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Abstract 


2D seismic and well data have been used to understand the geological evolution of the SW 
 Barents Sea by interpreting different seismic units and to evaluate their role in distribution of 
 fluid  migration  system.  Eight  seismic  unit  including  seafloor  are  identified  in  the  study area 
 based  on  well  tie  with  seismic  data.  Torsk  and  Kolmule  formation  show  western 
 progradational pattern suggesting deposition during relative sea level fall. Stappen High and 
 Loppa High appear to act as main sediment source area in western margin of SW Barents Sea. 


The  distributions  of  fluid  flow  features  are  significantly  higher  in  western  part  than  in  the 
eastern  part  of  study  area.  The  distribution  of  fluid  flow  show  direct  relationship  with 
structural elements of SW Barents Sea although net erosion might have had added effect on 
fluid  migration  process.  The  late  Jurassic  Hekkingen  formation,  are  considered  as  the 
widespread source rock in western Barents Sea. In addition to this, lower Cretaceous unit and 
Snadd  formation  are  potential  source  rock  in  the  study  area.  Among  the  various  observed 
fluid flow features were gas chimneys, leakage along faults and high amplitude anomalies. Gas 
chimneys were most abundant fluid flow features in the study area. The location of chimney 
structures  are  associated  with  major  fault  complexes  in  the  study  area  suggesting  close 
relation between the fault and fractures. The inferred gas leakages are closely related to the 
Cenozoic  evolution  of  the  Barents  Sea,  and  are  possible  caused  by  gas  expansion  due  to 
removal of overburden of sediments from the Barents Sea. 
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1. Introduction: 



Objective: 


The  objective  of  this  master  thesis  is  to  contribute  to  a  better  understanding  of  the 
 stratigraphic  development  of  the  late  Paleozoic,  Mesozoic  and  Cenozoic  sedimentary 
 succession  in  the  SW  Barents  Sea  and  their  underlying  geological  processes  and 
 mechanisms.  The  large  stratigraphic  framework  chosen  herein  does  allow  for  a  general 
 overview of geologic evolution and its impact on fluid flow. It is not within the scope of the 
 thesis  to  study  every  stratigraphic  formation  and  fluid  flow  feature  in  detail.  The  study  is 
 based on two dimensional (2D) seismic data and a total of 64 wells have been integrated in 
 the study for better understanding of lithostratigraphy, physical properties and depositional 
 environmental of the subsurface environment.  


Fig1: Bathymetric map of the Barents Sea with black square indicating location of study 
area (modified from Henriksen et al., 2011b) 
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1.2 Geological Framework of Barents Sea: 



1.2.1 Regional Geological evolution of Barents Sea:


The  main  tectonic  phases  setting  the  Geological  framework  of  the  Barents  Shelf  are  the 
 Timanian, Caledonides and Ural Orogenies, Proto-Atlantic rifting in the west, the opening 
 of  the  Euramerican  basin  in  the  north  and  the  subsequent  breakup  and  opening  of  the 
 Northern North Atlantic Ocean along the western margin of the Barents Shelf. (Smelror et 
 al., 2009) 


The  Barents  Shelf  comprises  a  wide  range  of  deep  sedimentary  basins  that  formed  in 
 response  to  different  geological  processes  during  a  complex  geological  history.  In  some 
 places the sedimentary succession exceeds 15 km in thickness. The eastern Barents Sea is 
 underlain by a wide and deep sedimentary basin  that extends for more than 1000 km in  a 
 north-south direction. (Faleide et al., 1993a.b; Gudlaugsson et al., 1998) 


The post-coledonian geological history of western Barents Sea has undergone three major 
 rift  phases  from  late  Devonian-Carboniferous,  middle  Jurassic-early  Cretaceous  and  early 
 Tertiary  (Faleide  et  al.  1993,  2008).  The  Barents  Sea  continental  shelf  is  dominated  by 
 ENE-WSE to  NE-SW and NNE-SSW to  NNW-SSE structural  trends. The eastern part of 
 the Barents Sea has been relatively stable since late Carboniferous, while the western part 
 of  the  Barents  Sea  has  been  tectonically  active  from  Late  Paleozoic  (Gabrielsen  et  al., 
 1990). 


Most of the part of Barents Sea has affected by crustal extension during late Paleozoic time 
 characterized by westward migration of the rifting, formation of well-defined rift and pull-
 apart basin in the southwest and development of strike-slip faults in the north. The Atlantic 
 and Arctic regions are linked by transcurrent-transform zone separating the Barents Sea and 
 Greenland shelves during late Mesozoic and Cenozoic times. (Faleide et al., 1984) 


A  series  of  sedimentary  basin  from  the  Rockall  Trough  and  northward  (Faeroe-Møre-
Vøring basins) formed as a result of subsidence due to Jurassic-Cretaceous rifting. The SW 
Barents  Sea  was  located  in  a  region  of  rift  shear  interaction  having  affinities  to  both  the 
North Atlantic and Arctic region. (Faleide et al., 1984) 
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During  late  Paleozoic  times,  300  km  wide  rift  zone,  extending  at  least  600km  in  a  north-
 easterly direction was formed. The rift zone was a direct continuation of north east Atlantic 
 rift between Greenland and Norway. The rift zone had a fan shaped array of rift basin and 
 intrabasinal  high  with  orientation  ranging  from  north  easterly  in  the  main  rift  zone  to 
 northerly  at  the  present  western  continental  margin.  From  the  beginning  of  late 
 Carboniferous  the  tectonic  development  was  dominated  by  regional  subsidence.  This 
 development was interrupted by a Permian to early Triassic rifting phase and the formation 
 of North trending structures in the western part of the rift zone. The late Devonian-middle 
 Carboniferous rift phase results in the formation of several interconnected extensional basin 
 filled  with  syn-rift  deposits  and  separated  by  fault-bounded  highs.  SW  Barents  Sea  is 
 dominated by structural trends striking from north-east to north (Gudlaugsson et al., 1998). 


Since  middle  Jurassic  time  SW  Barents  Sea  comprises  of  two  main  stages  including  late 
 Mesozoic  rifting  and  basin  formation  and  early  Tertiary  rifting  and  opening  of  the 
 Norwegian-Greenland Sea. (Faleide et al., 1993a,b) 


The SW Barents Sea province developed within the De Geer Zone having affinities to both 
 the  North  Atlantic  and  Arctic  regions  initially  as  an  area  of  oblique  extension  linking  the 
 Arctic  and  North  Atlantic  rift  system  (middle  Jurassic-early  Cretaceous),  then  in  a 
 continental mega shear setting (late Cretaceous-Paleocene) and finally a combined sheared-
 rifted  margin  setting  during  opening  of  Norwegian-Greenland  Sea  (Eocene-Present) 
 (Faleide et al., 1984) 


The western part of the Barents Sea has been the tectonically most active sector throughout 
 Mesozoic and Cenozoic times whereas eastern and northeastern parts have relatively stable 
 platform with less pronounced tectonic activity. (Smelror et al., 2009) 


Various structural  elements  can be recognized in  Barents  Sea on the basis of sedimentary 
fill, tectonic style and crustal structure includes; Lofoten Basin formed during the Cenozoic 
opening  of  Norwegian-Greenland  Sea  and  the  Vestbakken  Volcanic  province.  Various 
Cretaceous  and Early Tertiary basin  (Harstad,Tromsø,  Bjørnøya and Sørvestsnaget  Basin) 
separated  by  Intrabasinal  Highs  (Senja  Ridge,  Veslemøy  High  and  Stappen  High)  and 
Mesozoic basin including Hammerfest Basin,  Loppa High, Fingerdjupet subbasin.(Faleide 
et al., (1993; 2008) 
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The  western  Barents  Sea  sediments  is  underlain  by  late  Silurian  to  early  Devonian 
 metamorphic  basement  (Faleide  et  al.,  1984,  Smelror  et  al.,  2009).  The  basement  was 
 formed  when  the  Laurentian  and  Baltican  plates  collided  and  sutured  into  the  Laurasian 
 plate.  The  collision  led  to  the  Caledonian  Orogeny  (Smelror  et  al.,  2009).  Caledonian 
 structures  visible  onshore  have  a  north-eastern  trend  in  northern  Norway  and  a  north-
 western trend in Svalbard. (Ritsmen and Faleidi., 2007; Faleide et al., 1984) 


Following  the  mountain  creating  processes  in  late  Silurian  to  early  Devonian  is  a  time  of 
 exhumation and extensive erosion of hinterland in middle Devonian to early Carboniferous. 


Gradually  the  Caledonian  Orogeny  was  eroded  and  the  western  Barents  Sea  was 
 peneplaned in Frasnian times. This lead to accumulation of Old Red Sandstones in western 
 Barents Sea basins (Smelror et al., 2009). 


In  late  Devonian,  the  Caledonian  compressional  regime  changed  into  left  lateral  shear 
 regime  accompanied  by  large  scale  strike  slip  movement  leads  to  folded  and  graben 
 structures.  Rift  basin  may  have  been  formed  along  the  axis  from  the  Tromsø  to  the 
 Nordkapp  basin.  During  late  Devonian-early  Carboniferous  there  is  a  change  in  stress 
 regime and the area went from compressional tectonics to extensional tectonics. Rift basins 
 is  formed  on  the  continental  shelf  and  filled  up  with  continental  clastics,  carbonates  and 
 evaporites (Faleide et al., 1984). Late Devonian-middle Carboniferous rift phase resulted in 
 several  interconnected  rift  basins  filled  with  syn-rift  deposits  (Faleide  et  al.,  1984). 


Stemmerik  (2000)  stated  that  sedimentation  in  this  period  is  characterized  by  non-marine 
 deposits  in  narrow,  isolated  halfgrabens.  This  is  documented  in  East  Greenland, 
 Spitsbergen and Bjørnøya (Stemmerik, 2000). 


The oldest extensional event that can be mapped out in the western Barents Sea occurred in 
 late  Devonian-early  Carboniferous  and  was  due  to  the  initial  rifting  between  Norway  and 
 Greenland.  This  event  establishes  the  fundamental  basement  architecture  of  half  grabens 
 and inter-basinal highs, which controls the younger basins later deposited. The basins are a 
 result from the combined effects of sinistral strike-slip faulting in the western Barents Sea 
 and  a  conjugate  dextral  strike-slip  fault  in  the  central  Barents  Sea  (Dengo  and  Røssland. 


1992).Tromsø,  Bjørnøya,  Nordkapp,  Fingerdjupet,  Maud  and  Ottar  are  basins  formed  at 
this  time  in  addition  Hammerfest  Basin  may  also  have  been  in  initiated  at  this  time 
(Gudlaugsson  et  al.,1998).The  Barents  Sea  and  Svalbard  undergone  further  rifting  during 
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the carboniferous resulting in fan-shaped array of half-graben and highs that are influenced 
 by zones of weakness in the basement.(Henriksen et al., 2011b) 


In  regional  view  crustal  extension  ceased  in  late  Carboniferous  and  a  period  of  basin 
 subsidence  and  calm  tectonic  environment  followed  through  to  mid  Jurassic  (Dengo  and 
 Røssland  1992,  Gudlaugsson  et  al.,  1998).The  Carboniferous  rifting  was  replaced  by  a 
 quiet  tectonic  period  in  most  of  the  Barents  Sea  in  middle  Carboniferous.  Regional 
 subsidence  and  accumulation  of  sediments  accumulated  in  a  regional  sag-basin 
 (Gudlaugsson et al., 1998). A widespread carbonate shelf covering the areas from Sverdrup 
 Basin  to  the  Pechora  Basin  was  established.  Carbonates  of  various  facies,  evaporites  and 
 some  clastics  were  deposited  in  layers  of  relatively  even  thickness  (Faleide  et  al.,  1984). 


From  late  Permian  through  early  Triassic  the  Ural  mountain  chain  in  east  supplied  the 
 western  Barents  Sea  with  clastic  sediments  (Dengo  and  Røssland,  1992).The  region 
 apparently  passed  from  the  humid  tropical  zone  in  the  early  Carboniferous  through  the 
 northern  arid  zone  in  the  mid-  Carboniferous  to  early  Permian,  before  entering  more 
 temperate  conditions  in  the  mid-  Permian  (Steel  &  Worsley,  1984;  Worsley  et  al.,1986; 


Stemmerik & Worsley 1989).Triassic in general was a quiet tectonic period, characterized 
 by regional subsidence leading to onlap on the local highs (Faleide et al., 1984). The calm 
 tectonic  environment  followed  through  to  mid  Jurassic  (Dengo  and  Røssland  1992, 
 Gudlaugsson et al., 1998), interrupted only by renewed rifting in Permian-Triassic in the N-
 S striking structural elements of the Western Barents Sea (Gudlaugsson et al., 1998). 


Late  Permian-early  Triassic  tectonic  movements  led  to  normal  faulting,  uplift,  tilting  and 
 erosion.  East-west  crossing  seismic  profiles  show  clear  evidence  of  syn-tectonic 
 sedimentation.  Late Permian-early Triassic fault movements can be tracked in north-south 
 trending structures of the Western Barents Sea, evidence of fault movement is found along 
 the  western  Loppa  High  and  as  far  north  as  the  Fingerdjupet  basin  (Gudlaugsson  et  al., 
 1998).From  Carboniferous  to  Permian  times  Loppa  High  experienced  a  total  of  eight 
 identified tectonic events, two of these might be Triassic in age (Johansen et al., 1994). 


Mid-late Jurassic to early Cretaceous renewed crustal extension occurred from Loppa High 
and westward. Deformation created a series of pull-apart basins, and tilted fault blocks. The 
north  eastern  structural  trends  inherited  from  late  Devonian-early  Carboniferous 
deformation  is  still  current,  and  controls  the  tectonic  patterns  across  the  western  Barents 
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Sea (Dengo and Røssland 1992). A number of highs became positive features in this period 
 as a result of faulting and differential subsidence (Faleide et al., 1993a,b). 


Middle to late Jurassic rifting splits the Barents Sea through the Hammerfest and Bjørnøya 
 Basins,  and  decouples  the  northeastern  Barents  Sea  from  the  western  margin  (Smelror  et 
 al.,2009).  The  rifting  event  leads  to  block  faulting  and  deposition  of  late  Jurassic  shales 
 between  the  faulted  blocks.  At  the  transition  from  late  Jurassic  to  early  Cretaceous  major 
 rifting  probably  lead  to  a  lowstand  in  sea-level,  this  resulted  in  a  major  erosional  surface 
 visible  in  the  entire  North  Atlantic,  known  as  the  Base  Cretaceous  unconformity.  During 
 early  Cretaceous  Bjørnøya,  Tromsø  and  Harstad  Basins  become  deep  basins  and  main 
 depocenters  in  the  western  Barents  Sea  (Faleide  et  al.,  1993a,b).  In  middle  Cretaceous 
 times  the  northeastern  part  of  the  Barents  Sea  was  uplifted  and  eroded.  This  resulted  in 
 large amounts of sediments being transported into to the rapidly subsiding basins along the 
 western margin. The uplift possibly coincides with the increased volcanic activity on Franz 
 Josef Land, Kong Karls Land and adjacent offshore areas (Smelror et al., 2009). 


Successive  rifting  throughout  Cretaceous  further  enhanced  the  deep  basins;  Tromsø, 
 Harstad and Bjørnøya on the western margin of the Barents Sea. The rifting developed into 
 a dextral stress field along the Senja-Hornsund lineament during Paleogene. This lead to the 
 formation  of  pull-apart  basins  in  the  westernmost  part  of  the  Barents  Sea  (e.g. 


Sørvestsnaget Basin and Vestbakken Volcanic Province) (Smelror et al., 2009). 


During Paleogene sea-floor spreading started and the final continental breakup of the North 
 Atlantic  was  a  fact.  The  Norwegian-Greenland  Sea  was  set  around  the  transition  from 
 Paleocene to Eocene, 55 Ma years ago (Faleide et al., 2008, Smelror et al., 2009). 


Regional  uplift  and  erosion  of  the  Barents  Sea  shelf  was  initiated  some  time  during  the 
 Oligocene-Miocene  time  interval,  prior  to  the  Plio-Pleistocene  Northern  Hemisphere 
 glaciation (Faleide et al., 1996, Dimakis et al., 1998). 



1.2.2 Geological Setting: 


The  Barents  Sea,  an  epicontinental  sea  covers  the  north  western  corner  of  the  Eurasian 
continental shelf bounded by young passive margin to the west and north that developed as 
a  result  of  Cenozoic  opening  of  the  Norwegian-Greenland  Sea  and  the  Eurasia  Basin, 



(13)7 


respectively. It is bordered by Svalbard archipelago to the northwest, Franz Josef Land to 
 the northeast, Novaya Zemlya to the east (fig 1.2; fig 1.4). This defines an area of about 1.3 
 million km2 with an average water depth of about 300m (Breivik et al., 1995; Faleide et al., 
 1984). The continental shelf of the Barents Sea reaches about 1000 km both in north-south 
 and east-west direction and exhibits a more or less continuous sedimentary succession from 
 the  Carboniferous  to  Quaternary;  many  structural  elements  reflect  Jurassic  and  later 
 tectonics: not least a Tertiary phase of differential uplift had a profound effect on the final 
 sculpting  of  the  province  (Faleide  et  al.,  1993a,b;  Gudlaugsson  et  al.,  1998;  Nylandet  al., 
 1992).In a Barents Sea region, the top basement usually lies deeper than 10 km but there is 
 large difference that can be observed between eastern and western part of Barents Sea.  In 
 the western part of Barents Sea, the top basement has a depth of 14km with series of narrow 
 basin whereas the top basement of the eastern part of the Barents Sea has a depth of upto 20 
 km reflecting the presence of two, broad mega scale basin. (Smelror et al., 2009). 


The  Barents  Shelf  has  two  major  and  highly  desperate  provinces  monoclinal  in  structure 
 trending north-south separating the eastern from western region of Barents Sea. The eastern 
 province of the Barents Shelf are characterized by the complex tectonic histories of Novaya 
 Zemlya  and  the  Timian-Pechora  Basin  and  by  the  Uralian  Orogeny  whereas  the  western 
 province was mostly controlled by major, post Caledonian rifting phases as well as by later 
 rifting  episodes  related  to  continental  breakup  along  the  northwestern  margin  of  the 
 Eurasian plate. (Smelror et al., 2009). 


Both the North and South Barents Sea formed in the fore deep zone to the Novaya Zemlya 
 tectonic belt. (Smelror et al., 2009). 


The  western  part  of  Barents  Sea  can  further  be  subdivided  into  three  geological  province 
 separated by major fault zone including 1) the Svalbard platform is covered by a relatively 
 flat lying succession of upper Paleozoic and Mesozoic, mainly Triassic, sediment, 2) Basin 
 province  between  the  Svalbard  Platform  and  the  Norwegian  coast  characterized  by  a 
 number of subbasin and highs with an increasingly accentuated structural relief westward. 


The  basin  consists  of  Jurassic  –Cretaceous  sediment  and  Paleocene-Eocene  sediments  in 
the west, 3) The continental margin consists of three main segments (a) a southern sheared 
margin along the Senja Fracture zone, (b) a central  rifted complex southwest  of Bjørnøya 
associated with volcanism and (c) a northern, initially sheared and later rifted margin along 
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the Hornsund Fault Zone. The continent-ocean transition occurs over a narrow zone along 
 the  line  of  Early  Tertiary  breakup  and  the  margin  is  covered  by  a  thick  upper  Cenozoic 
 sedimentary wedge. ( Faleide et al., 1993a,b) 


Fig1-2: showing the bathymetric and topographic map of the Barents Sea and square box 
 shows the location of study area. (Ref : Hugo Ahlenius, UNEP/GRID-Arendal) 


At  least  five  phases  of  basin  development  recognized  widely  throughout  the  Barents  Sea 
 including 1)Late Devonian- middle Carboniferous rifting, 2) Late Carboniferous- Permian 
 carbonate  platform  development,  3)  Triassic-  Cretaceous  siliciclastic  shelf  development, 
 4)Early  Cenozoic  crustal  break-up  and  5)Late  Cenozoic  passive  margin  development. 


(Faleide et al., 1984)  
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The Barents Sea comprises of numerous basins and structural highs. Regionally structures 
 are  dominated  by  major  basin  west  of  Novaya  Zemla  including  Pechora  Basin  and  the 
 North  and South  Barents  Basin.  Towards the eastern direction the Southern Barents  basin 
 forms a depocenter for Paleozoic and Mesozoic strata between Novaya Zemlya and Central 
 Barents  Arch.  Following  the  western  direction,  the  platform  areas  shows  thick  Paleozoic- 
 early Cretaceous strata disassembled by several small basins and structural highs between 
 the  Central  Barents  Arch  and  the  faulted,  deeply  subsided  western(Atlantic) 
 margin.(Henriksen et al., 2011b) 


Nordkapp  Basin  is  characterized  by  its  deeply  spaced  Paleozoic  salt  structures  whereas 
 Bjørnøya Basin and others are recognized by its thick Cretaceous strata. (Henriksen et al., 
 2011b) 


In the western Barents Sea, the Caledonian Orogeny causes the closure of Lapetus Ocean, 
 which  separated  the  Eurasia  from  Laurentia.  Deformation  begun  during  the  middle 
 Ordovician  reached  to  its  climax  at  Silurian.  The  trend  of  the  Caledonides  (Barents  Sea 
 Caledonides)  follows  the  general  northeast  axis  of  the  Scandinavian-Greenland 
 Caledonides covering the most of the SW Barents Sea and continued towards the northeast. 


The separated northerly oriented Svalbard Coledonides, underlies the north-western Barents 
 Sea had undergone a final late Devonian compressive phase. Later on late Paleozoic crustal 
 extension led to the development of half grabben structures and regional sag basins. During 
 Devonian and Carboniferous time, the uplifting phenomenon occurs to the east induced by 
 the  onset  of  Uralide  Orogeny  and  as  a  result  of  the  Permian  plate  collision  led  to  the  a 
 pronounced change in basin physiography during late Paleozoic to early Triassic time. Post 
 Permian  subsidence  was  primarily  focused  on  the  basins  flanking  Novaya  Zemlya  and  in 
 Nordkapp Basin locally. (Henriksen et al., 2011b) 


Through  Geological  time,  the  focus  of  extensional  tectonic  has  shifted  westward  towards 
the Atlantic rift system and as a result of that middle to late Jurassic rifting is prominent in 
the  Hammerfest  Basin  and  along  the  western  margin.  Cretaceous  basins  are  prominent  in 
basin lies within western margin whereas Cenozoic subsidence is dominated further to the 
west in Sørvestsnaget Basin and Vestbakken Volcanic Province. (Henriksen et al., 2011b) 
Barents Sea region have been subjected to different magnitude of uplift and erosion that has 
affected the petroleum system including reservoir quality, source rock maturity/ migration 
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and  reservoir  pressure.  Net  erosion  values  vary  from  0  to  more  than  3000m.  Svalbard, 
 Novaya  Zemlya  and  the  Norwegian  mainland  have  been  much  affected  by  uplift  and  net 
 erosion. Certain areas on Spitsbergen may have been buried more than 3000m deeper than 
 present.  The  deeper  basins  are  less  eroded.  The  southern  Barents  Basin  may  have 
 undergone less than 500m of net erosion whereas in the Norwegian sector, the net erosion 
 values  in  sedimentary  basins  ranges  from  900-  1400m.Late  Neogene  isostatic  uplift 
 affected  the  whole  Barents  Sea  region.  Different  areas  in  the  Barents  Sea  achieved 
 maximum  burial  at  different  times.  Higher  areas  affected  by  Paleogene  uplift  and  erosion 
 might  not  have  seen  deeper  burial  after  the  Paleogene  tectonics,  while  in  basin  areas 
 continuous  sedimentation  may  have  occurred  until  glacial  erosion  in  Plio-Pleistocene 
 times.(Henriksen et al., 2011b) 



1.3 Structural Geology of Barents Sea: 


The Barents Sea region has an intracratonic setting that has been affected by several phases 
 of  tectonism  since  the  Caledonian  Orogeny  in  early  Devonian  time.  The  Barents  Sea 
 continental shelf is dominated by ENE-WSW to NE-SW and NNE-SSW to NNW structural 
 trend.  Southern  part  of  the  Barents  Sea  dominated  by  ENE-WSW  trend  is  defined  by  the 
 major  fault  complexes  bordering  the  Hammerfest    and  Nordkapp  Basin.  This  trend  is 
 subparallel  to  another  major  zone  to  the  north  by  Veslemøy  High  and  fault  complexes 
 separating the Loppa High from the Bjørnøya Basin.(Faleide et al., 1993a,b; NPD 6) 


The western part of the Barents Sea and Svalbard continental margin consists of three main 
 structural segments including 1) southern sheared margin along the Senja Fracture zone ( 7 
 0 - 7 2 ° 3 0 ' N ), 2) a central rift complex associated with volcanism(7 2 ° 3 0 ' - 7 5 ° N), 
 and 3) a northern initially sheared and later rifted margin along the Homsund fault zone (7 
 5 - 8 0 °N. (NPD 6) 


There are  several fault complex of Jurassic-Cretaceous in age that creates the boundary of 
deep sedimentary basin including are  Troms-Finnmark Fault Complex south of 71°N, the 
Ringvassøy-Loppa  Fault  Complex,  Bjørnøyrenna  Fault  Complex  and  Leirdjupet  Fault 
Complex. (Faleide et al., 1993a, b) 



(17)11 


The  SW  Barents  Sea  may  be  divided  into  three  main  geological  province  separated  by 
 major fault zone including 1) The Oceanic Lofoten basin and Vestbakken volcanic province 
 in  the  west,  2)  the  SW  Barents  Sea  basin  province  of  deep  cretaceous  and  early  Tertiary 
 basin ( Harstad, Tromsø, Bjørnøya and Sørvestsnaget Basins) and 3) Mesozoic basins and 
 highs further east between 20 and 25°E that have not experienced the Cretaceous-Tertiary 
 subsidence  (Finnmark  Platform,  Hammerfest  Basin,  Loppa  High,  Fingerdjupet  subbasin). 


(Faleide et al., 1993a, b). 


The basin of the SW Barents Sea developed in time from oldest in east to youngest in west 
 (fig1.3).In  east,  three  main  basin  of  late  Paleozoic  in  age  are  present  (Nordkapp  Basin, 
 Ottar Basin and Svalis Dome) (Faleide et al., 1998).The central part of the SW Barents Sea 
 hold three structure of interest of late Jurassic age. The Hammerfest Basin is classified as a 
 late  Jurassic  Basin.  In  north,  Hammerfest  Basin  bounds  the  Loppa  High  by  the  Asterias 
 Fault Complex and has evidence of syn-tectonic sedimentation of pre-Permian age towards 
 these  faults  (Faleide  et  al.,  1998).The  Loppa  High  is  a  result  of  late  Jurassic  to  early 
 Cretaceous  and  late  Cretaceous-Tertiary  tectonism  (Gabrielsen  et  al.,  1990).  The 
 Fingerdjupet  Subbasin  is  situated  north  of  Loppa  High.  Late  Jurassic  tectonism  generated 
 the dominate fault trend, although it was formed in early Cretaceous as a shallower part of 
 the Bjørnøya basin (Gabrielsen et al. 1990). 


Further west two basins of late Jurassic-early Cretaceous age is located .The Tromsø Basin 
evolved  mainly  due  to  extension  in  this  time  period,  but  contains  salt  diapirs  from  salt 
deposition  in  late  Paleozoic  times  The  Bjørnøya  Basin  is  located  north  of  the  Tromsø 
Basin. The two basins merged post late Paleozoic times and separated in late Cretaceous by 
the  Bjørnøyrenna  Fault  Complex.  Most  sediments  in  the  Bjørnøya  Basin  is  of  early 
Cretaceous  age(Faleide  et  al.  1993a,b).In  west,  Sørvestsnaget  Basin  holds  very  thick 
succession of Cretaceous and Tertiary sediments which is limited by Vestbakken Volcanic 
province in the north (Gabrielsen et al., 1990) 
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Fig1-3: showing regional profile across the SW Barents Sea (Faleide et al., 2009) 



1.3.1 Major Structural Elements of South Western Barents Sea: 


The major structural elements of SW Barents Sea are as follows: (fig 1.4) 


1.3.1.1 Hammerfest Basin: 


The  Hammerfest  Basin  is  relatively  shallow  and  has  a  ENE-WSW  structural  trend  and  is 
 situated between 70°50’N,20°E, 71°15’N, 20° E,72°15’N, 23°15’E and 71°40’N, 24°10’E. 


It  is  separated  from  the  Finnmark  Platform  to  the  south  by  the  Troms-Finnmark  Fault 
complex  and  from  the  Loppa  High  to  the  north  by  the  Asterias  Fault  complex.  The 
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Hammerfest Basin is subdivided into a western and eastern subbasin by the extension of the 
 Trollfjord-Komagelv fault trend. It is characterized by a gentle central dome paralleling the 
 basin axis and has an internal fault system trending E-W, ENE-WSW and WNW-ESE. The 
 Hammerfest Basin has been interpreted as a failed rift in triple junction and as a remnant of 
 an older rift system. (NPD 6) 


1.3.1.2 Finnmark Platform: 


Finnmark Platform is bounded to the south by coledonides of the Norwegian Mainland. Its 
 western  and  northwestern  bounderies  are  defined  by  the  Troms-Finnmark  Fault  Complex 
 and  the  Norkapp  Basin.  The  Platform  is  underlained  by  Paleozoic  and  Precambrian  rocks 
 that has been affected by Coledonian Orogeny. (NPD 6) 


1.3.1.3 Harstad Basin: 


The  Harstad  Basin  located  north  of  Anøya,  between  69°20’  and  71°N  and  16°30’  and  
 17°45’E, close to the Shelf edge and having NNE-SSW striking trend. Its eastern boundary 
 is  defined  by  the  southernmost  part  of  the  Troms-Finnmark  Fault  Complex  whereas  the 
 western limit coincides with the transition to oceanic crust. (NPD 6) 


1.3.1.4 Loppa High: 


The Loppa High is situated north of the Hammerfest Basin and southeast  of the Bjørnøya 
 Basin, between 71°50’N, 20°E and 71°55’N, 22°40’E, and 72°55’N, 24°10’E and 73°20’N, 
 23°E.Loppa High is bounded on the south by the Asterias Fault Complex, and on the east 
 and  southeast  by  a  monocline  towards  the  Hammerfest  Basin  and  the  Bjarmeland 
 Platform.It  is  bounded  by  Ringvassøy-Loppa  and  Bjørnøyrenna  Fault  Complex.A  major 
 salt structure, the Svalis Dome and its associated rim syncline,  the Maud Basin marks the 
 north-eastern limit of High. (NPD 6) 


1.3.1.5 Maud Basin: 


The  Maud  Basin  is  situated  east  of  the  Svalis  Dome,  between  72°50’  and  73°30’N,  and 
 23°15’  and  24°30’E.It  is  interpreted  as  part  of  primary  rim  syncline  of  the  Svalis  Dome. 


(NPD 6) 


1.3.1.6 Svalis Dome: 


The  Svalis  Dome  is  located  at  the  north-eastern  margin  of  the  Loppa  High,  between 
73°15’N  and  23°20’E.It  has  a  sub  circular  cross-section  in  map  view  with  a  diameter  of 
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approximately  35  km  and  appears  as  a  salt  pillow  and  interpreted    to  be  of  Late 
 Carboniferous age. (NPD 6) 


1.3.1.7 Nordkapp Basin: 


The  Nordkapp  Basin  is  situated  between  71°30’N,  25°E  and  73°  30’N,  34°E.It  is  a  deep 
 Paleozoic  basin  with  a  general  NE-SW  trend  but  central  part  of  the  basin  has  an  E-W 
 orientation  and  is  more  than  300  km  long  and  30-80  km  in  wide.  It  is  associated  with 
 gravity low and its central part is deformed by numerous salt structures. (NPD 6) 


1.3.1.8 Stappen High: 


The Stappen High is situated between 73°30’N and 75°30’N trending N-S. It is bounded to 
 the  west  by  Knølegga  Fault,  to  the  south  by  the  Bjørnøya  Basin  and  to  the  east  by  the 
 Sørkapp Basin.  The southern part of the High is  strongly affected by NNE-SSW trending 
 faults. (NPD 6) 


1.3.1.9 Sørvestsnaget Basin: 


The Sørvestsnaget Basin is situated between 71° and 73° N and between the oceanic crust 
 and  18°E  and  composed  of  thick  succession  of  Cretaceous  and  Tertiary  sediments.  The 
 Sørvestsnaget  Basin  represents  structural  continuation  of  the  Bjornøya  Basin  and  is 
 separated  from  Bjørnøya  Basin  by  a  normal  fault  system  of  Tertiary  age.  The  Northern 
 limit  of the basin  is  defined by the lavas of the  Vestbakken volcanic province and by the 
 NE-SW  trending  fault  complexes  on  the  southern  part  of  the  Stappen  High.  The  basin  is 
 bounded by the Senja Ridge and Veslemøy High in the Southeast direction. (NPD 6) 


1.3.1.10 Troms-Finnmark Fault Complex: 


The  Troms-Finnmark  Fault  Complex  is  situated  between  69°20’N,  16°E  and  71°40’N, 
 23°40’E.It comprises of individual faults trending NNW-SSW, NE-SW and ENE-WSW. It 
 represents major structural devision between Finnmark Platform in the south and southeast 
 and the basinal area (Harstad Basin, Tromsø Basin and Hammerfest Basin) to the north and 
 northwest. It is characterized by listric normal faults accompanied by hanging wall roll over 
 anticlines and antithetic faults. (NPD 6) 


1.3.1.11 Tromsø Basin: 


The  Tromsø  Basin  is  situated  north  of  Tromsø  Town  from  71°  to  72°15’N  and  17°30’  to 
19°50’E  and  is  bordered  by  the  Senja  Ridge  to  the  west  and  the  Ringvassøy-Loppa  Fault 
complex  to  the  east.  To  the  southeast,  it  terminates  against  the  Troms-Finnmark  Fault 
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complex. In the north, it is separated from the Bjørnøya Basin by the Veslemøy High. The 
 Tromsø  Basin  has  a  NNE-SSW  trending  axis  enhanced  by  a  series  of  salt  diapirs  and 
 associated with a system of detached faults. (NPD 6) 


1.3.1.12 Veslemøy High: 


The Veslemøy High is situated between 72°N,18°E to 72°30’N, 19°E and  extends in a NE-
 SW  direction.  The  Veslemøy  High  is  bounded  by  the  deep  Bjørnøya  Basin  and  the 
 Sørvestsnaget Basin to the north and northwest and the Tromsø to the south. (NPD 6) 
 1.3.1.13 Bjørnøya Basin:  


The Bjørnøya Basin is situated between 72°30’ and 74°N and between 18° and 22°E and is 
 divided  by  the  Leirdjupet  Fault  Complex  into  deeper  westerly  and  a  shallow  easterly 
 part(the Fingerdjupet Subbasin). The basin is bounded to the southeast by the Bjørnøyrenna 
 Fault  Complex  and  the  northwestern  boundary  is  a  faulted  slope  dipping  down  from  the 
 Stappen High towards the basin. It has a characteristic of half graben. (NPD 6) 


1.3.1.14 Bjørnøyrenna Fault Complex: 


It  is  situated  between  72°N,  19°E  and  73°15’N,  22°E  and  trending  NE-SW  direction.  It 
 defines  the  boundary  between  the  Loppa  High  and  the  deep  Bjørnøya  Basin  in  the 
 southwest and in the northeast it separates the Loppa High from the Shallow Fingerdjuppet 
 subbasin. In general the complex is characterized by normal faults with large throws. (NPD 
 6) 


1.3.1.15 Vestbakken Volcanic province: 


It  is  situated  south  and  west  of  Bjørnøya  between  73°30’  and  74°30’N  and  between  the 
oceanic crust and approximately 17°E. (NPD 6) 
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Fig 1-4: Major structural elements of Barents Sea (Smelror et al., 2009) 



1.4 Hydrocarbon Fluid Flow: 


Subsurface hydrocarbon (HC) migration and accumulation is of great interest to petroleum 
geologists  and  engineers  for  several  reasons:  (1)  Fluids  are  an  inherent  part  of  sediments 
and rocks.  They  are  generally present  in  the sediments  from  their deposition to  their very 
deepest burial depth, though being gradually reduced by compaction processes (Andreassen 
et al., 2007b),(2)its presence and associated features may point towards deeper prospective 
reservoir (Heggland, 1998),(3) Shallow gas accumulation may reduce the shear strength of 
the sediments and pose a hazard to hydrocarbon exploration and development (Andreassen 
et  al.,  2007b),(4)  Shallow  gas  accumulation  may  be  of  commercial  interest  in  the  future 
(Carstens,  2005).Technological  development  during  recent  years  led  to  the  discovery  of 
numerous focused fluid flow system and morphological expression of seabed. Mapping of 



(23)17 


these  fluid  flow  systems  is  important  for  understanding  their  spatial  and  temporal 
 resolution. 


Hydrocarbon migration is divided into three main categories also illustrated in the (fig 1.5) 
 Primary  Hydrocarbon  Migration:  is  the  movement  of  hydrocarbon  from  mature  organic 
 rich source rock into the adjacent reservoir rock. (Aydin, 2000) 


Secondary Hydrocarbon Migration: is the movement of hydrocarbon through the conduits 
 rock into the trap. 


Tertiary  Hydrocarbon  Migration:  Involves  the  leakage,  dissipation  and  alteration  of 
hydrocarbon  as  it  migrated  from  reservoir  rock  into  the  surface.  (Gluyas  and  Swarbrick, 
2004) 
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Fig1-5: showing the migration pattern of hydrocarbon. Indicating three stages of migration: 


primary migration out of the source rock, secondary migration through the carrier bed and 
 into the reservoir and tertiary migration from reservoir into the surface. (Fig modified from 
 Gluyas and Swarbrick (2004)). 


Fluid flow is a long-term and complex geological process. It is part of a system where fluid 
generation,  migration,  accumulation  and  seabed  seepage  all  may  occur  at  different  times 
(Selley,  1998).There  are  several  processes  involved  in  formation  and  migration  of 
Hydrocarbon which are briefly described as: 
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a) With increasing temperature the organic matter in source rock produces hydrocarbon and 
 this increase in temperatures results from the overburden of the overlying rock. 


b)  Once  Hydrocarbon  generated  in  the  source  rock  the  gas  and  liquid  plus  remaining 
 content of organic matter occupy more space than original organic content of the rock and 
 as a result there is increase in pressure within the rock. 


c) This internal pressure kept on increasing as generation of hydrocarbon imposes pressure 
 on the fluids that occurs in the pore spaces called as pore fluid pressure 


d)  Once  Hydrocarbon  generated  then  it  is  migrated  to  adjacent  porous  and  permeable 
 reservoir rock due to buoyant force as it is less dense than formation water. 


e) However, hydrocarbon migration through a reservoir rock is not enough to form an oil or 
 gas  pocket.  Unless  the  hydrocarbon  molecules  are  prevented  from  rising,  they  will  only 
 pass  through the reservoir rock instead of accumulating within it. To form  a hydrocarbon 
 reserve, an impermeable rock - called a seal or cap rock - is needed to form a barrier above 
 the reservoir rock. The best cap rocks are the most impermeable, which are clay or layer of 
 crystalline salts. 


Hydrocarbon reservoirs are increasingly recognized spatially in terms of pore fluid content, 
 pore fluid saturation, porosity, permeability, lithology and structural geometry of the rocks. 


(Lumley,  1995).  Knowledge  of  these  reservoir  rocks  parameters  is  very  important  in 
 estimating the total volume of hydrocarbon reserves in place. (Lumley, 1995).  


Some rocks are well suited to aid migration because of their hydro-mechanical properties, 
 low  capillary  pressure  and  high  permeability  (Abrams,  2005).  Fluids  either  ﬂow 
 predominantly along major stratal surfaces or they cross stratal surfaces via faults, diapers, 
 or major fracture systems. Fluids can be migrated along strata or across strata but migration 
 across  strata  requires  sufﬁcient  pore  pressures  to  overcome  capillary  entry  pressure  in 
 lowered capillary pressures zones. (Abrams, 2005) 


Fractures and faults play an important role in controlling the hydraulic properties of rock by 
 providing  the  permeable  conduits  for  fluids  (Cartwright  et  al.,  2007;  Zhang  et  al.,  2011). 


And  they  also  plays  an  intricate  role  in  hydrocarbon  migration  and  accumulation  as  they 
serves  either  as  seal  or  conduits  (Zhang  et  al.,  2011).Conversely,  the  presence  of  fluids 
strongly  influence  deformation  and  rupture  of  rock  by  controlling  fluid  pressure    and 
geochemical  properties  within  fracture  and  faults.  So  the  study  of  orientation  and 
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distribution  of  fractures  and  faults  and  their  relation  to  the  current  stress  field  along  with 
 their importance to fluid flow is of great interest. (Zhang et al., 2011) 


In  general  fracture-enhanced  permeability  depends  upon  fracture  density,  orientation  and 
 the most important hydraulic conductivity of individual faults and fracture (Aydin, 2000). 


This is specially very critical in hydrocarbon reservoir with low matrix permeability where 
 fractures  are  the  primary  pathway  for  oil  and  gas  migrating  from  source  rock  into  the 
 reservoir  rock  therefore  it  is  important  to  discriminate  hydraulically  conductive  from 
 hydraulically non-conductive fractures  and  faults in  order to  increase the  efficiency of oil 
 production  and  reservoir  development.  Hydrofractures  and  faults  can  provide  the  driving 
 mechanism  of  primary  migration  of  hydrocarbon  fluids-High  fluid  pressure  which  is  the 
 prominent features of hydrocarbon source rock and shearing leads to development of open 
 fractures  and  dilatant  faults  at  all  depth  of  interest  to  hydrocarbon  exploration  and 
 production. (Aydin. 2000) 


Fluid  flow  is  controlled  by  rock  physical  properties  such  as  capillary  entry  pressure, 
 hydraulic  conductivity  and  wettability,  and  by  seal  bypass  systems  (Cartwright  et  al., 
 2007).  Fractured  driven  flow  is  often  considered  the  most  common  bypass  mechanism. 


(Cartwright et al., 2007) 


1.4.1 Fluid Flow dynamics: 


The dynamics of fluid flow can be explained by Darcy’s law which describes that flow of 
 fluid along a hydrodynamic gradient i.e. from higher to lower pressure. From the Darcy law 
 equation,  we  can  conclude  that  fluid  flow  increases  with  pressure  gradient  and  decreases 
 with increasing viscosity of fluid. 


      Q = K A [∆P]/µ      (Darcy law equation) 
 Q= Fluid flow rate;       K= permeability constant;       A= cross sectional area; 


∆P= Pressure gradient;       µ= Viscosity of fluid. 


 Fluid  can  be  present  in  the  sediment  either  in  the  form  of  gaseous  or  liquidous  phase. 


Within  the liquids  we can find both  oil and water  are immiscible, while the natural  gases 
can be dissolved in the liquid or present in gaseous phase. Oil and gas can migrate within 
rock  due  to  driving  mechanism  run  by  a  combination  of  buoyancy  and  hydrodynamics 
(Selley, 1998).Since buoyance depends upon density difference between the liquids so the 
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gaseous phase with less density migrated to the top of the liquid as it is less denser than oil 
 and  water  (fig  1-6).  The  migration  pathway  can  be  lateral  or  vertical  depends  upon 
 relationship with stratigraphy of reservoir rock. 


Fluid migration within the reservoir rock can also be governed by hydrodynamic nature of 
 the fluid as hydrodynamic gradient within the reservoir rock works against seepage.  


Hydrodynamic is more important for oil and water than for gases  


Fig  1-6:  Conceptual  model  of  fluid  flow  dynamics  where  aquifer  movement  is  controlled 
 by the pressure potential movement, due to which gas and oil moves up dip because of the 
 buoyancy factor. (Perrodon, 1983) 


1.4.2 Seismic Indication of Gas and fluid migration: 


Seismic method can be used to determine fluid flow pathway and fluid accumulation areas 
 Fluid flow features are commonly subdivided into two catagories: (Løseth et al. 2009) 


1.  Fluid flow feature that permanently deformed the primary bedding or created new 
 syn-leakage features. (Løseth et al., 2009) 


2.   Changes in seismic expression caused by change in formation fluid from formation 
 water to oil or gas. (Løseth et al., 2009) 


1.4.2.1 Permanent deformation 


Fluid flow can cause post depositional deformation of primary layering; mud mobilization 
and sand injection, permanent alteration of rocks  (Løseth et al., 2009). These deformation 
can  either  takes  place  as  soft  sediment  deformation  or  as  brittle  deformation.  Fluid  flow 
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may also be nutrient as it may contains nutrient fluids which can helps in creation of local 
 algal mats, shell banks and carbonate buildup. (Løseth et al., 2009) 


Pockmarks  are  shallow  seabed  depression  from  a  few  meters  to  tens  of  meters  deep  with 
 the diameters varies from less than 5 meters to several hundreds of meters (fig 1.7).(Løseth 
 et  al.,  2009).  They  generally  formed  in  soft,  fine  grained  sediment  by  the  escape  of  fluid 
 into  the  water  column.  On  seismic  section,  it  can  express  as  minor  depression  of  the 
 seafloor which may be circular or elliptical in shape. Pockmarks are often characterized by 
 vertical zone of degraded signal beneath or above high amplitude anomalies. (Løseth et al., 
 2009) 


Fig1-7:  a)  Pockmarks  located  on  top  of  gas  chimneys  b)  Pockmarks  on  the  seafloor. 


(Hovland (2003) 


1.4.2.2 Acoustic changes due to fluid leakage 


Seismic reflection results from the change in  acoustic impedance of the rock which is the 
product  of  density  and  compressional  wave  velocity  (P-wave  velocity,  Vp).  It  has  been 
observed that the presence of free gas in sediment pore space causes a dramatic reduction in 
P-wave  velocity.  The  change  in  P-wave  velocity  together  with  density  difference  can  be 
observed  in  seismic  data  in  different  ways  including  Bright  spots,  dim  spots,  flat  spots, 
phase reversal, acoustic masking, acoustic pipes, and high amplitude anomalies, fault zone, 
Leakage zone (Andreassen et al., 2007b) are shown in fig (1.8;1.9;1.10) 



(29)23 


Bright  Spot is  the  anomalously  high  amplitude  reflection  that  arises  from  unlithified  and 
 porous sediment indicating presence of gas in the sediment. The reflection normally gives 
 negative reflection coefficient. (Andreassen et al., 2007b) 


Dim Spot is an area on a seismic section that lies above hydrocarbon accumulation where 
 the reﬂections from the stratigraphic layers are visible but weaker than in adjacent areas and 
 where reﬂection continuity and amplitude are reduced. (Andreassen et al., 2007b) 


Flat Spot is the reflection from the base of the gas zone when there is acoustic impedance 
 contrast  between  the  gas  and  underlying  sediments  with  fluids  in  the  pore  spaces  and  it 
 represents positive reflection coefficient. (Andreassen et al., 2007b) 


Phase  reversal  occurs  when  a  reflection  changes  laterally  from  a  positive  polarity  to  a 
 negative  polarity  which  gives  an  indication  of  hydrocarbon  as  sediments  containing 
 hydrocarbon have a significant lower acoustic impedance. (Andreassen et al., 2007b) 
 Acoustic  Masking  refers  to  an  area  of  the  seismic  profile  with  low  seismic  reflectivity  or 
 where seismic reflections are highly distorted or disturbed. (Løseth et al., 2009) 


Gas  Chimneys  are  the  vertical  zones  of  acoustic  masking  and  are  interpreted  to  represent 
either  tectonically  or  hydro-fractured  low-permeable  cap  rock  shale  that  contains  many 
irregularly distributed low-velocity gas-charged zones. (Løseth et al., 2009) 
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Fig 1-8: illustrating the basic theory behind Bright spot, Phase reversal, flat spot based on 
 polarity convention (Andreassen , 2009) 


Fig1-9:  showing various seismic indication of hydrocarbon such  as  Bright  spot, dim spot, 
 flat spot (Løseth et al., 2009)  


Wipeout zone can also be interpreted as gas chimneys but on a smaller scale. (Løseth et al., 
 2009) 


Acoustic  pipes  are  sub-vertical,  circular,  narrow  zones  of  acoustic  masking  where  the 
continuity  of  reflections  is  disrupted  over  a  long  vertical  extent  representing  vertical 
pathway for fluid flow at the time of their formation. They can be subdivided into blowout, 
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seepage,  hydrothermal  and  dissolution  pipes.  (Cartwright  et  al.,  2007).Blowout  pipe  are 
 cylindrical  or  steeply  conical  zones  of  intense  disruption  of  stratal  reflection  typically 
 developed directly above the localized breached points of underlying fluid source interval, 
 linked to pockmarks (Cartwright et al., 2007).Seepage pipes are defined as for blowout pipe 
 but  have  no  links  to  pockmarks.  Pipes  and  chimneys  can  be  associated  with  both  push-
 down and or pull-up effects. (Cartwright et al., 2007) 


High amplitude anomalies can be observed above hydrocarbon accumulation zones (Løseth 
 et al., 2009). The anomalies lies several hundred meters above the top reservoir and lateral 
 extent  of  these  anomalies  are  related  to  the  lateral  extent  of  the  underlying  gas  cap.  This 
 type  of  high  amplitude  anomaly  is  located  above  normally  pressured  hydrocarbon 
 accumulations where no signiﬁcant tectonic deformation of the cap rock can be  observed. 


(Løseth et al., 2009) 


Fault zones may contain numerous interconnected fractures or faults representing conduits 
 for hydrocarbon fluid flow (Løseth et al., 2009). It may be ﬁlled with ductile clay or cement 
 and be sealing or leaking when the ﬂuid pressure increases above a threshold value. Open 
 or  pressure  dependent  open  faults  may  be  important  vertical  migration  routes.  The  fault 
 zone  can  easily  be  identiﬁed  as  line-ups  of  reﬂection  discontinuities  on  vertical  seismic 
 sections.  Under  some  conditions  seismic  data  can  reveal  faults  acting  as  vertical  conduits 
 for fluid flow. (Løseth et al., 2009) 


Leakage  zone  can  be  recognized  on  seismic  data  and  it  is  defined  as  volume  of  seismic 
 anomalies caused by hydrocarbon leaving a trap through the cap rock (Løseth et al., 2009). 


The  leakage  zone  comprises  all  types  of  leakage  processes  involving  migration  from  one 
 reservoir  to  the  next  or  from  the  reservoir  to  the  surface.  The  leakage  zone  has  a  unique 
 shape  as  it  comprises  of  a  root  where  the  leakage  starts,  a  body  or  the  zone  itself  where 
 vertical movements of hydrocarbons take place and a top where the leakage terminates. The 
 top of leakage zone can be a tight cap rock of salt layers. (Løseth et al., 2009) 


Fault bypass is the larger group of Seal bypass system. Faults together with small fractures 
acts  as  main  conduits  for  fluid  flow  (Cartwright  et  al.,  2007).  Fault  bypass  can  be 
subdivided into two families: trap defining or supratrap, based on whether the faults define 
and delimit the trap with a lateral seal component, or whether they are embedded within the 
sealing sequence. (Cartwright et al., 2007) 
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Fig1-10:  Seismic  section  of  large  tilted  fault  block  where  arrows  indicate  different 
 vertically  distributed  amplitude  anomalies  acted  as  a  hydrocarbon  leakage  zone.  There  is 
 also  indicated  bottom  simulation  reflector  (BSR)  relevant  for  hydrocarbon  leakage. 


(modified from Cartwright et al., 2007) 


Intrusive  bypass  are  group  of  intrusive  structures  that  breach  the  integrity  of  seal  in  three 
 distinctive  ways  (Cartwright  et  al.,  2007).  First  the  intrusion  itself  may  contain  the  fluids 
 and involves  in  puncturing of the seal  for example when mud  volcanoes  formed. Second, 
 the intruded material has a much higher permeability than the sealing sequence acting as a 
 bypass,  for  example  sandstone  intrusion.  Third,  the  intrusive  event  results  in  intense 
 fracturing  and  deformation  of  the  sealing  sequence,  for  example  sheath  zone  around  salt 
 diapirs or metamorphic aureoles around igneous intrusion. (Cartwright et al. 2007) 


Mud Volcano is applied to more or less violent eruption or surface extrusion of watery mud 
or clay accompanied by natural gases and has a more or less conical or volcano like shape 
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and  are  commonly  related  along  the  line  of  fracture,  faulting  or  sharp  folding  (Brown, 
 1990).  The  source  of  mud  volcanoes  may  be  diapir  of  high  plastic  and  under  compacted 
 mud  or shale. Mud  volcanoes  and mud  diapirs are closely  related to  one another (Brown, 
 1990). Mud diapirs and diastrems are characterized by episodic intrusion and extrusion of 
 mud across the impermeable sediments.(Brown, 1990) 


Salt  diapirs  results  from  gravitational  (Rayleigh-  Taylor)  instability  due  to  dense  fluid 
 overburden  overlying  a  less  dense  fluid  salt.  The  thicker  the  overburden  the  unstable  the 
 salt to be and more likely to rise upward (Al-Zoubi & Brink 2001). Salt diapirism influence 
 fluid  flow  through  the  development  of  fractures  and  faults  that  are  formed  during  the 
 process of salt diapirism. (Al-Zoubi & Brink 2001). 


Pipe bypass are columnar zones of disturbed reflection that may or may not be associated 
 with  sub  vertically  stacked  amplitude  anomalies  (Cartwright  et  al.,  2007).  Pipes  tend  to 
 exhibit  vertical  to  sub  vertical  geometry  on  seismic  data  and  commonly  seen  to  originate 
 from  crestal  regions,  e.g.,  tilted  fault  block  crest,  fold  crest,  or  crest  of  sand  bodies  with 
 positive  topography.  Pipes  are  commonly  circular  to  sub  circular  in  planar  form  and  in 
 some  cases  it  composed  of  zones  of  deformed  reflection  related  to  minor  folding  and 
 faulting  while  in  others  they  appears  as  stacked  pockmarks  craters  or  stacked  localized 
 amplitude anomalies. (Cartwright et al., 2007) 



1.5 General Stratigraphy of Western Barents Sea:


A  dominant  feature  of  Barents  Sea  stratigraphy  is  major  unconformity  at  the  base  of  the 
 Quaternary  (Henriksen  et  al.,  2011b).  The  unconformity  is  due  to  the  Paleogene-Recent 
 uplift and erosion of the entire Barents Sea to the east of the western margin, with erosion 
 products  being  re-deposited  to  the  west,  particularly  during  the  late  Pliocene-Pleistocene. 


.(Henriksen et al., 2011b; NPD) 


The generalized Stratigraphy of western Barents Sea is: 



1.5.1Paleozoic Succession: 


1.5.1.1Billefjorden Group: 


 It  is  well-developed  lower  Carboniferous  stratigraphic  unit  in  southern  Barents  Sea 
dominated by continental and shallow marine siliciclastics with partly coaly material in it. 
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Three  formations  are  assigned  to  Billefjorden  group  are  Soldogg  formation,  Blærerot 
 formation and Tettegras formation. (NPD bulletin 4) 


a) Soldogg Formation 


It  composed  of  sandstone  and  conglomeratic  sandstone  with  thin  beds  of  carbonaceous 
 siltstone,  shale  and  coal  and  is  deposited  in  braided  river  fluvial  environment.  Age  is 
 assigned to be of middle Visean. (NPD 4) 


b) Blærerot Formation 


It  composed  of  intensely  bioturbated  grey  to  yellowish  brown  limestone  and  sandy 
 dolomite and are interpreted as coastal plain deposits. Age assigned to be of late Visean to 
 early Serpukhovian. (NPD 4) 


c) Tettegras Formation 


It comprises of alternating bed of fine grained sandstone, siltstone, claystone and coal and 
 are interpreted to be deposited in flood plain or delta plain. Age assigned to be of Visean. 


(NPD 4) 


1.5.1.2 Gipsdalen Group: 


 It  covers  the  offshore  mid-Carboniferous  to  early  Permian  succession  in  the  southern 
 Barents  Sea  dominated  by  red  coloured  siliciclastics  and  warm  water  often  dolomitized 
 carbonates  with  significant  amount  of  evaporates  in  the  basinal  areas.  Three  formation 
 assigned to Gipsdalen Group are Ugle formation, Falk formation and Ørn formation. (NPD 
 4) 


a) Ugle Formation: 


Ugle formation is characterized by reddish brown to brown conglomerates, coarse grained 
 sandstone  and  minor  siltstone  and  is  interpreted  to  be  deposited  in  semi-  arid  terrestrial 
 environment. Age assigned to be of late Serpukhovian to early Bashkirian. (NPD 4) 


b) Falk Formation 


This  formation  composed of  a mixture of shallow marine sandstone, siltsone and shallow 
 marine carbonated and are interpreted to be deposited in shallow marine shelf environment. 


Age assigned to be of late Bashkirian to early-middle Gzelian. (NPD 4) 
 c) Ørn Formation 


This  formation  is  mostly  dominated  by  shallow  marine  carbonates  and  interbedded 
carbonates  and  evaporites  and  is  deposited  in  shallow  marine  carbonate  environment  as  a 



(35)29 


result of high frequency and high amplitude fluctuation of sea level changes. Age assigned 
 to be of late Gzelian to early Sakmarian. (NPD 4) 


1.5.1.3 Tempelfjorden Group:  


It  is  well  established  middle  to  late  Permian  age  lithostratigraphic  unit  characterized  by 
 dark to light grey spiculites, spiculitic cherts, silicified skeletal limestones and fine-grained 
 siliciclastic  including  marls,calcareous  claystones,  shales  and  siltstones.  Two  formation 
 assigned to Tempelfjorden Group are Røye formation and Ørret formation. (NPD 4) 


a) Røye Formation 


The Røye formation is dominated by silicified sediment that is resulted from silicification 
 processes  of  abundant  silica  sponge  spicules.  In  addition  to  this  it  also  composed  of  dark 
 grey  to  black,  silicified  calcareous  claystone  with  minor  amount  of  pyrite  and  organic 
 material.  The  formation  is  interpreted  to  be  deposited  in  distal  marine,  low  energy  deep 
 shelf to basinal environment. Age assigned to this formation is still debatable but suggested 
 as ?Kungurian to Kazanian or Tatarian? (NPD 4) 


b) Ørret Formation 


Ørret  formation  is  dominated  by  siliciclastic  sediments  of  sandstone,  siltstone  and  shales. 


The formation is interpreted to be deposited from deltaic -lower coastal plain environment 
 to  deep  shelf  environment.  Age  suggested  to  this  formation  are  ?Kungurian  to  ?Tatarian.  


(NPD 4) 



1.5.2 Mesozoic Succession: 


1.5.2.1  Ingøydjupet Group: 


 It  composed  of  grey  to  black  shales  and  claystone  with  subordinate  amount  of  grey 
 siltstone and sandstone and having approximately 1700 m thickness in type locality. Minor 
 interbeds  of  carbonate  and  coal  are  also  present.  Four  formation  are  assigned  to  this  this 
 Group  are  Havert,  Klappmyss,  Kobbe  and  Snadd  formation.  It  is  Griesbachian  to  early 
 Norian in age. (NPD 4) 


a) Havert Formation: 


It  composed  of  medium  to  dark  greyish  shale  interbedded  with  pale  grey  siltstone  and 
sandstone  reflecting  coarsening  upward  sequences  and  it  is  interpreted  to  be  deposited  in 
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marginal  marine  to  open  marine  environment.  It  is  of  Griesbachian  to  Dienerian  in  age. 


(NPD 4) 


b) Klappmyss Formation: 


It  comprises  of  medium  to  dark  grey  shale  interbedded  with  siltstone  and  sandstone.It  is 
 interpreted to be deposited in marginal to open marine environment with age assigned to be 
 of Smithian to Spathian. (NPD 4) 


c) Kobbe Formation: 


It  comprises  of  thick  shale  units  that  passes  upward  into  interbedded  shale,  siltstone  and 
 carbonate  cemented  sandstone  and  are  deposited  in  marginal  marine  environment.  It  is  of 
 Anisian age. (NPD 4) 


d) Snadd Formation: 


It  composed  of  grey  shale  that  are  coarsening  upward  into  shale  interbedded  with  grey 
 siltstone  and  sandtone.  Limestone  and  calcareous  interbed  with  thin  coaly  lens  can  be 
 recognized  in  the  lower  and  middle  part  of  formation.  It  is  interpreted  to  be  deposited  in 
 distal marine environment with age assigned to be of Ladinian to early Norian. (NPD 4) 
 1.5.2.2 Realgrunnen Group: 


 It  composed  of  Pale  grey  sandstone  It  is  approximately  with  minor  amount  of  shale  and 
 coal.  It  comprises  of  four  formation  including  Fruholmen,  Tubaen,  Nordmela  and  Stø 
 formation.  The  group  is  present  throughout  Hammerfest  Basin  and  thickens  into  the 
 Tromsø Basin of SW Barents Sea. It is approximately 450 to 500 m in thickness and is of 
 early Norian to Bajocian in age. (NPD 4) 


a) Frulholmen Formation: 


It  comprises  of  grey  to  dark  grey  shale  with  interbedded  sandstone,  shale  and  coal.  It  is 
 deposited  in  fluviodeltaic  environment  with  age  assigned  to  be  early  Norian  for  the  basal 
 part and Triassic/Jurassic for the top part of the formation. (NPD 4) 


b) Tubåen Formation: 


It is dominated by sandstone with subordinate shale and minor coals. The sandy unit in the 
formation  represents  stacked  series  of  high  energy  marginal  marine  environment  while 
coals and shale in the formation represents lagoonal environment. (NPD 4) 



(37)31 
 c) Nordmela Formation: 


It comprises of interbedded siltstone, sandstone, shales and claystones with minor amount 
 of  coal  and  it  is  interpreted  to  be  deposited  in  tidal  flat  to  flood  plain  environment.  Age 
 assigned to be of Sinemurian to late Pliensbachian. (NPD 4) 


d) Stø Formation: 


The formation is dominated by moderately to well sorted sandstone with thin units of shale 
 and  siltstone  are  also  present.  And  in  some  well  phosphatic  lag  conglomerates  are  also 
 identified.  The  sandy  unit  in  the  formation  is  interpreted  to  be  deposited  in  prograding 
 coastal  regimes  environments.  Age  assigned  to  this  formation  is  late  Pliensbachian  to 
 Bajocian. (NPD 4) 


1.5.2.3 Teitengrunnen Group: 


 It  composed  of  shales  and  claystone  with  minor  interbeds  of    marly  dolomitic  limestone 
 with  rare  siltstone  or  sandstone.  It  varies  in  thickness  from  over  300  m  to  the  north  of 
 Troms-Finnmark  Fault  Complex  to  approximately  60  m  on  the  structural  high  in  the 
 Hammerfest Basin. It is of late Callovian to Ryazanian in age. Two formation are assigned 
 to this Group are Fuglen and Hekkingen formation. (NPD 4) 


a) Fuglen Formation: 


It composed of pyritic mudstone with interbedded thin whit to brownish limestone and dark 
 brown shale. It is interpreted to be deposited in marine environment with age assigned to be 
 of late Callovian to Oxfordian. (NPD 4) 


b) Hekkingen Formation: 


It  consists  of  brownish  grey  to  dark  grey  shale  and  claystone  with  thin  interbeds  of 
 limestone, dolomite, siltstone and sandstone. It is assumed to be deposited in deep marine 
 water  under  anoxic  condition.  It  is  of  late  Oxfordian/early  Kimmeridgian  to  Ryazanian. 


(NPD 4) 


1.5.2.4 Nordvestbanken Group: 


 It composed of Dark grey to grey brown shales and claystone with thin interbeds of grey to 
grey  brown  siltstone,  limestone  and  dolomite.  The  group  is  laterally  extended  throughout 
the Ringvassøy-Loppa Fault Complex and Hammerfest Basin. It is approximately varies in 
thickness from 1440 m in the type well to 918m in the reference well and is of Valanginian 
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to  Cenomanian  in  age.  Three  formation  are  assigned  to  this  Group  are  Knurr,  Kolje  and 
 Kolmule formation. (NPD 4) 


a) knurr Formation: 


It composed of dark grey to  greyish brown claystone with thin interbeds of limestone and 
 dolomite.  Thin  sandstone  units  can  also  be  recognized  in  the  formation  .The  formation  is 
 assumed  to  be  deposited  in  open  and  generally  distal  marine  environment  with  local 
 restricted  bottom  condition.  It  is  of  Ryanzanian/Valanginian  to  early  Barremuan  in  age. 


(NPD 4) 


b) Kolje Formation: 


It  composed  of  dark  brown  to  dark  grey  shale  and  claystone  interbedded  with  pale 
 limestone and dolomite. Thin interbeds of light grey-brown siltstone and sandstone can be 
 recognized at the upper part of the formation. The formation is assumed to be deposited in 
 distal  open  marine  condition  with  good  water  circulation.  It  is  of  early  Barremian  to  late 
 Barremian/early Aptian in age. (NPD 4) 


c) Kolmule Formation: 


It  composed  of  dark  grey  to  green  claystone  and  shale  with  thin  siltstone  interbeds  and 
 limestone and dolomite stringers. Traces of glauconite and pyrite can be recognized in the 
 formation. It is interpreted to be deposited under open marine environment and is suggested 
 to be of Aptian to mid-Cenomanian. (NPD 4) 


1.5.2.5 Nygrunnen Group: 


 It comprises of greenish grey to grey claystone with thin interval of limestone in some part. 


The group thins eastward in the Hammerfest Basin from approximately 250 m to less than 
 50 m near the southern margin of the Hammerfest Basin. Age assigned to this group is from 
 late Cenomanian to  Maastrichtian.  Two formation assigned to  this  Group are Kviting and 
 Kveite formation. (NPD 4) 


a) Kviting Formation: 


The  formation  comprises  of  calcareous  sandstone  interbedded  with  sandy  and  glauconitic 
mudstone. In some wells limestones interbedded with sandy claystone are recognized. The 
formation  is  supposed  to  be  deposited  under  deep  to  shallow  shelf  environment.  Age 
assigned to this formation is Campanian. (NPD 4) 
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 b) Kveite Formation: 


It composed of greenish grey to grey shales and claystone with thin interbeds of limestone 
 and siltstone. It is interpreted to be deposited under deep open shelf environment and is of 
 late Cenomanian to early Maastrichtian in age. (NPD 4) 


1.5.2.6 Sotbakken Group: 


The Sotbakken Group is dominated by claystone with minor amount of siltstone, tuffaceous 
 and carbonate horizons. The basal  contact of Sotbakken Group representing unconformity 
 between the latest  Cretaceous  and  early Paleocene throughout  the Tromsøflaket  area.  The 
 age  of  the  Group  is  interpreted  to  be  late  Paleocene  to  early/middle  Eocene.  Torsk 
 formation is recognized within this group. (NPD 4) 


a) Torsk Formation: 


The  formation  composed  of  light  to  medium  grey  or  greenish  grey  non-calcareous 
 claystone in  some cases  stringers of siltstone and limestone can be seen in the formation. 


Tuffaceous  horizons  can  also  be  observed  in  the  lower  part  of  the  unit.  The  formation  is 
deposited  under  open  to  deep  marine  shelf  environment  and  is  interpreted  to  be  of  late 
Paleocene to Oligocene in age. (NPD 4) 
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Fig1-11: Generalized  lithostratigraphic chart  of Western Barents Sea. (Elvebekk, 2008) 
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 1.6 Source Rock of SW Barents Sea 


Source rock  refers to the rock from which hydrocarbon can be generated or is capable of 
 being  generated  by  thermal  conductivity  of  organic  matter  (Kerogen)(Walter)  It  is  an 
 important  elements  of  Petroleum  system  with  total  organic  content  of  1%  .  A  petroleum 
 system comprises an active source rock, the oil and natural gas it generates, and all of the 
 essential  elements  and  processes  required  for  a  petroleum  accumulation  to  exist  (Magoon 
 and Dow, 1994) 


Source  rock  ranging  in  age  from  Silurian  to  Cretaceous  have  been  proven  to  found  in 
 Greater Barents Sea (fig 1.13) (Henriksen et al., 2011b).The western Barents Sea has been 
 known to include source rock sedimentary facies and there has been in recent years proven 
 that also accumulation of hydrocarbon exist in Snøhvit, Skrugard and Goliat (NPD 2012). 


(Ohm  et  al.,  2008)  described  several  possible  source  rocks  (Fig  1.12).Numerous  potential 
 source rock of late Jurassic in age are widely distributed in Barents Sea. Petroleum systems 
 related  to  the  late  Jurassic  (Hekkingen  formation)  source  rock  are  considered  to  be 
 dominant  in  the  SW  Barents  Sea.  Despite  of  being  widespread  in  Barents  Sea,  this 
 Hekkingen shale have not been realized full generation due to maturity problem. The unit is 
 thought to be mature for oil and gas generation in a narrow belt at the western margin of the 
 Hammerfest  Basin  and  along the western fringe  of the  Loppa High.  Farther west  it is  too 
 deeply buried, and farther east it is too shallow (Dore, 1995). The Hekkingen formation is 
 the  best  source  rock  penetrated  by  the  Snøhvit  wells,  and  it  has  a  very  good  potential  for 
 light  oil,  condensate,  and  gas  (Linjordet  and  Olsen.  1992).  Upper  Triassic  shale  may  also 
 locally be of source quality in the Norwegian sector (Johansen et al., 1993).  


There are three possible source rocks in Snøhvit field one already discussed and other two 
are, Nordmela formation, clay rick terrestrial deposited reservoir rock and has potential to 
generate  hydrocarbon  whereas  the  Triassic  shales  is  gas  prone  source  rock.  Organic  rich 
shales  in  the  lower  to  middle  Triassic  may  also  be  important  source  rocks  (Linjordet  and 
Olsen. 1992). The middle Jurassic shale of Bathonian member on Spitsbergen is thought to 
be a potential source rock for oil and gas. Drilling has identified equivalents of this unit in 
the  southern  Barents  Sea,  where  it  is  believed  to  be  widespread  but  of  variable  quality 
(Doré, 1995). 
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