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Abstract. The Barents Sea has experienced intense erosion throughout the Cenozoic due to uplift 15 

and repeated episodes of glaciation. This, in turn, has driven large pressure and temperature 16 

fluctuations in the sediment substrate along with rearrangement of thermogenic oil and gas 17 

accumulations. As a result, some hydrocarbon fields have relatively shallow depths, and natural 18 

gas release is widespread. This study focuses on the process of hydrocarbon leakage from the 19 

Realgrunnen reservoir - encompassing the Hanssen and Wisting discoveries - to the shallow 20 

subsurface caused by repeated cycles of glacial erosion in the central Barents Sea throughout the 21 

Quaternary. We apply 2D basin and petroleum system modeling to two seismic sections using data 22 

from two wells and run ten different scenarios that test model sensitivity to key parameters. We 23 
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find that the primary factors governing gas leakage are the erosion amount, its distribution between 24 

glacial and preglacial stages, and the timing of the glaciations. Our results demonstrate that intense 25 

oil and gas leakage from the Realgrunnen reservoir occurs primarily through widespread faults 26 

activated during the first deglaciation episode. Further considerable gas leakage occurs by the seal 27 

breach after a critical overburden thickness is eroded and pressure on the reservoir decreases to ca. 28 

9 MPa.  Modeling reveals that the first deglaciation episode causes up to ca. 20 % loss of oil and 29 

gas from the reservoir, whereas leakage after the seal breach yields a further ca. 15 % decrease in 30 

gas.  Our results are supported by seismic analyses that demonstrate hydrocarbon leakage in the 31 

study area.  32 

Key words. Arctic, Barents Sea, hydrocarbon leakage, gas leakage, erosion, glaciations, basin and 33 

petroleum system modeling. 34 

 35 

1. Introduction 36 

The Barents Sea comprises a large continental shelf bounded by Norway and Russia to the south, 37 

the Norwegian Sea in the west, Novaya Zemlya archipelago and the Kara Sea in the east, and the 38 

Arctic Ocean in the north. Extensive petroleum exploration and exploitation since the 1960s has 39 

confirmed the enormous hydrocarbon potential of the Barents Sea (e.g., Doré, 1995; Spencer et 40 

al., 2008; Stoupakova et al., 2011; Gramberg et al., 2000; Lasabuda et al., 2021). The shallow 41 

stratigraphic position of petroleum systems has resulted from regional uplift and glacial erosion 42 

during the Cenozoic, which removed up to 3 km of overburden substrate (e.g., Henriksen et al., 43 

2011a; Dimakis et al., 1998; Vorren et al., 1991; Nyland et al., 1992; Doré et al., 2000). 44 

Furthermore, the complex history of burial and exhumation of hydrocarbon systems across the 45 

Barents Sea shelf has greatly influenced the thermal maturation of the source rocks, as well as the 46 

compaction, porosity, and permeability of the reservoirs and associated cap-rock seals. 47 

Jo
urn

al 
Pre-

pro
of



Throughout the Quaternary, at least forty glacial cycles have caused relatively abrupt pressure and 48 

temperature fluctuations within the Barents Sea petroleum systems (e.g., Max, Lowrie, 1993; 49 

Nøttvedt et al., 1988; Ostanin et al., 2017). These dynamic changes – driven by the episodic 50 

advance and retreat of a thick grounded ice sheet across the continental shelf - initiated the 51 

redistribution of hydrocarbons within the sedimentary bedrocks through the reactivation of 52 

existing faults, with leakage occasionally reaching the seafloor (Chand et al., 2012; Lerche et al., 53 

1997; Vadakkepuliyambatta et al., 2013; Duran et al., 2013; Waage et al., 2019).  These glacial 54 

cycles also critically controlled the development of gas hydrates - solid ice-like compounds 55 

consisting of hydrocarbon gas and water.  These form in deposits within the shallow subsurface 56 

matrix and remain stable at high pressure and low temperature conditions and will dissociate 57 

releasing methane under warming and/or depressurization (Kvenvolden, 1988; Andreassen et al., 58 

2017; Portnov et al., 2016; Serov et al., 2017). 59 

Evidence of gas mobilization and seepage, such as pockmarks, mounds and gas blowout craters 60 

(Judd & Hovland, 2007; Andreassen et al., 2017; Bogoyavlensky et al., 2019; 2020), is common 61 

across many hydrocarbon-rich regions of the Arctic, particularly on the Barents Sea shelf (Rise et 62 

al., 2014, Chand et al., 2012). One remarkable site is located on the northern flank of Bjørnøyrenna 63 

(the Bear Island Trough) in the Barents Sea (Solheim and Elverhøi, 1993; Figure 1). Andreassen 64 

et al. (2017) report that giant, km-scale craters in this area were formed due to gas hydrate 65 

dissociation triggered by the retreat of the Barents Sea ice sheet and subsequent intensive 66 

accumulation of free gas in subsurface deposits beneath the remaining gas hydrates. Methane 67 

trapped in and below such hydrates is assumed to have migrated to near-surface deposits from 68 

deep-seated hydrocarbon reservoirs through faults and vertical focused fluid flow structures, all of 69 

which are abundant in this area (Vadakkepuliyambatta et al., 2013; Waage et al., 2020). 70 
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 71 

(a)                                                                                  (b) 72 

Figure 1. a) Study area and the used data with respect to the regional structural elements. White lines – studied 73 

seismic lines, white dots – reference points on seismic lines, yellow dots – studied wells, orange-shaded zones – 74 

hydrocarbon discoveries. b) Location of the study area and the nearby crater area in the Barents Sea 75 

Different mechanisms control hydrocarbon leakage from reservoirs: faulting or reactivation of 76 

existent faults, if they are permeable for fluid migration; breaching of a seal, which occurs when 77 

the pressure from accumulated hydrocarbons exceeds the capillary entry pressure of the seal; 78 

fracturing of the seal due to overconsolidation, which occurs when the seal is exposed to extensive 79 

overburden pressure decrease due to erosion (Cartwright et al., 2007; Hantschel, Kauerauf, 2009; 80 

Nygård et al., 2006; Schlömer & Krooss, 1997). For effective trapping of gas or oil, seals must 81 

have a high capillary entry pressure and be thick enough to avoid mechanical failure (fracturing 82 

and faulting) (e.g., Downey, 1987; Grunau, 1987).  83 

Here, we investigate the mechanisms of hydrocarbon mobilization and leakage from existing 84 

petroleum reservoirs to the shallow subsurface during the Quaternary glaciations using 2D basin 85 

and petroleum system modeling. We decipher the contribution of the above-described mechanisms 86 

to gas loss from reservoirs. Here we focus on Bjørnøyrenna (Figure 1), as this region is 87 
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characterized by high levels of glacial erosion associated with repeated shelf-edge glaciations 88 

(Laberg et al., 2012), and significant changes in pressure and temperature conditions have occurred 89 

within the sedimentary cover. Bjørnøyrenna also contains shallow hydrocarbon reserves with the 90 

significant Hanssen, Wisting, Intrepid Eagle, Atlantis, Sputnik, Gemini Nord and Mercury 91 

discoveries (NPD FactPages), for which potential natural leakage is of environmental and 92 

economic relevance. Finally, documented blow-out craters (Andreassen et al., 2017) confirm the 93 

potential for large-scale thermogenic methane leakage within the region with a similar geological 94 

and glaciological setting.  95 

We design several basin modeling experiments focused on the central part of Bjørnøyrenna, 96 

covering two shallow hydrocarbon discoveries – Hanssen and Wisting. A similar approach has 97 

been previously used for studying hydrocarbon leakage in the Barents Sea, particularly in the 98 

Hammerfest Basin, which hosts several commercial hydrocarbon fields (Duran et al., 2013; 99 

Ostanin et al., 2017). However, our model is the first to be forced with a quantitatively constrained 100 

glacial chronology spanning the entire Quaternary. Integrating long-term glacial conditions is 101 

deemed critical for reconstructing the full history of reservoir leakage as the initial glaciations 102 

were likely to have the greatest effect on mobilizing fluids, and, furthermore, the reservoirs are 103 

likely to be sensitive to the cumulative impact of repeated glacial episodes. 104 

2. Geological setting 105 

The study area is located at the junction of the Bjarmeland Platform with the Loppa High and the 106 

Maud Basin (Figure 1). Generally, the western part of the Barents Sea contains the Caledonian 107 

basement, formed as a result of collision between Baltica and Laurentia (Roberts & Gee, 1985). 108 

Further evolution of the western Barents Sea involved four major episodes of crustal extension: 109 

Late Devonian-Carboniferous, Late Permian, Middle Jurassic-Early Cretaceous and Early 110 

Cenozoic (Gac et al., 2018; Faleide et al., 2008). The first episode comprised extension between 111 

Greenland and Fennoscandia, resulting in the formation of half-grabens filled with Late Devonian 112 
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– Early Carboniferous clastic and carbonate deposits (Dengo & Røssland, 1992). In the Late 113 

Carboniferous - Early Permian, the region subsided, experiencing siliciclastic and carbonate 114 

sedimentation (Dengo & Røssland, 1992; Roufosse, 1987). The Bjarmeland Platform is inferred 115 

to have developed as a stable platform from the Late Carboniferous (Gabrielsen et al., 1990). The 116 

second rifting event led to intensive deposition of clastic sediments derived from uplifted areas, 117 

such as the Baltic Shield and the Ural belt (Faleide et al., 2015; Glørstad-Clark et al., 2010; 2011). 118 

During the Early and Middle Triassic, the Barents Sea shallowed, with the depositional system 119 

transitioning from a marine to a continental and deltaic environment (Glørstad-Clark et al., 2011) 120 

with sedimentation occurring in progradational sequences (Nøttvedt et al., 1993). In the Late 121 

Triassic, the region experienced another episode of subsidence and intensive sediment deposition 122 

(Faleide et al., 2008; Nøttvedt et al., 1993). In the Early and Mid-Jurassic, deltaic environments 123 

were typical and sea-level rise led to the deposition of marine and, particularly, organic-rich shales. 124 

After a third episode of crust extension, new sequences of marine shales were formed from the 125 

beginning of Early Cretaceous (Nøttvedt et al., 1993). A fourth rifting episode was connected with 126 

the opening of the North Atlantic and Arctic oceans (Dengo & Røssland, 1992) and from the Mid-127 

Oligocene, the area was affected by uplift which led to intensive erosion (Berglund et al., 1986). 128 

Throughout the Quaternary, the region experienced over forty glacial cycles (Vorren et al., 1991) 129 

characterized by intense glacial erosion, leaving massive accumulations of glacio-marine 130 

sediments in trough-mouth fans west and north of the Barents Sea shelf (Reemst et al., 1994; 131 

Faleide et al., 1996; Vorren et al., 1988).  132 

Throughout this complex geological evolution, several petroleum systems were initiated within 133 

the region. Source rocks exist in a wide stratigraphic range, including the Hekkingen Formation in 134 

Upper Jurassic; Snadd, Kobbe and other formations in Triassic; Billefjorden and Tempelfjorden 135 

groups in Paleozoic. According to Henriksen et al. (2011b), the most effective petroleum system 136 

within the Loppa High and the western part of the Bjarmeland platform is of Triassic origin, 137 

corresponding to source rocks of this age. The major reservoirs of the Norwegian sector of the 138 
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Barents Sea occur in the interval from Late Triassic to Middle Jurassic. They include Fruholmen, 139 

Tubåen, Nordmela and Stø formations, within the Realgrunnen Subgroup of the Kapp Toscana 140 

Group, and also the upper part of the Snadd Formation (Dalland et al. 1988; Mørk et al. 1999; 141 

NPD Factpages). In platform areas, these reservoirs comprise combined plays, where structural 142 

traps are productive on different stratigraphic levels (Henriksen et al., 2011b). 143 

3. Materials and methods 144 

Basin and petroleum system modeling is an important technique widely applied for prospecting 145 

and investigating hydrocarbon reservoirs.  Effective basin modeling relies on adequate data 146 

constraints, including seismic, thermodynamic, geological, petrophysical, glaciological 147 

information, for reconstructing processes of sediment deposition, subsidence, compaction, heating 148 

(Al-Hajeri, 2009; Hantschel & Kauerauf, 2009; Peters et al., 2012). Petroleum system modeling 149 

also requires geochemical data for simulating generation of hydrocarbon in source rocks, and their 150 

further migration and accumulation in reservoirs. In this paper, we apply 2D basin and petroleum 151 

system modeling across two seismic sections in the central part of Bjørnøyrenna, specifically 152 

focusing on the impact of repeated Quaternary glaciations over the past 2.6 Ma on potential 153 

hydrocarbon leakage.    154 

Base data for the modeling includes two marine seismic sections from the Norwegian National 155 

Data Repository for Petroleum Data (NBR06RE11-148600 and NBR07-249214), crossing at the 156 

location of the Hanssen Field, with formation tops and interval velocities from exploration wells 157 

7324/8-1 and 7324/10-1 (Figure 1a). The seismic line NBR07-249214 passes through the 158 

Bjarmeland Platform along a north-west to south-east orientation, between the Maud Basin and 159 

the Mercurius High, and attaining the Swaen Graben in the south. The line NBR06RE11-148600 160 

is orientated from the south-west to the north-east, crossing the southern part of the Fingerdjupet 161 

Sub-basin, the northern part of the Loppa High, the Maud Basin, the Bjarmeland Platform and the 162 
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Mercurius High. The 2D models are named according to the shortened names of seismic profiles: 163 

NBR07 and NBR06 respectively. 164 

The basin and petroleum system modeling utilized is based on PetroMod 2019 software. The 165 

structural basis of a 2D basin model consists of horizons and faults derived from seismic sections 166 

interpretation. Other input data for basin modeling include: lithological composition for each layer; 167 

periods and amounts of erosion; characteristics of faults – ages, fluid permeability; characteristics 168 

of glaciations - chronology, ice sheet thickness; boundary conditions comprised of changing heat 169 

flow, water depth, sediment-water interface temperature throughout the geological period of 170 

investigation. Input data for petroleum system modeling also include geochemical parameters for 171 

each source rock formation – total organic carbon (TOC), hydrogen index (HI), kinetic model of 172 

hydrocarbons generation (Al-Hajeri, 2009; Hantschel & Kauerauf, 2009; Peters et al., 2012). There 173 

are significant uncertainties for many of the input datasets across the study region.  Hence, our 174 

approach is to create multiple model experiments describing a range of possible scenarios which 175 

allows us to test the sensitivity of results to perturbations in certain parameters.     176 

Some parameters, specifically, amount of erosion, water depth, ice sheet thickness, have sufficient 177 

information on their spatial variation, and it is possible to infer their lateral changes along the 178 

modeled sections. For this purpose, five equidistant reference points are assigned across each line 179 

(Figure 1a). Specific parameter values are set at each reference point, with intermediate values 180 

interpolated automatically by PetroMod. However, for many other parameters, lateral variations 181 

are neglected and these parameters are assumed to be constant across the study area. 182 

3.1. Seismic data interpretation 183 

Seismic interpretation of the two time-sections was conducted using the Petrel software package 184 

(Figure 2). The defined horizons are the Upper Regional Unconformity (URU), Top Hekkingen, 185 

Top Snadd, Top Kobbe, Top Klappmys, Top Havert, Top Tempelfjorden and Top Basement. To 186 

define the stratigraphic age of seismic horizons, data from wells 7324/8-1 and 7342/10-1 are 187 
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applied. Also, several faults are defined in both sections. The majority of faults displace Top 188 

Hekkingen and Top Snadd horizons, though faults also intersect deeper horizons.  189 

(a)  190 

(b)  191 

Figure 2. Interpreted seismic time sections NBR07-249214 (a) and NBR06RE11-148600 (b). Seismic data courtesy 192 

of TGS. Defined horizons (black lines): 1 – URU; 2 – Top Hekkingen; 3 – Top Snadd; 4 – Top Kobbe; 5 – Top 193 

Klappmys; 6 – Top Havert; 7 – Top Tempelfjorden; 8 – Top Basement. S1-4 – Source formations (S1 – Snadd, S2 – 194 

Kobbe, S3 – Havert, S4 – Steinkobbe). Structural elements (a): I, III – Bjarmeland Platform, II – Hoop Fault 195 

Complex, IV – Swaen Graben; (b): I – Fingerdjupet Sub-basin, II – Loppa High, III – Maud Basin, IV – Bjarmeland 196 

Platform, V – Hoop Fault Complex, VI – Mercurius High. Red lines represent major faults. Values of total erosion 197 

thickness are specified for the reference points based on (Henriksen et al., 2011a). Location of the sections see in 198 

Figure 1a. 199 

For the NBR07-249214 seismic section, all structures below Top Hekkingen horizon are intact 200 

and remain unaffected by erosion and for NBR06RE11-148600, the northern part of the Loppa 201 
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High is eroded. Based on the regional geology (Ohm et al., 2008; Henriksen et al., 2011b; NPD 202 

Factpages) and well data, the following sequences are defined between revealed horizons: 203 

Nordland Group (Quaternary, above URU), Kolmule-Knurr formations (Lower-Upper Cretaceous 204 

between URU and Top Hekkingen), Hekkingen-Fuglen formations and Realgrunnen Subgroup 205 

(Middle Jurassic – Lower Cretaceous and Upper Triassic – Middle Jurassic respectively, between 206 

Top Hekkingen and Top Snadd), Snadd Formation (Middle-Upper Triassic, between Top Snadd 207 

and Top Kobbe), Kobbe Formation (Middle Triassic, between Top Kobbe and Top Klappmys), 208 

Klappmys Formation (Lower Triassic, between Top Klappmys and Top Havert) and Havert 209 

Formation (Lower Triassic, between Top Havert and Top Tempelfjorden). The Top Basement 210 

horizon remains largely unconstrained by the available seismic sections. Hence, the model is 211 

restricted from the seafloor extending down to Top Tempelfjorden, thus Billefjorden-212 

Tempelfjorden groups (Devonian – Permian) are not considered in our research. Therefore, with 213 

our available base data, we aim to reconstruct the geological history of the study area from the 214 

beginning of the Triassic and until the present day.  215 

We further divide the sequence between Top Hekkingen and Top Snadd, to assign the reservoir 216 

(Realgrunnen Subgroup) and the overlying seal (Hekkingen-Fuglen formations) (Henriksen et al., 217 

2011b). The relative thickness of these divisions is applied to maintain a proportion of 2:3 218 

respectively (Hekkingen-Fuglen : Realgrunnen), based on nearby well data from  the Hanssen and 219 

Wisting fields (NPD Factpages). The Stø Formation, which is known to be the major reservoir for 220 

many fields of the Barents Sea (NPD Factpages), is not distinguished separately, as it is difficult 221 

to define it from the available seismic sections. The Hekkingen-Fuglen layer is defined as a single 222 

seal rock for the entire Realgrunnen Reservoir. We also define the distribution of the Steinkobbe 223 

Formation, an important regional source formation, as the marine parts of the Kobbe and 224 

Klappmys formations (Lundschien et al., 2014; NPD, 2017). For distinguishing the marine 225 

environments of deposition of Kobbe and Klappmys, we utilize the paleogeographic maps by 226 
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Glørstad-Clark et al. (2010). Marine part of the Havert Formation is considered in our research as 227 

equivalent of Steinkobbe, by analogy with overlying layers, deposited in similar settings. 228 

3.2.Main Scenario for basin and petroleum system modeling 229 

For the main reference scenario (Scenario 1), input parameters are assigned with the most plausible 230 

values, based on analysis of available data, described below.  231 

3.2.1. Lithology and geochemistry 232 

Lithological composition in the model is assigned according to Norwegian Petroleum Directorate 233 

stratigraphic data (NPD Factpages). Lacking detailed information on lithological properties of 234 

each formation, all the layers are assigned with shale lithology, except for the Realgrunnen 235 

reservoir assigned with the mixture of 50% sandstone and 50% siltstone, and the Quaternary 236 

Nordland Group assigned with siltstone lithology. Geochemical parameters for source rocks were 237 

assigned according to Abay et al. (2017), where numerous rock samples from different zones of 238 

the Barents Sea are studied. Source rocks across the study area include the Snadd, Kobbe, 239 

Steinkobbe and Havert formations (Abay et al., 2017; Ohm et al, 2008). Source rock parameters 240 

are derived by averaging the corresponding values for the Bjarmeland Platform and the Svalis 241 

Dome (Table 1). The Snadd, Kobbe and Havert formations in the study area are characterized by 242 

kerogen type III, while Steinkobbe is known to contain kerogen type II (Abay et al., 2017).  243 

We use the classification developed by Pepper & Corvi (1995) available within the used PetroMod 244 

software to assign an individual kinetic model for each of the formations. This classification 245 

includes five kinetic models associated with organofacies, that define the depositional 246 

environments of corresponding source rocks. Based on the available stratigraphic information, the 247 

closest match from this classification for Snadd, Kobbe and Havert is organofacies D/E, associated 248 

with coastal and ever-wet depositional environments, which is applicable for kerogen type III. The 249 

most appropriate option for Steinkobbe is organofacies B, characterized as marine, siliciclastic and 250 

Jo
urn

al 
Pre-

pro
of



applicable for kerogen type II. Lithological and geochemical parameters are assumed to be 251 

constant for each formation across the entire section.  252 

Table 1. Geochemical parameters for the source rocks in the study area based on Abay et al. (2017) 253 

Formation TOC, % HI, mg HC/g Corg Kinetic model 

Snadd 2.71 194 III D/E (Pepper, Corvi, 1995) 

Kobbe 1.51 131 III D/E (Pepper, Corvi, 1995) 

Havert 0.63 200 III D/E (Pepper, Corvi, 1995) 

Steinkobbe 3.72 359 II B (Pepper, Corvi, 1995) 

3.2.2. Erosion 254 

The thickness of eroded deposits was assigned to each reference point based on net erosion values 255 

for the Barents Sea region (Henriksen et al., 2011a; Figure 2). Total erosive thickness was 256 

distributed equally between preglacial and glacial episodes, as one of the possible options 257 

(Dimakis et al., 1998). We further assume that glacial erosion is equally distributed between each 258 

glacial cycle. The timing of glacial erosion is restricted to the period from 1 to 0 Ma, which is the 259 

most probable period of glaciations for the study area according to Knies et al. (2009). The timing 260 

of preglacial erosion remains highly uncertain but for the model we assume this period extends 261 

from 30 to 15 Ma, following the approximate time of maximum burial of deposits (Duran et al., 262 

2013).  263 

3.2.3. Boundary conditions 264 

Boundary conditions for basin modeling include trends of heat flow, paleo water depth, and the 265 

sediment-water interface temperature with respect to time (Hantschel & Kauerauf, 2009).  266 

The heat flow time-series is assigned with peaks corresponding to the main crustal extension 267 

events described above, including Late Permian, Middle Jurassic – Early Cretaceous and Early 268 

Cenozoic, which must affect deposits considered in our model. Assuming a common geological 269 

history for the SW Barents Sea, the peaks of the crustal extension events are assigned according 270 
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to Duran et al. (2013) for the Hammerfest Basin. The background value is assigned 60 mW/m2, 271 

which is equal to the present-day value (Pascal et al., 2010).  272 

Paleo water depths are determined at each reference point according to the paleo-bathymetric maps 273 

of Smelror et al. (2009). Sediment-water interface temperature trends are defined with respect to 274 

paleo-geographic environments also at each reference point. For subaerial periods, temperatures 275 

are defined using an automatic function, based on paleo-surface temperatures for the given latitude 276 

and region of the world (73-74°N, Europe), with respect to a paleo-location model of the region 277 

(Wygrala, 1989). For submarine periods, temperatures are assigned a constant value of 2°C 278 

according to the World Ocean Database (Boyer et al., 2018). 279 

3.2.4. Glaciations 280 

Multiple, shelf-wide glaciations impacted the study area from 1 Ma through to the Holocene 281 

though the region experienced generally less-extensive glacial activity and associated erosion from 282 

2.4 up until 1.0 Ma (Knies et al., 2009).  283 

Data on the timing of glacial cycles, including episodes of ice sheet growth, retreat, and 284 

interglacials are extracted for each reference point of the seismic lines using the Last Glacial 285 

Maximum ice sheet reconstruction by Patton et al. (2016, 2017) (UiT ice sheet model (ISM)), 286 

expanded to cover the last 0.12 Ma and resolve three glacial episodes: the Early, Mid and Late 287 

Weichselian. To define the timing of glaciations throughout Quaternary prior to 0.12 Ma, we apply 288 

the marine δ18O isotope stack of Lisiecki & Raymo (2005). Following a simplistic approach, we 289 

use a threshold value of 3.75 ‰ δ18O to distinguish glacial from interglacial conditions (e.g., Fabel 290 

et al., 2002; Figure 3).  291 
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 292 

Figure 3. Fragment of the δ18O stack (Lisiecki, Raymo, 2005) from ca. 2.6 Ma to 0.12 Ma interpreted with respect 293 

to glacial cycles, assuming threshold value of 3.75 ‰ δ18O. Red intervals – ice growth, blue intervals – ice retreat, 294 

green intervals – interglacials, dashed black lines – maximum of ice growth. Numbers mark marine isotope stages 295 

corresponding to maximum ice sheets distribution. 296 

From 1 Ma to present, 13 glacial cycles are defined, including those with a well constrained ice 297 

sheet model from 0.12 Ma to 10 ka.  For the entire Quaternary period, from 2.6 Ma to present, 298 

44 individual glacial cycles are defined (Appendix A). For Scenario 1, only the last 1 Ma are 299 

considered (Figure 4). Maximum ice thickness for glacial cycles from 0.12 Ma are extracted for 300 

each reference point from the UiT-ISM (Patton et al., 2016; 2017). Maximum ice thickness for 301 

previous glacials (1 - 0.12 Ma) are back-interpolated from the Early Weichselian using data from 302 

the UiT-ISM. 303 

 304 

Figure 4. Glacial cycles assigned in Scenario 1.  305 

3.2.5. Faults 306 
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Faults are important conduits for promoting fluid migration from thermogenic hydrocarbon 307 

reservoirs (Hantschel, Kauerauf, 2009; Chapman, 1983).  Faults can either be conductive (open) 308 

or non-conductive (closed) to fluid-flow, and this property can vary during the geological history 309 

of a sedimentary basin. Following Ostanin et al. (2017), we assume that during the Quaternary 310 

faults were open during ice retreat, due to decreasing overburden pressure, and closed during 311 

phases of ice sheet growth as well as interglacials. Hence, for the 13 glacial cycles, the assigned 312 

permeability history consists of 27 distinct episodes (Appendix B1). The permeability history is 313 

manually assigned for each fault, crossing the Hekkingen-Fuglen layer, acting as a seal for the 314 

Realgrunnen reservoir. Based on seismic interpretation, there are 39 faults crossing the Hekkingen-315 

Fuglen layer in the NBR07-249214 section. Faults might also be open during interglacials, 316 

however we do not investigate this scenario because no abrupt pressure decrease forcing intensive 317 

upward fluid migration occurs during interglacials. Nevertheless, interglacial periods might 318 

contribute to less active “background” leakage not reflected in our model.  319 

3.3.  Additional scenarios 320 

To investigate the sensitivity of our basin model, nine more scenarios are considered, involving 321 

perturbations to the key parameters of heat flow, source rock generation potential, glacial loading, 322 

and fault permeability (Table 2).  323 

Table 2. Summary of scenarios for sensitivity analysis 324 

Scenario No. Changes to the Main Scenario (No. 1) 

2 Heat flow increased by 10% 

3 Heat flow decreased by 10% 

4 TOC increased by 2 times 

5 Maximum ice sheet thickness (1-0.12 Ma) increased by 20% 

6 Maximum ice sheet thickness (1-0.12 Ma) decreased by 20% 

7 Faults are closed for fluids 

8 Total erosion thickness divided in proportion 1:2 (preglacial:glacial) 
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9 Total erosion thickness divided in proportion 2:1 (preglacial:glacial) 

10 Glacial cycles start from the beginning of the Quaternary 

 325 

Scenarios 2 and 3 investigate intensity of hydrocarbon generation and subsequent accumulation in 326 

the reservoir by increasing and decreasing heat flow by 10% of the background value (60 mW/m2), 327 

respectively.  These changes impact the thermal maturation of the source rocks.  In Scenario 4, the 328 

TOC content of each source rock is doubled, governing the potential quantity of hydrocarbons 329 

generated in the model. 330 

Scenarios 5 and 6 account for ice sheet thickness uncertainties and their impact on pressure 331 

fluctuations in the Realgrunnen reservoir, where maximum ice sheet thickness from 1 to 0.12 Ma 332 

is increased and decreased by 20%, respectively.  Scenario 7 investigates fault properties during 333 

the region’s geological history. Here, all faults are considered closed during glaciations, regardless 334 

of whether the sedimentary basin experienced ice-sheet-induced pressure variations which govern 335 

the amount and timing of hydrocarbon leakage. 336 

Scenarios 8 and 9 invoke changes in the temporal distribution of erosion between preglacial and 337 

glacial periods. In Scenario 8, the thickness of deposits eroded during the preglacial period is 338 

considered half that of deposits eroded during glacials, i.e., net erosion is divided in proportion 339 

1:2. In Scenario 9, preglacial erosion is assumed to be more intensive, with net erosion divided in 340 

proportion 2:1. Scenario 10 extends the model simulation to a time-scale before 1 Ma. It is 341 

supposed that glaciations covered the study area from the beginning of Quaternary, rather than 342 

from 1 Ma until present. Hence, we assign all glacial cycles from 2.6 Ma to present, interpolated 343 

on the basis of δ18O curve (Lisiecki & Raymo, 2005; Figure 3).  344 

Based on published paleo-reconstructions of the Northern Hemisphere ice sheets (Batchelor et al., 345 

2019), prior to the Quaternary (i.e., the Gauss Chron 3.59 - 2.6 Ma), Bjørnøyrenna was completely 346 

ice free. Knies et al. (2009) propose that Bjørnøyrenna experienced intensive, shelf-wide 347 

glaciations from 1 Ma through to the Holocene, yet from 2.4 to 1 Ma, less extensive glacial 348 
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episodes also occurred.  Hence, for Scenario 10, we infer that the thickness of the Barents Sea ice 349 

sheets gradually increased with each subsequent glaciation from the onset of the Quaternary until 350 

1 Ma (Figure 5).   351 

 352 

Figure 5. Glacial cycles assigned in Scenario 10 353 

As Scenario 10 involves additional glaciations before 1 Ma, the history of faults permeabilities 354 

also needs to be complemented. For each fault, crossing the Hekkingen-Fuglen layer, additional 355 

periods of activity are assigned. It is assumed that during the entire Quaternary faults were open 356 

during ice retreat and closed during other time periods, the same as for the period from 1 till 0 Ma 357 

in the main scenario. New permeability history in Scenario 10 consists of 89 periods 358 

(Appendix B2). 359 

4. Results 360 

All the described scenarios are implemented for the NBR07 model. Hydrocarbon migration for all 361 

the scenarios is applied by the flowpath method, which is only buoyancy-driven and is neglecting 362 

timing and lateral migration in low-permeable layers (Hantschel, Kauerauf, 2009).    363 

4.1. Comparison of different scenarios 364 

The model demonstrates thermal maturation as revealed by vitrinite reflectance (Figure 6) which 365 

differs for separate layers with the source rocks (Snadd, Kobbe, Klappmys, Havert). Thermal 366 

maturation is determined according to the Easy%Ro model, proposed by Sweeney & Burnham 367 

(1990).  368 
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 369 

Figure 6. Simulated section exhibiting present-day thermal maturation by values of vitrinite reflectance for the 370 

NBR07 model (Scenario 1). Layers in the section: 1 – Nordland Group, 2 – Kolmule-Knurr formations, 3 – 371 

Hekkingen-Fuglen formations, 4 – Realgrunnen Subgroup, 5 – Snadd Formation, 6 – Kobbe Formation, 7 – 372 

Klappmys Formation, 8 – Havert Formation. 373 

Hydrocarbon accumulation in the Realgrunnen reservoir initiates at ca. 160 Ma (Figure 7A, B). 374 

The first gas leakage occurs from 30 to 15 Ma associated with uplift and preglacial erosion (Figure 375 

7A), whereas oil does not show significant loss at this period. Additional minor accumulation of 376 

gas occurs after uplift, and a period of intense leakage driven by glaciations starts for both oil and 377 

gas from 0.96 Ma onwards. The largest amount of gas is lost during pre-glacial erosion. Certainly, 378 

gas leaks due to the seal breach by pressure from the accumulated hydrocarbons, as we do not 379 

assign faults open in this period. This process, however, is beyond the scope of our work, which 380 

concentrates on leakage driven by Quaternary glaciations. 381 
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 382 

 383 

Figure 7. Graphs of gas (A) and oil (B) amount in the Realgrunnen reservoir during geological history with 384 

scaled-up fragments for the period of glaciations (C, D) (Scenario 1) 385 

A similar pattern of glacial-driven leakage occurs for model scenarios 1 – 6 (Figure 8). Initially, 386 

an abrupt phase of leakage commences from 0.96 to 0.95 Ma, coeval with the first episode of 387 

deglaciation and fault opening. The leakage amount associated with Scenarios 1 – 6 during this 388 

phase is between 19.2 and 22.4 % of gas and between 17.6 and 25.5 % of oil, both accumulated 389 

prior to the first glacial cycle. Episodic, but less intensive leakage continues during subsequent 390 

episodes of ice sheet retreat when faults are open and conductive. The next phases of intense 391 

leakage are observed for gas from 0.08 to 0.07 Ma and from 0.05 to 0.04 Ma, corresponding to 392 

interglacial periods when there are no glacial loading and additional overburden pressure. In 393 

Scenario 7, when faults are specified to be non-conductive, gas leakage occurs exclusively in these 394 

periods, apparently, by breach of the seal due to pressure from hydrocarbons accumulated within 395 
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the reservoir. Likewise, we infer this is a common mechanism to Scenarios 1 – 6 from 0.08 Ma 396 

onwards where intense leakage occurs due to seal failure, rather than fluid flow via faults. During 397 

the final interglacial period 0.01-0.00 Ma (corresponding to the Holocene), leakage does not occur. 398 

The gas volume within the reservoir during this period must be small and insufficient to generate 399 

enough pressure for triggering the seal breach. Leakage after the seal breach occurs from 0.08 Ma 400 

onwards under Scenarios 1 – 6, at a level of between 11.9 and 15.8 % of gas accumulated by the 401 

first glacial cycle. On the contrary, oil in Scenarios 1 – 6 does not leak by breach of the seal at any 402 

period (Figure 8B). During the whole glaciation time, it escapes the reservoir only through faults 403 

when they are considered open. Total leakage over the entire glacial period from 1.0 Ma onwards 404 

is 38.5-44.4 % of the net gas existing by the beginning of glaciations and 26.0-33.2 % of the net 405 

oil.  406 
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  407 

 408 

Figure 8. Graph of gas (A) and oil (B) amount in Realgrunnen from 1.2 till 0 Ma (S1-7 – Scenarios 1-7). Orange 409 

transparent intervals – interglacials after 0.08 Ma 410 

At the beginning of the proposed seal breach by gas (time stage 0.08 Ma), the minimum thickness 411 

of rocks is ca. 290 m, with an additional water column of 620 m, which yields a hydrostatic 412 

pressure of ca. 9.1 MPa on the reservoir. Thus, when glacial erosion reduces the thickness of 413 

overlying rocks to critically small values, gas can no longer be trapped properly in the shallow 414 

reservoir of Realgrunnen, and subsequently starts to leak through the seal due to exceeding gas 415 

pressure in the reservoir over capillary entry pressure of the seal.   416 
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Scenarios 8 and 9 with their different amounts of preglacial and glacial erosion, likewise yield 417 

contrasting gas leakage histories (Figure 9A, C). In Scenario 8, less gas leaks during preglacial 418 

phases of uplift (30-15 Ma) and more gas subsequently accumulates (15-0.96 Ma), as the source 419 

rocks remain buried deeper and there is greater hydrocarbon generation compared to Scenario 1. 420 

Scenario 9 yields the contrary situation. Leakage due to glacial action occurs in a similar manner 421 

for Scenarios 1, 8, 9, as well as for Scenarios 1-6 (Figure 8). However, in Scenario 8, leakage by 422 

the seal breach starts earlier (Figure 9C), when hydrostatic pressure on the reservoir decreases to 423 

10.4 MPa, due to the larger quantity of trapped fluid creating higher pressures on the seal. The 424 

opposite is observed in Scenario 9, where the seal breach does not occur almost at all, probably, 425 

due to the small quantity of gas. During the first glacial cycle, 20.4 % of gas leaks in Scenario 8 426 

and 23.9 % in Scenario 9; after the seal breakdown 26.2 % is lost in Scenario 8. As for oil, 427 

Scenarios 8 and 9 do not show considerable differences from Scenario 1 (Figure 9B, D). Total loss 428 

for the entire period of glaciations is 32.8-52.5 % of gas accumulated by the first glacial cycle and 429 

32.7-33.7 % of oil.   430 
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 431 

Figure 9. Graph of gas (A) and oil (B) amount in Realgrunnen during geological history (a) with scaled-up 432 

fragments for the period of glaciations (C, D) (S1,8,9 – Scenarios 1, 8, 9) 433 

Scenario 10, where glacial erosion starts from the first assigned cycle at 2.6 Ma, unsurprisingly 434 

results in a markedly different pattern of leakage (Figure 10). The onset of the first significant 435 

leakage is earlier, due to the first phase of open faults during the first assigned deglaciation (2.6-436 

2.59 Ma) which results in 23.7 % of gas and 26.8 % of oil loss.  Slow leakage through open faults 437 

then occurs coincident with periods of ice retreat. Further gas leakage due to the seal breach also 438 

commences earlier, from 0.24 Ma, to remove 16.7 % of gas accumulated by the first glacial cycle. 439 

This happens as the critical thickness of the overlying rocks for the seal breach occurs earlier than 440 

in Scenario 1. Total loss over the entire glacial period is 58.0 % of gas and 46.3 % of oil.  441 
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 442 

Figure 10. Graphs of gas (A) and oil (B) amount in Realgrunnen from 3 till 0 Ma (S1,10 – Scenarios 1, 10)  443 

4.2.  Comparison of models for two sections (Scenario 7) 444 

Section NBR06RE11-148600 exhibits a significant structural high with an eroded top (Figures 2, 445 

11), which makes it principally different from the NBR07-249214 section. For evaluating the 446 

influence of this difference on the fluid leakage, we test the NBR06 model in Scenario 7, where 447 

only leakage due to the seal breach is considered and faults are neglected. Erosion of the potential 448 

anticlinal trap in the NBR06 model should directly impact accumulation and leakage since the 449 

reservoir lacks the seal. Reconstruction of the geometry of the anticlinal stratigraphic horizons 450 

before the erosion (Figure 11b) indicates that the maximum distance between URU and the 451 

proposed top of the anticline is ca. 70 m. 452 

 453 

                                    (a)                                                                                               (b) 454 
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Figure 11. Simulated section exhibiting present-day thermal maturation by values of vitrinite reflectance for the 455 

NBR06 model (a) with a scaled-up fragment of the eroded anticline (b). Layers in the section: 1 – Nordland Group, 456 

2 – Kolmule-Knurr formations, 3 – Hekkingen-Fuglen formations, 4 – Realgrunnen Subgroup, 5 – Snadd 457 

Formation, 6 – Kobbe Formation, 7 – Klappmys Formation, 8 – Havert Formation. Red dashed line – restored top of 458 

the anticline before erosion 459 

Glacial erosion is equally distributed between all cycles. At the location of the demonstrated 460 

anticline, approximate net erosion for each glacial cycle is ca. 75 m based on the erosion map by 461 

Henriksen et al. (2011a) equally divided by the number of assumed glacial cycles. Therefore, we 462 

propose that erosion of the anticlinal trap is confined to the last glacial cycle, as the height of the 463 

eroded top part of the anticline is slightly smaller than the total proposed thickness of deposits 464 

eroded during a single glacial cycle. However, our results reveal intensive gas leakage occurring 465 

already from 0.05 Ma after the critical thickness of rocks overlying the reservoir is reached, before 466 

the last glacial cycle (Figure 12). Hence, erosion of the anticlinal trap appears not to have 467 

contributed significantly to the total gas leakage. Erosion of the trap would have initiated intensive 468 

gas leakage if it had happened before the thickness of rocks overlying the Realgrunnen reservoir  469 

reached the critically small value for the seal breach. However, this does not seem to be the case 470 

in our study area. 471 

 472 

Figure 12. Graph of gas (A) and oil (B) amount in Realgrunnen from 0.1 till 0 Ma for the NBR07 and NBR06 473 

models (Scenario 7) 474 
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Gas leakage due to seal breach in the NBR06 model happens later, in comparison with the NBR07 475 

model section, due to the smaller amount of gas pressurizing the seal (Figure 12A). Oil in the 476 

NBR06 model leaks only at the period related to the last glaciation, in which the seal is assigned 477 

to become eroded (Figure 12B). This is consistent with the NBR07 model where oil does not leak 478 

through the existing seal, provided that faults are not conductive. 479 

5. Discussion 480 

5.1.Effects of gas leakage on oil preservation 481 

The common feature for different scenarios of modeling was the clear difference in migration 482 

ability of oil and gas. Gas can leak from the reservoir as a result of the seal breach after reaching 483 

critically small overburden pressure, while oil escapes the reservoir only through conductive faults. 484 

This result is consistent with known patterns of oil and gas behavior in response to erosion (e.g., 485 

Sales, 1997; Karlsen, Skeie, 2006; Ohm et al., 2008). 486 

In general, erosion and uplift of an area cause pressure decrease in the sedimentary cover, which 487 

can lead to redistribution of accumulated hydrocarbons. If an anticline trap is filled with 488 

hydrocarbons to spill points, expanding gas can force oil in accumulations to leak out of spill and 489 

migrate laterally to shallower structures (e.g., Nyland et al., 1992; Henriksen et al., 2011b; Lerch 490 

et al., 2016, Tasianas et al., 2016). However, gas trapped in an anticline is highly susceptible to 491 

upward leakage in the case of seal disintegration due to faulting, fracturing or capillary leakage 492 

(e.g., Ohm et al., 2008; Dore et al., 2002). Therefore, in a particular accumulation, gas volume is 493 

increasing during uplift due to exsolution of lighter hydrocarbons out of the petroleum phase, as 494 

long as the seal is capable of trapping it. If gas escapes from the trap, the latter might consequently 495 

retain mainly oil, which is less mobile than gas (Sales, 1997; Karlsen, Skeie, 2006).  Such a 496 

mechanism of gas bleed off has been proposed for the Goliat Field in the Hammerfest Basin (Ohm 497 

et al., 2008).  498 
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The Hanssen and Wisting discoveries located in our study area are reported to contain mainly oil 499 

(NPD FactPages). We propose that large gas volumes could have been present in the reservoirs of 500 

these discoveries and further leaked upwards through faults, seal breach and, possibly, fractures in 501 

the seal. If gas leakage had not been intensive enough, gas expansion during successive erosion 502 

and uplift could have forced oil out of the traps over spill points. Thus, intensive gas leakage could 503 

have been the key circumstance for oil preservation in the Hanssen and Wisting discoveries. 504 

Initially, oil, apart from that generated in vicinity of the Hanssen and Wisting structures, could 505 

have migrated to the discoveries laterally, from structures with reservoirs of the same stratigraphic 506 

level, but located deeper. The supporting fact for this hypothesis is the existence of a large gas 507 

discovery of Intrepid Eagle in the central Bjørnøyrenna (Figure 1), where the Stø (Realgrunnen) 508 

reservoir is deeper than in the Hanssen and Wisting structures (Top at 846 m below sea level, 509 

opposed to 672 m and 635 m respectively; NPD FactPages). Oil might have been present there in 510 

the past, and further, due to gas expansion, escaped within the reservoir to shallower traps where 511 

due to seal failure, gaseous hydrocarbons could have leaked upwards, thus preserving oil masses.    512 

5.2.Feasibility of the seal breach 513 

During burial, potential sealing rocks in a sedimentary basin undergo compaction and their 514 

capillary pressure gradually increases, which improves their sealing properties. However, the 515 

opposite situation is typical for uplift and erosion (Jin et al., 2014; Yuan et al., 2011). Apart from 516 

seal capillary pressure decrease, another trigger for hydrocarbon leakage is fracturing of the seal. 517 

In soil mechanics, there is a special term for a material which experiences effective overburden 518 

pressures lower than the maximum in the past – it is called overconsolidated, as opposed to a 519 

normally consolidated material that is subjected to its maximum experienced effective overburden 520 

pressure (Das, 2008). When studying these materials, the overconsolidation ratio (OCR) is 521 

commonly used: 522 
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OCR =  
𝜎′𝑐

𝜎′𝑜
 ,                                                                  (1) 523 

Where 𝜎′𝑜 is the present effective overburden pressure and 𝜎′𝑐 is the maximum value of this 524 

parameter in geological history.  525 

Nygård et al. (2006) conducted experimental studies of mechanical features of the Upper Jurassic 526 

Kimmeridge clays, found onshore UK, in response to their sealing qualities. They showed that 527 

normally consolidated rocks are characterized by ductile features, whereas overconsolidated ones 528 

are more brittle. They also proposed that leakage of hydrocarbons through sealing shales happens 529 

when the OCR ratio of the latter exceeds the threshold value of 2.5, as a result of formation of 530 

fractures. 531 

In our study, the Hekkingen-Fuglen seal consists of overconsolidated shales, which are age 532 

analogues of the rocks studied by Nygård et al. (2006). We calculate approximate values of OCR 533 

for the base of the seal at the location of the Hanssen Discovery, for the time corresponding to the 534 

modelled seal breach, assuming that effective overburden pressure is hydrostatic. Maximum 535 

overburden pressure should have occurred either at the time of the deepest burial of the 536 

sedimentary cover before the regional uplift or at the onset of glaciations during the Quaternary.   537 

The net thickness of eroded deposits at the Hanssen Discovery location is ca. 2200 m (Henriksen 538 

et al., 2011a). Following our main scenario, at the time of the seal breach, its base (the reservoir 539 

top) is at a depth of ca. 290 m below the seafloor, experiencing a total hydrostatic pressure of ca. 540 

9.1 MPa, as stated earlier. For the maximum burial time we assume no water column, as it is the 541 

beginning of erosion. By adding the thickness of eroded deposits and excluding the glacial 542 

Nordland sequence (48 m) from the present-day Fuglen base depth below seafloor (254 m), two 543 

latter values being documented for the well 7324/7-2 (NPD FactPages), we find that the 544 

Realgrunnen reservoir is assumed to have been buried by sedimentary volume with the maximum 545 
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thickness of ca. 2406 m (254 m – 48 m + 2200 m), experiencing maximum overburden hydrostatic 546 

pressure of ca. 24.1 MPa. Therefore, the OCR ratio at the time of the seal breach equals ca. 2.6 547 

(24.1 MPa / 9.1 MPa).  548 

We consider that maximum overburden pressure due to an ice sheet occurred during the first 549 

glacial cycle, assuming the same ice sheet thicknesses for all cycles prior to Early Weichselian, 550 

equal to that of the latter stage (ca. 2000 m, according to the UiT-ISM model). Assuming that half 551 

of the total erosion is preglacial, maximum overburden thickness for the time of the first glaciation 552 

is ca. 3306 (254 m – 48 m + 2200 m / 2 + 2000 m) corresponding to pressure of ca. 33.1 MPa 553 

which is higher than that calculated for the maximum burial time. In this case, OCR ratio at the 554 

time of the seal breach equals ca. 3.6 (33.1 MPa / 9.1 MPa).  555 

Nevertheless, basin modeling conducted in this study does not account for the effect of fracturing 556 

of the overconsolidated seals described above. The gas leakage revealed in the modeling, not 557 

connected with faults, is caused by excess gas pressure in the reservoir over capillary entry 558 

pressure of the seal. However, the fact that by the time of leakage through the seal the OCR ratio 559 

of the seal exceeds the threshold value (2.5), defined by experimental studies (Nygård et al., 2006), 560 

we can hypothesize that apart from capillary leakage modeled in our research, additional leakage 561 

could have happened due to possible fracturing of the overconsolidated seal. Thus, real amount of 562 

hydrocarbon leakage might be higher than what is shown in our modeling. 563 

5.3.Comparison with other studies 564 

We compare results of our research with other basin and petroleum system modeling studies from 565 

the Barents Sea. The study of the Hammerfest Basin by Ostanin et al. (2017) suggests somewhat 566 

similar trends of hydrocarbon leakage. Ostanin et al. (2017) propose several scenarios with 567 

different values of permeabilities of faults, from closed to highly conductive. Similar to this study, 568 

leakage was modeled to happen abruptly through faults during the first deglaciation, then slightly 569 
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reducing during subsequent deglaciations. The main difference from the results of our research is 570 

that there is no observed abrupt leakage due to breach of the seal. Basin modeling, conducted for 571 

the Hammerfest Basin by Duran et al. (2013), does not consider faults, and abrupt leakage due to 572 

seal breach is not observed. However, certain amounts of capillary leakage are recognized during 573 

periods of ice retreat and interglacials.  574 

The reason why a breach of the seal is not predicted in the Hammerfest Basin may be explained 575 

by differences in the depth of the reservoir and seal units. The Stø (Realgrunnen) reservoir is 576 

currently much deeper than in the study area of the Bjarmeland Platform. According to the NPD 577 

Factpages, on the Snøhvit Field, in the well 7121/4-1 (as an example), the top of the Stø Formation 578 

is at a depth of 1961 m below the seafloor, with an additional 335 m of water column. This 579 

corresponds to hydrostatic pressure of ca. 23 MPa. These depths and pressures were much higher 580 

before the erosion. The critical pressure from overlying rocks for seal breach obtained in this study 581 

is significantly less than what is currently present at the Stø Formation on the Snøhvit Field of the 582 

Hammerfest Basin. Henriksen et al. (2011a) show total thicknesses of eroded deposits for the 583 

Hammerfest Basin from 800 to 1600 m. Adding the highest thickness of eroded deposits to the 584 

well 7121/4-1 and excluding glacial Nordland sequence, the maximum overburden thickness for 585 

the top of the Stø Formation at the deepest burial time equals 3471 m (1961 m – 90 m + 1600 m), 586 

present-day OCR being equal to ca. 1.5 (34.71 MPa / 23 MPa). The maximum ice sheet thickness 587 

for the Hammerfest Basin is approximately 1620 m (according to the UiT-ISM model). Assuming 588 

that half of total erosion is preglacial, maximum overburden thickness for the time of the first 589 

glaciation is ca. 4291 (1961 m – 90 m + 1600 m / 2 + 1620 m) and corresponding OCR is ca. 1.9 590 

(42.91 MPa / 23 MPa). Obtained OCR values for the well on the Snøhvit Field are lower than the 591 

abovementioned threshold (2.5), which might provide additional constraint for leakage through 592 

the seal in the Hammerfest Basin.  593 

5.4.  Analysis of seismic features of possible leakage 594 
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To support our modeling results with empirical data, we explore available 3D seismic surveys 595 

covering our study area for possible evidence of hydrocarbon migration. Available data 596 

demonstrates features indicating probable gas migration from the Realgrunnen reservoir. Here we 597 

document two examples of relevant seismic sections. The first example is from a conventional 598 

seismic survey corresponding to the area within the Bjarmeland Platform (Figure 13). The seal 599 

layer, composed of the Hekkingen and Fuglen formations, is intensively displaced by faults. Above 600 

Top Hekkingen, around the upper continuations of the faults, chaotic seismic reflections are 601 

distinguished, which may indicate gas leakage through the faults from the Realgrunnen Reservoir. 602 

Leakage might also occur from lower layers as several bright spots can be identified adjacent to a 603 

major fault plane extending to great depth. These observations are similar to what 604 

Vadakkepuliyambatta et al. (2013) observed in the SW Barents Sea. 605 

   606 

       (a)                                                                                       (b) 607 

Figure 13. a) Fragment of a section from the seismic cube HOOP_PRCMIG for the line assigned along the NBR07-608 

249214 seismic line. Seismic data courtesy of TGS. b) Location of the fragment (black line in the map). 609 

The second example is from the high-resolution seismic survey TGS16004 (Figure 14). The 610 

anticline in the section corresponds to the Hanssen Field. A bright spot is visible, indicating a 611 

possible gas cap, as well as two flat spots. Considering the fact that Hanssen is reported to be an 612 

Jo
urn

al 
Pre-

pro
of



oil discovery (NPD Factpages), the two flat spots might mark the upper and lower limits of an oil 613 

column. The upper one, which is brighter, might refer to a gas-oil contact, the lower one – to an 614 

oil-water contact. Between Top Hekkingen and URU, some bright seismic reflections are clearly 615 

visible. These features might indicate possible gas leakage from the reservoir through the seal, as 616 

faults are not abundant below these features. However, we do not consider these reflections as a 617 

definite support of the leakage due to the seal breach, as they might also be associated with other 618 

geological features. 619 

   620 

     (a)                                                                             (b) 621 

Figure 14. a) Fragment of a section from the seismic cube TGS16004 for the line assigned along the NBR07-622 

249214 seismic line. Seismic data courtesy of TGS. Yellow-shaded zone – seal layer (Hekkingen and Fuglen 623 

formations). b) Location of the fragment (black line in the map).  624 

5.5. Possible connection with gas hydrates and gas release through the seabed 625 

Hydrocarbons leaking from the Realgrunnen reservoir within Bjørnøyrenna could either 626 

accumulate in permeable zones of the shallow subsurface or escape through the seabed. Seabed 627 

methane release could also be modulated by gas hydrates forming beneath grounded ice sheets and 628 

likely acting as a dynamic capacitor for gas migrating from petroleum systems (Portnov et al., 629 

2016; Serov et al., 2017; Andreassen et al., 2017). During episodes of grounded ice retreat, ice 630 
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mass loss caused depressurization of the underlying strata leading to gas hydrate dissociation. Due 631 

to the capacitor effect of the gas hydrates and slow isostatic readjustment of the crust after 632 

deglaciation (Andreassen et al. 2017), the seabed release of methane gas from the petroleum 633 

systems might be delayed. Thus, the seabed leakage may not be simultaneous with gas migration 634 

from the petroleum systems. Moreover, today, significant parts of Bjørnøyrenna lie within the 635 

methane hydrate stability zone (e.g., Vadakkepuliyambatta et al., 2017; Bogoyavlensky et al., 636 

2018), which also could have been the case during interglacials earlier in Quaternary if the water 637 

depths and the near-bottom temperatures were favorable (Chand et al., 2012; Andreassen et al., 638 

2017). 639 

The existence of free gas, either microbial or thermogenic, under gas hydrates generally increases 640 

the probability of seafloor blowouts, particularly for areas where the gas hydrate stability zone is 641 

thinning due to warming and/or depressurization (Andreassen et al., 2017). For areas with no gas 642 

hydrates or other seal rocks in the shallow subsurface, gradual seepage is a more likely mechanism 643 

of gas release. However, regardless of the release process, the question regarding the origin of gas 644 

in the shallow subsurface remains speculative. For instance, in the nearby cluster of craters 645 

(Figure 1), thermogenic hydrate-forming gas is thought to have migrated from deeper reservoirs 646 

through faults (Andreassen et al., 2017; Waage et al., 2020).  647 

Our current research contributes to solving the question of gas migration, as we demonstrate that 648 

the seal breach in underlying hydrocarbon plays could have modulated vertical gas migration into 649 

the shallow subsurface. Leakage due to seal breach seems to be significant for anticlinal structures 650 

located in zones of remarkably intensive erosion and uplift. Such settings are expected in most 651 

areas of Bjørnøyrenna, however, not excluding other parts of the Barents Sea that were intensively 652 

eroded in the Cenozoic. Leakage through faults remains an effective mechanism for hydrocarbon 653 

migration, which might be widespread within the Barents Sea region and is not directly dependent 654 

on the erosional history.  655 
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6. Conclusions 656 

By utilizing 2D basin and petroleum system modeling forced by a quantitatively constrained 657 

glacial history, we provide insights into the patterns and timing of hydrocarbon leakage from 658 

shallow reservoirs in the south-western Barents Sea during the Quaternary. Most intense fault-659 

driven leakage occurred during the first deglaciation which is proposed to have been during the 660 

period of 0.96-0.95 Ma, with relatively smaller leakage occurring during subsequent glacial cycles. 661 

Significant leakage of gas additionally occurs by the seal breach once glacial erosion reduces the 662 

overburden pressure from rocks overlying the reservoir to a critical hydrostatic pressure of ca. 9.1 663 

MPa (up to 10.4 MPa, depending on the hydrocarbon saturation of the reservoir). We estimate that 664 

up to ca. 20% of accumulated gas and oil leaked during the first glacial cycle through the open 665 

faults and up to ca. 15 % of the initial amount of gas escaped after the seal breach. However, 666 

sensitivity analyses indicate seal breach can cause up to 26 % of gas loss. Total leakage during the 667 

whole period of glaciations is estimated at ca. 40 % of gas accumulated by the first glacial cycle 668 

and ca. 30 % of oil, with sensitivity tests giving maximum values of 58 % and 46 % respectively. 669 

Sensitivity experiments allow us to conclude that uncertainties in parameters of heat flow, 670 

geochemistry (TOC), and the thickness of ice sheets do not significantly influence the timing and 671 

extent of leakage events. The most important factors affecting gas leakage are total net erosion and 672 

the ratio between glacial and preglacial erosion, as these directly impact the volumes of 673 

accumulated hydrocarbons. Different gas saturations of the reservoir result in different reservoir 674 

pressures, and thus shift the value of the critical overburden thickness that controls the initiation 675 

of gas leakage. The glacial history (number and timing of glaciations) is also important in terms 676 

of the timing of when critical overburden pressure for gas leakage through the seal is reached.   677 

Comparison of the basin and petroleum system modeling results with earlier experimental studies 678 

of overconsolidated rocks suggests that additional leakage through the seal might happen due to 679 

fracturing of seal rocks as they become brittle after burial and further uplift. Seismic data from the 680 
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study area exhibit features indicative of gas leakage, supporting the results of the conducted basin 681 

and petroleum system modeling.  682 
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Appendix A. This data describes timing of the Quaternary glacial cycles assigned for basin 941 

modeling. 942 
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Table A1. Determined periods of glacial cycles. From 0.12 till 0.00 Ma – determined on the 943 

basis of the UiT ice sheet model, from 2.61 till 0.12 Ma – determined on the basis of the 944 

δ18O curve (Lisiecki, Raymo, 2005), demonstrated in Figure 3 in the main text of the article. MIS 945 

stands for the marine isotopic stage corresponding to time of maximum ice sheet extension 946 

during each glacial cycle. All time values are rounded to 0.01 Ma (maximum time resolution of 947 

the PetroMod software). 948 

Glacial cycle no. MIS Ice growth, Ma Ice retreat, Ma Interglacial, Ma 

1 104 2.61-2.60 2.60-2.59 2.59-2.54 

2 100 2.54-2.53 2.53-2.52 2.52-2.50 

3 98 2.50-2.49 2.49-2.48 2.48-2.45 

4 96 2.45-2.43 2.43-2.42 2.42-2.37 

5 92 2.37-2.36 2.36-2.35 2.35-2.30 

6 88 2.30-2.29 2.29-2.28 2.28-2.25 

7 86 2.25-2.24 2.24-2.23 2.23-2.21 

8 84 2.21-2.20 2.20-2.19 2.19-2.17 

9 82 2.17-2.16 2.16-2.15 2.15-2.09 

10 78 2.09-2.07 2.07-2.06 2.06-2.02 

11 76 2.02-2.01 2.01-2.00 2.00-1.97 

12 74 1.97-1.95 1.95-1.94 1.94-1.91 

13 72 1.91-1.90 1.90-1.89 1.89-1.87 

14 70 1.87-1.86 1.86-1.85 1.85-1.80 

15 64 1.80-1.79 1.79-1.78 1.78-1.76 

16 62 1.76-1.75 1.75-1.74 1.74-1.72 

17 60 1.72-1.71 1.71-1.69 1.69-1.67 

18 58 1.67-1.65 1.65-1.64 1.64-1.63 

Jo
urn

al 
Pre-

pro
of



19 56 1.63-1.62 1.62-1.61 1.61-1.58 

20 54 1.58-1.57 1.57-1.56 1.56-1.55 

21 52 1.55-1.54 1.54-1.53 1.53-1.52 

22 50 1.52-1.50 1.50-1.49 1.49-1.46 

23 48 1.46-1.45 1.45-1.44 1.44-1.42 

24 46 1.42-1.41 1.41-1.40 1.40-1.38 

25 44 1.38-1.37 1.37-1.36 1.36-1.35 

26 42 1.35-1.34 1.34-1.32 1.32-1.31 

27 40 1.31-1.29 1.29-1.28 1.28-1.27 

28 38 1.27-1.25 1.25-1.24 1.24-1.23 

29 36 1.23-1.20 1.20-1.19 1.19-1.16 

30 34-32 1.16-1.10 1.10-1.09 1.09-1.07 

31 30 1.07-1.04 1.04-1.03 1.03-1.01 

32 28-26 1.01-0.96 0.96-0.95 0.95-0.94 

33 24-22 0.94-0.87 0.87-0.86 0.86-0.84 

34 20 0.84-0.80 0.80-0.79 0.79-0.77 

35 18 0.77-0.72 0.72-0.70 0.70-0.69 

36 16 0.69-0.63 0.63-0.62 0.62-0.61 

37 14 0.61-0.54 0.54-0.50 0.50-0.48 

38 12 0.48-0.43 0.43-0.42 0.42-0.39 

39 10 0.39-0.34 0.34-0.33 0.33-0.31 

40 8 0.31-0.25 0.25-0.24 0.24-0.20 

41 6 0.20-0.14 0.14-0.13 0.13-0.10 

42 5b 0.10-0.09 0.09-0.08 0.08-0.07 

43 4 0.07-0.06 0.06-0.05 0.05-0.03 
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44 2 0.03-0.02 0.02-0.01 0.01-0.00 

 949 

Appendix B. This data describes properties of the faults in the Quaternary, assigned for basin 950 

modeling. Closed – non-conductive for fluids, open – conductive for fluids. 951 

Table B1. Properties of faults assigned for Scenario 1. 952 

Period no. Age from, Ma Age to, Ma Type 

1 2.61 0.96 Closed 

2 0.96 0.95 Open 

3 0.95 0.87 Closed 

4 0.87 0.86 Open 

5 0.86 0.80 Closed 

6 0.80 0.79 Open 

7 0.79 0.72 Closed 

8 0.72 0.70 Open 

9 0.70 0.63 Closed 

10 0.63 0.62 Open 

11 0.62 0.54 Closed 

12 0.54 0.50 Open 

13 0.50 0.43 Closed 

14 0.43 0.42 Open 

15 0.42 0.34 Closed 

16 0.34 0.33 Open 

17 0.33 0.25 Closed 

18 0.25 0.24 Open 

19 0.24 0.14 Closed 
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20 0.14 0.13 Open 

21 0.13 0.09 Closed 

22 0.09 0.08 Open 

23 0.08 0.06 Closed 

24 0.06 0.05 Open 

25 0.05 0.02 Closed 

26 0.02 0.01 Open 

27 0.01 0.00 Closed 

 953 

Table B2. Properties of faults assigned for Scenario 10. 954 

Period no. Age from, Ma Age to, Ma Type 

1 2.61 2.60 Closed 

2 2.60 2.59 Open 

3 2.59 2.53 Closed 

4 2.53 2.52 Open 

5 2.52 2.49 Closed 

6 2.49 2.48 Open 

7 2.48 2.43 Closed 

8 2.43 2.42 Open 

9 2.42 2.36 Closed 

10 2.36 2.35 Open 

11 2.35 2.29 Closed 

12 2.29 2.28 Open 

13 2.28 2.24 Closed 

14 2.24 2.23 Open 
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15 2.23 2.20 Closed 

16 2.20 2.19 Open 

17 2.19 2.16 Closed 

18 2.16 2.15 Open 

19 2.15 2.07 Closed 

20 2.07 2.06 Open 

21 2.06 2.01 Closed 

22 2.01 2.00 Open 

23 2.00 1.95 Closed 

24 1.95 1.94 Open 

25 1.94 1.90 Closed 

26 1.90 1.89 Open 

27 1.89 1.86 Closed 

28 1.86 1.85 Open 

29 1.85 1.79 Closed 

30 1.79 1.78 Open 

31 1.78 1.75 Closed 

32 1.75 1.74 Open 

33 1.74 1.71 Closed 

34 1.71 1.69 Open 

35 1.69 1.65 Closed 

36 1.65 1.64 Open 

37 1.64 1.62 Closed 

38 1.62 1.61 Open 

39 1.61 1.57 Closed 
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40 1.57 1.56 Open 

41 1.56 1.54 Closed 

42 1.54 1.53 Open 

43 1.53 1.50 Closed 

44 1.50 1.49 Open 

45 1.49 1.45 Closed 

46 1.45 1.44 Open 

47 1.44 1.41 Closed 

48 1.41 1.40 Open 

49 1.40 1.37 Closed 

50 1.37 1.36 Open 

51 1.36 1.34 Closed 

52 1.34 1.32 Open 

53 1.32 1.29 Closed 

54 1.29 1.28 Open 

55 1.28 1.25 Closed 

56 1.25 1.24 Open 

57 1.24 1.20 Closed 

58 1.20 1.19 Open 

59 1.19 1.10 Closed 

60 1.10 1.09 Open 

61 1.09 1.04 Closed 

62 1.04 1.03 Open 

63 1.03 0.96 Closed 

64 0.96 0.95 Open 
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65 0.95 0.87 Closed 

66 0.87 0.86 Open 

67 0.86 0.80 Closed 

68 0.80 0.79 Open 

69 0.79 0.72 Closed 

70 0.72 0.70 Open 

71 0.70 0.63 Closed 

72 0.63 0.62 Open 

73 0.62 0.54 Closed 

74 0.54 0.50 Open 

75 0.50 0.43 Closed 

76 0.43 0.42 Open 

77 0.42 0.34 Closed 

78 0.34 0.33 Open 

79 0.33 0.25 Closed 

80 0.25 0.24 Open 

81 0.24 0.14 Closed 

82 0.14 0.13 Open 

83 0.13 0.09 Closed 

84 0.09 0.08 Open 

85 0.08 0.06 Closed 

86 0.06 0.05 Open 

87 0.05 0.02 Closed 

88 0.02 0.01 Open 

89 0.01 0.00 Closed 

 955 
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Highlights 

Most intensive hydrocarbon leakage through open faults in Quaternary occurs during the first 

deglaciation event.   

Apart from leaking through faults, gas is subjected to intensive capillary leakage through 

overburden rocks, once they reach critically small thickness during the erosion. 

Gas leakage strongly depends on the total erosion thickness, the ratio between glacial and 

preglacial erosion thicknesses and the history of the glaciations. 
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