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Abstract: Hydrocarbon prospectivity in the Greater Barents Sea remains enigmatic as gas discoveries
have dominated over oil in the past three decades. Numerous hydrocarbon-related fluid flow anomalies
in the area indicate leakage and redistribution of petroleum in the subsurface. Many questions remain
unanswered regarding the geological driving factors for leakage from the reservoirs and the response
of deep petroleum reservoirs to the Cenozoic exhumation and the Pliocene-Pleistocene glaciations.
Based on 2D and 3D seismic data interpretation, we constructed a basin-scale regional 3D petroleum
systems model for the Hammerfest Basin (1 km × 1 km grid spacing). A higher resolution model
(200 m × 200 m grid spacing) for the Snøhvit and Albatross fields was then nested in the regional
model to further our understanding of the subsurface development over geological time. We tested
the sensitivity of the modeled petroleum leakage by including and varying fault properties as a
function of burial and erosion, namely fault capillary entry pressures and permeability during glacial
cycles. In this study, we find that the greatest mass lost from the Jurassic reservoirs occurs during
ice unloading, which accounts for a 60–80% reduction of initial accumulated mass in the reservoirs.
Subsequent leakage events show a stepwise decrease of 7–25% of the remaining mass from the
reservoirs. The latest episode of hydrocarbon leakage occurred following the Last Glacial Maximum
(LGM) when differential loading of Quaternary strata resulted in reservoir tilt and spill. The first
modeled hydrocarbon leakage event coincides with a major fluid venting episode at the time of
a major Upper Regional angular Unconformity (URU, ~0.8 Ma), evidenced by an abundance of
pockmarks at this stratigraphic interval. Our modelling results show that leakage along the faults
bounding the reservoir is the dominant mechanism for hydrocarbon leakage and is in agreement
with observed shallow gas leakage indicators of gas chimneys, pockmarks and fluid escape pipes.
We propose a conceptual model where leaked thermogenic gases from the reservoir were also locked
in gas hydrate deposits beneath the base of the glacier during glaciations of the Hammerfest Basin
and decomposed rapidly during subsequent deglaciation, forming pockmarks and fluid escape pipes.
This is the first study to our knowledge to integrate petroleum systems modelling with seismic mapping
of hydrocarbon leakage indicators for a holistic numerical model of the subsurface geology, thus closing
the gap between the seismic mapping of fluid flow events and the geological history of the area.

Keywords: Hammerfest Basin; Barents Sea; Snøhvit; Albatross; Bottom Simulating Reflector (BSR);
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1. Introduction

The Greater Barents Sea has proven to be a challenging exploration frontier, but still contains
much unlocked potential yet to be discovered, in particular with the opening of the formerly disputed
area between Norway and Russia in 2013 [1–6].

Following the discoveries of large oil accumulations, namely the Johan Castberg (formerly Skrugard),
Wisting and Gotha fields in 2011–2013 [6], exploration interest has rapidly risen in the Greater Barents
Sea. However, these promising discoveries challenged previous theories of hydrocarbon prospectivity
and occurrences, as most discoveries in the Barents Sea have been dominated by gas. In the last
decade, the main exploration efforts focused on the Hammerfest Basin (Figure 1), in particular on
the Snøhvit field [7–10], shown in Figures 1 and 2. Multiple hydrocarbon leakage anomalies, paleo
fluid contacts [11], under-filled structures and dominance of gas over oil demonstrate a complex
history of fill-spill and leakage of hydrocarbons in the area [12–17]. Severe Cenozoic erosion and
exhumation episodes during the Oligocene-Miocene [18,19], as well as the Pliocene-Pleistocene
glaciations [12,20] are thought to have played a key role in the history of petroleum generation,
migration, accumulation and leakage [10,19–22]. This was attributed to rapid overburden removal,
change of spill points and trap geometry during glaciation, in-reservoir phase change and leakage
of hydrocarbons from traps [19,21,23–25]. The last of these glaciations is marked by the Last Glacial
Maximum (LGM), defined as the period 23,000–19,000 years before the present [26–28], when most
of Northern Europe was covered by an extensive ice sheet, accompanied by reduced sea level and
strong variations in Earth’s climate [28]. Nonetheless, to fully understand the processes controlling
petroleum charge, migration and leakage, as well as petroleum phase prediction, a truly holistic
approach is required, integrating seismic data interpretation, geochemistry and geological boundary
conditions over time. This is typically achieved via 3D petroleum systems analysis and modelling (PSA
and PSM). Recent 2D and coarse-resolution 3D petroleum system models in the Hammerfest Basin
showed episodic leakage from Jurassic reservoirs, peaking during deglaciations [10,29], which agreed
with the timing of seismically-observed hydrocarbon leakage indicators based on 2D and 3D seismic
reflection datasets [16,30]. Past petroleum system modelling studies were coarse and first focused on
the implementation of glacial cycles in 2D [10], followed by a 3D PSM study at a 2 km × 2 km scale
grid resolution, where petroleum leakage was addressed explicitly by capillary leakage though seal
failure. Moreover, recent studies of the Barents Sea revealed that the key regional faults (Figures 1
and 3) in the Hammerfest Basin, namely NS, SW-NE and NW-SE faults [13,17], play a key role in
petroleum migration from deeper Jurassic reservoirs (Figures 3 and 4) to the shallow stratigraphy and
up to the seabed [16,17,30], resulting in pockmarks (Figures 4 and 5), inferred gas hydrates [30,31],
amplitude anomalies, gas chimneys (Figures 3 and 4) and shallow gas accumulations [16,30,32,33].
Evidence of condensate type light hydrocarbons charging the seabed sediments also indicate a deep
origin of the fluids and present-day microseepage [34]. These compelling results revealed that the
processes of hydrocarbon leakage and tertiary remigration in the Hammerfest Basin remains poorly
understood due to geological uncertainties in the petroleum system models from the perspective
of petroleum leakage. In this study, we integrate findings from 3D seismic data interpretation and
analysis (Figure 3), detailed fault mapping, hydrocarbon leakage indicators (Figures 4 and 5) coupled
with improved granularity in a 3D petroleum system model to provide a higher resolution holistic
Earth model. With this approach, we aim to reveal the impact of Pliocene-Pleistocene glaciations
on hydrocarbon remigration and leakage from the Snøhvit and Albatross fields, which could serve
as the analogue for de-risking of petroleum prospects in the Barents Sea. The results will also have
implications for CO2 capture and storage efforts and associated risks at Snøhvit field [8,32].
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Figure 1. (A) Location of the study area, Greater Barents Sea, offshore Norway. (B) Structural map of 
the SW Barents Sea; RLFC: Ringvassøy-Loppa Fault Complex; AFC: Asterias Fault Complex; TFFC: 
Troms/Finnmark Fault Complex; BFC: Bjørnøyrenna Fault Complex. Key faults that were mapped 
were included in a large regional basin model, which includes the Snøhvit, Snøhvit North, Snøhvit 
Beta, Albatross and Askeladd fields and their kitchen areas. The higher resolution nested model 
includes the Snøhvit and Albatross fields. 

2. Geological and Structural Setting 

The geological evolution of the Barents Sea has been previously studied in detail by several 
authors [3,4,35–38]. The regional stratigraphy of the Barents Sea has also been discussed  
widely [39–41] with the formal nomenclature for the lithostratigraphy in the SW Barents Sea  
defined by [40,42].  

In this communication, we focus on the stratigraphy, tectonic features and events including 
Triassic and younger (Figures 2 and 3), with the focus on the following key sequences and 
boundaries: (1) present-day seabed, marked by numerous fluid escape features [15,16], (2) the Upper 
Regional Unconformity (URU) [43]: a diachronous angular unconformity marking the erosional base 
of multiple glacial episodes (0.8 Ma [16,20,44,45]); (3) a Cenomanian-Campanian polygonal fault 
interval [17]; and (4) the Bajocian Stø Formation, the main reservoir of the Snøhvit, Albatross and 
Askeladd fields [9,13]. 

Figure 1. (A) Location of the study area, Greater Barents Sea, offshore Norway. (B) Structural map of
the SW Barents Sea; RLFC: Ringvassøy-Loppa Fault Complex; AFC: Asterias Fault Complex; TFFC:
Troms/Finnmark Fault Complex; BFC: Bjørnøyrenna Fault Complex. Key faults that were mapped
were included in a large regional basin model, which includes the Snøhvit, Snøhvit North, Snøhvit Beta,
Albatross and Askeladd fields and their kitchen areas. The higher resolution nested model includes the
Snøhvit and Albatross fields.

2. Geological and Structural Setting

The geological evolution of the Barents Sea has been previously studied in detail by several
authors [3,4,35–38]. The regional stratigraphy of the Barents Sea has also been discussed widely [39–41]
with the formal nomenclature for the lithostratigraphy in the SW Barents Sea defined by [40,42].

In this communication, we focus on the stratigraphy, tectonic features and events including
Triassic and younger (Figures 2 and 3), with the focus on the following key sequences and boundaries:
(1) present-day seabed, marked by numerous fluid escape features [15,16], (2) the Upper Regional
Unconformity (URU) [43]: a diachronous angular unconformity marking the erosional base of multiple
glacial episodes (0.8 Ma [16,20,44,45]); (3) a Cenomanian-Campanian polygonal fault interval [17]; and
(4) the Bajocian Stø Formation, the main reservoir of the Snøhvit, Albatross and Askeladd fields [9,13].
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Figure 2. (A) Two-way travel time (TWT) structure map of the Stø reservoir. Location of the gas 
chimney outline is highlighted together with well locations. (B) Interpreted cross-section of the 
stratigraphy (modified from [13,17]) showing the structural setting and the main stratigraphic units 
of the Stø reservoir. The EW trending faults bounding the Snøhvit field have been repeatedly 
reactivated [17] and penetrate the sequences from Triassic up to the Paleocene-Early Eocene  
Torsk Formation. 

Figure 2. (A) Two-way travel time (TWT) structure map of the Stø reservoir. Location of the gas chimney
outline is highlighted together with well locations. (B) Interpreted cross-section of the stratigraphy
(modified from [13,17]) showing the structural setting and the main stratigraphic units of the Stø
reservoir. The EW trending faults bounding the Snøhvit field have been repeatedly reactivated [17]
and penetrate the sequences from Triassic up to the Paleocene-Early Eocene Torsk Formation.
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Figure 3. Seismic cross-sections across the Snøhvit field with key stratigraphic units that were used to 
build the 3D petroleum systems model (see Figure 2 for the location). Reactivated first order faults 
penetrate the reservoirs linking to the Cenomanian-Campanian polygonal fault interval and 
reactivated polygonal faults in the Paleocene-Early Eocene. The location of the Bottom Simulating 
Reflector (BSR) above the gas chimney is shown together with the timing of fault activity and 
hydrocarbon generation from key source rocks. PFs: Polygonal Faults. 

The Hammerfest Basin (Figure 1) has an ENE-WSW axis trend, bounded by several regional 
fault complexes: the Troms-Finnmark Fault Complex, the Asterias Fault Complex and the 
Ringvassøy-Loppa Fault complex to the west, which separate the Hammerfest Basin (HB) from 
surrounding basins, highs and platforms [35]. The structural trends, the fault classes and their 
interactions in the Hammerfest Basin have been described in detail by [17]. The Hammerfest Basin is 
dominated by E-W trending faults (Figures 1 and 2), as well as less abundant NS, SW-NE and  
NW-SE faults, repeatedly reactivated coeval with regional tectonic events [17,46]. The reactivated 
faults (Figure 3) are termed first order faults [17] and are found along older Triassic lineaments, which 
have been reactivated during recent Eocene tectonic events and penetrate through Cretaceous strata, 
Cenomanian polygonal fault tiers and into Paleocene-Early Eocene strata (Figures 3 and 4). The 
Paleocene-Early Eocene strata are dissected by multiple curvilinear faults, termed PEEFs  
(Paleocene-Early Eocene Faults [17]), which are related to the preferential reactivation of polygonal 
faults [17]. The second order faults (Figure 3) are sealed below the Cenomanian, do not penetrate the 
Cenozoic successions [17] and are related to older transtensional events during the  
Kimmeridgian [46]. The Snøhvit field (Figures 1 and 2) is situated in an EW trending horst, bounded 
by EW trending reactivated faults (Figure 3). The first order reactivated, as well as second order fault 
classes (Figures 3 and 4), where first order has been reactivated in the Cenozoic (Paleocene-Early 
Eocene, Figure 2) and up to 0.8 Ma (age of URU [20,45,47]), whereas the second order faults have 
been reactivated during Albian and Cenomanian time [17].  

Figure 3. Seismic cross-sections across the Snøhvit field with key stratigraphic units that were used to
build the 3D petroleum systems model (see Figure 2 for the location). Reactivated first order faults
penetrate the reservoirs linking to the Cenomanian-Campanian polygonal fault interval and reactivated
polygonal faults in the Paleocene-Early Eocene. The location of the Bottom Simulating Reflector (BSR)
above the gas chimney is shown together with the timing of fault activity and hydrocarbon generation
from key source rocks. PFs: Polygonal Faults.

The Hammerfest Basin (Figure 1) has an ENE-WSW axis trend, bounded by several regional fault
complexes: the Troms-Finnmark Fault Complex, the Asterias Fault Complex and the Ringvassøy-Loppa
Fault complex to the west, which separate the Hammerfest Basin (HB) from surrounding basins, highs
and platforms [35]. The structural trends, the fault classes and their interactions in the Hammerfest
Basin have been described in detail by [17]. The Hammerfest Basin is dominated by E-W trending
faults (Figures 1 and 2), as well as less abundant NS, SW-NE and NW-SE faults, repeatedly reactivated
coeval with regional tectonic events [17,46]. The reactivated faults (Figure 3) are termed first order
faults [17] and are found along older Triassic lineaments, which have been reactivated during recent
Eocene tectonic events and penetrate through Cretaceous strata, Cenomanian polygonal fault tiers and
into Paleocene-Early Eocene strata (Figures 3 and 4). The Paleocene-Early Eocene strata are dissected
by multiple curvilinear faults, termed PEEFs (Paleocene-Early Eocene Faults [17]), which are related to
the preferential reactivation of polygonal faults [17]. The second order faults (Figure 3) are sealed below
the Cenomanian, do not penetrate the Cenozoic successions [17] and are related to older transtensional
events during the Kimmeridgian [46]. The Snøhvit field (Figures 1 and 2) is situated in an EW trending
horst, bounded by EW trending reactivated faults (Figure 3). The first order reactivated, as well as
second order fault classes (Figures 3 and 4), where first order has been reactivated in the Cenozoic
(Paleocene-Early Eocene, Figure 2) and up to 0.8 Ma (age of URU [20,45,47]), whereas the second order
faults have been reactivated during Albian and Cenomanian time [17].
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Figure 4. (A) 3D visualization of an interpreted regional EW trending fault through the Jurassic 
reservoir up to the shallow subsurface, crosscutting a BSR, linking with shallow faults, overlain by 
buried and present-day seabed pockmarks. (B) Example of the BSR reflector, cross-cut by reactivated 
polygonal faults with fluid flow pipes above, leading to buried pockmarks on the Upper Regional 
Unconformity (URU) and seabed pockmarks (for details, see Figure 5 and [16]). 

Figure 4. (A) 3D visualization of an interpreted regional EW trending fault through the Jurassic
reservoir up to the shallow subsurface, crosscutting a BSR, linking with shallow faults, overlain by
buried and present-day seabed pockmarks. (B) Example of the BSR reflector, cross-cut by reactivated
polygonal faults with fluid flow pipes above, leading to buried pockmarks on the Upper Regional
Unconformity (URU) and seabed pockmarks (for details, see Figure 5 and [16]).



Geosciences 2017, 7, 28 7 of 30
Geosciences 2017, 7, 28 7 of 29 

 

 

Figure 5. (A) 3D block interpretation of the Albatross field and the deep Jurassic faults,  
Cenomanian-Campanian polygonal faults and the reactivated polygonal faults overlain by mega 
pockmarks on the seabed and the URU. (B) Example of buried pockmarks on the URU surface in the 
area above the BSR (modified from [16]). 

The main reservoir is represented by the Middle Jurassic Stø Formation (Figures 2 and 3), 
consisting of shallow marine lagoonal and estuarine barrier sands [9] with additional reservoirs in 
lower coastal plain shallow marine deposits of the Lower Jurassic Nordmela Formation and upper 
coastal plain fluvial deposits of the Lower Jurassic Tubæn Formation [7,9]. The anoxic Hekkingen 
Formation (Figure 2) shale is a proven source rock in the SW Barents Sea with high Total Organic 
Carbon contents (up to 20% TOC [13]), as well as a high Hydrogen Index (HI), with potential to 
generate dominantly liquid petroleum [7]. Other prominent source rocks include the Lower Jurassic 
shales and coals of the Nordmela Formation with potential to generate waxy oils and gas [13]. 
Additional source rocks in the SW Barents Sea include the Triassic shales (Figure 3), namely the 
Kobbe, Snadd and Fruholmen Formations, with mainly gas potential [7,29]. 

The sealing rocks for the Snøhvit and Albatross fields consist of the Upper Jurassic Fuglen and 
Hekkingen Formations (Figures 2 and 3). The thicknesses of these formations are 7–30 m and  
60–80 m, respectively [40]. The maturity of the Jurassic source rock sequences is variable (Figure 3): 

Figure 5. (A) 3D block interpretation of the Albatross field and the deep Jurassic faults,
Cenomanian-Campanian polygonal faults and the reactivated polygonal faults overlain by mega
pockmarks on the seabed and the URU. (B) Example of buried pockmarks on the URU surface in the
area above the BSR (modified from [16]).

The main reservoir is represented by the Middle Jurassic Stø Formation (Figures 2 and 3),
consisting of shallow marine lagoonal and estuarine barrier sands [9] with additional reservoirs
in lower coastal plain shallow marine deposits of the Lower Jurassic Nordmela Formation and upper
coastal plain fluvial deposits of the Lower Jurassic Tubæn Formation [7,9]. The anoxic Hekkingen
Formation (Figure 2) shale is a proven source rock in the SW Barents Sea with high Total Organic
Carbon contents (up to 20% TOC [13]), as well as a high Hydrogen Index (HI), with potential to generate
dominantly liquid petroleum [7]. Other prominent source rocks include the Lower Jurassic shales
and coals of the Nordmela Formation with potential to generate waxy oils and gas [13]. Additional
source rocks in the SW Barents Sea include the Triassic shales (Figure 3), namely the Kobbe, Snadd and
Fruholmen Formations, with mainly gas potential [7,29].

The sealing rocks for the Snøhvit and Albatross fields consist of the Upper Jurassic Fuglen and
Hekkingen Formations (Figures 2 and 3). The thicknesses of these formations are 7–30 m and 60–80 m,
respectively [40]. The maturity of the Jurassic source rock sequences is variable (Figure 3): they are
immature in the immediate vicinity of the Snøhvit and Albatross fields, within the oil window in the
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NW of the study area, where the Hammerfest Basin deepens, and in the gas window in Tromsø Basin,
whereas the Triassic source rocks are mainly within the gas window [7,29].

Three main erosional periods have been reported in this area: Late Cretaceous, Eocene-Oligocene
(35–40 Ma) and Miocene (5–10 Ma), with average erosional thicknesses of 200, 1000 and 500 m,
respectively [7,18]. Additionally, a net overburden thickness of 500 m was removed during the
Pliocene-Pleistocene through glacio-fluvial processes in the Hammerfest Basin, preferentially due to
glacial ice streams [20]. The erosion boundary is marked by the Upper Regional Unconformity (URU,
Figures 2 and 3) [43].

3. Materials and Methods: Construction of the 3D Petroleum System Model

3.1. Input Data

Interpretation of ~32,000,000 km of 2D and 1000 km2 of 3D seismic data allowed us to build
a 90 km × 60 km 3D subsurface Earth model, gridded at 0.5 km × 0.5 km spacing, with fourteen
stratigraphic layers (~0.32 million cells), which includes an updated glacial history, as well as key
regional and prospect-scale faults (Figure A1). The petroleum system model building, simulation and
visualization were done using PetroMod® v. 2012 software (Schlumberger, Houston, TX, USA), which
included nesting of a high resolution prospect-scale model within a larger regional-scale basin model,
using Local Grid Refinement (LGR [48]). The LGR technique is used when basin model resolution
is too high for processing and where an area of interest is processed at full resolution and the outer
rim of the regional model is sub-sampled. In this case, the Snøhvit prospect was modelled at high
resolution and nested within a low resolution regional-scale model, which covered the full extent of the
petroleum system, including the kitchen areas. The high resolution Snøhvit model inherited regional
hydrocarbon charge, migration routes, as well as pressure and temperature conditions from the regional
model [48]. The regional basin model, covering the whole of the Hammerfest Basin, was used to model
hydrocarbon migration, accumulation and leakage over time from the Snøhvit structure. The nested
model simulation enhanced the horizontal resolution in the proximity of the Snøhvit reservoir and
allowed for higher resolution representation of faults and hydrocarbon migration. The nested model
was run at 0.2 × 0.2 km grid spacing in an area of 300 km2 (~0.11 million cells), targeting the Snøhvit
reservoir structure. The 3D petroleum systems model was constructed from Permian to the present
day, thus reconstructing the burial history (Figure A2), the pressure-temperature evolution, as well
as generation migration and accumulation (Figure A3) of hydrocarbons (HCs) over geological time,
using boundary conditions from previous basin modelling work in the Barents Sea [29].

Fourteen-component compositional kinetic models of petroleum generation and cracking for key
source rock intervals were used in the model for charge prediction. Based on the regional 2D and 3D
seismic interpretation, we identified twelve key faults and implemented them in our model (Figure 6).

The Pliocene-Pleistocene erosional events [10,29] were defined in our model based on ice stream
erosion sediment mass balance reconstructions taken from the area of interest based on [20], where
a constant erosion of 200 m was assumed from 2.5–0.7 Ma and 300 m from 0.8 to the present day.
Using analogue studies from Antarctica [28], we model the glacial cycles prior to the last Glacial
Maximum in two steps: (1) an ice growth period of 150 ka; and (2) the deglaciation as a rapid ice
decay taking place over 20 ka. This is in line with the late Weichselian glacial cycles [49], large erosion
rates due to ice streams [20], as well as the deglaciation chronology of the Barents Sea Ice Sheet [26,50].
We included five glacial mega cycles (Figure 7), of a 100-ka duration based on the Milankovitch orbital
forcing [51]. Ice sheets were assumed to have a constant thickness of 1.5 km across the Hammerfest
Basin [49,52]. The last 200 ka in our model were subdivided as four stages of glaciation [52]: Saalian
(130–110 ka), Early Weichselian (100–70 ka), Middle Weichselian (70–50 ka) and ending with the Late
Weichselian/Last Glacial Maximum (30–10 ka) (Figure 7), with respective ice thicknesses of 500, 1000,
1250 and 1500 m [49].
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Figure 6. Modelled accumulations based on 3D petroleum system modelling showing the main 
Snøhvit, Albatross and Askeladd reservoirs, as well as associated oil and gas phases. Input fault traces 
are also shown, as well as petroleum break-through locations, based on maximum hydrocarbon (HC) 
column height, reservoir structure and sealing capacity [48]. The insert (bottom left) shows the 
location and outlines of discoveries and producing fields in the Hammerfest Basin; the Snøhvit 
discovery is a gas field with an oil leg [6]. Figure A6 documents the hydrocarbon phase relationships 
of proven discoveries. 

Additionally, the CSMHYD software (Center for Hydrate Research, Colorado School of Mines, 
St. Golden, CO, USA) [53] was used to predict the thermodynamics of stable hydrate structures (I 
and II) for given composition, temperature and pressure conditions with and without salt as an 
inhibitor. The geothermal gradient was obtained from available borehole data [54], and the depths of 
the inferred Bottom Simulating Reflector (BSR) (Figure 4) are based on [16]. 

3.2. Faults in the Petroleum Systems Model 

Faults are structurally complex, consisting of a core, a damage zone and a protolith [55–58] and 
can seal or permit fluids to pass through, depending on the (1) degree of disaggregation,  
(2) dissolution, cementation and mineral precipitation, (3) cataclasis, brecciation or degree of gouge, 
(4) amount of slip and reservoir-seal juxtaposition, (5) stress state and (6) timing of fault  
movement [59–63]. Nonetheless, the scale and detail of such complex deformation zones is beyond 
the capabilities of basin modelling studies, and usually, fault zones are simplified and modeled as 
boundary or volume elements [48,64]. Boundary element faults have no volume, and flow through 
them is assumed to be instantaneous. Volumetric faults are defined as cells along 3D planes where 
permeability, as well as Fault Capillary entry Pressures (FCP) can be adjusted (Table 1). We have 
selected twelve key first and second order faults (Figure 6) based on the interpretation of 3D seismic 
datasets and interpretation of fluid flow features associated with these faults [17]. In this study, we 
use volumetric fault elements to convert from fault sticks to grid cells within the petroleum systems 
model (Figure A1). In our model, faults are assumed to be poorly conductive if FCP exceeds 50 MPa 
and conductive with FCP values less than 0.1 MPa. The FCP and permeability pairs have been 
assigned to modeled faults from empirical fault core measurements by [64–67]. We tested the model 
sensitivity by running several scenarios with closed faults, as well as with varying FCP and 
permeability definitions. The input FCP and permeability pairs assigned to conductive faults are 
presented in Table 1. Faults were assumed to be conductive/partially sealing during deglaciations to 

Figure 6. Modelled accumulations based on 3D petroleum system modelling showing the main
Snøhvit, Albatross and Askeladd reservoirs, as well as associated oil and gas phases. Input fault
traces are also shown, as well as petroleum break-through locations, based on maximum hydrocarbon
(HC) column height, reservoir structure and sealing capacity [48]. The insert (bottom left) shows
the location and outlines of discoveries and producing fields in the Hammerfest Basin; the Snøhvit
discovery is a gas field with an oil leg [6]. Figure A6 documents the hydrocarbon phase relationships
of proven discoveries.

Additionally, the CSMHYD software (Center for Hydrate Research, Colorado School of Mines,
St. Golden, CO, USA) [53] was used to predict the thermodynamics of stable hydrate structures
(I and II) for given composition, temperature and pressure conditions with and without salt as an
inhibitor. The geothermal gradient was obtained from available borehole data [54], and the depths of
the inferred Bottom Simulating Reflector (BSR) (Figure 4) are based on [16].

3.2. Faults in the Petroleum Systems Model

Faults are structurally complex, consisting of a core, a damage zone and a protolith [55–58] and
can seal or permit fluids to pass through, depending on the (1) degree of disaggregation, (2) dissolution,
cementation and mineral precipitation, (3) cataclasis, brecciation or degree of gouge, (4) amount of slip
and reservoir-seal juxtaposition, (5) stress state and (6) timing of fault movement [59–63]. Nonetheless,
the scale and detail of such complex deformation zones is beyond the capabilities of basin modelling
studies, and usually, fault zones are simplified and modeled as boundary or volume elements [48,64].
Boundary element faults have no volume, and flow through them is assumed to be instantaneous.
Volumetric faults are defined as cells along 3D planes where permeability, as well as Fault Capillary
entry Pressures (FCP) can be adjusted (Table 1). We have selected twelve key first and second order
faults (Figure 6) based on the interpretation of 3D seismic datasets and interpretation of fluid flow
features associated with these faults [17]. In this study, we use volumetric fault elements to convert
from fault sticks to grid cells within the petroleum systems model (Figure A1). In our model, faults
are assumed to be poorly conductive if FCP exceeds 50 MPa and conductive with FCP values less
than 0.1 MPa. The FCP and permeability pairs have been assigned to modeled faults from empirical
fault core measurements by [64–67]. We tested the model sensitivity by running several scenarios
with closed faults, as well as with varying FCP and permeability definitions. The input FCP and
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permeability pairs assigned to conductive faults are presented in Table 1. Faults were assumed
to be conductive/partially sealing during deglaciations to due large deviatory stresses associated
with glacial unloading and isostatic compensation [68,69] and closed during glacial loading due to
subsidence [70]. Timings of fault dilation, when faults were modelled as conductive, and contraction,
when faults were modelled as closed, are presented in Table 2. For the conductive fault scenarios, faults
were assigned FCP and permeability pairs as shown in Table 1, and the results of these simulations
are shown in Figure 7. For the sensitivity analysis, we changed the fault entry pressure in the model
by an order of magnitude to capture the spread in the data by [66,67] ranging from: 6.9 MPa, 2 MPa
(lower permeability) 2 MPa (higher permeability), 0.7 MPa and 0.07 MPa, with corresponding fault
permeabilities of −3, −3, −1 and 2 log mD, respectively (Figure 7). The range of FCPs and associated
permeabilities is based on published compilations of fault rock properties from [65,67].
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Figure 7. Results of the 3D petroleum systems model. (A) Temperature profile at the top of the
ice sheet during the last 1.2 Ma. (B) Pressure profiles of the Stø reservoir during the last 1.2 Ma.
(C) Accumulated hydrocarbon mass in the Snøhvit reservoir. Loss of mass is shown as a function
of changing fault properties. (D) Hydrocarbon mass outflow at the top of the model, as a function
of changing fault properties. White areas represent times of glacial loading, and vertical grey zones
represent deglaciation events.
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Table 1. Defined fault properties for the petroleum system model sensitivity runs based on the empirical
relationship for the capillary entry pressure for fault rocks [66,67]. Each FCP value was tested having
a permeability assigned to it according to the data spread of [66,67].

FCP * Permeability (log mD **) Permeability (mD **)

Closed - -
6.9 −3 0.001
2 −3 0.001
2 −1 0.1

0.7 −1 0.1
0.07 2 100

* FCP: Fault Capillary entry Pressure in MPa; ** mD: millidarcy.

Table 2. Input boundary conditions for the timing of fault dilation and fault sealing during the
glacial-interglacial periods.

Conductive Faults Closed Faults

Age * from Age up to Age From Age up to

0.8 0.78 150 0.8
0.6 0.58 0.78 0.6
0.4 0.38 0.58 0.4
0.2 0.18 0.38 0.2

0.12 0.11 0.18 0.12
0.09 0.07 0.11 0.09
0.06 0.05 0.07 0.06
0.02 0 0.05 0.02

* Age in Ma.

4. Results and Interpretation

4.1. Modelled Pressure Histories

The results of the 3D petroleum systems modelling are shown in Figure 6. The model reproduces
the key accumulations of the Snøhvit, Albatross and Askeladd fields, as well as the oil discovery in
Well 7120/1-2. For the Snøhvit field [48], the predicted the gas column height is 122 m with a 9-m
oil leg. The oil water contact lies at 2404 m, and the gas oil contact lies at 2395 m. Reported values
from the field [13] show that the gas-oil contact is at 2404 m, the oil water contact at 2418 m, and the
overall gas column is 124 m with an oil leg of 14 m. Figure 7 shows the main results of modelled
hydrocarbon leakage from the Hammerfest Basin model, as well as the nested higher resolution
model at Snøhvit. The glacial cycles are modelled as a slow ice growth, followed by a rapid decay
(Figure 7A). The pressure histories (Figure 7B) demonstrate the effect of glacial loading and unloading
on the Jurassic reservoir in the Stø Formation over the last 1 Ma. We have also tested scenarios for a
slow ice growth and a slow decay, which in terms of pressure yielded similar results where the peak
pressure coincides with peak glaciations. In this case, the pressure scenarios (Figure 7B) show how the
lithostatic, hydrostatic and pore pressures vary over glacial times. As expected, the lithostatic pressure
increases with increasing ice loading and decreases during the deglaciations to the present day due
to the imposed erosion of 500 m during the last 2.5 Ma. Similarly, the pore pressure progressively
increases compared to the hydrostatic pressure, resulting in a buildup of overpressure up to the
maximum ice thickness. During the onset of the interglacials, ice removal is accompanied by a decrease
in pore pressure, although not reaching hydrostatic pressure (Figure 7B). The excess hydraulic pressure
(overpressure) increases from the onset of glaciations to the glacial maxima and decreases during
interglacials. Thus, overpressure is modelled to develop following the onset and during glaciations and
is maintained during interglacials without fully returning to a hydrostatic pressure regime. The results



Geosciences 2017, 7, 28 12 of 30

show that the Stø reservoir undergoes a “pressure rollercoaster”, where the ice loading and unloading
due to the glacial cycles cause saw-tooth cyclic undulations in the reservoir pore pressures, as well as
the lithostatic and hydrostatic pressures (Figure 7B). The late Weichselian glaciations ca. 0.1–0.01 Ma
(Figure 7) show higher frequency pressure fluctuations due to shorter timed glacial cycles.

4.2. Petroleum Leakage History

Figure 7C shows the accumulated hydrocarbon masses accumulated within the Snøhvit reservoir
only, whilst Figure 7D shows the net flux from the top of the whole model (termed “outflow top”).
The masses in Figure 7C,D were taken from the Snøhvit reservoir, which was isolated from the rest
of the regional model to obtain a better estimate of the mass balance between the accumulated mass
in the reservoir and the mass leaked (capillary and along fault) to the shallow parts of the model.
Initially, we tested the effect on capillary leakage when faults are assumed closed and with very high
FCP (Figure 7C,D). The predicted mass accumulated in the reservoir for the closed fault scenario
turned out to be similar, mimicking the model where a fault scenario with high fault capillary entry
pressures of 6.9 MPa was used (red and dark blue lines in Figure 7D). In Figure 7C,D, the closed
fault scenario, as well as the high FCP (6.7 MPa) show that leakage is not fast and instantaneous
during deglaciations, but continues after the deglaciation has taken place. We interpret this as capillary
leakage, as well as spill out of reservoirs and slower migration from the model by gas expansion,
spill and through-seal migration. This is different in scenarios with conductive faults, where once
FCP is overcome by the hydrocarbon column height; permeability controls the amount of mass lost.
In both cases, leakage occurs in a stepwise manner during the interglacial periods, with 1–3% mass
lost during initial deglaciation events, increasing to 5% during Weichselian glaciations. Two scenarios
have been run for the faults with 2 MPa capillary entry pressure, where the FCP was kept constant
and permeability was changed (Figure 7C,D). Modelled results show that once the FCP is overcome,
relative mass flow along faults is controlled by permeability. We observed four episodes of leakage
from the Snøhvit reservoir, following the four main glacial megacycles (0.8–0.78, 0.6–0.58, 0.4–0.58,
0.2–0.18 Ma) and additional leakage episodes during Weichselian glaciations with the final leakage
event between 0.02 and 0.01 Ma (see Table 2), all coinciding with times of deglaciations (Figure 7).

There is a prominent leakage event taking place in our model during the first deglaciation
(0.8–0.78 Ma), which is observed for all FCP scenarios (Figure 7), in which the accumulated mass in
Snøhvit decreases by 60–80%. The FCP shows a strong primary influence on mass loss, where low
FCP values result in an increase in lost hydrocarbon mass (Figure 7A,B). The permeability at a specific
FCP has secondary controls on the mass of hydrocarbons lost, where higher permeability at the same
FCP results in larger hydrocarbon mass loss from the reservoir. This implies that once the FCP has
been overcome (hydrocarbon column height pressure ≥ FCP), fault permeability controls the amount
of hydrocarbons flowing out of the reservoir through the faults. If the FCP pressure has not been
reached, there is no flow of hydrocarbons along the fault planes. Following the first fault leakage
episode during the first modeled deglaciation, 7–15% of the accumulated hydrocarbon mass within
the reservoir (Figure 7C) leaks with each deglaciation episode, where leakage along conductive faults
is the main driver for loss of hydrocarbons from the reservoirs (Figure 7D). Capillary leakage as a
leakage mechanism is also taking place; however, it is lower in magnitude compared to the conducting
fault scenarios and is a much slower process compared to the conducting fault scenarios, as seen
from closed faults and FCP of the 6.9 MPa scenario (Figure 7C,D). Furthermore, 25% of the remaining
hydrocarbon mass was lost following the Last Glacial Maximum (Figure 7C,D), which is larger than all
of the previous mass loss events from the reservoirs (Figure 7C,D).

In Figure 7, the estimated mass lost from the top of the model is shown not only to be restricted
to the Snøhvit field, but represents a sum of mass loss from all reservoirs in the modelled area and
including the Snøhvit and surrounding satellite accumulations: Snøhvit Beta, Snøhvit Nord, as well
as Albatross and Askeladd fields (Figure 6). Moreover, additional intermediate reservoirs are also
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summed up in the model. Thus, these absolute mass values should be interpreted as cumulative
leakage integrated over all reservoirs.

The patterns of the hydrocarbon mass loss from the whole model (Figure 7D) reflects the
sequential decrease in accumulated mass in the reservoir (Figure 7C). The closed faults and high
FCP (6.9 MPa) scenario show a sequential loss of HCs at the top of the model, which is due to capillary
losses with ~0.01% mass lost during each deglaciation. The first leakage event from the model at
0.8–0.78 Ma is the same for all conductive fault scenarios, with 0.8–1% of total mass of hydrocarbons
lost from all modelled fields for FCP of the 2-MPa and 0.07-MPa scenarios, respectively. The following
modelled leakage events through conductive faults (Figure 7D) show ranges of 0.01–0.06%, 0.02–0.04%,
0.02–0.03% and 0.02% for 0.6–0.58, 0.4–0.38, 0.2–0.18 Ma and the last deglaciation (0.02–0 Ma, post Last
Glacial Maximum).

Overall, the hydrocarbon mass outflow top (Figure 7D) and hydrocarbon mass accumulated
plots complement each other (Figure 7C). The timing and the mass lost from the reservoir in one field
(Snøhvit) is reflected on the total mass leaked from the top of the whole model, where the main
hydrocarbon mass leakage events took place during deglaciations. The model including faults at FCP
of 2 MPa shows that in the first leakage event, the mass lost is 60–80% larger than in the subsequent
fluid leakage episodes through faults. These modelling results indicate that the first episode of
leakage through conducting faults (~0.8–0.78 Ma) is by far the most significant in terms of the mass of
hydrocarbon loss from the reservoirs.

4.3. Results of the Nested Model (Local Grid Refinement)

The results of the nested model simulation for the Snøhvit field model at 200 m × 200 m resolution
are shown in Figure 8 for the ice sheet loading during the Last Glacial Maximum (Figure 8B) and
the following deglaciation (Figure 8C). The nested model shows Fault Planes A and B, which were
assigned as closed during glaciations (see Table 2) and conducting during the deglaciation following
the Last Glacial Maximum. Fault planes are visualized with hydrocarbon saturations, based on the
occurrence of break-throughs. In the model, hydrocarbon break-throughs are calculated based on
the hydrocarbon column height, petroleum properties, capillary entry pressures of the seal, fracture
gradients and trap geometry and follow strictly vertical paths [48]. Break-throughs are absent along
the fault planes during ice loading as the faults are assigned as closed and no hydrocarbon leakage
takes place along the fault plane (Figure 8B). Conversely, during the deglaciation, break-throughs occur
along the faults indicating fluid flow and leakage of hydrocarbons from the reservoir. Interestingly,
the predicted hydrocarbon break-throughs appear connected to the deep reservoir, as well as the
upper part of the model (Figure 8C). Actual leakage is thus shown as vertical columnar patterns in the
westernmost section of the reservoir. The break-throughs are not strictly vertical in Figure 8C, which
is related to horizontal migration along the carrier layer. Once breakthrough occurs, hydrocarbons
flow along the path of least resistance into cells of lower capillary entry pressure and permeability as
compared to the cell saturated by the hydrocarbons within the top of the carrier layer. Once another
layer is reached, hydrocarbons then migrate laterally and updip along the top of the new carrier layer
until another break-through occurs. This happens once the hydrocarbon buoyancy pressure exceeds
capillary pressure of the overlying cells of the sealing layer. These modelling results are in agreement
with previous observations, based on extraction from seismic data, where fluid flow along faults occurs
in discrete vertically-constrained zones, as opposed to curtain flow along the entire length of the fault
plane [71]. The location of interpreted gas chimney and a BSR (Figures 3A and 8A) coincides with the
predicted location of the migration and leakage pathway in our model (Figure 8C).
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Figure 8. (A) Display of the interpreted faults bounding the Snøhvit field together with hydrocarbon
leakage indicators (gas chimney, BSR, enhanced reflections (see Figure 4)). (B) Representative results
of the nested model at 200 m × 200 m for closed faults during glaciations. (C) Conducting faults
during deglaciation. Fault plane color scale displays hydrocarbon saturation, based on locations of
break-throughs, calculated from column heights, trap geometry and seal capillary entry pressure
(for details, see [48]). During glaciations when faults are closed, no break-throughs occur along Fault B
(insert in (B)). Once the faults become conductive, hydrocarbons migrate vertically along the fault plane,
then laterally upon reaching less resistive strata (lower capillary entry pressure and permeability) and
then vertically to the shallow strata (Figure A7) once another cell with lower capillary entry pressure
and permeability is reached (insert in (C)).

5. Discussion

In this section, we bring elements of the seismic interpretation and hydrocarbon leakage analysis
together with basin modelling to form a holistic storyline of hydrocarbon leakage in the Hammerfest
Basin, linking overpressure, glaciations gas chimneys and gas hydrates.

There are several mechanisms to explain the sudden release of hydrocarbons from the Snøhvit
reservoir at ~0.8 Ma, namely: (1) fault reactivations and dilation; (2) overpressure and hydrofracturing
of seals; (3) reservoir spill and gas flushing; (4) leakage and accumulation in shallow traps/hydrates.
Each of these processes will be discussed in turn.
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5.1. Driving Factors for Petroleum Leakage

5.1.1. Fault Controlled Hydrocarbon Leakage

Fault reactivation and slip could have resulted from elevated pore pressures due to the
increase of the hydrocarbon column height during gas expansion, oscillations in pressure due to
ice loading-unloading and the overall fault orientation to the maximum horizontal stress field,
SHmax [13,72,73] and the characteristics of fault damage zones [63,74]. Additionally, gas cap expansion
due to overburden removal by erosion would contribute to elevated pressures [11,75], enhancing the
likelihood of fault slip and increase in permeability.

An additional mechanism for fault dilation is fault orientation in relation to the direction of
maximum horizontal stress (SHmax). In the Snøhvit field (Figure 2), the orientation of the SHmax is
135◦ N in the eastern part and 35◦ N in the western part of the prospect, measured in the Torsk
Fm [13,17,73]. Additionally, in the Albian Kolmule Fm (Figure 2), the SHmax orientation is 0◦ N in the
west and 170◦–165◦ N in the east [13]. It is generally considered that faults and fractures oriented
parallel to sub-parallel to the SHmax direction are more likely to conduct fluids through them due to
lower normal stresses along these fractures [71,72,76]. Nonetheless, there are exceptions, and some
faults may be sealing at depth and become conductive at shallower stratigraphic intervals [73]. In this
study, the main fault responsible for leakage (Fault B, Figure 8) is parallel to sub-parallel to the
orientation of SHmax; however, other previously sealing faults could have also been reactivated during
deglaciation [72,77,78]. Evidence of buried pockmarks on the URU (Figure 5) and their association
with the reactivated first order faults (Figures 3 and 5) indicate that fluid flow along these faults took
place during deglaciations of the Barents Sea Ice Sheet [16]. Accumulation of tectonic strain due to high
periodicity [49] of large-scale flexural loading during glaciations [79], isostatic compensation and post
glacial rebound could have created new or reactivated existing faults as the ice sheet retreated [23,80],
a concept supported by post-glacial earthquakes [77,78]. The Barents Sea Ice Sheet (BSIS) retreated
in stages [50], leaving parts of the Barents Sea Shelf ice free, whilst other parts were still under an ice
sheet. Lateral distribution of maximum horizontal stresses also could have resulted in horizontal and
vertical migration of HCs, as well as structural inversion and fault reactivation over the greater Barents
Sea area [17,33,80].

5.1.2. Overpressure Generation and Hydrofracturing of Seals

Previously published petroleum systems models [10,29] proposed that hydrocarbon leakage
was only by capillary failure in the absence of faults in those models. In this study, the process of
capillary leakage is represented by closed faults, where leakage is controlled by hydrocarbon column
height, capillary entry pressure of the seal and the fracture gradient. The fracture gradient defines the
threshold pressure for a rock to fail and initiate fracturing, which will increase permeability and thus
lower the capillary entry pressure. In our model, the overpressure does not reach the fracture gradients
for the two sealing units of the Fuglen and Hekkingen Formations (Figure A4). The stepwise decline
in reservoir mass (Figure 7D) shows that capillary leakage of hydrocarbons is an ongoing process
during the glacial cycles. However, the first instance of fault dilation during deglaciation around
0.8–0.78 Ma [16] shows that the largest mass of HCs was lost from the reservoir through faults during
this time and is ~5-times larger compared to the subsequent leakage episodes (Figure 7C). Following
the first leakage episode, there is a sequential loss from the reservoir, which follows a similar stepwise
decrease as reported by [29]. This shows that the leakage through faults is the dominant process of
hydrocarbon leakage compared to capillary leakage as most mass is lost to the shallow subsurface
through faults. Overpressure generation due to large-scale variation of the ice sheet thickness (thicker
at center vs. thin at flanks) could have also resulted in overpressure, thus causing tilting of traps,
forcing brine and hydrocarbons to re-migrate out of the reservoirs [25,80].

Looking at the Hammerfest basin, the first episode of leakage in our model (0.8–0.78 Ma) drives a
major fraction of mass lost from the Snøhvit reservoir, which could have been a result of overcoming
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the FCP by the hydrocarbon column height. Vassenden et al. [81] showed that about 65% of the
hydrocarbon column height would be lost during the initial episode of leakage before snap off
occurs [82]. This implies that once the fault's capillary entry pressure is overcome following the
deglaciation at 0.8–0.78 Ma, the hydrocarbon column height decreases to ~1/3 of the original. This
drastic reduction of the hydrocarbon column height can therefore explain why the subsequent leakage
events are not as important in magnitude as the first leakage event. Once the first instance of capillary
invasion takes place, the subsequent capillary leakage becomes easier, and the hydrocarbon column
height does not have to be of the same magnitude to re-initiate leakage [83]. This implies that following
the initial episode of leakage at 0.8–0.78 Ma, the subsequent leakage events required much lower
hydrocarbon column height in order to overcome the capillary entry pressures and to initiate leakage.
This of course has major consequences for hydrocarbon prospectivity and mass balance calculations of
thermogenic gases reaching the seabed.

5.1.3. Reservoir Spill and Gas Flushing

Following severe uplift of the Hammerfest Basin, gas expansion and flushing of oil towards the
flanks of the basin comprise an additional key mechanism in driving the hydrocarbon re-migration and
leakage from structures [11,19,75]. This can explain the oil accumulation in Well 7120/2-1 (Figure 1),
Johan Castberg (formerly Skrugard), the Wisting and Goliat oil fields [6], which are located updip from
the main kitchen areas [29,34].

The removal of ~1.5 km of ice, accompanied by a net erosion of 500 m during the last 2.5 Ma,
resulted in a sudden decrease of lithostatic pressure on a geological timescale (Figure 7A). Reduction
of overburden pressure lowered the Pressure-Temperature conditions of the reservoir, resulting in the
development of two-phase conditions in cases where fluids were monophasic prior to uplift, causing
the existing reservoir gas cap to expand, triggering an overpressure buildup in the reservoir and
forcing oil to spill out of the closure. The last leakage episode (Figure 7D), ~0.02–0 Ma, is related to the
disequilibrium loading of Quaternary strata following the ice retreat, resulting in tilting of structures,
spill and remigration of liquid hydrocarbons.

5.1.4. Leakage and Accumulation in Shallow Traps

Seismic data analysis (Figures 3 and 4 and [16] for details) shows that the oldest glacial erosive
surface (URU) has the highest abundance of giant-to-mega pockmarks (Figure 5 and [16]). Our model
predicts that the first glacial unloading event is responsible for the major loss of hydrocarbons
from the reservoir, with break-throughs occurring in columnar, diapiric-like patterns along the EW
reservoir-bounding faults (Figure 8). The proximity of the BSR (Figures 4 and 8A) to the modeled
leakage location shows that the model is consistent with the seismically-observed hydrocarbon leakage
indicators (Figures 4 and 5). Additionally, fault mapping above the Snøhvit and Albatross gas fields has
revealed the presence of an intricate interconnected hydrocarbon plumbing system (Figures 3 and 4),
consisting of numerous interconnected reactivated polygonal faults and Paleocene-Early Eocene faults
(Figure 3, Figure 4, Figure 5 and [16,17]). Thus, the leaked thermogenic fluids from the reservoirs
could have been redistributed in the shallower subsurface by preferentially following interconnected
fault networks during the individual leakage events. Leaking thermogenic fluids flowing along the
faults reached shallower localized higher permeability zones, where pressure-temperature conditions
favored gas hydrates’ stability (Figure 4). This can be observed in the seismic cube by multiple
occurrences of BSRs and shallow gas anomalies (Figures 4 and 5), as well as the occurrence of multiple
fluid paleo-leakage events linked to the timing of deglaciations (Figure 5). In our model, this leakage is
reproduced as a stepwise decrease of the hydrocarbon mass in the reservoir. Implicitly, fluctuating gas
leakage in combination with variable gas hydrate stability conditions controlled by glacial loading,
unloading and erosion point towards systematic hydrate growth and decay events each time a
glaciation-deglaciation cycle takes place (Figure 4). As shown by our model (Figure 7C,D), these
dynamics explain the multiple fluid escape events, reported by the occurrence of pockmarks and mega
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pockmarks on the URU (Figures 4 and 5) and the present-day seabed (Figure 5) in the study area [16]
and elsewhere in the Barents Sea [15,84,85].

The leakage along the fault planes has been previously reported as main link between deep
thermogenic reservoirs and the shallow subsurface [13,17,32,33]. In this study, we have shown that the
intrinsic fault properties (capillary entry pressure and permeability) play a major role in hydrocarbon
leakage from reservoirs during deglaciations. Furthermore, results indicate that the presence of the
EW faults on the southern flank of the Snøhvit field (Figures 2A and 4) control the size and extent
of the accumulations in the Snøhvit reservoir (Figure 6). In the absence of these EW faults in our 3D
model, all hydrocarbons would have migrated to the Albatross field in the structural high to the south
of the Snøhvit field (Figures 1 and 6). Based on hydrocarbon flow lines and catchment areas (Figures 9
and A5), the hydrocarbons migrate to the western edge of the Snøhvit field and are controlled by
the faults and their intrinsic properties (FCP and permeability). In the Askeladd field (Figure 1), dry
structures are thought to result from leakage of hydrocarbons along the junctions between several
first order fault intersections [86]. The fault networks above the Snøhvit field form a dense network of
deep first order tectonic faults (Figures 3 and 5), linking the Paleocene-Early Eocene strata with the
underlying Jurassic reservoirs and second order faults (Figure 5), which are sealed below the Early
Cretaceous [17].
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Figure 9. Present day accumulations in the Jurassic Stø formation showing: (A) petroleum migration
flow paths (based on ray tracing [48] into the structures (see Figure A5)), as well as (B) a well section
profile across the Snøhvit reservoir showing the location of the principal EW trending fault and the
relative depths of the reservoirs. Insert in (A) shows that hydrocarbons migrate from the northern
kitchen area into Snøhvit North, then Snøhvit, and the break-through locations (see Figure 6) indicate a
leakage point, which is marked by a dashed circle. Hydrocarbons then flow into the Albatross field
structure up dip. Askeladd field sees a different charge direction from the deeper Tromsø Basin in the
west (see Figure 1).
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Fault intersections are thought to be localized zones of high connectivity with high dilational
and low shear strain, which enables high permeability for leaking hydrocarbons [87]. Intersections
between the EW and NS fault trends (Figures 1 and 6) are proposed as critical points for leakage on the
western flank of the Snøhvit field [13,33], where a bottom simulating reflector (BSR, Figures 3 and 4) is
observed in the shallower stratigraphy [16]. In the Cenozoic strata fault linkages also occur between
the first order faults and the Paleocene-Early Eocene faults, thus allowing hydrocarbons to migrate
through them [16,17]. This is in agreement with shallower NW striking faults having a higher leakage
potential towards the surface [73].

Evidence of present-day BSR, proximal to deep routed tectonic faults in the study area, suggests
favorable conditions for gas hydrate formation [16]. In addition, evidence of large seabed pockmarks
in the study area (Figure 5) and elsewhere in the Barents Sea [16,88], as well as offshore Norway [89],
suggests that gas hydrates could have existed in the past elsewhere on the Barents Shelf beneath
the grounded ice sheet. Such conditions could have prevailed in the Hammerfest Basin during the
time of glaciations beneath the Barents Sea Ice Sheet [15,16,89,90] and could have resulted in rapid
destabilization of gas hydrates following the ice retreat, resulting in numerous pockmarks on the
seabed [16,85,91].

5.2. Proposed Model for the Episodic Hydrocarbon Leakage from the Snøhvit Field

Based on the results and discussion presented above, we propose a conceptual model for the
petroleum leakage history of the Snøhvit and similarly Albatross gas fields (Figure 10). After the initial
filling at about 55 Ma [29], the hydrocarbons were trapped in the reservoirs of both fields, producing
initial fluid (gas, oil, water) contacts. Then, during the first episode of glacial loading (0.9–0.8 Ma),
the gas phase largely goes into solution as the overburden pressure increased, with some of the
fluids potentially lost by capillary leakage through fracture networks, propped open by increased
overpressure during glacial loading (Figure 10A). The pressure-temperature conditions could have then
been favorable for gas hydrate formation beneath the ice sheet, potentially sourced from the deeper
leaking Jurassic reservoirs (Figure 10A). Following the first deglaciation event, the gas evolves out
of solution and expands, until the capillary pressure is overcome, and migrates along the reactivated
faults, with oil also potentially spilling from the structure due to gas expansion (Figure 10B). As the
gas hydrate stability zone is reduced during the deglaciation due to the decrease in pressure and the
increase in seabed temperature, the liberated thermogenic methane from the gas hydrate deposits
escapes through the shallow plumbing systems, thus resulting in the formation of pockmarks on the
paleo-seabed surface (Figure 10B). With the following glaciation, the gas would go into solution again
in the reservoir, and favorable gas hydrate stability conditions prevail beneath the ice sheet, trapping
any ascending thermogenic reservoir fluids (Figure 10C). Finally, after The Last Glacial Maximum,
tilting due to both the differential sediment load and overburden removal forced gas out of solution,
causing a volumetric increase and flushing oil out of the structure (Figure 10D). The faults conduct
the reservoir thermogenic fluids faster than capillary leakage thorough the seal, which results in
a fluid flow episode on the seabed, with potential additional gas hydrate stability at present-day.
Due to regional level tilting, glacial rebound and continuous thermogenic input from deeper Jurassic
reservoirs to shallow gas hydrate deposits, leakage may take place at present-day [34], supported by
numerous hydrocarbon leakage anomalies in the area [15,16], thus making the Hammerfest Basin a
dynamic study site at present-day. Further work should focus on testing present day hydrocarbon
leakage anomalies by in situ measurements (seeps, sediment analysis, gas samples, shallow cores) to
fully understand the seepage at Snøhvit and to test whether this is a widespread phenomenon in other
parts of the Barents Sea.
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at time of glaciations; GHSZ: Gas Hydrate Stability Zone (denoted by the BSR); GOC: Gas Oil Contact; 
OWC: Oil Water Contact. (A) Initial reservoir filling, followed by initial glacial loading (older than 
URU, >0.8 Ma); (B) recorded fluid escape event on URU, ca. 0.8 Ma; (C) Weichselian glaciations;  
(D) tilting following the Last Glacial Maximum and last fluid flow event recorded on the seabed. 

Figure 10. Conceptual model of leakage from the Hammerfest Basin including gas hydrate stability
phase diagrams. Phase diagrams are adapted from [16]. ICE: the thickness of the Barents Sea Ice
Sheet at time of glaciations; GHSZ: Gas Hydrate Stability Zone (denoted by the BSR); GOC: Gas Oil
Contact; OWC: Oil Water Contact. (A) Initial reservoir filling, followed by initial glacial loading (older
than URU, >0.8 Ma); (B) recorded fluid escape event on URU, ca. 0.8 Ma; (C) Weichselian glaciations;
(D) tilting following the Last Glacial Maximum and last fluid flow event recorded on the seabed.
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6. Conclusions

We have presented results from a novel 3D petroleum system model implementing and coupling
high resolution 3D fault networks bounding the Jurassic Snøhvit field in the Hammerfest Basin with
glaciations and erosion events at the regional scale. Faults were modeled as sealing during glacial
loading and conductive during ice removal where intrinsic fault properties, namely capillary entry
pressure and permeability, were varied to test the sensitivity of the fault-related hydrocarbon leakage.
We find that the main modelled episodes of petroleum leakage from the Jurassic Stø reservoir occur
during unloading of the ice sheets in the interglacial episodes, when gas comes out of a monophasic
solution and expands, increasing the hydrocarbon column height and thus the buoyancy pressure.
Our study shows that faults bounding the Snøhvit reservoir play a crucial role in hydrocarbon
entrapment and migration out of the reservoir. We find that the largest loss of thermogenic methane,
~60–80% of the initially trapped mass, occurs during the first episode of glacial unloading (0.8–0.78 Ma)
when faults were modelled as conductive. Subsequent deglaciation and erosion events resulted in a
further stepwise decrease in the residual mass accumulated in the reservoir (7–25%). The results from
the numerical model are consistent with identified seismic manifestations of petroleum leakage on the
seabed, whilst the first and the largest episode of leakage in our model (0.8–0.78 Ma) coincides with
the observed higher density of buried pockmarks on the URU in the proximity of the modeled faults.
Based on the calculated hydrate stability phase diagrams, we propose that the leaked hydrocarbons
have been sequestered in shallow gas hydrate deposits, which had a favorable stability potential
during past glacial loading events. Evidence of seismic fluid flow pipes crossing the present day BSR
is an additional indicator of recent petroleum leakage, which is also evidenced by seabed pockmarks.

Our study reinforces the importance of incorporating glacial cycles and faults in basin modelling
in order to constrain the history of petroleum migration, accumulation and leakage to a higher degree
of accuracy. Furthermore, this work outlines a number of factors affecting accumulation and leakage of
hydrocarbons in a glacially-influenced area and should be considered for future models in the greater
Barents Sea area. The results of this paper can also be used to further our understanding of carbon
capture and storage at Snøhvit field in terms of key faults and risks to ensure that the plumbing system
is fully understood.

Finally, this holistic approach stresses that the processes of generation, migration and accumulation
of hydrocarbons must be understood in combination with the interpretation of hydrocarbon leakage
indicators and manifestations. Hence, future efforts should integrate seismic observations of petroleum
leakage with numerical tools that simulate generation, migration and accumulation of hydrocarbons
as a research and exploration tool.
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Appendix A

These Supplementary Materials highlight some of the main inputs for the basin modelling work
discussed in the main manuscript.
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Figure A1. Model results showing (A) 3D view of the regional and nested models, as well as input
faults and horizons used to construct it, (B) 3D model view of modelled faults and layers, (C) 3D
petroleum systems model view with an ice sheet and (D) 3D model view without ice sheet. For full
details of petroleum systems model building inputs and boundary conditions, the reader is referred to [92].
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Figure A2. Model results showing (A) burial history for the whole model and (B) burial history during 
the modelled glaciations. Both plots have temperature overlays over the burial history contours. 
Figure A2. Model results showing (A) burial history for the whole model and (B) burial history during
the modelled glaciations. Both plots have temperature overlays over the burial history contours.
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Figure A3. Model results showing vitrinite reflectance indicating maturity at present-day of the three 
source rocks (Hekkingen Fm, Kobbe Fm and Snadd Fm).  
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showing the fracture gradient of the seals in the model (Fuglen Fm and Hekkingen Fm), as well as 
pore pressure in the Stø Fm. Note that the pore pressure within Stø Fm does not reach the fracture 
gradient of the Hekkingen Fm nor the Fuglen Fm. For details of the basin model calibration and  
setup, see [92]. 
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Figure A4. Diagram complimenting Figure 7, showing the pressure plots over geological time showing
the fracture gradient of the seals in the model (Fuglen Fm and Hekkingen Fm), as well as pore pressure
in the Stø Fm. Note that the pore pressure within Stø Fm does not reach the fracture gradient of the
Hekkingen Fm nor the Fuglen Fm. For details of the basin model calibration and setup, see [92].
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Figure A5. Map showing reproduced accumulations, faults and ray tracing migration lines for vapor 
(red) and for liquid (green). Black lines indicate drainage areas showing hydrocarbon migration into 
one specific trap as a function of the carried bed [48]. Our predicted values for the gas column are  
122 m with a 9-m oil leg. The oil water contact lies at 2404 m, and the gas oil contact lies at 2395 m in 
our model. Previously reported values by [13] show that the gas water contact is at 2404 m, oil water 
contact at 2418 m, and the overall gas column is 124 m with an oil leg of 14 m.  

 
Figure A6. Table showing the legend accompanying Figure 6 showing the content of the boreholes in 
comparison to the modelled accumulations. 

Figure A5. Map showing reproduced accumulations, faults and ray tracing migration lines for vapor
(red) and for liquid (green). Black lines indicate drainage areas showing hydrocarbon migration into
one specific trap as a function of the carried bed [48]. Our predicted values for the gas column are
122 m with a 9-m oil leg. The oil water contact lies at 2404 m, and the gas oil contact lies at 2395 m in
our model. Previously reported values by [13] show that the gas water contact is at 2404 m, oil water
contact at 2418 m, and the overall gas column is 124 m with an oil leg of 14 m.
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Figure A7. Cross-sections across the Snøhvit field showing the hydrocarbon migration out of the 
reservoirs. The red arrows indicate vapor migration vectors, and green lines indicate liquid migration 
vectors. Note the leakage above the Snøhvit field coinciding with the location of faults (Figure 6). 
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