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Abstract

We present an integrated seismic imaging and fiatdtpretation workflow to characterize
the seismic expression in and around an E-W trgncimtral fault system imaged in near-
angle stack seismic data of the Snghvit Field, Btar8ea. Three E-W normal fault systems
offset five Triassic-Lower Cretaceous seismic hamiz across the field. Fault throw is largest
at depth and decreases with shallowing. Dip distortDD) decreases in magnitude and
extent with shallowing. Fault enhancement (FE)lterfused to detect edges, was applied on
a blend of tensor, semblance and dip attributess alowed us to classify fault zones into
four unsupervised seismic fault facies (mid-high.Fgh FE facies occur at the center of
the fault zones and are abundant in the highestviiheastern part of the field. The FE facies
decrease radially outwards field wide. Facies d¢ateavith throw and dip separation
gradient, which are in turn related to mechanitatigraphy controlling fault propagation.
We observe systematic seismic amplitude variatiamsajor amplitude drop on the fault
plane, and a brightening and dimming linked totfaellated synclines and anticlines,
respectively. Our workflow establishes a methodyplwy fault interpretation, linking fault

throw, DD, seismic attributes and fault facies sitsation.

1. Introduction

Outcrop studies provide a large amount of infororapertaining to fault displacement,
structure, and the chemical and physical procaasetsed in the formation and growth of
faults on both large and small scales (e.g. Baetett., 1987; Childs et al., 1995, 2009;
Eichhubl et al., 2005). However, in a subsurfacarenment, seismic and well data don’t

always give the necessary information about faahsg, outcrop data are far more difficult to
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extrapolate to the subsurface (i.e. Townsend e1988; Aarland and Skjerven, 1998;
Feerseth et al., 2007; Dutzer et al., 2010; lacagtiail., 2016). In the rare chance that a well
intersects a fault and core is collected from tledl,wast amounts of geological and
petrophysical information are collected from a dmatk volume contained in the fault
(Aarland and Skjerven, 1998; Feerseth et al., 20007gse core data then need extrapolation
across the field using seismic data. Since a wefiscutting a fault is a rarity, seismic data
remain the most used method of investigation ot$an the subsurface (e.g. Townsend et
al., 1998; Dutzer et al., 2010; lacopini et al.1@p In comparison to well data, seismic data
provide a broader 3D understanding of faults, tdeiplacement, linkages, and facies
changes both vertically and laterally. Seismic k&san, however, often presents a problem
when interpreting subsurface faults (Gauthier aakil,. 1993; Townsend et al., 1998; Dutzer
et al., 2010; Long and Imber, 2011). For typicgbleration conditions (wavelet frequency =
30 Hz, velocity = 3000 m/s), the vertical resolatie about 25 m (¥4 of the wavelength or
tuning thickness), and the lateral resolution afEa migration is about 50 m (2 of the
wavelength or effective Fresnel zone diameter; Asfhc2011). However, in the vertical a

bed will still be detectable well below tuning tkiess (Widess, 1973).

Another common issue in reflection seismology wimeaging faults is diffraction, which
occurs when a seismic wave interacts with a discony (fault) or lateral heterogeneity,
generating a radially scattered diffracted wavenflaaand Keymar, 1998; Townsend et al.,
1998). Seismic data, however, are standardly psecefr reflections (lithological
boundaries) rather than diffractions (faults), whae removed during data migration

(Landa, 2007, 2012).

A number of studies have aimed to characterizeetaidfaults in seismic data. Townsend et

al. (1998) was the first comprehensive analysisnadll-scale faults using amplitude
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anomalies in seismic reflection data. Dutzer e(20110) used seismic attribute analysis to
study fault architecture and sealing potential. d.and Imber (2010, 2012) introduced new
techniques in seismic reflector dip sampling toegate maps of fault related deformation
(dip distortion) in a normal fault array and a ye@ne. These methods focused more on
extracting deformation patterns from the interpitetata, rather than attributes applied
specifically to the seismic data. lacopini and Buf011) and lacopini et al. (2012) designed
a visualization workflow combining seismic attribat opacity filtering and spectral
decomposition to characterize deformation surraugthrusts in deep marine settings.
lacopini et al. (2016) used crossplots of tensamidance and instantaneous phase attributes
to resolve the seismic expression of normal faaithdge. They also introduced the term
seismic disturbance zones (complex volumes of gistuseismic signal around faults; SDZ)
and proposed methods to map unsupervised seisatiddaies within these zones (lacopini
et al., 2016). These facies are reconstructed ¢fwrgimple statistical cross plotting
approaches but are not directly linked to actualapecal data, such as log data or core

samples (Dumay and Fournier, 1988; PosamentieKatld, 2003; lacopini et al., 2016).

An alternative approach to investigate and undedsthe significance of seismic geobodies
is through the use of forward seismic modellingr@@me et al., 2002 and sources therein).
Synthetic seismic modelling has been applied taikite the seismic expression of faults and
has uncovered a wealth of knowledge with respetttedseismic imaging of fault zones (e.g.
Botter et al., 2014, 2016, 2017a-b). These stuthesluded that there is a direct correlation
between amplitude changes across the fault ant@rglated deformation, thus confirming

the plausibility of exploring fault zones througdtetuse of seismic attributes (e.g. Botter et

al., 2014, 2016).
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The purpose of this work is to explore existing aetv techniques in fault analysis to
investigate the geological significance of seisggobodies enveloping faults. We also test
on real seismic data some of the findings frommsmisnodelling by Botter et al. (2014,

2016, 2017a-b). To accomplish these objectives)seepre-stack depth migrated, near-angle
stack and depth converted 3D seismic data fronSttehvit Field, southwest Barents Sea,
Norway. Our study focuses on fault-related deforomadf the Upper Triassic-Lower
Cretaceous interval (1.5-3 km depth) using a metlogy that includes data conditioning,
structure maps, fault throw, dip distortion, seismtitributes, seismic fault facies, and seismic
amplitudes. The seismically interpreted fault dnoe lacks well control, but it correlates

with structural parameters such as fault juxtapmsi&nd dip separation gradient (strain).
Thus, the proposed methodology has the potentiakfdistic unsupervised characterization

of faults in the subsurface.

2. Geological setting

The Snghvit Field is located in the Norwegian saugi$t Barents Sea in the center of the
Hammerfest Basin (Fig. 1 a, b; Linjordet and OIsEI92). The Hammerfest Basin is a
downthrown ENE-WSW rift basin, which began to deyetiuring the Late Jurassic- Early
Cretaceous (Fig. 1a; Sund et al., 1984; Berglurad. £€1986; Linjordet and Olsen, 1992;
Ostanin et al., 2012). The basin is 150 km long®¥m wide and is bound to the north by
the Loppa High, along the southeast margin by tharkark Platform and to the west by the
Tromsg Basin (Sund et al., 1984; Doré, 1995; Ostanal., 2012). The main subsidence of
the Hammerfest Basin was controlled by NE-SW bbsimding faults in the Early
Cretaceous (Fig. 1 a; Sund et al., 1984, Linjoedet Olsen, 1992). These faults are
responsible for the preservation of Triassic andshic sediments, and the subsequent

deposition of the Cretaceous and Tertiary sedim@erglund et al., 1986). The basin
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deepens and widens westward and therefore thesid@setaceous succession is thicker in
the west than in the east (Linjordet and Olsen2)199pper Triassic-Lower Cretaceous pre-
and syn- rift strata are the focus of this paper EAW trending central fault system that lies
between the main basin bounding faults was formethg basin extension due to the
presence of a dome parallel to the Hammerfest Bass(Sund et al., 1984). Some of these
faults are the focus of this study (Fig. 1 a, jardet and Olsen, 1992NSERT FIGURE

1

The Snghvit gas field was discovered in 1984 arideatime it was the largest gas find in the
Barents Sea (Linjordet and Olsen, 1992). The géineranigration and distribution of
hydrocarbons in the Snghvit Field is controlledtuy E-W trending fault system which
segments the hydrocarbon plays into northern anthem provinces (Sund et al., 1984). The
organic rich shales of the Triassic Kobbe and Sriadd and the Jurassic Hekkingen Fm are
the main source rocks in the area (Linjordet arse®]1992). The reservoir intervals are the
Lower-Middle Jurassic sandstones of the Tubaengidela and Stg Fms (Linjordet and
Olsen, 1992). The Jurassic Fuglen and Hekkingendfmthe main sealing intervals

(Linjordet and Olsen, 1992).

Five Upper Triassic-Early Cretaceous seismic hasamere chosen for interpretation as they
give the most representative assessment of fauhnogighout the studied interval (Fig. 1c, d;
interpreted horizons E to A). The deepest Uppeaskit - Lower Jurassic Fruholmen Fm
consists of open marine shales interbedded withdtieltaic sandstones and coals (Dalland
et al., 1988). The Middle-Upper Jurassic Fugleni§&present across the entire basin and
consists of mudstones interbedded with limestonbi&gh were deposited during a sea-level
highstand in a fully marine environment (Dallandhkt 1988; Linjordet and Olsen, 1992).

The Lower Cretaceous Knurr Fm (deposited in an p@istal marine environment) is a
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claystone containing interbeds of thin limestonad @lomites, as well as sandy intervals
towards the base (Dalland et al., 1988). The Ld@retaceous Kolje Fm (deposited in an
open, distal marine environment) is a shale angstdae unit containing some minor
interbeds of limestone, dolomite, siltstone andistone towards the top (Dalland et al.,

1988).

3. Methodology

We integrate seismic interpretation, image procgsand fault analysis methods into a single
workflow (Fig. 2) that is designed to uncover inf@tion about the 3D geometry and internal
structure of faults. The workflow integrates nevd &xistent methods (Fig. 2). The newly
introduced method is the analysis of seismic amngiitversus distance to fault. The data
conditioning, seismic interpretation, fault thronadysis, dip distortion, and the use of
seismic attributes are previously used methodsateatombined in this study (Rippon, 1985;
Long and Imber, 2010, 2012, lacopini et al., 2@®1,6; Gilani and GOmez-Martinez, 2013;
Wilson et al., 2013; Botter et al., 2017a). The pater programs Geoteric, OpendTect,
Petrel and TrapTester (T7) were used to executevtiniflow. 3D Seismic survey ST15M04,
a merge of five 3D seismic surveys (produced byimuASA and their partners) is the

main dataset of the study. The area of interesisem directly above the Snghvit Field, from
within the ST15M04 volume, covers ~25 km in the Ediféction and ~5 km in the N-S
direction, and has inline and crossline spacinj2ob m (orange rectangle, Fig. 1b). The data
have been pre-stack depth migrated (Kirchhoff)p zdrased, stacks were generated (full and
partial), and finally the data were converted ® depth domain where it is assumed the
velocity model is correct and the vertical scal¢haf data is depth. In this dataset an increase
of impedance is represented by a red peak (bludlter). All steps in the workflow were

conducted on the near-angle (5-20°) stack sinsavttiume maintains the most consistent
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reflector continuity and the best structural detasl proved by studies of reflection coefficient
versus incident angle (Shuey, 1985 and referemmagsin). It is not possible to ascertain the
shooting direction of this volume because, as meetl, the data used are a merge of

multiple datasets and vintagéSERT FIGURE 2

3.1 Data conditioning

In the area of interest, seismic data quality isegally excellent. However, shallow gas in the
west and north, and a thick dolomite unit in thsteggnificantly decreases the signal-noise
ratio at the depth range of interpretation (1.5¥8.KTo counter this problem, a noise
attenuation and amplitude normalization workflonsvegoplied (Fig. 3). There are two types
of noise. First, an aggressive type of noise cabgaghs and dolomites, and second, a minor
coherent and random noise. To target these norgaieas, two field-wide seismic volumes
were generated using passive and aggressive riteseiaion (Fig. 3), following a procedure
that involved two steps of noise cancelation, alber$ described in detail by Gilani and
GoOmez-Martinez (2013). The resultant volumes wegeged using a chaos attribute mask
volume (masked values: 6270-17000) that appliesesgiye noise cancelation to areas with
low signal-noise ratio and passive noise attenoaierywhere else (Fig. 3; Gilani and
Gbomez-Martinez, 2013). In areas of low amplitudertified by the chaos mask volume), a
scaling factor (1.75) was applied to normalizegbismic signal (Fig. 3; Gilani and Gémez-
Martinez, 2013). During the application of dataditioning, it was important not only to
remove noise, but also to maintain the signal W already present in the data. The noise
removed was monitored in each stage of the workftoensure only random noise was
removed, and the signal associated with seismlieatefs and faults were unaltered.

INSERT FIGURE 3

3.2 Seismic interpretation using near-angle stack
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The interpretations were completed on the neareastgick (5-20°) volume that was created
after data conditioningrhe selected horizon tops are bright, laterallgpsive reflectors,
which can be interpreted across the entire fietfiraain faulted interval. The horizon tops
are picked on mostly peaks (top Fruholmen, top é&ugbp Knurr and top Kolje) and a
single trough (intra-Kolje). Faults were interpigktesing a dense interpretation grid of 16
inlines, while horizons were auto-tracked betwearit$ (Yielding and Freeman, 2016). The
interpretations were quality controlled by studythg intersections between horizons and

faults (fault cutoffs) and throw distribution orufes (next section).

3.3 Fault throw analysis

Fault throw is the vertical component of the dipamation, which is the vector connecting
the hanging wall and footwall cutoffs along thelfalip direction (Fig 4a). When

constraining the fault cutoffs, user-defined trindgatch distances were used to account for
interpretation errors near the fault (Fig. 4; Wiisst al., 2009, 2013; Elliott et al., 2012).
“Trim’ is a distance applied to both sides of theerpreted fault plane that is designed to omit
data too near the fault plane that may skew theatitbrow results (Fig 4b; Wilson et al.,
2009). The ‘patch’ is the distance immediately belthe trim, which defines a volume of
high horizon interpretation confidence that carphmected onto the interpreted fault plane to
create the cutoffs (Fig. 4b; Wilson et al., 200912, Yielding and Freeman, 2016). Trim and
patch distances of 50 and 75 m respectively wepsarhafter thorough testing, in order to
produce the cutoffs that deliver the most repredam displacement patterns for each
horizon of interest. Anomalies in the throw distiiions were used as a quality control
process to identify inconsistencies in interpretatiThese anomalies were fixed by editing

fault and horizon interpretations where necesd&di$ERT FIGURE 4

3.4 Dip distortion
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The term dip distortion (or apparent dip, DD) iedi$o describe the volume of deformation
surrounding the faults, from which horizons deffetn their regional dip (Long and Imber,
2010, 2012). The main input for calculating DD #re interpreted horizons, which were
used to generate high-resolution triangulated saggtrimeshes). These trimeshes were
sampled along N-S transect lines which are orieapgafoximately perpendicular to the E-W
trending faults with the largest throw. Along ea@dnsect, there are points which coincide to
corner points on the trimesh horizon (Fig. 4c, poiy, B). Between each of these points a
measurement of the distance (x) and the differedéipth (z) between the points is taken.
From these two value8,or apparent dip (DD) is computed (Fig. 4c). Thenpated DD
values are then reimported as point sets and wssttbanain input to create maps (Fig. 4c).
These DD maps show the apparent dip projectedahtwizontal plane at the average

horizon depth.

3.5 Seismic attribute analysis

Seismic attribute analysis was conducted to imptbeamaging of faults and isolate seismic
fault signatures. The near-angle stack, data domeid seismic volume was used as the input
for generating tensor, semblance, dip and enveltipbute volumes. These attributes were
chosen as they were the three most successfliwagsi in fault detection for this study. The
tensor attribute is based on a structurally-ori@sgnmetric tensor whose principal axes
define the local reflector orientation (Bakker, 2D0This attribute is sensitive to changes in
amplitude and reflector continuity and is suitedntaging large scale faults where seismic
expression may differ laterally (Bakker, 2002). Baenblance attribute identifies reflector
discontinuity and distortions within the data vokigMarfurt et al., 1998). The dip attribute

is defined as a measure of reflector inclinatiothwespect to the horizontal (Barnes, 2000;

Marfurt, 2006). The dip attribute can be used towdate the orientation and magnitude of
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structural and/or stratigraphic edges within are@s/olume, for example faults or lateral
lithological changes (Purves and Basford, 2011eAl2016). It is important to note that the
dip attribute is a measurement of changes to tisensereflector while the DD in section 3.4
is a measure of the apparent dip of the interpre¢ezinic horizons. Envelope is also known
as instantaneous amplitude and is a measure ettiefh strength (Taner et al., 1979). The
tensor and semblance attributes were run usinglavigdth of 7 and a height of 21 voxels
while the dip had a fault width of 5 and a heighb voxels (these settings were optimized
for faults > 60 m long). An equally weighted CMYy&h, Magenta and Yellow) color blend
of two coherence attributes (tensor and semblaano@ g dip attribute provided a more
complete understanding of the fault bodies. Wheh kilues of tensor, semblance and dip
occur simultaneously, the color displayed is blé&ikce the blended attributes in this case

are structure or edge enhancing, the dark colafsef€MY volume are associated to faults.

3.6 Fault enhancement and seismic fault facies

The fault enhancement (FE) filter is a Gaussidarfihat is applied to enhance the edges in a
seismic volume while also suppressing noise (ChapdaMarfurt, 2007). In this case the FE
filter is applied to a greyscale conversion of tifyxesor, semblance and dip CMY color blend,
where the highest color saturations in the colentllare represented as the darkest greys in
the greyscale volume. The application of the Feffils defined using a three-dimensional
matrix of sigma values corresponding to the stashdawiation of the Gaussian filter. In this
study, a matrix of weight factors of 3 (x directjp8 (y direction) and 6 (z direction) were
assigned to generate the FE volume. These fa@present the contribution of a voxel at a
given location to the FE attribute in the centethd#f filter, where a factor of 3 or 6 means that
68% of the energy of the filter is localized withir8 or 6 voxels around the central voxel,

respectively. After applying the FE filter, noisentained in the color blend volume of

11
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attributes is attenuated and dispersed across wtx@s while the intensity of the
discontinuity remains (Chopra and Marfurt, 200#4)eQreyscale volume was limited in
depth to 2110-2750 m (to only include the top Faglad top Knurr) where the imaging of
faults is the clearest and the least amount ofensipresent. The dynamic range of the FE
filter in a 16-bit seismic volume lays between @ &2767. High FE values were isolated
using opacity filtering to remove all data that eeutside the fault geobodies (in our case FE
<16000). These high values were subdivided apprataiy equally as follows: blue (16000-
20200), green (20200-24400), yellow (24400-2860@) red (28600-32767). This grouping
of FE ranges allowed us to define objects with Bpeseismic attribute response or seismic
fault facies (lacopini et al., 2012). Tensor, seanbk, dip and FE were crossplotted to
explore the correlation between these attributelsodtain seismic fault facies. In the study
area, as the wells do not directly transect th# tgobodies the seismic fault facies obtained
are called “unsupervised” since they contain litieéno direct linkage to geological
information (Fournier and Derain, 1995). In areatpt to unravel the geological significance
of these facies, we compared them to structuraeaties such as fault throw, dip separation

gradient, and juxtaposed lithology (section 4).

3.7 Seismic amplitude versus distance to faults

An analysis of seismic amplitude versus distandautis was conducted across two regions
(~1 x 2 km) within the study area. These regiorsrent below the gas cloud and were chosen
to strictly highlight the area near the end of tadt to the north (area 1), and near the center
of the largest fault in the field (area 2). Struatunodelling involved populating each of the
areas with grid cells (12.5 m, i and j-directiomateching the approximate bin spacing of the
seismic data. This cell size was chosen to maimtsimuch detail in each model as possible.

In the depth (K) direction, the cells were alsard to be approximately 12.5 m, where the

12
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grid follows the general shape of the interpretedzons. The volume data of interest was

then re-sampled into the grid cells.

The workflow for the amplitude analysis includee following steps: First, we calculated
the RMS volume out of the original (non-data coiodied) seismic amplitude data because
we were interested in the magnitude of the ampit@dher than its polarity. In order to fit
the predefined grid a window size of six traces wlassen to calculate the RMS. Next, the
RMS amplitude volume was resampled into the gridhe resampling, each cell's RMS
amplitude value is representative of a weightedrpulation of the amplitudes of the four
nearest cells. The grid cells were also populatiéid eistance (m) to fault measurements.
Finally, the cells were colored to distinguish #regions on the hanging wall and footwall,

which are nearest, central and furthest from tkerpmeted fault plane.

For each of the five horizons (top Fruholmen to kayje), the grid cells were plotted with
distance to fault (x-axis) versus normalized RM$btude (y-axis). For comparison, the
RMS amplitude values for each horizon were thematized. The points on the crossplots
were then colored by the three user defined regibiise hanging wall and footwall. This
methodology was also used to analyze how variotempeters (e.g. DD and FE) differ with

proximity to the fault plane on both the hangindhaad footwall.

4. Results

4.1 Data conditioning

Data conditioning (Fig. 3) resulted in a signal noyement and noise attenuation in specific
areas of the seismic volume affected by shallowctiasds and dolomite (Fig. 5). Figure 5a
shows an inline before (left) and after (right) #pplication of data conditioning. In the

original image, the amplitude quality below the gbkmud is low and there is a muffling effect

13
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on the signal which is produced by noise. On tha danditioned image, the signal is
stronger (normalized) and the noise dimming effext decreased, especially below the
shallow gas cloud. In all other areas (except belengas cloud), there is a general decrease
in noise, which overall improved data signal qyalit the depth range of interpretation (1.5-

3 km), data conditioning increased the overalle@fr continuityINSERT FIGURE 5

Figure 5b shows a depth slice of the data cubg &o@ dip, semblance, tensor and envelope
attributes both imaged before (left) and afterHtighe data conditioning. In the original
amplitude data (Fig. 5b, left), the seismic sholeaicamplitude dimming associated with the
dolomite and the gas clouds. Both dip and semblatideutes show the effects of the gas
clouds (west and north) and the dolomite (northdagt 5b, left). Tensor and envelope
attributes do not show major signs of the gas daurddolomite imaging. In the data
conditioned seismic (Fig. 5b, right), the amplituti#ga show greatly improved seismic signal
in areas affected by gas clouds and mildly impraweabing in dolomite areas. The dip and
semblance depth slices illustrate well the noisleicgon below the gas clouds. The noise
associated with the gas cloud in the west has @ltheasppeared, and in the northern gas
cloud, the noise has been strongly attenuateddiutompletely eliminated. There are
improvements across the noisy dolomite unit, bey twre marginal. Finally, the tensor
attribute shows no changes with respect to thelgasis and dolomite noise, but it shows an
overall improvement in the imaging of faults. Sirtkke amplitude is only scaled in areas
where gas clouds influence the seismic signalethvwelope attribute is only slightly

influenced by the application of data conditioninghese areas.

4.2 Seismic interpretation

Overall, the structure maps indicate the largast tfisplacement at the top Fruholmen

(oldest) and top Fuglen horizon levels, which ifofeed by an upwards decrease in

14
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displacement from the top Knurr to the top Koljegngest, Fig. 6a-e). Three main E-W
trending normal fault systems offset the oldestRayholmen (Fig. 6e). The northern and
central fault systems dip north, while the soutHarrit system dips south. The northern fault
system is segmented into two faults (U and V), vailit U having a smaller NE-SW fault
(U") intersecting at the midway point. Fault U mstects constructively fault V in the east.
Faults U and V have maximum vertical separation,{;))<f ~180 m and ~290 m
respectively. The central fault system is madénde faults, W, X and Y, with \fQx of

~100, 150 and 100 m respectively. Faults W andrkfa relay. X intersects with Y, and V
intersects with Y to form Y' in the east. The sauthfault system Z is a laterally extensive
system that exhibits a Va« of ~260 m, and complex linkage to the east. Heand{ Z in the
south is joined by a smaller south dipping nornaaltfZ' on its footwall. When referring to
the thickness map of the Fruholmen Fm (Fig. 65 @tlear that this unit is thicker in the west
(=290 m) than in the east (~200 m) and sedimeaoktigss is not controlled by faulting (pre-

rift sequence)INSERT FIGURE 6

The top Fuglen structure map (Fig. 6d) shows theesthree main fault systems with the
same orientations and linkages. The degree of splacement is comparable to the top
Fruholmen with the exception of fault U', whichnsich less prominent. Faults U and V have
VSmax 0f ~180 m and 260 m which are respectively theesand less to the same faults for
the top Fruholmen. Faults Y' and Z have,W.3f 340 and 210 m respectively, these values
are smaller to the observed values of the top Fnudro. The lengths of all faults in the study
area do not change drastically in comparison tadpd-ruholmen. The complex linkages in
the central (W/X relay) and southern (Z-Z') faylstems are clearly visible. The thickness
map of the Fuglen Fm (Fig. 6i) also suggests lasgdiment accumulation in the west and

pre-rift sedimentation.
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The shallowest three horizons show significantbslault displacement, segmentation and
linkage. The top Knurr (Fig. 6¢) is also displadsathe three main fault systems. However,
the degree of fault displacement in this horizoless than in the top Fuglen. The
complexities in fault linkage are therefore lessible. Faults U and V (Mg ~90 and 150

m) are still segmented, but they are shorter igtlemith respect to the deeper horizons.
Faults W, X and Y/Y" still exhibit segmentation,tltie relay and fault linkages are less
pronounced. Fault Z appears as a single fault dktgracross the map. W& of faults Y"

and Z are 140 and 120 m respectively, much smihlér the values observed in the deeper
horizons. The intra-Kolje (Fig. 6b) shows the saman faults but with much less
displacement than in the top Knurr. Fault segmemtas more difficult to establish on the
intra-Kolje where V§a.x <50 m is observed on the northern and southethdgstem; the
central fault system exhibits slight folding. Tlog tKolje (Fig. 6a) is the least affected by
faulting. Fault segmentation is no longer evidemntthe northern (U, V) and southern faults
(Z, Z') and VQaxis <50 m. The central faults (W, X, Y) do not @ffshis horizon. The

thickness maps of the Knurr and Kolje Fms sugggstift sedimentation (Fig. 6f-h).

4.3 Fault throw analysis and quality control

Fault throw was computed using fault cutoffs frdra five interpreted horizons (Fig. 7).
Fault throw was used to quality control the intetption. In areas of anomalous throw,
changes were made to either horizon or fault iméégpions to correct inconsistencies. All
major throw anomalies were corrected but small (r2@nconsistencies were ignored as
they do not affect the overall fault throw distrilmn. An example of a minor throw anomaly
can be seen in the middle of fault U at the top iKfevel, where the cutoffs and the throw

undulate (Fig. 7)INSERT FIGURE 7
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The top Fruholmen and top Fuglen have the largest throws across the area (>300 min Y’
and >290 m on fault V; Fig. 7). The top Fruholmeitoffs exhibit the largest throw values
on all faults except fault U, which has its largégsbw at the top Fuglen level (~220 m). The
largest fault throw maxima in the data volume isefed on fault Y' (>300 m, top
Fruholmen). Fault throw follows an elliptical patieon isolated single faults (W and X
relay), and more complex patterns where fault lggsaare present (U/V, VIY, Y/X; Fig. 7).
Faults W and X don’t vary in throw near their re(ag. no suggestion of linkage). At fault
intersections, faults transfer displacement: ijtfalutransfers displacement to fault V, ii) fault
V to fault Y to make the larger displacement fadjtand iii) fault Y to fault X. For example,
at the intersection of U and V, the throws of faul{~150 m) and fault V (~100 m) are
transferred to the southern portion of fault V (6286). The same pattern is observed when
fault V (=250 m throw) and Y (~50 m throw) intersead their throws are transferred to Y'

(~300 m) east of the intersection.

The top Knurr cutoffs exhibit minimal (50 m or Ig$lsrow on faults V and Y and there is no
discernible throw on all other faults, so the ctg@ppear to overlap. Fault W does not
contain cutoffs for the intra-Kolje and the top [€otespectively because it doesn’t propagate
through these shallower units. The top Knurr, kadje, and top Kolje show <50 m throw

on most faults, such that there is a high fauliwhgradient (100-200 m) between top Fuglen
and top Knurr. This high fault throw gradient résuh folding of the three uppermost
horizons. We interpret these folds as fault-progagdolds (Withjack et al., 1990;

Schlische, 1995; Corfield and Sharp, 2000; Rahr2@h2; Lewis et al., 2015; Paul and

Mitra, 2015).

4.4 Dip distortion (DD)

17



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

The DD analysis measures fault-related deformaifdmorizons compared to their regional
dip. DD and lateral fault continuity decrease uptie® from the top Fruholmen to the top
Kolje (Fig. 8). High DD values (>10°, green to redl¢ associated with faults, while lower
values (<10°, blue to green) are linked to morelgdnlds. Values below 3° (Fig. 8, dark

blue) are considered insignificallSERT FIGURE 8

The top Fruholmen DD map (Fig. 8e) shows all thenrfeults and some smaller faults
observed in the structure map (Fig. 6e). DD isdg-30°) and localized along the main
faults (U, V, X, Y, Y', Z). Along some of these fegj DD decreases towards the fault tips (U,
V, X, Y). For example, fault U has DD values u@B in the center of the fault and 10-15°
towards the tipline. Fault zone width indicatedhigh DD is ~500 m (fault Y'), 300 m (faults
V and Z), and 100-200 m (faults U, W, X and Y). Thaalts with the highest throw (V, Y, Z)
are also the faults with the largest DD values (¥28nd the widest distortion zones (>300
m). DD also shows that some faults are more ldyeeatensive than in the structure map.
Fault U extends further west and clearly links wite smaller fault U' in the center. Faults W
and X are more laterally extensive and enhance lvdcdge at the relay structure (Fig. 8e).
The area to the east of fault Z exhibits more ce@xip} than originally interpreted (Fig. 8e,
guestion mark). Here there is likely a small rederyicture. With the exception of the hanging
wall of fault Z, there is not much folding arourtektfaults. Top Fuglen shows similar DD
patterns to the top Fruholmen (Fig. 8d). The mdiiei@nce in these two maps is that fault X
on top Fuglen extends so far northeast that it ago® intersect fault VV at a bend. The area
to the east of fault Z shows even more complexithia level, suggesting a fractured relay

ramp (Peacock and Sanderson, 1994).

The top Knurr DD map displays an entirely differpattern with respect to the two horizons

below (Fig. 8c). DD highlights the three main fagystems, but DD is lower and more
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dispersed. Overall, faults are more segmentedfaitintersections (e.g. U-V and X-Y) and
relays (e.g. W-X) are less apparent. On the hangaidfof the most displaced faults V, Y'
and Z, there are wide (~1 km), mid (5-15°) DD aneascating fault-related folding. Similar,

although lower and narrower DD areas are presetit@hanging walls of faults U, X and Y.

The central fault system (W-X-Y) is almost imperiiele at the intra-Kolje level (Fig. 8b).
Along faults X and Y, there is gentle folding rathiean faulting, mostly in the proto-hanging
wall areas. In the northern (U-V-Y') and southefhfault systems there is also gentle
folding in the hanging wall areas. In the top Kdlj® map (Fig. 8a), only the northern and
southern fault systems are visible, and the laftyremw faults (Z and Y') are the only ones
showing continuity along strike. There is also lfdding at this uppermost level than at the
intra-Kolje. In general, a comparison of DD valwéshe top and intra-Kolje to the top
Knurr, shows that the faults appear much shortér shallowing; for example, fault U is >10
km long and ~1 km wide at the top Knurr level, whtlis ~8 km long and <500 m wide at
the top Kolje. The higher DD values (>30°) are ewdfor the top Knurr, while lower values
(<10°) are more dominant for the intra- and topj&olAlso, it is more difficult to
differentiate individual fault segments in the & intra-Kolje (e.g. V-Y' or segments along

2).

In summary, top Fruholmen and top Fuglen are madtset by the faults, with large and
localized DD, while top Knurr has lower, less lozatl DD and a high component of fault-
related folding in the hanging walls. Faulting dalfling decrease upwards to the intra-Kolje,
in this horizon gentle folds are visible on the ¢ag walls of the main faults. The top Kolje

is only slightly offset or folded (Fig. 8f).

4.5 Seismic attribute analysis
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Figure 9 shows the dip, tensor, semblance and epedlttributes, as well as a CMY color
blend from the tensor, semblance and dip attriborethe five interpreted horizons. In
general, the image quality of the original seisamd therefore the seismic attributes of the
lowermost top Fruholmen are the worst. The top &wugind top Knurr show the best results
with respect to seismic attributes as these digblaylearest seismic signal. The contrast in
the seismic attributes of the intra-Kolje and topljK is the least, as these are less faulted

than the deeper horizon8lISERT FIGURE 9

Within the various selected attributes, the dipunot is the most successful single attribute
for imaging faults in our dataset (Fig. 9a). Upthinoand downthrown fault blocks are visible
as dark and light areas, respectively. These abeneith positive and negative dip values.
Faults in the top Fruholmen are not well imagedheydip attribute, while faults in the
shallower four horizons are better imaged. Theregponse in these horizons weakens
upwards from top Fuglen to top Kolje. There is soraese in the three shallowest horizons,
which was not removed by data conditioning. Thimcides with shallow gas in the north

and dolomite in the northeast.

The tensor attribute was the second most succes#filute in imaging faults while keeping
noise to a minimum. It provides a high-quality ireagf faults in the top Fuglen and top
Knurr (Fig. 9b). The other three horizons exhibiteak tensor signal around faults. Unlike

the dip cube, the tensor attribute has very ldatl@o noise at all five horizons.

The semblance volume also images the faults relgtivell on each horizon (Fig. 9¢). Noise
caused by shallow gas in the north and dolomiteemortheast is visible at the top Knurr,
intra- and top Kolje, and data quality is poor gmeandom noise at the top Fruholmen.

Semblance is the third most successful attributénfaging faults.
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The envelope attribute images the amplitude stheogptained in the volume (Taner et al.,
1979). The strongest envelope values are presé¢héitop Fuglen and top Knurr depth
intervals (Fig. 9d). Fault definition in the tenssemblance and dip attributes were also
strongest at these horizon levels. Therefore, tivelepe volume suggests a linkage between
the strongest amplitudes and the best fault imadtngelope also images gas cloud noise as

lower amplitude strengths at the top Fuglen andiolje levels.

The CMY color blend of the best three attributessbr (Cyan), semblance (Magenta) and
dip (Yellow) clearly images faults. When the highlues of these attributes overlap (black)
the imaged fault displays visible facies (Fig. 9&)e best images are visible on the top
Fuglen and top Knurr. There is also some noiseer@MY volume but overall this cube

shows the best signal to noise ratio compareddasitigle attributes.

4.6 Fault enhancement and seismic fault facies

Figure 10 shows the result of the FE analysis ip8Bpective (Fig. 10a), inlines (Fig. 10b-
d), and depth slices at the average depth of tkeepreted horizons (Fig. 10e-i). In both the
inlines and depth slices, the FE maps and theatstditioned seismic are ShowhNlSERT

FIGURE 10

Inlines show that the highest FE facies (red) aesgnt at the center of each fault and
gradually transition outwards to lower FE faciesligw to blue). This FE pattern was
observed regardless of fault location (Fig. 10a¥dhen comparing FE from the western and
central parts (Fig. 10b-c) to the eastern part.(Higl), there is an increase in the high FE
facies (yellow to red) from west to east. This etates with higher fault throw and vertical
separations to the east (Figs. 6-9). The red te dismic fault facies pattern from the center

to the edges of the fault zone is also evidenthéndepth slices (Fig. 10e-i). Similar to the
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CMY blend (Fig. 9e)there are seismic quality issues at the averagEnamlmen depth

(Fig. 10i), and a decrease of seismic fault fafti@s top Fuglen to top Kolje (Fig. 10e-h).
Faults at the top Fruholmen average depth are ypoodged, although faults V and Y' (Fig.
6) are relatively well imaged and display high BEiés (yellow to red) at their centers (Fig.
10i). The top Fuglen and top Knurr average deptesihave the highest concentration of
seismic fault facies (Fig 10g-h) with the same RY@Bward seismic facies pattern. Also,
high FE facies (yellow and red) are more dominarnhe east of the field (faults V, Y/Y' and
Z; Figs. 6, 10g-h). Along the faults, seismic fdalties are discontinuous. The intra-Kolje
and top Kolje average depth slices exhibit low &é&ids (green and blue), where green is at

the fault center and blue is at the fault edges.

As some noise remained in the data conditionedrseolume and is visible in the CMY
color blend, it affects the FE maps. This noiseiciviis related to the gas cloud, is visible on
the top Fruholmen, top Knurr, intra-Kolje and toplj¢ average depth slices as a cloud of
high FE values in the central northern part (FQe-8, i), although it is not conspicuous in
the inlines (Fig. 10b-d). Some minor noise assediatith the dolomite appears as a fine

spotted/mottled texture in the northeast corngheftop Knurr and intra-Kolje (Fig. 10f-g).

Crossplots of attribute data further illustrate significance of seismic fault facies in terms
of the input attributes. In this analysis, we oa$g data within depths 2110-2750 m,
encompassing the top Fuglen and top Knurr, asdffey the best fault images and least
noise. Figure 11 a-c shows crossplots of dip-sentleladip-tensor and tensor-semblance,
with the data points colored by the FE facies dat@emblance is proportional to dip, and
FE increases with semblance and dip from the lofidse) to the highest (red) facies (Fig.
11a). Tensor is less proportional to dip and tietew correlation between seismic fault

facies and tensor (Fig. 11b). Semblance and texmsoelate (as expected in Chopra and
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Marfurt, 2005), and seismic fault facies correlatth increasing semblance and to a less

degree with increasing tenstlSERT FIGURE 11

The four seismic fault facies are filtered and wdiially imaged in Fig. 11d-g. The highest
FE facies (red) is present across the entire akgartls the center of the faults but is focused
mostly in the east (Fig. 11d). The yellow facielfoiws a similar pattern but is farther away
from the fault centers (Fig. 11e). The green faisenore widespread across the field area
and delimits a wider faulted region than the yelfawsies (Fig. 11f). The blue facies is the
most laterally and across-fault extensive and midant across the entire study area (Fig.

119).

4.7 Seismic amplitude versus distance to faults

The amplitude versus distance to fault analysisges on two smaller areas that have
contrasting characteristics with respect to fduibwv and related folding. Area 1 is across the
northern fault U near its western tipline, while@a crosses the center of the largest throw
fault Y' (red and yellow rectangles in Fig. 12apectively). These areas were investigated
by generating horizon-based grids with a seridsaofging wall and footwall regions
associated with the distance from the interpresedt plane (Fig. 12b, c). Figure 12d-m
shows crossplots of distance to fault versus naz@@/RMS amplitude for both areas. Each
area is separated into hanging wall (left colured;yellow-blue regions) and footwall (right
column, teal-purple-green regions). In the top Btoten, top Fuglen and top Knurr, an
additional (orange) region indicates cells assediatith the fault plane. This region is
displayed in the hanging wall crossplots. Besliiis for the hanging wall and footwall data
illustrate the average trend of amplitudes champypeaaching the faults. On the right side of

Figure 12 (n, 0) there are representative seismhitels which are overlaid with lithology data
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from the wells (left), or the interpreted fault pédaand nearest to furthest regions from it

(right). INSERT FIGURE 12

In area 1, the top Fruholmen shows a slight deereeRMS amplitude towards the fault,
both from the footwall and hanging wall (Fig. 12hhe intra-fault region (orange) exhibits
an increase of amplitude compared to the outermedstegion in the hanging wall. The top
Fuglen (Fig. 12g) exhibits a slight decrease of lgaoge towards the fault from the footwall,
and a slight increase of amplitude towards thet faoin the hanging wall. The intra-fault
region (orange) shows a marked decrease in ameliftlte top Knurr (Fig. 12f) shows a
decrease in amplitude towards the fault from ttwviiall, specifically in the green region
near the fault, and an increase of amplitude tosvtrd fault from the hanging wall,
especially in the yellow and blue regions closethtofault. The intra-Kolje (Fig. 12e)
exhibits a decrease in amplitude towards the fewth the footwall, a slight increase of
amplitude towards the fault in the outermost red y&llow regions of the hanging wall, but a
marked decrease in amplitude in the blue regioseclto the fault. The top Kolje (Fig. 12d)

shows a gradual increase in amplitude towardsahk from the footwall and hanging wall.

Area 2 shows different results. The top Fruholntég.(12m) shows an increase of amplitude
from the footwall, particularly in the green regiclosest to the fault, a decrease of amplitude
from the hanging wall in the red, yellow and blegions, but a marked increase of amplitude
in the intra-fault region (orange). The Top FuglEiy. 121) has relatively constant amplitude
from the footwall, with a slight decrease of ampdi in the green region. From the hanging
wall, the amplitude decreases towards the fauth) wisharp decrease in the intra-fault
(orange) region. The top Knurr (Fig. 12k) holds thest varied data, the footwall drops in
amplitude in the region furthest from the faulaf)eand is constant in amplitude in the next

two regions (purple and green). In the hanging waé red region shows relative
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consistency, and then there is a large spike idiardps through the yellow and blue
regions, followed by a sharp drop in the intra{fgatange) region. The intra-Kolje (Fig. 12j)
shows a gradual increase in amplitude towardsahk from the footwall, and in the hanging
wall a slight increase in amplitude through the megion, followed by decreasing amplitude
in the yellow and blue regions. The top Kolje (Figi) exhibits a gradual increase in
amplitude towards the fault from the footwall, andhe hanging wall a decrease in
amplitude through the red region, followed by atréase in amplitude in the yellow and
blue regions. When comparing the two areas, the Fopholmen, Fuglen and Knurr show the

most severe changes in amplitude, and area 2 snovwesextreme amplitude variations.

The N-S seismic inlines for each of the areas (E2m, o) display folds next to the faults U
and Y'. These folds run parallel to the faults aadsist of hanging wall synclines and
footwall anticlines (with the exception of top Falimen, top Fuglen and top Kolje in area 2,
which exhibit a hanging wall anticline). These lgadinal folds show reoccurring patterns in
the amplitude data. In the hanging wall synclirer¢his brightening or increase in amplitude
towards the fault, while in the footwall anticlittgere is dimming or decrease in amplitude
approaching the fault. In area 1, the shalloweast fwrizons show synclines in the hanging
wall with brightening amplitudes towards the faalhd anticlines in the footwall, which with
the exception of top Kolje exhibit dimming amplieglapproaching the fault (Fig. 12d-g). In
area 2, despite the presence of hanging wall argglthe same pattern is also observed
where anticlines correlate with dimming and syredinvith brightening amplitudes towards

the fault (Fig. 12i-m). These amplitude effects bartraced along strike.

5. Discussion

5.1 Improved seismic imaging and interpretatioranfits
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The data conditioning workflow (Gilani and Gémez4tfiaez, 2013) contributed to a
decrease in random and coherent noise as weltesasged lateral continuity of reflectors
below the shallow gas (Fig. 5). As the workflowdesigned to remove the noise caused by
shallow gas, it is reasonable that the noise aamtivith dolomite in the northwest of the
study area wasn’'t completely removed. The appboadif the workflow in seismically
explored areas containing shallow gas (e.g. ththe@st Barents Sea) is an excellent way to

improve seismic reflector continuity, and thereftaelt imaging.

The structure maps (Fig. 6a-e) exhibit a concigersary of interpreted horizons and faults.
Since the maps are based on what the geoscienggpiiets, they are not always completely
representative of all the faults but are a powesfatting point in understanding stratigraphic
and structural relationships. In the Snghvit atfea structure maps show a decrease in fault
displacement and lateral extent, as well as lags ¢annectivity and linkages with
shallowing. From the top Knurr and upwards thermeisreasing disruption of horizon
continuity due to the tipping out of the main faulEig. 6a-e).Thickness maps of the five
main intervals of interest suggest that the Fruleolmand Fuglen Fms are pre-rift, while the

Knurr and Kolje Fms are syn-rift (Fig. 6f-))

The fault throw analysis (Fig. 7) is also basedhmninterpretation of faults and horizons
surfaces and their intersections (cutoffs). Onaiteml faults, an elliptical displacement pattern
with highest displacement at the center was obdgiWg X; Fig. 7).At fault intersections
(U/V, VIY, YIX; Fig. 7), fault splays transfer digcement to the master faults (U to V, V to
Y, and Y to X). Fault intersections or branch lirree generally aligned parallel to the
extension direction (Yielding, 2017). In the thfaalt intersections above, branch lines trend

between 014 and 023 (dotted lines, Fig. 6e), wiidonsistent with N-S extension.
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DD (Fig. 8) shows departure of the interpreted zms from regional dip and is linked to
fault related deformation. The highest DD values@esent in the deepest top Fruholmen
and top Fuglen and decrease upwards. This patsarapplies to the width of the fault
zones, which narrow with decreasing depth, to paced in the top Knurr and intra-Kolje
levels by folding mostly in the hanging walls. Thexservations are consistent with fault-
propagation folding (Withjack et al., 1990; Longdamber, 2010). The central fault system
(W, X, Y) exhibits only slight folding in the intriolje and tips out completely in the top
Kolje. This proves that the northern and southatidtfsystems are larger (and perhaps older)
than the central system. DD is also useful for@nglthe lateral extent of faults. Fault X
almost meets fault V in the top Fruholmen and seets with fault V in the Fuglen DD
maps, therefore extending 1.5 km further to theheast than in the structure maps. Fault
interaction at relays is enhanced: for exampléarelay between faults X and W, and the
complex fractured relay in the eastern portioneedifZ (Fig. 8d-e). DD, however, is limited
by the sampling direction. Since the selected &eatssare N-S, faults with this strike are not

imaged in the maps. This is not a major probleithéarea where most faults strike E-W.

Seismic attributes also show decreasing faultiag,awing fault zones, and less prominent
fault segments with shallowing (Fig. 9). Dip, tenaad semblance are the most successful
attributes in the imaging of faults in this stu@ugzer et al., 2010; lacopini et al., 2012,
2016). The dip attribute does the best job ovéndtighlighting the faults. Tensor is
successful on the top Fuglen and top Knurr, whiberthe best reflector image quality, but
only manages a subtle image in the less displaednd intra-Kolje. Semblance clearly
images faults on all horizons but is the attributest susceptible to gas cloud noise. By
combining these three attributes into a color bjéind possible to isolate fault bodies using:
reflector orientation (tensor), discontinuity (sdartce) and dip. Although seismic attributes

do not give the information contained in the stnuetmaps, fault throw and DD analysis,
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they are an excellent step to apply to a seismiamwe before fault interpretation. The
creation and usage of a color blend of structuteraing attributes is a quick and easy way
to get started on the interpretation of faults #redr relationships on a preliminary basis.
Seismic attributes provide the user with imagefolts beyond the constraints of human
interpretation and are therefore excellent to ustded the details contained in the seismic

signal surrounding faults.

5.2 The classification of unsupervised seismidc fiagies

Unsupervised seismic fault facies were construbtedividing the high FE values in four
classes of increasing value (Fig. 10). The high&stacies (red) are in the center of faults in
the inline and depth slices, and they are more @émirto the northeast of the study area
where the faults have the highest throw. Crossplbs®ismic attribute data show that with
increasing values of semblance, dip and to a ndegree tensor, FE increases (Fig. 11). FE
is a relatively simple attribute to highlight faaitind their damage zones. However, in order
to understand the relationship between the unsigeehgeismic fault facies and geological
parameters such as fault throw or DD, some moregeoisons and further analysis must be

incorporated into the study.

FE is a filter that enhances the edges containadsgismic volume; the magnitude of this
measurement is linked to structural deformation.i®B measurement of apparent dip on
interpreted horizons. A comparison of these twosueaments may explain the significance
of the seismic fault facies with respect to horiatterpretations. This was done for the
largest thrown fault (area 2, Fig. 12), where DM & data were resampled into the cells of
the structural model (Fig. 13b-c). The data arpldiged on distance to fault (x-axis) versus
normalized RMS amplitude (y-axis) crossplots, Inat data points are colored by DD (Fig.

13d-h) and FE (Fig. 13i-m). Due to the nature efdipscaling process of the DD trimeshes
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into the structural model, it was not possible ¢pylate every cell with DD data. To ensure
consistency between the two datasets, the missimgsgrom the DD data clouds were also
removed from the FE. In the structural modelss gvident that the highest values of DD and
FE are in the three deepest, most offset horizBigs {3 b, c). With the exception of top
Fruholmen in the footwall (Fig. 13m), high DD vadug>12°) in the top Fruholmen, top
Fuglen and top Knurr correlate with the blue to sesmic fault facies, and hanging wall and
footwall areas away from the fault show low DD (@%*land FE (<16,000) values (Fig. 13f-h
and k-m). In the uppermost intra- and top Koljeibams, there is clear variation in DD (1-
10°) mostly in the hanging wall, while the FE iseoall low (<16,000; Fig. 13d-e and i-j).
Exceptions are the intra-Kolje in the hanging wdtlere there are blue and green fault facies
at ~800 m from the fault, which are related to aligcale fault, and in the footwall close to
the fault where high DD values (>12°) correlatehvifie blue and green fault facies (Fig.
13j). High DD values in the footwall of top Kolje@d't correlate with the seismic fault facies,
suggesting that these values are rather spuriduesfolur seismic fault facies are thus related
to high DD (>12°), while low DD (1-10°) picks updlsubtleties of fault related folding.

INSERT FIGURE 13

Long and Imber (2010, 2012) were the original pragsd of DD mapping, where the
relationship between fault displacement, its gnaidéand DD was established. We take their
comparisons a step further by integrating faulbwhrDD, and seismic fault facies. DD and
FE classify fault deformation but only DD captuties subtleties associated with fault related
folding. lacopini et al. (2016) used seismic atite correlation to identify unsupervised
seismic fault facies. Botter et al (2016, 2017®duthe FE filter to establish fault facies on
synthetic seismic data where a correlation betwaelh deformation, seismic attribute

response, and unsupervised seismic fault faciesestablished. Our workflow applies these
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same findings to real seismic data and establigimsthodology for fault interpretation,

linking fault throw, DD, seismic attributes and figfacies classification.

To further explore the geological significancelod seismic fault facies, they are compared
with fault throw, dip separation gradient and jypdsed lithology by projecting these
attributes onto the fault planes (Fig. 14). Thailtssshow a correlation between throw, dip
separation gradient and the seismic fault facies (Ha, b, d). The highest FE facies
correlate with the fault areas exhibiting the hgfhterow, and the highest dip separation
gradient (a measure of strain; Fig. 14a, b, d)s Tésult together with the correlation of the
seismic fault facies with high DD (Fig. 13), demtrates a clear link between the seismic
fault facies and fault deformation. This is coremtwith the findings of Botter et al. (2016,

2017Db) in synthetic modelNSERT FIGURE 14

As the seismic fault facies are unsupervised, iateempt to understand their lithological
significance, we compared them with the juxtapdgbdlogy on the faults (Fig. 14c). In the
case of a sand dominated lithology, the faults agaped further and offset the sedimentary
layers, with the resultant presence of high FEeégreen to red). In the uppermost shale
dominated lithologies, the faults tip out, resudtin folding and low FE facies (blue to
green). Thus, mechanical stratigraphy controlglibibution of the seismic fault facies in

the field.

5.3 Understanding amplitude variations across faohes

Seismic amplitude versus distance to fault (Fig.d@ves that a brightening in amplitude
occurs when approaching the fault through a syackmd amplitude dims when approaching
the fault through an anticline. This is clearly eh®d in the less faulted top Knurr, intra and

top Kolje (Fig. 12d-f and i-k). In the deeper, méaalted horizons, there can be either

30



701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

dimming or brightening in amplitude towards thelfaalthough across a narrower distance.
In area 1 the Fuglen and area 2 the Fruholmen agkki fms are dominated by sandstones,
which may be contributing to the nature of defoioraevident in these sections and
therefore the amplitude distributions (lithologytalan wells; Fig. 12 n, 0). The top Knurr,
intra and top Kolje are all associated with shaldsch may play a key role in the formation
of anticlines and synclines in these units (FigrL,3). In the top Fuglen (area 1, 2) and the
top Knurr (area 2), the results are conclusive waithajor decrease in amplitude on the fault
(Fig. 12 k, g, |, orange regions). The deepestzbor(top Fruholmen) is inconsistent with
observed systematic amplitude patterns in bothsatearea 1, there is an increase in
amplitude associated with the fault plane (Fig.,X#thnge region) but on further inspection it
is clear that this is due to a second poorly-imagdukidiary fault, slightly south of the main
interpreted fault (Fig. 12, n). In area 2, the Espholmen also exhibits increasing amplitudes
associated with the fault plane (Fig. 12m, orareggon). Here, there may be another
subsidiary fault influencing reflector continuigithough with the low signal/noise ratio of
the data at this depth (Fig. 120) this is diffidoltdefine. There are several explanations for

the observed changes in amplitude across faults:

a. Geometrical focusing and defocusing of the seismjgal caused by reflector curvature-
Relative to a flat plane, the reflected seismiagnés spread over a larger surface when
the reflection occurs on an anticline, and ovemalker surface in the presence of a
syncline (Sheriff and Geldart, 1995). The resulsegsmic will exhibit stronger
reflections associated with synclines (focusingy] weaker reflections (defocusing) in
the case of anticlines (Sheriff and Geldart, 1995)s effect is related to a geometry
parameter.

b. Acoustic properties€hanges to the acoustic properties of a rock osban the rock

undergoes structural deformation (Couples et D72 Skurtveit et al., 2013). Previous
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726 studies have modelled fault zones and found thextging acoustic properties associated

727 with fault related deformation results in amplitugeiations (Botter et al., 2014, 2016).

728 This is most likely in the high FE facies assoddi® large deformation (yellow and red,
729 Fig. 10 orange region Fig 11, 12k-m). However, withaccess to well cores or logs of

730 these rocks, it is not possible to prove if thigrelation exists.

731 c. Survey Geometry/ lllumination mappinghe seismic data are controlled by the

732 geometry and acquisition direction of the seismiwsy (Laurain et al., 2004; Drottning
733 et al., 2006; Gjgystdal et al., 2007). Severalissidocument that illumination direction
734 also has an effect on the measured seismic amgditesipecially with respect to faults
735 (Drottning et al., 2006; Gjgystdal et al., 2007¢camte, 2008; Botter et al., 2014, 2016;
736 Lecomte et al., 2015). The seismic data used sdtudy are the near-angle stacks (5-
737 20°) of a data cube merged from five 3D streameresis. The specifics of the merged
738 survey are not equivalent to the single surveystheackfore it is difficult to quantify the
739 effect shooting direction has on seismic amplituteould be an interesting study to
740 explore how illumination direction affects the inmagyof structural geometry (i.e. curving
741 the reflectivity surface) and its effect on thessgic amplitude.

742 5.4 Implications

743 A common practice for interpreting faults in seismdata is to pick fault sticks on seismic

744  lines (Caine et al., 1996; Faulkner et al., 20I8)s is then followed by the construction of
745 faults planes (from the interpolation of fault &8. When comparing the structure maps (Fig.
746 6) to the throw (Fig. 7), DD (Fig. 8), and FE (Fif)) maps, it is evident that these additional
747 properties help to provide a wealth of informatregarding fault extent, displacement

748 patterns and linkage. Having a greater understgrafithese three parameters can improve

749 the interpreter’'s knowledge of fault connectivitgult seal potential, flow and pressure
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barriers, top seal integrity, and the mapping ofagequences (pre-, syn- and post rift).
Specifically, DD (Fig. 8) gives a more conclusivederstanding of the lateral and vertical
extent of faults, fault connectivity and the presenf small (even sub-seismic) scale faults.
The application of the FE filter on any structundancing attribute volume, or a combination
of these attributes, results in a volume wheretdaaule highlighted and easy to interpret. FE
(Fig. 10) allows for a more conclusive understagdhthe lateral and vertical extent of
faults, fault internal structure, and fault facetgssification, as it seems that FE correlates
with fault deformation. FE, however, is not a grealicator of the subtleties associated with
fault-related folding. Seismic attributes (Fig.8% also a quick and simple way to
understand fault structure in a seismic volume,@@MY color blend of multiple attributes
gives a clearer image of faults for interpretationthe essence of time, anyone of these
properties or their combination can lead to a beftelerstanding of fault formation, linkage,
and amplitude anomalies near fault planes. Thi®ionly important for the petroleum
industry, but for any industry interested in untkemsling the geophysical and geological

impact of faults.

A brightening and dimming effect towards the fau#ts witnessed in the seismic amplitudes
analysis of this paper. Variations in seismic atnde near fault planes can be related to
seismic signal focusing, changes in acoustic ptegserand/or illumination effects from
seismic acquisition (Badley, 1985; Sheriff and Geid1995; Laurain et al., 2004; Couples et
al., 2007; Skurtveit et al., 2013), all of whicle grotentially related to the structural geometry
of the surface imaged. With limited lithologic cuooitit is difficult to infer the effects
lithological variation has on the variations in ditygle withessed here. In order to analyze
the reason for seismic brightening and dimming nam@urately, it is necessary to acquire a

dataset where wells are transecting a fault plane.
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We analyzed a near-angle stack focusing on PRctigftes. Future work will involve analysis
of ocean bottom seismic (OBS) data from the Sndheit to compare how PP and PS data

signals differ with respect to fault characteriaati
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Figure Captions

Figure 1.a. Geologic setting of the Hammerfest Basin. Tiea am b is marked by a black
box. Modified from NPD Factmaps. b. Snghvit Fieldaa The dashed yellow line shows the
extent of seismic data and the orange rectangheistudy area. Map modified from
Linjordet and Olsen (1992) and Ostanin et al. (30TBe blue background of the map refers
to the Jurassic Hammerfest Basin while the redeshap the map identify the areal extents

of lower-middle Jurassic gas fields. c. Generdiliiddostratigraphic column of the Barents
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Sea highlighting the horizons of interest. Modiffeain Ostanin et al. (2012). d. North-south
seismic line through the middle of the study adea(in b) with interpreted horizons and
faults. Interpreted horizons are: A: top Kolje,iBtra-Kolje, C: top Knurr, D: top Fuglen, and

E: top Fruholmen.

Figure 2. Workflow used in this study.

Figure 3. Data conditioning (noise attenuation and amplitndemalization) workflow used

to remove the noise associated to the gas clowtlthemortheast dolomite unit.

Figure 4. Fault throw and dip distortion (DD). a. 3D imageaafiormal fault showing
displacement field and hanging wall and footwatloéis, fault length and width. b. Map
view of a fault with trim and patch distances usethe cutoffs determination. c. Cross

section explaining the calculation of DD.

Figure 5. Results of data conditioning. a. Inline 2745 befde&) and after (right) data
conditioning. The gas cloud (~500 m) imaged onitiee causes poor amplitude
distribution in deeper reflectors. This is improv®ddata conditioning. b. Seismic amplitude,
dip, semblance, tensor and envelope attributessat@300 m depth, before (left) and after
(right) data conditioning. Improved noise attenot@ssociated with the gas clouds (red

circles) and a thick dolomite unit (yellow circlis)clear in the dip and semblance attributes.

Figure 6. Structure maps of the five interpreted horizons antical thickness maps
calculated using distance between tops. a. TopeKgbungest). b. Intra-Kolje, c. Top Knurr,
d. Top Fuglen, and e. Top Fruholmen (oldest). @f&'faults. Dotted lines in e are the
branch lines for the fault intersections UV, VY arid. For comparison, a 500 m elevation
range color bar is adjusted to a medial depth dgchéiorizon. Vertical thickness maps of f.

top-intra Kolje, g. intra-Kolje-top Knurr, h. KnuFm, i. Fuglen Fm, and j. Fruholmen Fm.

42



984  All thickness maps are displayed on a color bd-400 m. Wells 1-4 are included for

985 reference on all structure and thickness maps.coh&ur interval for all maps is 25 m.

986 Figure 7. Fault throw distribution on main fault planes. §kas used to understand fault
987 linkage and to quality control interpretations.dhshows the faults on the top Fruholmen

988  structure map.

989 Figure 8. Dip distortion (DD) of the a. Top Kolje, b. Intraee, c. Top Knurr, d. Top
990 Fuglen, and e. Top Fruholmen. f. 3D view of DD. €ath horizon, DD is calculated along

991 N-S transects spaced every 100 m and is projectttetaverage horizon elevation.

992 Figure 9.a. Dip, b. Tensor, c. Semblance, d. Envelope, aQiam-magenta-yellow (CMY)
993 color blend combining tensor (C), semblance (M) dipd(Y) attributes on the top Kolje
994  (first column), intra-Kolje (second column), top km (third column), top Fuglen (fourth

995 column), and top Fruholmen (fifth column).

996 Figure 10.Fault enhancement (FE) and comparison to seisnbie.@ Selected inlines and

997 depth slices colored by five FE ranges: white igaudt, and blue to red are four

998 unsupervised seismic facies within the fault zobes.and d are inline slices (3502, 2982

999 and 2473 respectively) of FE (top) and the datalitmmed amplitude (bottom). e-i are depth
1000 slices of FE (left) and the data conditioned ampht (right) at the average depth of the top
1001 Kolje (1800 m), intra-Kolje (2100 m), top Knurr (@3 m), top Fuglen (2400 m) and top

1002 Fruholmen (2750 m).

1003 Figure 11.a. Dip versus semblance, b. Dip versus tensorcamdnsor versus semblance of
1004 fault zone areas (FE >16,000) in the interval betw®p Knurr and top Fuglen. In a-c, points
1005 are color coded by the four FE facies in Fig. 2g. @he four seismic fault facies displayed

1006 as geobodies on the selected depth interval.
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Figure 12.Seismic amplitude versus distance to faults. a.Higglen map showing areas 1
and 2 (red and yellow rectangles respectively) aArés 2300 m long, 900 m wide and
ranges from 1700-2800 m depth. Area 2 is 2300 9,600 m wide and ranges from 1900-
2800 m depth. b. Structural model of area 1. aicharal model of area 2. Both models are
viewed from the northwest and their cells are cadoss hanging wall (red to orange) and
footwall (teal to green) regions. d-h. Area 1 haggiall (left) and footwall (right) crossplots
of distance to fault versus RMS amplitude (windaze s= 6) for the top Kolje, intra-Kolje,

top Knurr, top Fuglen and top Fruholmen, respebtivem. Similar crossplots for area 2.

Figure 13.a. Top Fuglen map showing area 2 (yellow rectgngleStructural model of area
2 with dip distortion (DD) resampled into the gaells. c. Structural model of area 2 with FE
resampled into the grid cells. Both models are e@dom the northwest. d-h. Hanging wall
(left) and footwall (right) crossplots of distanwefault versus RMS amplitude (window size
= 6) with data points colored by DD for the top }&olintra-Kolje, top Knurr, top Fuglen and

top Fruholmen, respectively. i-m. Same crossplatsabth data points colored by FE.

Figure 14.a. Fault throw, b. Dip separation gradient, c. dpated lithology, and d. FE

(seismic fault facies) along main faults in theaare

44



a. 20°E 22°E 24°F 20°E b,
72°N ’

*

71°N

.HI'IIIII"II‘IIRBNI’

()
70°N

L/

:l Platform

- Terraces and Intrabasin Elevations O Exploration Well

- Shallow Cretaceous Basin - Gas Field — Faults-Comp.Dome
- Deep Cretaceous Basin E Continental Shelf/ Land = Basin bounding faults
C. d.
(A o ori
) Stratigraphy W Stratigraphy of Barents Shelf
Quater- |5
nary |23
54 2 1
%
23 2
34 — &
0
%01 ;- — — Torsk
5 g* SK\iling
S
100 1 Kolmule
S § S ow ——
2| =
el = © Knurr
g Klippfisk
) Z[@@® Hekkingen
s [Z] |00 ful——
|HE
1764 2 % E ® Sto
:3; HE Nordmela —\ir
SN Tubien
) = ® Fruholmen
28 § ;i ® Snadd bl
245 —q 7 - -
ol 1 EE e — 3000m M ML

Shale/ Organic Rich Shale - Dolomite . . . Source/ Reservoir/ Seal
Sand Volcanics . . ©

Interpreted Seismic Horizons
Fine Sediments with Channel Sands . @ P

Limestone




ACCEPTED MANUSCRIPT

0 Fault Enhancement 32767

&=
| — |

et

i

ﬁ. ]
VE: 4 i

wmoh, VE:4 Ne= ¢ |
\

o ” y ’. A

2600m 5200m Om 2600m 5200m - om

2600m

. .,

S e A

PO N
& T i s




o

Semblance (x 1e3)

Tensor (x 1e3)

L2

Semblance (x 1e3)

30

n
o

=
o

Dip (x 1e3) »

30

10

. 20
Dip (x 1e3)

30

30

20

Fault enhancement (x 1€3)
16-20.2

20.2-24.4
24.4-28.6

>28.6

10 20
Tensor (x 1e3)

30




a. Top Fuglen Horizon Area 1 Area 2 Area 1 Seismic Inline 3423
Hangingwall Footwall Hangingwall | Footwall EEEEEEEEEEEEEEEEEEEEEEEEEEESR
d - 1 - n. 1600— el T
"~ | Top Kolje g | ' L i Bid
E ' E
Depth (m) -—g_ 1 '_';_
] g
b. Area 1 (red) b b
Top Kolje E E
1300 - 0 0 ' 1300 1300 ' 0 =0 ' 1300
Intra-Kolje e - - b7 h
2 2
2 2
Top Kn E E
op Knurr g g
2 2
Intra-Kolje
T e 1300 1300 130
f. - k. -
Top Knurr
Top Fruholmen é - E. i
< <
" — VE: 5 @S g %
~ 0.
c. Area 2 (yellow) - 00 o 0
Top Kolje g - L. -
< <
2 =
= | = |
] ]
< <
Intra-Kolje % %
Top Fuglen _ A
1300 ' 0 130 1300 0 0 130t
Top Knurr
h. - m. -
Top Fruholmen
Top Fuglen = =
£ £
< <
wn wn
z z
Top Fruholmen
im ) 300 ) 1300 < ' 1300 T 1300
e e —— VE: 5 ’ Distance to Fault (m) Distance to Fault (m) Distance to Fault (m) Distance to Fault (m)




a. Top Fuglen Horizon

Depth (m)

b. Dip Distortion

Top Kolje

30°

- g Intra-Kolje
z
é?
Top Knurr
P
Top Fuglen
Top Fruholmen
VE: 5
2km
L I

c. Fault Enhancement

Top Kolje

32767

§ Intra-Kolje
Top Knurr
0
Top Fuglen
Top Fruholmen
VE: 5
2km

[ .

Dip Distortion

Hangingwall ‘

Footwall

RMS Amplitude

1300
o
=
E
5
£
<
:
[=1 T
1300 0 1300
Q
=]
E
5
g
<
:
[=1 T
1300 0 1300
o
=]
E
5
£
<
:
(=1 T =4 T
1300 0 1300
Top Fruholmen
Q b
=]
E
g
g
<
:
=]
1300 1300

Distance to Fault (m)

Distance to Fault (m)

Fault Enhancement

Hangingwall ‘ Footwall
Q
k=
£
= |
g
<
w2
=
4
' 1300
o
=]
2
= |
g
<
2]
=
I~
(=} T
1300 0 1300
o
=
=]
= |
g
<
2]
=
I~
o = T
1300 0 0 1300
Top Fuglen
3 i K
=
2
= | J
g
<
2]
=
I~
(=] (=} T
1300 0 1300
Top Fruholmen
o :
=
E
= |
g
<
2]
=
o~
=
1300 1300

Distance to Fault (m)

Distance to Fault (m)




Juxtaposed Lithology

i <,
Sand =




Fault analysis workflow

Data conditioning

ﬁ

Seismic interpretation using near partial stack

ﬁ

Fault throw analysis and quality control

ﬁ

Dip distortion

C

Seismic attribute analysis

ﬁ

Fault enhancement and seismic fault facies

ﬁ

Seismic amplitude vs. distance to faults
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Highlights:

A fault analysis workflow was applied on seismiarfrthe Snghvit Field, Barents Sea

E-W trending faults show highest dip distortion d@nibw in east of study area

A fault enhancement filter was used to classifyupesvised seismic fault facies

Seismic amplitudes present systematic brightenmbddmming when nearing faults

Fault facies correlate with throw, displacementgrat and mechanical stratigraphy



