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Abstract

High-quality 3D seismic data are used to analyeehistory of fault growth and hydrocarbon
leakage in the Snghvit Field, Southwestern Bar8ets The aim of this work is to evaluate
tectonic fracturing as a mechanism driving hydrboar leakage in the study area. An
integrated approach was used which include seisimierpretation, fault modeling,

displacement analysis and multiple seismic attalautalysis.

The six major faults in the study area are dip-slgpmal faults which are characterized by
complex lateral and vertical segmentation. Theatdare affected by three main episodes of
fault reactivation in the Late Jurassic, Early @cebus and Paleocene. Fault reactivation in
the study area was mainly through dip-linkage. Tiheow-distance plots of these
representative faults also revealed along-strikiealje and multi-skewed C-type profiles. The
faults evolved through polycyclic activity invohgnboth blind propagation and syn-
sedimentary activity with their maximum displacertserecorded at the reservoir zone. The
expansion and growth indices provided evidence tha interaction of the faults with

sedimentation throughout their growth history.



Soft reflections or hydrocarbon-related high-anmyolé anomalies in the study area have
negative amplitude, reverse polarity and are gdlgenanconformable with structural

reflectors. The interpreted fluid accumulations apatially located at the upper tips of the
major faults and gas chimneys. Four episodes af fhigration are inferred and are linked to
the three phases of fault reactivation and Neoggaeations. Hydrocarbon leakage in the
Snghvit Gas Field is driven by tectonic fracturinglift, and erosion. The interpreted deep-
seated faults are the main conduits for shallowrégalbon accumulations observed on

seismic profiles.

Keywords: Faults, Hydrocarbon, Migration, Leakage,Snghuvit.

1.0 Introduction

Fluid-flow or migration is associated with excessefluid pressure which can be attributed
to varying processes such as rapid sediment loadiplgt and erosion, dissociation of gas

hydrate, polygonal faulting, and leakage from seusad reservoir rocks (Doré and Jensen,
1996; Gay et al., 2011; Heggland, 1998; Hovland &amt, 1988; Mienert et al., 2005). Fluid-

flow processes are revealed on seismic reflectioofilps as seabed pockmarks, mud
volcanoes, and methane derived carbonate moundsn @he subsurface as seismic blow-out
pipes, gas chimneys, paleo-pockmarks and amplandenalies (Vadakkepuliyambatta et al.,

2013). In the Barents Sea, glacial lineations amtherg plough marks are also related with

the presence of gaseous hydrocarbons (Andreasaén2108; Chand et al., 2008).

The flow mechanism can be triggered by the presefcsratigraphic boundaries, leaking
faults and an increase in seafloor temperaturendufast deposition of glacio-marine

sediments (Chand et al., 2012). Out of all theigggér mechanisms, the role of tectonism or



faulting in hydrocarbon migration/leakage on coatital margins is still poorly understood.
In the special case of the Snghvit Field, upliftl @mosion was proposed as the major factor
for fluid leakage at the detriment of tectonics alder mechanisms (Cavanagh et al., 2006;
Chand et al., 2008). Cavanagh et al. (2006) andioes Duran et al. (2013) proposed
multiphase erosion including glacial erosion, logdunloading, and Cenozoic exhumation as
the main cause of hydrocarbon migration in the Hanfest Basin. Arvo, 2014 and Ostanin
et al., 2013 sparingly discussed the role of fagHctivation and polygonal faulting as
mechanisms driving fluid leakage in the area. Hetloere is a pressing need to understand
and further investigate the influence of deep-skdeilting as a mechanism for fluid

migration in the Hammerfest Basin.

This work is therefore done to elucidate the growistory and displacement character of
faults in the Snghuvit field, their mode of reactiga and relationship with fluid migration or
leakage. The study area is located in the HamnieBasin between the Loppa High to the
north and the Finnmark Platform to the south. Iséparated from the Loppa High by the
Asterias Fault Complex, from the Tromsg Basin ® west by the southern segment of the
Ringvassgy-Loppa Fault Complex, and from the FimknRdatform by the Troms-Finnmark
Fault Complex (Fig 1a). In this work, the histavf/ fault growth was investigated using
traditional fault displacement plots and the effettfaulting in fluid-leakage is discussed

entirely by analyzing several high-amplitude anaesaidentified from the seismic cube.

2.0 Geological setting
The tectonic history of the western Barents Seabeatnaced back to the Caledonian Orogeny
that strikes through northernmost Norway and naghegards into the Barents Shelf (Barrére

et al., 2009; Gernigon et al., 2014; Gudlaugssoal.et1998; Ritzmann and Faleide, 2007).



The Caledonian fabric is obscured in most partthefBarents Sea, except on Svalbard, by
Late Paleozoic and Mesozoic sedimentary basinsi\iBret al., 2002; Gee et al., 2008).
Extensional tectonics during the Late Paleozoithm western Barents Sea segmented the
basins into a fan-shaped array of block-faultedrisaseparated by highs (Faleide et al., 1984;
Gudlaugsson et al., 1998). The Upper Carbonifermus.ower Permian shallow marine
carbonate with evaporite deposits are overlain Ippdd Permian clastic deposits which

formed in response to the Uralian Orogeny (Johastah, 1992).

The Triassic crustal extension in the North Atlantind locally important differential
compaction over the Late Paleozoic grabens hagglay important role in accommodation
space development (Glgrstad-Clark et al., 201@nbke rifting in the Mid Jurassic to Early
Cretaceous occurred in the Southwestern Barents (Sa&laide et al.,1993; 2008). The
westward shift in extensional rifting increased thicknesses of megasequences with time
towards the present day continental-ocean bouridaghe Southwestern Barents Sea (Klitzke
et al., 2014). In the Late Cretaceous to Paleoctme, breakup between Norway and
Greenland was taken up by strike-slip movementsgatbe De Geer Zone. The Southwestern
Barents Sea margin developed during the Eoceneirgpef the Norwegian-Greenland Sea
(Faleide et al., 2008). The passive margin evoivetesponse to subsidence and sediment
loading during the widening and deepening of thewégian-Greenland Sea. Uplift and
glacial erosion during the Pliocene to Pleistocesnesed deposition of deep marine fans in the
adjacent oceanic domains along the northern antemwepassive margins (Doré and Jensen,

1996; Henriksen et al., 2011).



The Hammerfest Basin was probably initiated by esitenal tectonics in the Carboniferous
(Berglund et al., 1986). This caused tilting of ttmppa High and Hammerfest Basin in the
Late Carboniferous to Early Permian with reactmatiof the underlying basement fault
trends. Differential basin subsidence with depoeenin the northeastern and southwestern
part of the Hammerfest Basin during the Permiamaded with the reactivation of the
Troms-Finnmark Fault Complex and showed that theeess Fault Complex was not active
during this period. This provides evidence that themmerfest Basin was structurally

continuous with the Loppa High at this time (Berglet al., 1986).

Early Triassic sediments onlap onto north to soatiented structural highs and indicate
tectonic reactivation during this period. The Ldwassic was a period of quiescence and
deposition. Evolution of the margin in the LateaBsic to Mid Jurassic was largely controlled
by the interplay of tectonic subsidence, eustaa&lsvel changes and sediment input. The sea
level rise during the Mid Jurassic led to the dépms of the Stg Formation (Berglund et al.,
1986). This formation is the main reservoir in Brzhvit field, and represents a tectonically
controlled transgressive wave-dominated estuarieg@n et al., 2005). Subsequent erosion of
structural highs and deposition was restricteddth Ishallow and deep marine deltas along
the northern and southern margins of the basire§@it et al., 2005). However, the initial
sediment distribution was controlled by doming awpanied by E-W trending normal
faulting (Faleide et al., 1984) and with the forroatof horst and graben structures. During
the Late Jurassic, the syn-rift Hekkingen Formatwas deposited in a deep marine
environment and is the main source rock in thererarents Sea (Berglund et al., 1986).
Marine sedimentation started as a result of trassgon of the central part of the Hammerfest

Basin during the Mid Paleocene. A SSW progradadiosediment from the platform areas to



NNE of the basin occurred during the Late PaleocBnbsidence and continued erosion was

dominant during the Oligocene and Miocene (Knutseeh Vorren, 1991).

3.0 Data and Methods

This study uses pre-stack time-migrated (PSTM) &smsic data covering an area of
approximately 486 kfin water depths of 250 to 360 m in the Snghvit Biatd. The seismic
data consists of 825 inlines and 3775 crosslinss) eneasuring approximately 47 km and 10
km in length respectively. The inlines are orieniteé NNE-SSW direction perpendicular to
fault strike, while the crosslines are orientedafiat to fault strike. During data acquisition, a
dual airgun was used working at a sampling ra# wis (Nyquist Frequency of 250 Hz). The
interpreted seismic volume has bin spacing of ¥212.5 m. Vertical resolutions (i.eJ/4) of
the seismic volume are approximately 10 m for siwalhorizons and 15 m for deeper

stratigraphic units. The lateral resolution is ddadhe bin spacing, which is 12.5 m.

The main methods used in this work include: (1) pirag of the horizons, faults, and high-
amplitude anomalies (2) fault and horizon modell{y fault displacement analysis and (4)
multiple seismic attribute analysis using root meguoare (RMS) amplitude, variance and
chaos and geobody extraction. The first task inpmapthe horizons is well-to-seismic tie in
which formation tops from the boreholes were linkedheir time-equivalent reflectors on the
seismic data. The horizons in this work were inetgd using the 2D and 3D auto-tracking
tool in Petrel®2015 across individual seismic desfi Subsequently, the interpretation was
extended into the seed grid at inlines and crasdpacing of 10 (equivalent to 125 m). The

complete grids were later converted into surfanesder to generate thickness maps.



Faults were manually interpreted across seismidilgsoperpendicular to fault strikes at
intervals of 62.5 m (5 inlines or crosslines). Fadisplacement data such as the plot of
displacement- distance (t-x), throw-depth (t-z)paxsion and growth indices, were used to
interpret the history of fault growth, linkage ameactivation. The vertical (throw) dip
separations were measured at fault cut-off pointshe hanging-wall and footwall sections.
In order to make throw-depth (t-z) plots, the thraas determined across the faulted
horizons and then plotted against depth to the anndp between the respective hanging-wall
and footwall cut-offs (Hongxing and Anderson, 20B&geve et al., 2015). These plots provide
insights into potential reactivation of faults byp-dinkage (Mansfield and Cartwright, 1996;
Tvedt et al., 2013), and also for distinguishinglta that developed through syn-sedimentary
activity from those that grow through blind or raldpropagation of their tips (Omosanya and

Alves, 2014).

Furthermore, the expansion index (El) and growttein(GI) were used to define the periods
of most significant fault growth for normal faulf§horsen, 1963). El is the ratio of footwall
to hanging-wall strata thickness, while Gl is th&a of the difference in thicknesses between
the hanging-wall and the footwall strata dividedtbg thickness of hanging-wall strata. Gl is
a measure of relative throw rate to the sedimemtatte in the footwall (Pochat et al., 2009).
Fault framework modeling of all the mapped faultaswdone in the time domain and an
average interval velocity of 2 km/s was used tawate the dip and dip direction of the
faults. Graphical analysis of the faults includes tise of rose diagrams and equal area plots

to identify the orientation of the faults.



High-amplitude anomalies with opposite or revergadiarity to the seabed reflector are
characterized as “soft reflections” i.e., fluid keges or accumulations in the subsurface
(Alves et al., 2015). Once the high-amplitude aal@s were identified, seismic attributes
were extracted from the seismic volume to furthealygze the high-amplitude anomalies and
assess their relationship with stratigraphy or gaqinic features. The seismic attributes used
include RMS amplitude, chaos, and the geobody etitwa Root Mean Square (RMS)
amplitude was computed between the horizons and teseletect the occurrence of high-
amplitude anomalies (HAA). RMS amplitude is ca#tat as the square root of the sum of
the squared amplitudes divided by the number of ptasn(Brown, 2004). The RMS
amplitudes combined the effect of positive and tiegamplitude that is possibly due to the
presence of hydrocarbons or other fluids. Hence,SRMnplitude seismic attributes are
sensitive to sandstone-bearing depositional systnftuids in a siliciclastic environment
(Brown, 2004). Chaos attribute maps the chaotioaigattern contained within a unit of
seismic data and it is a measure of the "lack @awization” in the dip and azimuth
estimation method. Chaos in the signal can be taffleby gas migration paths, salt body
intrusions, and for seismic classification of chadexture. The combined attributes were
used to show the fluid migration pathways, delieegtas chimneys and static fluid

accumulations.

Results

4.1 Seismic stratigraphy of the study area

Eleven interpreted horizons were used to dividedinatigraphy of the study area into ten
units (Figs. 2 and 3). These units reflect theurrfice of faulting and presence of soft
reflections. Thickness variation across the faulseduence is displayed using Two Way

Travel Time (TWTT) thickness maps (Fig. 4). The ésmost Unit 1 is Carboniferous in age



(Gabrielsen et al., 1990). Unit 1 is composed athbsiliciclastic deposits and carbonates
(Ohm et al., 2008). Units 2 and 3 consist of Penméacks, while Unit 4 includes the Triassic
Fruholmen, Snadd, and Kobbe Formations (Ohm e2@08). The reservoir zone is Unit 5a,
which consists of Tubaen, Nordmela and Stg Formatfoom bottom to top (Fig. 2). The

thickness of the reservoir zone varies from 15@Q@6 m (Fig. 4d). Unit 5b comprises the
Middle Jurassic to Lower Cretaceous Fuglen, Heldsngnd Knurr Formations. Units 6 to 8
comprise the Kolje, Kolmule and Kviting Formatio(fsg. 2). Unit 9 represents the Torsk
Formation (Figs. 2 and 3). The horizon (Ha) atttyeof the unit marks the upper tips of the
major faults, gas chimneys and the shallowestrediftctions. The topmost unit in the study
area is Unit 10. The base of Unit 10 correspondbeadJpper Regional Unconformity (URU),

which marks the commencement of Pliocene-Pleismgéarciations in the entire Barents Sea.

4.2 Interpreted faults

Based on their depth of occurrence, the interprédetts are: (1) Type A or major faults,

which are faults offsetting the reservoir zone artknding down to the Triassic, Permian and
Carboniferous formations. They are the deep-sefatadts numbered F1 to F6 in Figs. 3, 4
and 5a; (2) Type B or intermediate faults, whicle @ommon within the Paleocene to
Pliocene Formations (Fig. 5b), and (3) Type C onanifaults interpreted within the Late

Cretaceous and Eocene intervals (Fig. 5c). The miajdts are extensive laterally (i.e. > 10
km in length) and are vertically continuous dowrdapths of 3000 m and more (Fig. 3 and

6). The intermediate and minor faults are founshatilow depths (Figs. 3, 5b and 5c).

Furthermore, Type A faults strikes mainly in E-WEI$W and ENE-WSW directions, with
dips to the SE and NW (Fig. 5a). The E-W faultslzwanding the Snghvit field to the north

and south. On the other hand, the NE-SW strikindtgatip out upward to shallower depths



(600 ms TWTT) and downward to the Carboniferousnttrons. Prominent fault drag was
observed along some of the major faults within 86 and U5. This includes both normal

and reverse drags occurring along horizons H4,dbH6 (Fig. 6).

4.3 Displacement analysis for the major faults

Throw versus depth (t-2) profile

F1 has a gentle negative t-z gradient (-3.4) arwledses in throw with depth from its basal
tip to horizon H8 (Fig. 7a). F1 has its maximunothkrof ~140 m on horizon H5 and up from

H3 the gradient is steep and the throw decreasds upnimum of ~10 m and zero at the

upper tips (Fig. 7a). The lower parts of F2 andh&te similar t-z profiles. F2 has a negative
t-z gradient (~5.5) and decreases in throw as deptleases, although with an increase in

throw from its base to H4. Maximum throw of ~130nas estimated for F2 at H5 (Fig. 7b).

F3 has a very gentle t-z gradient at its lower pad decreases in throw upward. Below H4,
the gradient becomes steep, negative (~2.8), daditecreases further to H5. The maximum
throw of ~65 m was measured at H5 (Fig. 7c). F&uF4) has a steep gradient on its lower
part with a maximum throw of ~70 m on H5. The thrdecreases from H6 upward and
becomes zero at H7 (Fig. 7d). Similarly, F5 hateasnegative gradient at its lower part and
the throw increases towards H4 with maximum of ~&ilBetween H4 and H5 (Fig. 7e). The

throw decreases from H5 to its upper part with sitpe@ t-z gradient. F6 and F4 have positive
t-z gradients throughout their profiles and witmte gradients in the lower parts, which

decrease toward the middle part of the profileg.(Fd and 7f).
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The t-z profiles show complex vertical segmentatainthe faults. The profiles include
skewed C-type (F1, F2 and F5), C-type (F4) and petyF3 and F6) profiles (Fig. 7).
Displacement minima indicative of dip-linkage aeeis on three faults (F1, F4, and F6). In
addition, all the faults show little or no variation the location of their point of maximum
displacement (gy). The point of d.x for all the faults is at H5 except for fault F@&tthas it

dmaxat H3 (Fig. 7).

Displacement versus distance (t-x)

The displacement-distance (t-x) plots for the méoits show multiple segments along strike
on horizons H4, H5 and H6 (Fig. 8). The t-x prdfileclude multi-skewed C-type profiles
and with variable maximum displacement,{gl on each of the horizons (Fig. 8). F1 has
maximum displacement on horizon H5, with thg,dat the center, which becomes zero
towards the tips. Displacement for F2 is frequentignging along H4 (Fig. 8a). The t-x plot
for F2 along H5 increases from its origin and reschp to 370 m maximum displacement
(Fig. 8a). The t-x plots for F2 are similar to 11 horizons H5 and H6. However, an increase

in gradient is noted towards H6 (Fig. 8a).

F3 has t-x plots that generally increase with tiséadce from the origin (Fig. 8a). These plots
have distinctive segments. Maximum displacemenipto 700 m was estimated for F3 on
H5 (Fig. 8a). In contrast to F3, the t-x plots f&# and F5 show decreasing displacement
from the origin (Fig. 8b). Maximum displacementsatout 550 m and 100 m are estimated
along H5 for F4 and F5, respectively. However, bfathlts exhibit multiple segments at

different stratigraphic levels (Fig. 8b). F6 has thimplest t-x profile with maximum
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displacement also noted on H5. Generally, the Iex ipcludes the C-type (F1, F2), skewed

C-type (F3, F4 and F5) and M-type (F6) profiledvafraoka and Kamata (1983).

Expansion and growth indices

F1 has expansion indices greater than 1 for U5,abé U8 which implies thickening of
sediments in the hanging-wall section of the f@kig. 9). No change in El was observed for
units U4 and U7 while strata thinning at U9 is gigd by El < 1 (Fig. 9). The maximum
expansion index of F1 occurs on U5b. The maximuowtr index was recorded on U8 (Gl =
0.018; Fig. 10). The expansion indices along F2astiockening of hanging-wall strata on
Unit 5 and no change in thickness from U6 to U9 (B). In contrast, the growth index of U5
is negative and > 0 from U7 to U9. For F3, the egoan indices are almost 1 on all of the

units except U5. The maximum growth index is on(028).

In addition, EI and Gl for F4 revealed thickeningtbe hangingwall strata of U6, U7 and U9
and thinning on U4, U5 and U8 (Figs. 9 and 10). sivaf the units have negative Gl values.
On U6, the growth index approaches 0.5 justifyimg teverse drag observed on the seismic
sections (Figs. 6 and 10). The reverse drag onsUfe reason for the minimum Gl of - 2
estimated along F3. For F5, there is strata thicigean U5b, U6, and U9 (Fig. 9 and 10) with
no variation in thickness of the hanging-wall of (B2 = GI = 0). The maximum expansion
and growth indices measured on U5b along F5 ararid10.3, respectively. F6 does not show
any thickness variation on U4, U5a and U6. The maxn El of 1.4 and GI of 0.3 were

recorded on U5b (Figs. 9 and 10).

4.4 Interpreted high-amplitude anomalies (HAA) andvertically focused fluid-flow
'Soft reflections’ anomalies in this work are thiougo be related to subsurface fluid

accumulations and were mapped based on the foldpwiiteria; (1) their high amplitude
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values, (2) opposite polarity to the seabed raflsgtand (3) conformity to the background
reflectors (Alves et al., 2015; Calvés et al., 2008ne soft reflections were interpreted and
are shown in Figs. 11 and 12. The anomalies argafipalominant in the eastern and western
parts of Unit 9. Most of the anomalies (Al, A2, A&, A7, A8) occur approximately at the
same stratigraphic level within the Torsk Format{6@0 to 700 ms TWTT) while anomalies
A4 and A5 are mapped within the Kveite/Kviting Fations (Fig. 12). The geometry and

character of each of the anomalies are summanzédble 1.

Relative to the major faults, most of the soft eeflons are located on the hanging-wall
section of the major faults (Fig. 13). In additidine seabed fluid-flow features line up along
the upper tips of some of the faults. Most of tlheseyved pockmarks and buried pockmarks
lie over the fault tips (Fig. 14). The seabed poaki are not restricted to the upper tips of
the major faults only but also found close to thallew and intermediate faults. Several
glacial plough marks or burrows are also notedhenseabed. These structures show strong

interaction with some of the pockmarks (Figs. 1dd &4c)

Evidence of vertically focused fluid flow in theusly area include gas chimneys (Fig. 15).
Three major gas chimneys are interpreted from hlia®€ seismic section. The chimneys were
later isolated from the seismic volume using gegbextraction (Fig. 15). Geometrically,
they include tabular-shaped (Chimney 1), cone-shd@himney 2) and a Christmas tree
structure (Chimney 3) (Fig. 15). The gas chimnexy®nd from about 2900 ms TWTT (~3
km). They have area coverage of about 1Z ké® knf and 17 kA, for Chimney 1 to
Chimney 3. Some of the high-amplitude anomaliesadt reflections are found at the upper

section of the major gas chimneys (e.g., A1, A6 A8jl
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5.0 Discussion

5.1 History and growth of faultsin the study area

Faults in the study area are normal dip-slip fawits both reverse and normal drag on their
hanging-wall sections. The observed fault drag iesplmechanical heterogeneity and
complex evolution of the faults. In addition, thesplacement plots in Section 4.3 provide
useful insights into fault nucleation, reactivatiand interactions through time. These plots
revealed complex fault segmentation along the estaihd dip of the faults (Figs. 7 and 8). T-z
plots for the major faults show that all the faultave multiple segments (Fig. 7). For

example, F4 has two segments, one from H8 to Htamdther from H7 to H4. This pattern

is the same for the other faults. Similarly, thegrofile across H4 to H6 varies for each of the
faults suggesting variable lateral segmentatiom@lstrike and across different stratigraphic
intervals (Fig. 8). Hence, the major faults in gtedy area have complex lateral and vertical

segmentation.

Based on the t-z profiles, the faults are groupal three types: (a) Those characterized by a
centrally located point of maximum displacemeni.(dand general decrease in gradient at
their upper and lower tips e.g., F1, F2 and F5p(bjiles with an upward increase in gradient
e.g., F3 and F4, and (c) profiles characterizedviny points of ¢@.x where the upper tip
displays a gradual decrease in fault throw e.g.,Gécerning fault nucleation, all the faults
have their point of maximum displacement at horittih except F6. Hence, if the point of
nucleation coincides with the point of maximum dksement, then most of the deep-seated
faults are nucleated in the reservoir zone. Howether points of maximum displacement can
vary as a function of mechanical heterogeneitylt fsggmentation, and linkagef( Cowie,

1998; Peacock and Sanderson, 1991).

14



As for the mode of fault propagation, a multipledaoof fault propagation including radial
propagation and syn-sedimentary activity is inférfer the faults from Figs. 7 to 10. For
example, F1 provides evidence of syn-sedimentaryitycfrom horizons H4 to H6 while the
rest of the profile has a blind propagation chaa(tig. 7a). The lower part of F1, F2 and F5,
and the upper part of F4 exhibit syn-sedimentaunit fgrowth (Fig. 7). Only F3 and F6 show
that they developed solely through blind propagawb their tips as they have elliptical to
sub-elliptical profiles with a centrally locateg.d (Fig. 7). In terms of their interaction with
sedimentation, the growth and expansion indicesalethat some of the major faults are syn-
sedimentary at their upper most sections while retltkd not interact with a free surface
during their growth (Fig. 9). Hence, the majorititioe faults have expansion indices of > 0.1
suggesting that strata growth on their hanging-watition exceeds the footwall section. F1
has a t-z profile with both syn-sedimentary anchdlcharacter. At horizons H4 to H6, the
faults propagated by syn-sedimentary activity, Fhswalso formed coevally with
sedimentation but was never exposed above anyeosttatigraphic units during its growth.
Hence, the majority of the deep-seated faults i@maed by coalescence of initial isolated

fault strands which were later reactivated alorggdip direction i.e. dip-linkage.

Evidence of reactivation by dip-linkage is indichtas displacement minima along the t-z
profiles of F1, F4 and F6 (Figs. 7a, 7d, and 7Rede points of displacement minima indicate
that the upper and the lower segments of F1, F4&nithve been linked along dip over time.
Fault reactivation by dip linkage was only inferfed the deep-seated faults. In the study area
we propose that the non-reactivated faults incltlethe shallow faults and (2) intermediate
faults terminated in Unit 5 within the Upper Cretaas to younger formations (Fig. 5). This
is an indication that fault reactivation was donminprior to the Late Cretaceous presumably

at the end of the Late Jurassic. Evidence of adietonics during the Late Jurassic is
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signified by Faults F1 and F2 by the significaname in their t-z profiles at horizon H6
(Upper Jurassic). The displacement minima or digage is noted at horizon H7, which is
Lower Cretaceous. In addition to this, minor evigeef fault reactivation during Paleocene
times is shown by F1 at the base of the Torsk FoomaTherefore, three episodes of fault
reactivation in Late Jurassic, Early Cretaceouskantly Paleocene times are proposed for the
study area. The presence of the shallow faults elunit 8 implies that they were probably
formed after the main phases of fault reactivat®eactivated faults in this study have greater
throw values than their non-reactivated countespafin average throw value of 100 ms

TWTT (100 m) was estimated for the reactivatedtfaul

Three modes of fault reactivation are suggestedther deep-seated faults (a) upward
reactivation of pre-existing (b) dip-linkage and $trike linkage. Upward reactivation of pre-
existing faults is indicated by the reverse drageobed on some of the faults. Fig. 6 shows
that the fault between F6 and F2 has opposing dirags H4 to H5. An indication that
normal drag was developed at the level of H4 whaleersed drag occurred in response to
fault reactivation between H5 and H6. Reactivatipn dip-linkage occurs when initially
isolated fault sets coalesced into a single coliesgncture by accumulating displacement
over time. Dip-linkage is marked on t-z profiles digplacement minima connecting separate
segments of a faultc{. Mansfield and Cartwright, 1996; Omosanya and Alv2g14).
Similarly, reactivation of fault by strike-linkagecurs when interact and link along strike. T-
x plots for F3, F4 and F6 show consistent skewnessrds particular directions. On the
other hand, the profiles for F1, F2 and F5 are enlysistent at the upper horizons i.e., on H5
and H6. T-x for F5 is skewed towards the left at &l H6 and later to the right on H6.
Based on this asymmetry or variability of the tmofes across different stratigraphic levels,

we conclude that these faults were formed due togabtrike reactivation or linkage. At
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different levels, the individual faults would bearhcterised by overlapping fault segments,
which interact and coalesce into a single faulbglstrike over time. In map view, these faults
will show two segments in different directions frahre lower to the upper parts while in

seismic sections they would appear as single faults

5.2 Implications of fault growth and reactivation for hydrocarbon migration

The timing of fault activity has direct implicatisron hydrocarbon migration in the study
area. Different indicators are proposed as evidehat the deep-seated faults are leaking.
The first piece of evidence is the spatial proxynot the soft reflections (HAAs) with the
major faults (Fig. 13). It is shown that the hydadzon-related anomalies are located on and
are intersected by the major faults. The secondeped evidence is the high throw values
estimated for the major faults at the reservoirezadigh fracturing has led to leakage or
migration of hydrocarbons from the reservoir rocksese high throw or displacement values
along the reservoir zone are thought to be reltigtie high degree of reactivation. Further
evidence is the presence of gas chimneys that p¢@et! the way upward from the Triassic

(Snadd and Kobbe Formations) to the Torsk Formation

As for fault reactivation, the drags interpretedldmit 5 show that the fault zones are highly
fractured and that majority of the reverse dragsewdeveloped during reactivation. The
multiple fault segments noted on the displacemdatspalso point to a high degree of
fracturation along the faults. Fault reactivatiananechanically fracture and brecciate fault
zones creating secondary porosity, which can tatdihydrocarbon spill from the reservoir.
Since the soft reflections are intersected and satgd by the shallow faults, it implies that
the fluid accumulations have migrated to their eatrstratigraphic position before the onset

of the Late Paleocene to Eocene faulting. Basethisn the last episode of fluid migration
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from the source rock to the shallow subsurface rmcdation is likely before the Paleocene-
Eocene faulting. Here, the shallow fluid accumolasi are unaffected by the Late Cretaceous
faults as observed from seismic sections and RM$lirde time slices. Therefore, it is
suggested that the first phase of fluid migratiaswluring the Late Jurassic. The second and
third phases of fluid migration are linked to thaté Cretaceous and Paleocene fault
reactivations. It is quite theoretical to constriia degree of fluid migrated during each phase
of fault reactivation. Nonetheless, the degreeandtfreactivation during Late Cretaceous is
relatively less, which in turn implies that the amb of hydrocarbons leaked or migrated

during this period was probably less relative tteLurassic and Paleocene times.

Pockmarks and furrows/plough marks on the URU aabed provide evidence that fluid-
flow was active during the early stages of glaomtand is an ongoing process in the study
area (Fig. 14). The URU corresponds to the baskeeoQuaternary deposit in the Barents Sea
and it is recognized as an erosional boundary.Qi&ernary unit is composed of glacigenic
sediments deposited during the latest glaciatiorth@a entire Barents Sea (Dalland et al.,
1988). The URU separates the glacigenic sedimemns deeper, non-glacial and well-bedded
rocks in the study area. Based on the large nuibgockmarks documented on the URU, a

phase of fluid migration may have taken place keetbe last glacial maximum (LGM).

5.3 Source of hydrocarbons and migration pathways

The plumbing system and the conceptual model fdrdgarbon migration in the study area
are presented in Figs. 15 and 16. The nine sdéatedns have reversed or opposite polarities
to the seabed, negative high amplitudes, and carcléssified further based on their

conformability with their background structural legftors. The first group of anomalies is

structurally conformable and the anomalies arenaligin the same direction as the
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background reflectors, e.g., A4, A5 and A9 (Fig). Based on their flatness, these anomalies
are difficult to interpret as flat spots especialligen the seismic volume is interpreted in the
time domain. Alternatively, their flat geometry mamply that they are static fluid
accumulations. In addition, this group of anomaigerot spatially related to the major faults
and is controlled largely by the stratigraphic eomorphic structures. Anomalies A4 and A5
are hosted in Unit 8 while A9 is hosted in UnitThe second group of soft reflections (A1,
A2, A3, A6, A7 and A8) is structurally unconformabio the background reflectors and is
also interpreted as fluid accumulations. They argtdd in Unit 9 and spatially located on the

upper parts of the major faults.

Apart from the soft reflections, other fluid flowdtures interpreted in the study area include
pockmarks and gas chimneys (Figs. 14 and 15). dlaes area for hydrocarbons in the study
area may include; (a) Triassic formations, sin@ghs chimneys extend from Unit 4 upward
to the Eocene, Unit 9, and (b) Jurassic interval®ugh which the deep-seated faults
intersected (Fig. 13). Figure 15 indicates that gas chimneys emerged from H6 and the
units below it. The areal extent of acoustic maglkassociated with the chimneys increases
upward from the reservoir zone indicating that mbyelrocarbons were leaked from the
reservoir through the chimneys. The geometry ofedkt&acted chimneys also point to the
likely mode of fluid leakage. Chimney 3 with a Gitmas-tree geometry signifies episodic
fluid leakage where the fluid were leaked at défdgrtimes. The other chimneys on the other

hand show evidence of regular and consistent lea&afjuid in the study area.

Faults unlike chimneys can act as either barriernoduits for fluids depending on the nature

of the fault. Brecciation and fracturing can enlermorosity, permeability, and fluid

migration pathways across fault zones. Converdalylt-related diagenesis, clay smearing
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can block the permeability of the fault zone in g¥hcase it will act as a subsurface fluid-flow
barrier €f. Ferrill and Morris, 2001, Yielding et al., 1998ince most of the hydrocarbon-
related anomalies are located on the hanging-uwadl of the deep-seated faults and the fact
that the throws estimated along most of the faalts more than 30 ms (30 m), it is
hypothesized that the deep-seated faults in thelystrea were initially barriers to
hydrocarbon migration. However, the sealing intygrof the faults was presumably
compromised during the different phases of faudictigation. Therefore, the present-day
configurations of the faults on the contrary suggé®y are the primary conduits for
hydrocarbon migration in the study area. The degfefault segmentation and reactivation
provides proof for fluid leakage and transmissibrotigh the faults. Hence, the mechanism
for hydrocarbon leakage in the Snghvit Gas Fielthisugh tectonic fracturing. At shallow
levels or during the proposed fourth episode atifmigration, hydro-fracturing is thought to
be enhanced by uplift and erosion which are thenrpeacesses driving fluid migration during

the glaciation periods (see also Chand et al., 20%tanin et al., 2013).

6.0 Conclusions

* Six major deep-seated faults extending from thedd@arboniferous to Eocene rocks
are linked with hydrocarbon migration in the Snglwas Field, Hammerfest Basin.
These faults have their maximum throws at the Midhlirassic reservoir interval. The
throw and displacement profiles of the major fauiseal polycyclic fault history
involving both blind propagation and syn-sedimentmtivity.

* The expansion indices of the deep-seated majaisfarg consistent with displacement
analysis and show strata thickening along the mapgiall side of the reservoir zone.
The growth indices suggest that the major faulisractted with the free surface during

their evolution, except for F6, which is a blindilta
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The faults have complex lateral and vertical sedgateam or linkage. Most of the
major faults interacted and linked along the strkeection. Fault reactivation was
dominantly through dip-linkage. Three phases ofltfiactivation in the Late Jurassic,
Early Cretaceous and Paleocene-Early Eocene apes®d for the faults.

Nine hydrocarbon-related anomalies are mapped anttiple seismic attribute
analysis was employed. The anomalies are spat@ibted in the upper parts of the
major faults and on top of the gas chimneys. Sithebe hydrocarbon anomalies are
unconformable with structural reflectors and ardenpreted as static fluid
accumulations. The structurally conformable sofflections are stratigraphically
controlled and have no spatial relationship with deep-seated faults.

The major deep-seated faults are the main hydrooantigration pathways from the
Triassic source rocks and the Jurassic reservinirther leakage to the seabed was
through the younger Paleocene to Early Eocenestaliie main driving and trigger
mechanisms for fluid-flow in the study area aretdew fracturing and/or hydro-
fracturing. Fluids or hydrocarbons migrated latgrahd vertically from Jurassic and
Triassic units into shallow levels. Fluid-flow is active process in the Snghvit Gas

Field as is evidenced by the presence of presgnsekzbed pockmarks and furrows.
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Table 1: The geometry and orientation of the fluid-related high amplitude anomalies. Average
length of the anomaliesistwice of their width.

SN Length (m) Width (m) Aspect ratio | Shape Elongation direction
Al 4252 2534 0.6 Spheroidal NW-SE

A2 3615 1302 0.4 Ova NW-SE

A3 3272 1248 0.4 Spheroidal NW-SE

A4 3827 1953 0.5 Spherical E-W

A5 2340 983 0.4 Sub-spherical NW-SE

A6 7549 3648 0.5 Rectangular N-S

A7 6942 4111 0.6 Oval and disseminated | NW-SE

A8 4942 2990 0.6 Oval N-S

A9 681 362 0.5 Sub-angul ar NW-SE
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