attribute cube (Figure 3.4E, Figure
3.4J, Figure 3.5A, Figure 3.5D) was applied in the third step. There are no additional

parameters to choose regarding this attribute cube.

To extract faults and fractures from the data, the Ant-tracking attribute cube (Figure
3.5B, Figure 3.5E) was applied in the fourth step. The aim is to extract also minor
faults and fractures, that is why the default parameters for the ‘Aggressive ants’ were
chosen in this case. The Aggressive ants are able to find both major faults and
subtle fractures, because their parameter-settings allow finding more connections in
discontinuities in the data. To analyze the results correctly, it is desirable that faults
and fractures in all directions and dips are found. However, testing showed that dips
under 20° are allowing the ants to track artificial horizontal structures in the areas of
less pronounced seismic signal between two strong reflections, parallel to these
reflections. That is why the final Stereonet settings were adjusted to all azimuths: O -
360° but only dips: 20 — 90° in both 3D surveys.
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Figure 3.4 The first three steps of ‘Chaos — Ant-tracking workflow” applied to the seismic inline 8353 of
survey SG9810 (B, D, E) and to the seismic inline 8352 of high-resolution site survey NH0372 (G, H).
(A, F) Original seismic data. (B, G) Filtered seismic data. (C, H) Used high-pass filter. (D, 1) Structure
smoothed seismic data. (E, J) Seismic data after application of the Chaos attribute cube. The
positions of the Top-Palaeozoicum, the Top-Gipsdalen and the Top-Basement surfaces are indicated.
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To achieve a good quality of 3D visualization, the ant-tracked volume was ant-
tracked once more (Figure 3.5C, Figure 3.5F) in the last step of the workflow. It
enhanced the amplitudes of the previous Ant-track result. The final result became
clearer and the amplitudes stronger. In this case, it was desirable to enhance the
result strongly, because the amplitudes after the first application of the Ant-tracking
algorithm were low. Therefore the Ant-tracking attribute cube was applied again with

exactly the same settings as in the previous step (‘Aggressive ants’).
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Figure 3.5 The last two steps of ‘Chaos — Ant-tracking workflow’ applied to the seismic inline 8353 of
survey SG9810 (B, C) and to the seismic inline 8352 of high-resolution site survey NH0372 (E, F). (A,
D) Seismic data after application of the Chaos attribute cube. (B, E) Ant-tracked seismic data,
aggressive ants. (C, F) Second time ant-tracked seismic data, agressive ants. The positions of the
Top-Palaeozoicum, the Top-Gipsdalen and the Top-Basement surfaces are indicated.
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3.2. Final result of Ant-tracking — 3D visualization of faults and
fractures connected to carbonate build-ups

The distribution of faults and fractures in carbonate build-ups of the Gipsdalen Group
has been checked in the final Ant-tracking results from the two customized
workflows, the ‘Chaos — Ant-tracking workflow’ (Figure 3.5C, Figure 3.5F) and the
‘Variance — Ant-tracking workflow’ (Figure 3.3C, Figure 3.3F). Each 5" inline of the
result of Ant-tracking, in both seismic surveys (Figure 3.6A), was viewed. The
purpose of this was to determine positions of faults and fractures in respect to
positions of build-ups and connection between the two, as well as an answer to a
question: ‘Are all of the build-ups associated with a fault or fracture or not?’ The
answer is: Some of the identified faults or fractures are clearer and bigger than other,
but all build-ups in the study area are associated with one or two faults or fractures.
There were found no build-ups, which could be claimed to be clearly ‘fault-less’. It is
important to note that it is not possible to determine directly from the Ant-tracking
results, whether the detected discontinuity is a fault or a fracture. A fracture is a
general term for any break in a rock, due to mechanical failure by stress, whether or
not it causes displacement. A fault is a fracture or a zone of fractures along which
there has been a displacement (Bates and Jackson, 1980). It is not an objective of
this thesis to differentiate between the two categories, only to detect the
discontinuities which could be classified as faults or fractures. However, some
interpretation is suggested. The discontinuities with lesser areal extent and often
sub-vertical are interpreted as fractures. The larger discontinuities, often several
hundred meters in extent, are interpreted as faults.

To determine whether the detected faults and fractures are real and not artefacts,
the two Ant-tracking workflows, were applied to both data sets and their results were
compared. Both workflows give similar results, revealing faults and fractures in
carbonate build-ups of the Gipsdalen Group. In some cases the results are almost
identical, in some cases different. The larger the fault or fracture is, the more similar
results can be observed. Sometimes the fracture or fault is revealed only by one of
the workflows. Then it depends on the interpreter to decide if the response is a real
fracture or fault, or if it is an artefact. Mostly the two results are very similar and the

difference is only in the size or slightly in the angle of the fracture or fault. In such
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cases, the response can be easily considered real. To see the similarities and the
differences in the two results, it is essential to do the comparison in three
dimensions. Viewing the two results in two dimensions only in a seismic line does
not show the full picture and leads to misinterpretation. What looks like a different
response in one line, may transform into a continuous clearly visible fault or fracture
on the next 10 lines. Cropping the cube in the area of interest as described in 2.4
Three dimensional visualization of the results of the Ant-tracking algorithm workflow
and comparing the results in three dimensions spares a lot of time and gives clear

answers.

To illustrate the apparent relationship between the build-ups and faults, | have
randomly chosen three build-ups (Area I, 11, III) from the Top-Gipsdalen surface map
of the study area of survey SG9810 (Figure 3.6A) and one build-up from the Top-
Gipsdalen surface map of the high resolution site survey NH0372 (Figure 3.10).
These build-ups and their associated faults are visualized, in three dimensions, in
figures 3.7, 3.8, 3.9 and 3.11.

3.2.1. Study area of 3D seismic survey SG9810

For 3D visualization of faults in the study area of 3D seismic survey SG9810 was
chosen the result of the ‘Chaos-Ant-tracking workflow’ applied to this survey.

A strong seismic reflector has been mapped in the study area of survey SG9810
(Figure 3.6). Eastern part of this reflector is the Top-Gipsdalen surface and the
western part of the reflector reveals a fraction of the Top-Basement surface (Figure
3.6A). The Top-Gipsdalen surface consists of two parts. The eastern, dipping, part
(Figure 3.6) represents the boundary between the Gipsdalen Group and the
overlaying Bjarmeland Group. It is characterized by an irregular topography, caused
by numerous polygonal network build-ups and associated enclosed lagoons. The
western, up-dip part is characterized by a smoother topography, where the
successive reflectors of the Gipsdalen Group are truncated in the area between the
Top-Gipsdalen and the Base-Gipsdalen truncation lines (Figure 3.6A). Further up-
dip, to the west, is the visible part of the Top-Basement surface (Figure 3.6A). It is
also a truncated surface and represents the boundary between the Caledonian
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metamorphic rocks of basement and the overlaying Triassic Snadd Formation. The
truncated area of the seismic reflector represents a major unconformity caused by
uplift and erosion, including extensive karstification of carbonates of the Gipsdalen

Group, during late Sakmarian-Artinskian time (Figure 1.3) (Worsley, 2008).

On the eastern dipping ramp are recognized two areas containing build-ups: the
‘Area of larger build-ups’ — NE of the study area, and the ‘Area of smaller build-ups’ —
SE of the study area (Figure 3.6A). These two are divided by a SW-NE major fault
(Figure 3.6A). The fault is dividing the ramp into two ramp segments. The ramp
segment in the ‘Area of smaller build-ups’ has steeper dip what means that the “Area

of larger build-ups” subsided less rapidly.

The three randomly chosen build-ups (I, II, IIT in Figure 3.6A) are visualized in three
dimensions (Figure 3.7A, Figure 3.8A, Figure 3.9A). The seismic lines (Figure 3.7A,
Figure 3.8A, Figure 3.9A) create a three dimensional ‘slide show’, gradually slicing
the same fault/faults showed from one angle. Positions of the seismic lines are
indicated on the Top-Gipsdalen surface (Figure 3.7B, Figure 3.8B, Figure 3.9B). The
seismic line number 1 is always the furthermost from the observer and the following
is nearer and nearer. A bigger part of the fault/faults disappears behind each coming

line.

There are two faults associated with the build-up in area I (Figure 3.7). Both of these
faults are situated on the slope of the build-up, on both sides of the build-up ridge,
where the steep dip of the build-up’s side partly flattens into a gentle dip. With the
build-up in area II is associated one fault (Figure 3.8). The fault is situated very near
to the top of the build-up ridge. Its position slightly differs from inline to inline. On the
inline 6771 (Figure 3.8A-5), in the deeper part of the build-up, we can see that the
fault separates into two. There are again two faults associated with the build-up in
area III (Figure 3.9). Same as in area I, the faults are situated on the slope of the
build-up, on both sides of the build-up ridge, where the steep dip of the build-up’s
side partly flattens into a gentle dip. Crosslines 6493, 6473 and 6453 (Figure 3.9A-1,
2, 3) are displaying the southern fault (Figure 3.9B), while crosslines 6433 and 6413
(Figure 3.9A-4, 5) are displaying the northern fault (Figure 3.9B). The crossline 6453

(Figure 3.9A-3) is showed from two different angles.
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Figure 3.6 (A) Study area of 3D seismic survey SG9810 - the Top-Gipsdalen and the Top-Basement
TWT map. Positions of the high resolution 3D site survey NH0372, ‘Area of larger build-ups’ and ‘Area
of smaller build-ups’, 3 locations containing build-ups (I, Il, 1ll), major fault, the Top-Gipsdalen and the
Base-Gipsdalen truncation lines, and the seismic inline (showed in B) are indicated. (B) Seismic inline
8353 through the area, showing the Top-Gipsdalen and Top-basement surfaces. The major fault, the
two of the smaller build-ups and the position of high resolution 3D seismic survey NH0372 are
indicated.
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Figure 3.7 (A) Three dimensional visualization of area I, showing a build-up forming a relief on the
Top-Gipsdalen surface (black line) and connected faults (orange) on four crosslines. Positions of the
Top-Gipsdalen surface, intersections between the seismic line and the fault and the positions of the
following intersections are indicated on seismic lines. (B) Location of area I on the Top-Gipsdalen
surface time structure map. Positions of faults on sides of the build-up are illustrated in orange.
Positions of seismic crosslines (1, 2, 3, 4), visualized in A, are indicated by white lines. The top of the
build-up ridge is indicated by black dashed line.
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Figure 3.8 (A) Three dimensional visualization of area II, showing a build-up forming a relief on the
Top-Gipsdalen surface (black line) and a connected fault (orange) on five inlines. Positions of the
Top-Gipsdalen surface, intersections between the seismic line and the fault and the positions of the
following intersections are indicated on seismic lines. (B) Location of area II on the Top-Gipsdalen
surface time structure map. A position of fault on side of the build-up is illustrated in orange. Positions
of seismic inlines (1, 2, 3, 4, 5), visualized in A, are indicated by white lines. The top of the build-up
ridge is indicated by black dashed line.
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Figure 3.9 (A) Three dimensional visualization of area III, showing a build-up forming a relief on the
Top-Gipsdalen surface (black line) and connected faults (orange) on five crosslines. Positions of the
Top-Gipsdalen surface, intersections between the seismic line and the fault and the positions of the
following intersections are indicated on seismic lines. (B) Location of area III on the Top-Gipsdalen
surface time structure map. Positions of faults on sides of the build-up are illustrated in orange.
Positions of seismic crosslines (1, 2, 3, 4, 5), visualized in A, are indicated by white lines. The top of
the build-up ridge is indicated by black dashed line.
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3.2.2. High resolution 3D seismic survey NH0372

The high resolution 3D seismic survey NH0372 has less areal extent (Figure 3.6A)
and therefore does not contain as many carbonate build-ups as the study area of 3D
seismic survey SG9810. The Top-Gipsdalen surface of the high resolution 3D
seismic survey NHO0372 can be divided into two areas with different topography
(Figure 3.10A). On the western part is the Upper-Palaeozoic unconformity, a result of
an uplift of the Loppa High above the sea-surface during the late Palaeozoic. This
area does not have build-up topography. On the eastern part is a dipping ramp,
where several build-up ridges and one enclosed lagoon (Figure 3.10A) can be
recognized. The build-ups in the high resolution 3D seismic survey NH0372 are not
as pronounced as the build-ups in the study area of 3D seismic survey SG9810,
because they are on the upper part of the ramp and also in the ‘Area of smaller
build-ups’ (Figure 3.6A). However, many discontinuities can be recognised in the
result of the Ant-tracking workflow (Figure 3.10B, C) thanks to high resolution of the
survey. For 3D visualization of faults and fractures in this case, the result of the
‘Variance-Ant-tracking workflow’ applied to this survey was chosen (Figure 3.10B,
C). The recognised discontinuities have small areal extent and are mostly sub-
vertical with angles around 80° to 90°. Therefore these are mostly interpreted as

fractures associated with build-ups.

The connection between the position of fractures and the change of the dip in
topography is clearly visible in this high resolution site survey. Ant-tracking revealed
not only fractures apparently associated with the build-up’s location, such as
fractures 1, 2, 12, (Figure 3.10B) or 10, 11 (Figure 3.10C), but also fractures in areas
of subtle change in the dip of topography such as 8, 9 (Figure 3.10B, C). The
fractures 5 and 6 (Figure 3.10C) are clearly visible on the slopes of very tiny build-
ups with small relief. Ant-tracking revealed fractures, on the slopes of build-ups,
precisely surrounding the enclosed lagoon (Figure 3.10B-3, 6, 7, 10, 12). On the
seismic crossline (Figure 3.10D), we can see some of the fractures (4, 10 and 11),
detected by the Ant-tracking workflow, directly visible in the seismic data. The ant-
tracking workflow obviously detects more than is directly visible in a seismic line.

Majority of detected fractures can be considered real with high confidence, because
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of their precise position around the lagoon (Figure 3.10B-3, 6, 7, 10, 12) and on the
sides of a build-up (Figure 3.10B-1, 2, 12).

One, randomly chosen build-up (area IV in Figure 3.11B) is visualized in three
dimensions (Figure 3.11A). The seismic in-lines in the figure create a three
dimensional ‘slide show’, as explained in 3.2.1 Study area of 3D seismic survey
SG9810. Positions of the seismic in-lines are indicated on the Top-Gipsdalen surface
(Figure 3.11B). The fracture is situated very near to the top of the build-up ridge. Its
position moves a bit downhill on the inline 8272 (Figure 3.11A-4).
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Figure 3.10 (A) Top-Gipsdalen surface of high resolution site survey NH0372. Positions of build-up
ridges, enclosed lagoon and zoomed area from B are indicated. (B) Faults and fractures (orange)
associated with build-ups from the result of the “‘Variance — Ant-tracking workflow’ are visualized on
the Top-Gipsdalen surface time structure map. Faults and fractures 3, 6, 7, 10 and 12 are enclosing
the lagoon. Position of the crossline from C and D is indicated by a white line. (C) Crossline 5564
showing faults and fractures (orange) associated with build-ups. (D) Seismic crossline 5564. Some of
the detected faults and fractures are visible directly in seismic data. The lagoon is indicated. Positions
of the Top-Gipsdalen and the Top-Basement surfaces are indicated in C and D.
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Figure 3.11 (A) Three dimensional visualization of area IV (from high resolution 3D seismic survey
NHO0372), showing a build-up forming a relief on the Top-Gipsdalen surface (black line) and
connected fracture (orange) on four inlines. Positions of the Top-Gipsdalen surface, intersections
between the seismic line and the fracture and the positions of the following intersections are indicated
on seismic lines. (B) Location of area IV on the Top-Gipsdalen surface time structure map of high
resolution 3D seismic survey NHO0372. Positions fractures are illustrated in orange. Positions of
seismic inlines (1, 2, 3, 4), visualized in A, are indicated by white lines.
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3.3. Final result of Ant-tracking — 3D visualization of karst in
sinkholes

The Ant-tracking method was developed for Petrel™ software to detect faults, but as
mentioned before, it also detects other discontinuities. Collapsed karst creates
sinkholes and has a different composition than the surrounding bedrock. The
sinkholes are typically filled by more or less massive breccia bodies. The boundary
between karst and the surrounding bedrock is typically sharp and the seismic
response is an abrupt transition from well-organized subparallel/parallel reflection
patterns to systematic down-bending, mixed with chaotic, reflection patterns (Figure
3.12C). The top surface of sinkholes typically forms a more or less circular
depression on a horizon subjected to karst deformation (Figure 3.12B), as a result of
cavern roof collaps. Sinkholes are normally very well visible on the time maps
(Figure 3.12B, Figure 3.13, Figure 3.14B) and directly in seismic lines (Figure
3.12C). Therefore the results of the Ant-tracking workflow were also checked for

sinkhole response.

3.3.1. Study area of 3D seismic survey SG9810

Several smaller or bigger sinkholes are visible on the Gipsdalen surface of the study
area of 3D seismic survey SG9810 (Figure 3.13B, C and D). The most pronounced
detected sinkhole, of diameter 250 m, is clearly visible on the seismic line due to
systematic down-bending, mixed with chaotic, reflection pattern (Figure 3.12C) and
on the Top-Gipsdalen surface, creating a circular depression (Figure 3.12B, Figure
3.13). However, there is no clear response in the Ant-tracking results, in neither the
‘Chaos — Ant-tracking workflow’ nor the ‘Variance — Ant-tracking workflow’ that could

be connected to the position of the sinkhole.

The Ant-tracking workflow is in general not designed for the detection of sinkholes
but for detection of faults. Compared to sinkholes, faults are planar structures with
large lateral extent. However, sinkholes can be very well detected by the Variance
attribute cube (Figure 3.15C, D, E, F), if its parameters are customised for this
objective, but that was not this case. If the response of the sinkhole is very strong

and clear in the Variance attribute cube, then also the Ant-tracking workflow may

49



Chapter 3 Results

show slight response of the sinkhole in its result. But there are more suitable
methods, which exist for sinkhole detection, such as 3D multi-attribute mapping of

seismic facies (for example Carrillat et al., 2005).

SG9810
Study area

position
of sinkhole

Top-Gipsdalen

Figure 3.12 (A) Top-Gipsdalen surface of the study area of 3D seismic survey SG9810. Positions of
sinkhole and inline 7883 are indicated. (B) Zoomed crop of the Top-Gipsdalen surface revealing the
sinkhole in detail. (C) Seismic inline 7883 displaying systematic down-bending, mixed with chaotic,
reflection pattern in the vicinity of the sinkhole. The Top-Palaeozoic, the Top-Gipsdalen and the Top-
Basement surfaces are indicated by black lines.
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SG9810
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Time

Figure 3.13 (A) Top-Gipsdalen surface of the study area of survey SG9810. Positions of three chosen
sinkholes are indicated by black rectangles. (B, C, D) Zoomed crops of the Top-Gipsdalen surface
revealing the sinkholes in detail.
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3.3.2. High resolution 3D seismic survey NH0372

As mentioned in the previous chapter, the Ant-tracking workflow was not designed
for the detection of sinkholes but for detection of faults. However the Variance
attribute cube is very well suitable for sinkhole detection (Figure 3.15C, D, E, F) and
thanks to high resolution of the site survey NH0372, and a strong response of a
sinkhole in the Variance cube result (Figure 3.15C, D, E, F), a slight response of a
sinkhole from the Top-Gipsdalen surface (Figure 3.15A, B, Figure 3.14A, B) was
detected in the ‘Variance - Ant-tracking workflow’ (Figure 3.14C, D), even if its
parameters were customised for detection of faults. The response of the sinkhole is
very strong and clear, visible on a 1077 ms timeslice— in the plane of the Top-
Gipsdalen surface (Figure 3.15C, D) and on a 1057 ms timeslice — 20 ms above the

Top-Gipsdalen surface (Figure 3.15 E, F).

This sinkhole is visible on the time map of the Top-Gipsdalen surface in both the
study area of survey SG9810 and in the site survey NH0372. However, there is no
response of the mentioned sinkhole in the result of the Ant-tracking workflow applied
to the study area of survey SG9810. This was expected, because this sinkhole is
much smaller than the sinkhole detected on the inline 7883 (Figure 3.12C) and it
would be surprising if a minor sinkhole has a response in the Ant-tracking result,
while the major sinkhole does not. By application of the same technique as used for
visualization of faults, the sinkhole response was visualized in three dimensions

(Figure 3.14C, D) in the result of the ‘Variance — Ant-tracking workflow’.
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Figure 3.14 (A) Dip map of the Top-Gipsdalen surface of high resolution 3D seismic survey NH0372.
Position of sinkhole is indicated by a black rectangle. (B) Zoomed crop of the Top-Gipsdalen surface
revealing the sinkhole in detail. (C) 3D visualization of the sinkhole response in the Ant-tracking
workflow result, plotted on the dip map of the Top-Gipsdalen surface. (C) Visualization of the whole
sinkhole response in the Ant-tracking workflow result, in three dimensions.
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Figure 3.15 High resolution seismic site survey NH0372. (A) Dip map of the Top-Gipsdalen surface.
(B) Zoomed crop of the Top-Gipsdalen surface revealing the sinkhole in detail. (C) Variance time slice
map at 1077 ms. (E) Variance time slice map at 1057 ms. (D, F) Zoomed crop of the Variance time
slice, revealing the sinkhole in detail. Position of sinkhole is indicated by black rectangles.
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3.4. Different structures visible in the final result of the Ant-
tracking workflow

The quality of the data affects the interpretation results. The reason for creating two
different Ant-tracking workflows was to have a reference for comparing the results. In
both the high resolution site survey NH0372 and the study area of survey SG9810,
there are also many areas with high ant-tracking amplitude response, which are not
representing faults or fractures connected to positions of build-ups (Figure 3.16B,
Figure 3.17B, Figure 3.18A).

Three typical responses, found repeatedly in the results of the Ant-tracking workflow,
are visualized here (Figure 3.16B, Figure 3.17B, Figure 3.18A). The results of the
‘Chaos — Ant-tracking workflow’ applied to the SG9810 survey were used to create
the figures with examples, but the responses are typical regardless the workflow or

the survey.

The mixture of coherence and chaotic signal (Figure 3.16A), seen in seismic lines,
gives strong response in the Ant-tracking result (Figure 3.16B). This response looks
partly as composed of many close fractures but is difficult to interpret clearly.
Another type of chaotic response (Figure 3.17A) is caused by a single fault or
fracture in the plane of the observed seismic line (Figure 3.17B). What may appear
to be chaotic signal in direction of inline (Figure 3.17A), emerges as a clear fracture
in the perpendicular plane — direction of crossline (Figure 3.17C-F). This confirms
that the Ant-tracking workflow reveals also faults and fractures which would stay
invisible for the interpreter. This is a clear example of a great advantage of a semi-
automatic method, when detecting faults and fractures. The last example is a
response from low amplitude signal between two seismic reflections (Figure 3.18).
The directions ants are allowed to look for faults and fractures was set to 20°- 80° or
20°-90°. The aim of the Ant-tracking workflow was to detect faults and fractures, not
response from low amplitude signal between two sub-horizontal reflections. The
angle of 20° was chosen so, that the most of the response from the low amplitude
signal between two sub-horizontal reflections is removed, but the response from

faults and fractures stays in the final result. But if there is low amplitude signal
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between two reflections, which are dipping in an angle over 20°, this response is
detected (Figure 3.18A).
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Figure 3.16 (A) Seismic inline of the study area of survey SG9810. Mixture of coherence and chaotic
signal in the data is indicated. (B) The same seismic inline, displaying the result of the Ant-tracking
workflow. The typical response of the mixture of coherence and chaotic signal in the data is indicated
by the ellipse. The Top-Palaeozoic, the Top-Gipsdalen and the Top-Basement surfaces are indicated
by black lines in both A and B.

56



Chapter 3 Results

- 1000 2000 3000 4000 5000 6000 7000 8000
1 | | | 1 1 | |

| 1 1 1 |

*Tw inline 7201 E

i

b
vy
el

o 1000 2000 3000 4000 5000 6000 7000 8000

O 1 1 1 1 | 1 | 1 | | 1 | | | 1

TIW inline 7201 E
. / i | § 17 - :
:ﬁ, <y &slin&e}d&l 3| crossili

Q ] \

3 \ VX

<4
s

1 chacfleresponse
) if-reaiity cs ib -
] lar faulte

a perpendic

)

j anracing

] 0.75
§ 1 0.5
* 0.25

] 0.5
] -0.75
-1

a
—
ik

\

D crossling 4513 E crossline 4547
2
o

‘Soi\s .A \N’ .ﬂ\;- [N

S\

i\ J

10 500m’
ms] ﬂ ,

' W~

Figure 3.17 (A) Seismic inline 7201 of the study area of survey SG9810. Chaotic response in the data
is indicated. (B) Seismic inline 7201, displaying the result of the Ant-tracking workflow. Chaotic
response, caused by a perpendicular fracture is indicated. The positions of crosslines 4513 and 4547
are indicated in blue and green respectively. Position of the Top-Palaeozoic surface is indicated by
black lines in both A and B. Position of the fracture, seen in a plane view in B, is indicated in the result
of the Ant-tracking workflow on crossline 4513 (D) and crossline 4547 (E). Position of the fracture is
indicated also in seismic data in crossline 4513 (C) and crossline 4547 (F).

-
]
-
-

il

57



Chapter 3 Results

1100

1200

' from low signal
' .betv\iee two

4 X ) ' e
e ] ‘
hl ‘
- ;

Top-Palaeozoicum

, { 4
. t

‘T

1300

1400

Figure 3.18 (A) Crossline 5411 from the study area of survey SG9810, displaying the result of the
‘Chaos — Ant-tracking workflow’. Response from chaotic signal between two strong reflections is
indicated by arrows. (B) Seismic crossline 5411. Position of chaotic signal between two reflections is
indicated by the orange marked areas. Positions of one fault and the Top-Palaeozoic, the Top-
Gipsdalen and the Top-Basement surfaces are indicated in both A and B.
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3.5. Velocity model and depth conversion of seismic data

3.5.1. Seismic interpretation of the data

Six seismic surfaces, Seafloor, Top-Triassic, Intra-Snadd, Top-Palaeozoic, Top-
Gipsdalen and Top-Basement (Figure 3.19A) were interpreted to be used as an input
for the velocity model (Figure 2.9). The velocity model was applied to both the
seismic cube and the interpreted surfaces to depth convert the data (Figure 3.19B).
The depth converted data are useful for direct measurements of dimensions of the

detected build-ups.

3.5.2. Dimensions of carbonate build-ups

The dimensions of the polygonal network build-ups were measured from the depth
map of the Top-Gipsdalen surface (Figure 3.20, Figure 3.21) and the depth-

converted seismic lines.

The length of the build-up ridges and the size of the build-ups differ between the
‘Area of the smaller build-ups’ and the ‘Area of the larger build-ups’ (Figure 3.6A).
The build-up ridges are from 700 m to 4000 m long in the ‘Area of the smaller build-
ups’ (Figure 3.21) and from 400 m to 7000 m long in the ‘Area of the larger build-ups’
(Figure 3.20). The build-ups in the ‘Area of the smaller build-ups’ have relief from the
base of the lagoons in the range of 50 m to 300 m high and are 90 m to 350 m wide
(Figure 3.21). The build-ups in the ‘Area of the larger build-ups’ have a relief
between 150 m to 500 m high and are 110 m to 600 m wide (Figure 3.20).

There are also several enclosed lagoons visible on the Top-Gipsdalen surface. One
of the measured lagoons in the ‘Area of the larger build-ups’ is ca. 1300 m to 1400 m
wide and 150 m deep (Figure 3.20) and one of the measured lagoons in the ‘Area of
the smaller build-ups’ is ca. 450 m to 650 m wide and 120 m deep (Figure 3.21).
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Figure 3.19 (A) Seismic inline 8353 displaying the Seafloor, the Top-Triassic, the Intra-Snadd, the
Top-Palaeozoic, the Top-Gipsdalen and the Top-Basement surfaces in ms, two-way-travel time. (B)
The same seismic line after the application of the depth conversion, displaying the converted surfaces
in depth in metres. The well 7220/6-1 and its three well-tops are displayed.

60



Chapter 3 Results

build-up

enclosed
L lagoon

Figure 3.20 Depth converted Top-Gipsdalen surface, Area of larger build-ups. Some of the most
pronounced build-up ridges and one enclosed lagoon are indicated.
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Figure 3.21 Depth converted Top-Gipsdalen surface, Area of smaller build-ups. Some of the most
pronounced build-up ridges and one enclosed lagoon are indicated.
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4. Discussion

4.1. Comparison of results of the Chaos — Ant-tracking workflow
and the Variance — Ant-tracking workflow

The main difference between the ‘Chaos Ant-tracking workflow’ and the ‘Variance —
Ant-tracking workflow’ is in the choice of an edge detection method: Chaos or
Variance attribute cube. According to Petrel™ manual (Schlumberger, 2009b), the
Chaos Attribute cube computes the local chaos — measure of the ‘lack of
organization’ in the dip and azimuth estimation method and the Variance Attribute
cube estimates the local variance in the seismic signal. Both of these methods are
suitable for detecting edges in the seismic signal. However, the definition of an edge
differs. In case of the Variance attribute cube, it refers to discontinuity in the
horizontal continuity of amplitude, whereas the Chaos attribute cube detects
discontinuities regardless the orientation. This also affects the final results of each of

the workflows.

The Variance attribute cube (Figure 4.1C) is able to detect discontinuities more
sharply than the Chaos attribute cube (Figure 4.1D). The faults detected by the
Chaos attribute cube are wider and a bit blurred. However, the Variance attribute
cube also has a disadvantage. Because this cube detects ‘discontinuities in the
horizontal continuity of amplitude’, it creates relatively vertical artificial response in
the result (Figure 4.2A). Depending on the data, this mostly creates a problem, when

it comes to interpretation which features are real, and which are artefacts.

In this thesis two 3D seismic surveys were used, the northern part of the SG9810
and the high resolution NHO372 site survey (Figure 3.6A). These surveys have
different resolution. The NH0372 survey has a six times denser acquisition grid and
also better quality of the data. It is important to note that this influences the results of
Ant-tracking, more precisely of the choice of the most suitable edge detection
method for the Ant-tracking workflow, for each of the mentioned surveys. In the
Triassic succession of the survey SG9810 (Figure 4.3, Figure 4.4) artificial response
parallel to inline direction is clearly visible. This is detected by both Variance (Figure
4.3) and Chaos (Figure 4.4) attribute cube. These artefacts are not further detectable

in the Palaeozoic succession. The interpretation of these artefacts is that they are
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created by acquisition and processing of the data. The quality of the data is
important for the results of Ant-tracking. The site survey NH0372 has not only higher
resolution, but also, there were no acquisition footprints detected in any depth of the
seismic volume. This is visible in results from the Variance attribute cube (Figure
4.1C) and also the Chaos attribute cube (Figure 4.1D), applied to the NH0372 site
survey. The 750 ms timeslices (Figure 4.1C, D) also demonstrate higher resolution
of the NHO0372 site survey, detecting faults invisible in the same timeslices from the
survey SG9810 (Figure 4.1A, B).

The Variance attribute cube can detect minor details, and depending on the data
quality this can be positive for the result or negative. On the 1154 ms timeslice, of
NHO0372 site survey (Figure 4.5B), lagoon and a build-up ridge from the Top-
Gipsdalen surface (Figure 3.10A, B) can be seen in the response of the Bjarmeland
Group build-ups. On the same timeslice, of SG9810 survey (Figure 4.5A), is no
response of the lagoon and the build-up visible. This lagoon and the build-up ridge
are clearly visible on the Top-Gipsdalen surface in both surveys (Figure 3.10A, B,
Figure 4.13C, D). On the 1314 ms timeslice (Figure 4.6) can be see a disadvantage
on the Variance attribute cube (Figure 4.6A), as it is detecting artefacts of dipping
reflections in the basement (Figure 4.2A, B, Figure 3.1A). These reflections are most
likely not real, because they were not detected by the high resolution survey NH0372
(Figure 4.6B, Figure 3.1D).

Even if one Ant-tracking workflow gives good results, revealing faults in the area of
interest, it is important to use at least two workflows with different parameters to
quality-control the result. The results of the two workflows, customized for our
objective, were compared. For 3D visualization of faults the results with clearer
response were chosen: the ‘Chaos — Ant-tracking workflow’ for the study area of
survey SG9810 and the ‘Variance — Ant-tracking workflow’ for the high resolution site
survey NH0372.

4.1.1. Study area of 3D seismic survey SG9810

In the SG9810 study area, the ‘Chaos — Ant-tracking workflow’ gives the best results
(Figure 4.2C, Figure 4.7A) and was used for 3D visualization of faults (3.2 Final

result of Ant-tracking — 3D visualization of faults and fractures connected to
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carbonate build-ups). Because of the character of the data, the Ant-tracking workflow
with the Variance attribute cube as an edge detection method (Figure 4.2A, B, Figure
4.7B) detects more artefacts than the one with the Chaos attribute cube (Figure
4.7A). Even if the result of the ‘Variance — Ant-tracking workflow’ shows more
information (Figure 4.2A, B), it is not easy to decide what is real and what is artificial
response, as the most of the detected discontinuities are near to vertical (Figure
4.2A). To handle this problem, the Stereonet settings in the Ant-tracking workflow
were customized to dips 20-80° (Figure 4.2B). This allows ants to look for
discontinuities only with dips up to 80° (Figure 4.2B) and they are not allowed to find
all the near to vertical discontinuities (Figure 4.2A). This may remove some of the
real response as well, but the strongest response, considered being real, remains.
An example of a real response is a fault indicated in figure 4.2 (A, B and C). This is
one of the typical faults associated with build-ups and we can see that its response is
clearly visible in all of the three displayed results of the Ant-tracking workflow (Figure
4.2A, B, C). Another reason, why the ‘Chaos — Ant-tracking workflow’ was chosen for
3D visualization, is that by removing the most vertical dips from the ‘Variance — Ant-
tracking workflow’, the angles of the remaining (real) faults (Figure 4.2B) are not as
realistic as those in the ‘Chaos — Ant-tracking workflow’ (Figure 4.2C). And finally,
the ‘Chaos — Ant-tracking workflow’ was band-pass filtered in the first step, removing
signal under 30 Hz. This enabled elimination of noise such as dipping reflections
response occurring in the basement (Figure 4.2A, B, Figure 4.7B), and enhanced

faults for further steps of the ‘Chaos — Ant-tracking workflow’.

4.1.2. High resolution 3D seismic survey NH0372

Thanks to the high resolution and good quality of the data in NH0372 survey, both
workflows, the ‘Chaos — Ant-tracking workflow’ (Figure 4.8B, D) and the ‘Variance —
Ant-tracking workflow’ (Figure 4.8C, E) give very clear results, showing many
structures, which can be easily interpreted as faults or fractures. Still, the clearest
results are given by the ‘Variance — Ant-tracking workflow’ (Figure 4.8E). Therefore
in this case, this workflow was used for 3D visualization of faults (3.2 Final result of
Ant-tracking — 3D visualization of faults and fractures connected to carbonate build-

ups). In the result of the ‘Variance — Ant-tracking workflow’ (Figure 4.8E) visible
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faults and fractures are enclosing a lagoon, while the result of the ‘Chaos — Ant-
tracking workflow’ (Figure 4.8D) reveals only the largest faults and shows also some
scattered reflected signal, which seems more random than directly related to the
build-ups’ location. As mentioned before, the Variance attribute cube is detecting the
discontinuities more sharply and therefore can find minor details in the data (Figure
4.9A) compared to the Chaos attribute cube (Figure 4.9B). In case of a high
resolution good quality data (Figure 4.1C, D), the Variance cube (Figure 4.9A) can
provide a better input into the Ant-tracking than the Chaos cube (Figure 4.9B). If
visualized in three dimensions, it is easy to find out what is a real response and what
is an artefact. The result of the ‘Variance — Ant-tracking workflow’ can be viewed as
too vertical when seen for the first time (Figure 4.10A). However, the Ant-tracking
workflow was tested, removing the maximum dips to 85° (Figure 4.10B) and to 80°
(Figure 4.10C). The testing confirmed that the response is real when also dips up to
90° are allowed. In three dimensional view (Figure 4.10D, E, F) is clearly visible that
the most precise result is the one when dips are 20-90°. It is important to note that all
the displayed seismic lines are vertically exaggerated and in TWT, what visually
makes the dips to be more vertical than they really are. These dips (Figure 4.10A)
are mostly between ca. 83-89 degrees. These detected discontinuities are
interpreted as sub-vertical syndepositional fractures associated to build-ups’

positions.

The ‘Chaos — Ant-tracking workflow’ (Figure 4.8B, D) in the site survey NH0372 is
still important for quality control of the result. Comparing the results of the two
workflows with different parameters helps to distinguish the real and artificial
response in the data. Especially the biggest faults are clearly visible in the results of
both workflows (Figure 4.8B, C).
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Figure 4.1 Time-slices at 750 ms. (A) Variance attribute cube, crop from study area of survey
SG9810. Response from cquisition footprints is indicated. (B) Chaos attribute cube, crop from study
area of survey SG9810. Response from acquisition footprints is indicated. (C) Variance attribute cube,

survey NHO0372. Detected faults are indicated. (D) Chaos attribute cube, survey NH0372. Detected

faults are indicated.
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Figure 4.2 (A) The result of the ‘Variance — Ant-tracking workflow’. The allowed dips for ants to look
for discontinuities are 20-90° in this case. (B) The result of the ‘Variance — Ant-tracking workflow’. The
allowed dips for ants to look for discontinuities are 20-80° in this case. (C) The result of the ‘Chaos —
Ant-tracking workflow’. The allowed dips for ants to look for discontinuities are 20-90° in this case. In
A, B an C are indicated positions of Top-Palaeozoicum, Top-Gipsdalen and Top-Basement surfaces,
fault and build-up. In A and B is also indicated position of the dipping reflectors response. (D) The
Top-Gipsdalen surface of the study area of 3D seismic survey SG9810. Position of the zoomed crop
from E and the inline visualized in A, B and C is indicated. (E) Zoomed view of the Top-Gipsdalen
surface. Position of the build-up visualized in A, B and C on the seismic inline is indicated.
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Figure 4.5 Time-slices at 1154 ms from the Variance attribute cubes. The time-slices are divided into
areas with basement response, build-ups of Gipsdalen Group response and build-ups of Bjarmeland
Group response. Intersection lines between the time-slices and Top-basement and Top-Gipsdalen
surfaces are indicated. (A) Crop from the study area of survey SG9810. (B) The high resolution site
survey NH0372. Response of lagoon and build-up ridge from the Top-Gipsdalen surface is visible in
the response of build-ups of Bjarmeland Group.
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Figure 4.6 Time-slices at 1314 ms from the Variance attribute cubes. The time-slices are divided into
areas with basement response and build-ups of Gipsdalen Group response. Intersection lines
between the time-slices and Top-basement surfaces are indicated. (A) Crop from the study area of
survey SG9810. Positions of artefacts are indicated. (B) The high resolution site survey NHO372.
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Chaos attribute cube.
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4.2. Development of build-ups and their associated
syndepositional faults and fractures

Application of the Ant-tracking workflow revealed that the locations of carbonate
build-ups in the Loppa High study area are directly associated with locations of faults
and fractures. All the detected build-ups are associated with one or two faults or
fractures. There were detected no build-ups, which could be claimed to be clearly
‘fault-less’. In this chapter, | will describe my interpretation (Figure 4.11) of
development of the carbonate build-ups and their associated syndepositional faults

and fractures.

According to Gabrielsen et. al (1990) NE-trending faulting and block faulting
occurred in the Loppa High area in Late Carboniferous — Early Permian. This is the
time span when the Gipsdalen Group was deposited (Figure 4.12). The Gipsdalen
Group was deposited during a period of high-frequency and high-amplitude
glacioeustatic sea-level changes (Figure 1.7) (Stemmerik and Worsley, 1989).
Carbonate build-ups started to develop during the Falk Formation, but their main
development took place during the @rn Formation (Figure 4.12). The Falk Formation
(Figure 4.11A, Figure 4.12) represents the transition into shallow marine deposition,
from non-marine deposition during Ugle Formation (Figure 4.12). The Falk Formation
contains mixed carbonates of shallow marine facies, siliciclastics, conglomerates
and shales (Larssen et al., 2002). The @rn Formation was deposited in alternating
shallow and deeper marine carbonate environments during periods when the sea
flooded the high (Larssen et al., 2002). The deposition of carbonate build-ups took
place most likely during sea level highstands (Figure 4.11E, F, H). During lowstands,
the Loppa High was an island exposed to effects of weathering (Figure 4.11C, D, G).
The glacioeustatic sea-level changes took place contemporaneously with the NE-
trending faulting and block faulting and resulted in gradual eastward tilting of the sea
floor, creating a ramp (Figure 4.11B-H). It also disrupted already deposited
carbonate rocks, creating primary fractures and faults (Figure 4.11B). The climate
during this time was warm and semi-arid to arid (Steel and Worsley, 1984,
Stemmerik and Worsley, 1989, Stemmerik, 2000), but that was enough to begin

karstification of the existing faults and fractures (Figure 4.11D). The infiltrating water
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exploited faults and fractures and over time they became bigger and more

pronounced (Figure 4.11D).

Organisms creating carbonate build-ups of the Gipsdalen Group, at the Loppa High,
are mainly Palaeoplysina, often associated with phylloid algae. Palaeoplysina
dominated build-ups are known from shallow water environments. In deeper water
environments are common bryozoan-dominated build-ups. Organisms creating
carbonate build-ups like to attach to a rigid skeleton and topographic elevation
(Scoffin, 1987). The optimal growth position is along the footwall margin of fault
block, which represents bathymetric high at the sea floor (Figure 4.11F, H). Highs
are subjected to higher current energy, which also leads to an increased supply of
nutritients necessary for build-up nucleation and growth. The main fault orientation in
the study area is NE-SW. Tectonism during the deposition of the build-ups provided
initial fractures and faults (Figure 4.11B, C) and gradual tilting of the ramp (Figure
4.11B-H). Build-ups also need an adequate water depth, deep enough to be below
the wave base and shallow enough to get necessary sunlight for photosyntesis. In
the areas with build-ups with large relief, the rate of build-up growth was able to keep
the top of the build-up within the optimal water depth limit for build-up growth. The
growth of buildups mirrors the faulted terrain and formes a mosaic of build-ups

referred to as polygonal network build-ups described by Elvebakk et al. (2002).

The composition of Falk and @rn formations differs and the growth of build-ups takes
part mainly during the @rn Formation (Figure 4.12), that is why | have interpreted
that the faulting of the ramp got more intense at the end of the deposition of the Falk
Formation and the beginning of the @rn Formation (Figure 4.11A, B). High-frequency
and high-amplitude glacioeustatic sea-level changes secured lowstands (Figure
4.11C) exposing the Loppa High for karstification (Figure 4.11D, G), allowing karst
enlargement of faults and fractures. Extensive karstification may have taken place
also during periods of mixing of meteoric and marine waters, during initial
transgression of the ramp and during gradual sub-aerial emerging of the Loppa High.
The high-frequency and high-amplitude glacioeustatic sea-level changes also
secured highstands with convenient water depth for carbonate build-ups’ deposition
(Figure 4.11F, H). During a highstand, organisms attach to the topographic
elevations of an uneven surface of karstified faults (Figure 4.11F). Later build-ups
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grow on topographic elevations created by older build-ups (Figure 4.11H), creating
hundreds of meters high stacked build-ups and long build-up ridges (Figure 3.20,
Figure 3.21). Sea-level changes were frequent in the time of deposition of carbonate
build-ups at the Loppa High. This enabled the faults and the build-ups to grow
together (Figure 4.11F, G, H).
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Figure 4.11 Summary figure of the interpretation of development of the carbonate build-ups and their
associated syndepositional faults. (A) Deposition of Falk Formation during Moscovian. (B)
Intensification of NE-faulting and block faulting which took place in Late Carboniferous — Early
Permian, causing tilting, creating ramp and faults and fractures. (C) Uplift of the Loppa High during
glacioeustatic sea-level changes. (D) Karstification of faults and fractures during the uplift. (E)
Subsidence of the Loppa High during glacioeustatic sea-level changes. (F) Initial build-up growth on
topographic elevations created by karstified faults and fractures during the subsidence. (G) Repeated
uplift with continued karstification of faults and fractures and build-ups. (H) Repeated subsidence with
continued build-up growth on older build-ups.

80



Chapter 4 Discussion

5 | Tempelfjorden| Billefjorden
mullm 5 -0
= L L -0
,g_ <51 i
s mill 0
o I} '0
| =1
c H [ .0
c 1 M 20
ic < H H H _‘.‘.‘?
f 3, o
= ok
I sialn ) 3
3 i %) 3
8 H H 100
[++] -.000 2 [0}
8 i i 5 £
$= [T age——1 5 3
H I 29 5 £
2 H 0 o <
: 9 <
E wnlinl Q]
g <« |1/ Q@
o [} . =
u E o
2 - -—
g | <« [ 23
-g H | 0 0" & a i
2= Rl il
o L i L
E' N | | { 0[po000 00
(i IRt
= «| |0 1N8'q1 155 '}go 9% B
T - (3 [ _go :g 0] T
1] I gﬂ J g 0 g 3
- £ B R e =
= . =[
i S3390R%%
0000Q0Q0Q0
1 [ | %
£ | H 1 | 5
[} : 1 I
HE M RE . ; £
S - H > t
- [= (0]
E ' . 8 &
S = L |
@ =il | .
0 L | EI
H AITE g
5 I H¥ z
: i g
g HH S E
z% | S &
' ' ]
H ol 0t
|| Dol
‘s '-‘E [ E g
] e H § ¥ =
E ! - i -3 — °3
3 ] 1o (=
|5 [popaoliieduway uapioljelig
2 s e = g [ § ,5
s| £ (518§ ([ | 8 |§|¢ L TR
] 5
‘% g 5 5(g % 3 ) g - a s 2 |§
[l E a1 Auea [ am
uelwied SnoJejluoqien ueiuoneg
9 [} © = N ~ O
¢3|% S 8¢ 3 Rggsgs
(2}
=
fad o |2 o -
© = | < @ | S
clo |5 |9 2| ©
zl2|s|2(8|2]5(85]5]8]2|2
sl 2|8(e|e|g|Ele|g8|5|5|E
o [} = i OI=]| 2
el5|2 |8 |53 [2|5]a]a[5]8
= |olozonao|olozosaw | 010203 Tvd

Figure 4.12 Correlation of Upper Palaeozoic lithostratigraphic units in the offshore areas of the
southern Norwegian Barents Sea (modified from Larssen et al., 2002). The stratigraphical interval
studied in the thesis is indicated by red rectangles.
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4.3. The Area of larger build-ups versus the Area of smaller
build-ups

The area of larger build-ups — NE in the study area, and the area of smaller build-ups
— SE in the study area are divided by a SW-NE major fault (Figure 3.6A). The fault is
dividing the ramp into two segments, fault blocks. SW-NE trends of faulting and
block faulting occurred on the Loppa High during Late Carboniferous — Early-
Permian (Gabrielsen et al., 1990), during the deposition of the Gipsdalen Group. The
dip angle of the two ramp segments differs, with the steeper ramp in the ‘Area of
smaller build-ups’ (Figure 3.6A). The subsidence of the fault block of this ramp was
faster. The conditions, for build-ups’ growth, were more favourable in the NE - ‘Area
of larger build-ups’ (Figure 3.6A). The carbonate build-ups in the NE-area had grown
larger (up to 500 m high and 600 m wide), creating longer build-up ridges (up to
7000 m) and enclosing deeper and larger lagoons (1300 m of diameter) (Figure
3.20) than the build-ups in the ‘Area of smaller build-ups’ (Figure 3.21). However
different size of the build-ups doesn’t seem to have any effect on position, size or

angle of associated faults and fractures (Figure 3.7, Figure 3.9).

4.4. Faults and fractures in the study area of 3D seismic survey
SG9810 versus the high resolution 3D seismic survey NH0372

In the high resolution site survey NH0372, the Ant-tracking workflow reveals many
more faults and fractures (Figure 4.13C) compared to the results from study area of
SG9810 (Figure 4.13D). In the chosen area (Figure 4.13C, D) a lagoon is visible,
enclosed by the polygonal network build-ups. The Ant-tracking result from the
NHO0372 survey (Figure 4.13C) reveals many faults and fractures on the sides of the
ridges of polygonal network build-ups, while the Ant-tracking result from the SG9810
survey (Figure 4.13D) reveals only some of them. The faults detected in the high
resolution survey NH0372 are also often smaller an in more detail compared to the
results from survey SG9810. In NH0372, the associated faults and fractures were
detected also on the slopes of tiny - only several tens of metres high build-ups
(Figure 3.10C — faults 5 and 6).
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Figure 4.13 (A) The Top-Gipsdalen surface and a part of the Top-Basement surface of the study area
of survey SG9810. Positions of the high resolution survey NH0372, the zoomed crop from D and the
Top-Gipsdalen and the Base-Gipsdalen truncation lines are indicated. (B) The Top-Gipsdalen surface
of the high resolution site survey NH0372. Positions of the zoomed crop from C and enclosed lagoon
are indicated. (C) Zoomed view of the Top-Gipsdalen surface of site survey NH0372. (D) Zoomed
view of the Top-Gipsdalen surface of the study area of survey SG9810. Positions of faults in C and D,
generated by the Ant-tracking workflow are visualized in orange color.
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4.5. Faults and carbonate build-ups — comparison with previous
research

Application of the Ant-tracking workflow in this study revealed that locations of
carbonate build-ups in the Loppa High are directly associated with locations of faults
and fractures. It revealed that all the carbonate build-ups are associated with one or
two faults or fractures, and there were no build-ups detected, which could be claimed

to be clearly ‘fault-less’.

Elvebakk et al. (2002) showed that the carbonate build-ups of the Loppa High are
connected into a mosaic of build-up ridges, enclosing polygonal lagoons. They also
observed the connection between locations of the build-up ridges and the mapped
positions of syndepositional faults. This observation was made by mapping the faults
manually directly from the 3D seismic data in the Loppa High area, survey SG9810.
The same survey was used also in this study, together with the high resolution site
survey NH0372. In this thesis, an effective method for semi-automated detection of
faults — the Ant-tracking workflow was applied to the seismic data. This approach
reveals all the faults and fractures within the seismic resolution of the data. The use
of the Ant-tracking method not only confirmed the observation made by Elvebakk et
al. (2002) but revealed that all the detected build-ups, with no exceptions, are

growing directly on an associated fault/fracture or two.

Carrillat et al. (2005) was mapping carbonate build-ups and palaeokarst in the Loppa
High area, also using 3D seismic survey SG9810. Their study area was in the
southern part of the seismic survey, while the study area of this thesis was in the
northern part of the seismic survey. They used a 3D multi-attribute mapping method
to map different seismic facies in the data. Even if the main objective of that study
was to map carbonate build-ups and palaeokarst, the visualisation of the palaeokarst
revealed fault control on the location of the build-ups. Carrillat's finding directly
supports the authenticity of the results in this thesis, because, in this case, the faults
associated with build-ups were detected by a different semi-automated mapping
method, which main objective was not to detect faults. This supports the claim that
faults and fractures in carbonate build-ups in the Loppa High area are real and their

locations are directly associated with locations of carbonate build-ups.
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Also Rafaelsen et al. (2003a, 2008) observed connection between location of
carbonate build-ups and location of faults. They also described connection between
location of carbonate build-ups and the sea floor morphology at the time of their
deposition. That observation was made from the study of 3D seismic data at the
Finnmark Platform in the Barents Sea. The findings of the study carried out in this
thesis agree with the findings from the Finnmark Platform. As described in 4.2
Development of build-ups and their associated syndepositional faults and fractures,
faults and fractures and especially karstified faults and fractures may create an

uneven surface, which the build-up forming organisms prefer to attach to.

Hovland et al. (1994) studied relationship between carbonate build-ups and faults in
the Porcupine Basin, offshore Ireland and in the Vulcan Sub-basin, offshore north-
west Australia. Their findings from both areas agree with findings of this thesis,
claiming that the carbonate mounds (build-ups) generally occur above deep-seated
faults. However, Bailey et al. (2003) also studied the spatial distributions of faults and
carbonate build-ups in the Porcupine Basin, offshore Ireland and their conclusions
differ from those mentioned above. According to their findings, there was no spatial
relationship between carbonate build-ups and faults in that area and suggests that
there must be a different mechanism explaining the development of the build-ups.
This is not impossible, but according to the findings of this thesis, | find it unlikely. |
suspect that using a semi-automated method for faults detection, such as the Ant-
tracking workflow, may reveal some minor faults and fractures and connections
which could not be detected by an interpreter manually, directly from the seismic

data.

The findings introduced in this thesis are consistent with the findings from previous

research from the Loppa High area, other areas in the Barents Sea, and worldwide.
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5. Conclusions

e The location of carbonate build-ups in the Loppa High study area is directly
associated with location of faults and fractures mapped by applying the Ant-
tracking workflow. All build-ups in the study area are associated with one or two
faults or fractures. No build-ups were detected that could be claimed to be clearly

‘fault-less’.

e Faults and fractures in the study area are located at the slope of the carbonate
build-ups, mostly on one or both sides of the build-up ridge, where the steep dip of
the build-up’s side partly flattens into a gentle dip. Some faults are also located

near to the top of the build-up ridge.

e Due to differences in seismic resolution of the two used surveys, the result of the
Ant-tracking workflow reveals more faults and in sharper detail in the high
resolution 3D seismic survey NH0372 than in the study area of 3D seismic survey
SG9810.

e Detected carbonate build-ups are from 50 m to 500 m high and from 90 m to 600
m wide. The build-up ridges are from 400 m to 7000 m long. The faults and
fractures associated with build-ups are detected regardless the size of the build-

ups.

e Response of sinkholes, visible on the Top-Gipsdalen surface and also directly in
the vertical seismic lines, was barely detected in the result of the Ant-tracking. It
was detected only in the result of the Ant-tracking workflow in the site survey
NHO0372, when the Variance attribute cube was used as an edge detection
method. No response was detected in the results from the study area of survey
SG9810. The Ant-tracking workflow is not suitable for detection of sinkholes.
However, the Variance attribute cube itself detects the response of sinkholes.

e Response of karstified faults was detected by the Ant-tracking workflow. The
karstification process expands faults and consequently makes them easier to
detect in the seismic data. However, the Ant-tracking workflow is not suitable for
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detection of karst features in general. The response of the faults was detected not

because they were karstified but in the first place because they were faults.

e The ‘Chaos — Ant-tracking workflow’ gives better results in the study area of
seismic survey SG9810 and the ‘Variance — Ant-tracking workflow’ gives better

results in the high resolution site survey NH0372.

e The results of this thesis confirm that the Ant-tracking workflow is an effective
method for semi-automated detection of faults and fractures in seismic data. To
achieve the best results, the parameters of the workflow must be customized with

respect to the seismic data used and the exact objective of the study.
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Appendix

7. Appendix

7.1. Calculating the seismic resolution

The calculation of seismic resolution in carbonates of the Gipsdalen Group was
carried out as described in Brown (1991). With increasing depth, the frequency of the
signal decreases, due to faster attenuation of higher frequencies. The seismic
velocity depends on the composition of rocks and on depth. The seismic velocity

increases with depth where the older and deeper rocks are more compacted.

The resolution has both vertical and horizontal aspects. Vertical resolution is taken
as a quarter of wavelength. This is the closest separation of two wavelets of a given
bandwidth.

y /. — wavelength
— , Where: v — seismic velocity
4f f— seismic frequency

A
Vertical resolution = Z

Horizontal resolution is taken as width of the first Fresnel zone.

p v — seismic velocity
Horizontal resolution =V, f7 . where: t—depthintime

f— seismic frequency

Migration is improving the horizontal resolution. By 2D migration, the Fresnel zone
collapses into an ellipse perpendicular to the line (Figure 7.1). By 3D migration, it
collapses into a small circle (Figure 7.1) of diameter A/4. The diameter of 1/4 is for
perfect migration and is in praxis depending on the data quality. It might be up to
twice this size (1/2). The data quality used in this thesis is good. Both the vertical and
the horizontal resolution will be calculated as a quarter of the wavelength (/1/4). To
calculate the seismic resolution, we need to know seismic velocity and dominant

frequency of the real spectra in the seismic unit.
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Figure 7.1 Effect on Fresnel zone size and shape by 2D and 3D migration (modified from Brown,
1991).

The seismic velocity was calculated in the carbonates of the Gipsdalen Group,
between Top-Gipsdalen and Top-basement surfaces (Figure 3.19). Values of two-
way-travel time and depth were taken from measurements in the well 7220/6-1
(Figure 3.19). The calculated seismic velocity is 5078.5 ms™. In further calculation of

the seismic resolution velocity of 5000 ms™ will be used.

Calculation of seismic velocity: o _
v — seismic velocity

A ¢ _t Az — thickness of seismic unit
_2 1 z,, z; — depths
v=— At= -y _ . 2
INE: 2 Az=2, =2 where: At — one way time
t,, t;— two-way-travel times

Az =z,—z, =1457.93-1112.44 =345.49 m

t, —t, 1.20514-1.0608
2

Az 345.49
At 0.06803

At = =0.06803 s

=5078.5 ms™"
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To determine dominant frequency, volume attribute cube, the Dominant Frequency,
was applied to the data (Figure 7.2, Figure 7.3). The Dominant Frequency attribute
cube reveals the time varying spectral properties of seismic data (Schlumberger,
2009a). The dominant frequency in carbonates of the Gipsdalen Group was
determined 55 Hz in survey NH0372 (Figure 7.2) and 30 Hz in survey SG9810
(Figure 7.3). This was also confirmed by an application of high-pass filter, applying
filters with gradually decreasing high-pass and observing when a detectable change

in the carbonate level appears.
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Figure 7.2 Dominant frequency attribute cube applied to the data. Seismic inline 8240, high resolution
survey NHO0372. (A) Frequencies displayed in colour scale. (B) Dominant frequency in carbonates of
the Gipsdalen Group (55 Hz) is enhanced.

Seismic resolution in carbonates of the Gipsdalen Group in the high resolution

seismic survey NH0372 was calculated as 23 m.

v 5000

4f 4x55

& =22.7Tm

4

Seismic resolution in carbonates of the Gipsdalen Group in the seismic survey
SG9810 was calculated as 42 m.

v 5000

4f  4x30

=41.7m

4
4
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Figure 7.3 Dominant frequency attribute cube applied to the data. Seismic inline 8241, 3D seismic
survey SG9810. (A) Frequencies displayed in colour scale. (B) Dominant frequency in carbonates of
the Gipsdalen Group (30 Hz) is enhanced.



