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Abstract: The Cenozoic uplift and erosion is often believed to be a major 

risk factor in hydrocarbon exploration in the Barents Sea causing petroleum 

redistribution and leakage from filled traps. Therefore, the estimation of 

erosion amount is an important but often underrepresented task in the basin 

modeling procedure. The assessment of erosion magnitudes and spatial 

distribution by geochemical and thermo chronological methods results in 

very different estimates and/or does not consider uncertainties of input data. 

In this study, this problem is approached by using Monte Carlo simulation 

techniques in secondary migration basin modeling. Thereby, amounts of 

early and late Cenozoic erosion episodes are described by probability 

distributions and the modeling results were evaluated considering their 

uncertainty ranges. In addition, overpressure and related leakage scenarios 

are considered in the petroleum basin models to study their effect on 

modeling results. It is shown that the early Cenozoic erosion event had a 

generally higher erosion magnitude than the late Cenozoic event (1.0-1.3 

and 0.4-1.2 km respectively). Modeled erosion estimates are not very 

sensitive to overpressure modeling which is found to affect only the early 

Cenozoic erosion amount estimates at low degree. 
 
Keywords: Barents Sea, Hammerfest Basin, Erosion, Basin Modeling, 

Monte Carlo 

 

1. Introduction 

From a hydrocarbon exploration perspective, the 
southern Norwegian Barents Sea (Fig. 1a) is an 
immature area in the Arctic region and until now the 
findings of major gas and oil discoveries are below 
expectations. One of the reasons for this might be related 

to the complex Cenozoic thermo-tectonic history of the 
region (e.g., Dimakis et al., 1998; Faleide et al., 2008). 
The Cenozoic Barents Sea (Fig. 1, 2) was affected by 
several episodes of vertical tectonic movements during 
the Cenozoic, which influenced the present day seafloor 
topography (Riis and Fjeldskaar, 1992; Green and 

Duddy, 2010; Knies et al., 2014). Moreover, these 
episodes were associated with sediment mass re-distribution 
caused by local erosion and re-deposition influencing the 
rock and fluid properties of the underlying sedimentary 
units. For example, dry traps with residual oil shows and 

paleo-oil water contacts are interpreted to indicate trap 
drainage during Cenozoic erosion episodes by processes 
such as cap-rock leakage, reservoir tilting and fault 
reactivation and associated pressure and temperature 
changes (Ohm et al., 2008). If correct, a better 

understanding of the dynamic response of the petroleum 
system to the basin evolution will reduce the risks in 
hydrocarbon exploration in the region. Accordingly, 
detailed erosion estimates are crucial in reconstructing the 
burial histories of the Barents Sea basins. Several 
approaches have been published to quantify the magnitude, 

lateral and temporal distribution of erosion via paleo-
temperature indications such as Apatite Fission Track 
Analysis (AFTA), Vitrinite Reflectance (VR), geochemical 
and geophysical methods or by deterministic basin 
modeling (Riis and Fjeldskaar, 1992; Richardsen et al., 
1993; e.g., Cavanagh et al., 2006; Ohm et al., 2008; 

Green and Duddy, 2010; Duran et al., 2013).  
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Fig. 1. (A) Location of the working area in the Arctic region based on ETOPO 5 data-set. (B) Main structural elements in the SW 

Barents Sea. The Hammerfest Basin (highlighted by the red box) is a fault-bounded 150 km long and 70 km wide basin 

within the SW Barents Sea tectonic realm (modified from Clark et al., 2013) and based on Faleide et al. (2008); Jakobsson et al. 

(2008). Abbreviations: AFC: Asterias Fault Complex, BB: Bjørnøya Basin, COB:  Continent-Ocean Boundary, FP: Finnmark 

Platform, HB: Hammerfest Basin, LH: Loppa High, NB: Nordkapp Basin, BP: Bjarmeland Platform, RLFC: Ringvassøy-

Loppa Fault Complex, SH: Stappen High, SV: Sørvestsnaget Basin, TB: Tromsø Basin, TFFC: Troms Finnmark Fault 

Complex, VVP: Vestbakken Volcanic Province 

 

However, for the south-western Barents Sea they 

often lead to very different magnitude estimates 

ranging from about 0.5 km to more than 2 km. 

In this study we focus on the effect of the 

Cenozoic thermo-tectonic history of part of the 

Hammerfest Basin (HB), the best investigated basin in 

the Norwegian Barents Sea. We use a probabilistic 

secondary migration basin modeling approach (Sylta 

and Krokstad, 2003; Sylta, 2004) to test different 

erosion scenarios established using AFT and VR data 

(Duddy, 1998; Green and Duddy, 2010). The basin 

modeling results are calibrated against observed oil 

and gas column heights reported from different 

exploration wells within the HB. 

2. Geological Overview 

The sedimentary basins within the Barents Sea comprise 
late Devonian to recent successions (Dalland et al., 1988). 
In the western Barents Sea, sedimentation patterns are 
closely linked to extensional tectonic episodes which 
affected the region since the late Paleozoic. Earliest rift 
basin formation is documented along structural basement 
anisotropies (Gabrielsen et al., 1990; Gernigon et al., 
2014), where faulting caused the development of a 
Devonian graben system in the southern Barents Sea 
(Faleide et al., 2008; Henriksen et al., 2011b). During 
the Late Carboniferous until the Early Permian the entire 
Barents Sea evolved as a carbonate platform (Worsley, 

2008; Henriksen et al., 2011b). Subsequently, the 
sedimentary environment changed to mainly a 
siliciclastic dominated realm (Fig. 3) and the Late 
Permian-Triassic basins were filled with eroded material 
from the hinterland (Glørstad-Clark et al., 2010). During 
the Triassic-Jurassic times several transgressive and 
regressive cycles prevailed as documented by 
Glørstad-Clark et al. (2010). Widespread deltaic to 
alluvial systems existed in the Early Jurassic and were 
submerged by a Middle Jurassic regional transgression 
(Worsley, 2008). The structural architecture of the 
present day basin and high configuration was largely 
determined by the tectonic activity at the end of the 
Jurassic to Early Cretaceous (Fig. 1b). In particular, the 
tectonic setting of the Late Jurassic leads to deposition of 
the major hydrocarbon source rock in the Norwegian 
Barents Sea i.e., the Hekkingen Formation (Fig. 3). 

In the Early Cretaceous, basins along the western 

margin experienced their main subsidence phase. In this 

phase depocentres developed in the Tromsø and 

Bjørnøya basins and an increased subsidence in the HB 

occurred (Faleide et al., 1993; Worsley, 2008). During 

the Late Cretaceous, rifting and subsidence continued 

west of the HB, while the areas to the east (including the 

HB) were subjected to uplift and erosion which 

continued into the Paleocene (Faleide et al., 1993; 

Worsley, 2008). During the Late Paleocene, the entire 

western Barents Sea was dominated by subsidence due 

to a major transgression episode (Vorren et al., 1991). 
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Fig. 2. Plate tectonic reconstruction of the Barents Sea region 

for 55 Ma, 40 Ma and 10 Ma for the reconstruction we 

used the GPlates software and data-sets provided by 

(Seton et al., 2012) 

 

Shortly after, major episodes of sea-floor spreading 

affected the Barents Sea (Faleide et al., 2008) and 

probably caused uplift in the regions close to the main 

tectonic activity (Fig. 2). In Eocene to Miocene times, 

the uplifted parts of the Barents Sea shelf were subject to 

erosion and the eroded material was deposited in the 

southern and eastern Barents Sea (Rasmussen and 

Fjeldskaar, 1996; Dimakis et al., 1998). In the HB two 

major cooling phases linked to uplift and erosion, dated 

between ~40 and 20 Ma and ~20 and 0 Ma, were 

identified using AFTA (Green and Duddy, 2010). The 

younger event coincides with latest sediment logical and 

geochemical evidence from the Atlantic-Arctic gateway, 

which indicates that the entire northwestern European 

margin was elevated above sea level and eroded during 

the late Miocene-early Pliocene (Knies et al., 2014). 

 
 
Fig. 3. Simplified lithostratigraphic column of the Barents Sea 

(from Ostanin et al. 2012, based on references given 

therein) with a schematic overview of the source rock-

carrier bed system setup used in the petroleum 

migration/accumulation modeling 
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3. Method 

The modeling of gas and oil migration in the HB 

was conducted by using the basin modeling tool SEMI 

(Sylta, 2004). SEMI was developed to quantify 

hydrocarbon migration and exploration risk. It 

includes also functions for simulating the generation 

and expulsion of hydrocarbons from source rocks. The 

software uses a ray-tracing technique to migrate fluids 

from a source rock through a carrier bed into a reservoir. 

SEMI allows also modeling of hydrocarbon leakage out 

of the traps. The technique is map-based and pathway 

directions are mainly determined by the dip of the carrier 

unit and migration barriers (Sylta, 2004). 

The entire basin model of the western part of the HB 

was set up. The following elements of the basin model 

were considered: (a) Present day maps of geological 

layers including properties and type of rocks, (b) 

deposition ages and stratigraphy of each layer and timing 

of erosion events, (c) paleo-geometries including water 

depth maps for each layer and erosion maps, d) 

temperature boundary conditions (sediment-water-

interface temperatures, paleo-thermal model). 

The basin modeling involved thickness and paleo-

geometry restoration of sedimentary layers by applying 

the backstripping technique (e.g., Watts and Ryan, 1976). 

We employed the sedimentary rock porosity-depth 

relations of Sclater and Christie (1980). The next steps 

included the simulation of source rock maturation, 

petroleum expulsion out of the source rock and secondary 

hydrocarbon migration (Sylta, 2004). Our base model was 

calibrated against published VR data (NPD data) for 

maximum paleo-thermal conditions and against BHT and 

DST thermal data for the present day thermal setting. 

The input overpressure maps were simulated using the 

Pressim software tool which models pressure generation 

and dissipation over geological time scale (Borge, 2000; 

Lothe, 2004). The basic assumption behind this technique is 

that the fluid flow dynamics can be represented and 

described by pressure compartments defined by faults 

(Borge and Sylta, 1998). All geological layers are classified 

as either reservoir or sealing units. A Kozeny-Carman 

equation is used to relate permeability from the shale 

porosities. The porosities are provided by the empirical 

shale compaction models. 
Several processes were modelled; compaction, 

chemical effects like quartz cementation in the reservoir 
units (Walderhaug, 1996), pressure build up, hydraulic 
fracturing and leakage (Lothe, 2004). Overpressure maps 
were used as input into the migration modeling for all 
the sedimentary layers. SEMI computes the summed 
total pressures from the water phase (using the 
overpressure input maps from Pressim) and from the 
hydrocarbon columns. If the sum of these pressures is 
larger than the leak-off pressure (set at 0.9 of the 
overburden), the hydrocarbon columns are reduced until 

the total pressure no longer exceeds the leak-off 
pressures. The cap rock reseals itself so that the 
pressures do not decrease below the leak-off pressures. 

All basin modeling steps were subjected to 3000 

simulation runs, each using a new and different set of 

values for selected input parameters (Monte Carlo type 

simulations; Fig. 4). These parameters were described by 

deterministic values and an add-on value drawn from 

probabilistic distributions, characterized by a mean value 

and a standard deviation. 

For each simulation run input values for selected 

parameters were drawn randomly from their assigned 

probabilistic distributions. The distribution types were 

set up based on available geological knowledge. A 

Gaussian distribution was used if a reasonable (most 

likely) mean could be estimated, otherwise a uniform 

distribution was considered. Values for the distribution’s 

standard deviations were chosen in such a way that they 

account for uncertainties related to different parameter 

estimations (e.g., published erosion amounts) and different 

methodologies used for parameter determinations. 

3.1. Evaluation of the Monte Carlo Runs 

The best fitting results from the Monte Carlo 

simulation runs were used to determine the most 

probable value for input parameters initially considered 

as probabilistic distributions (Fig. 4). This is achieved 

by selecting those simulation runs which yielded the 

lowest misfits between modelled and measured 

hydrocarbon column heights. Measured oil and gas 

accumulations heights for several wells in the Stø 

Formation are reported by Norwegian Petroleum 

Directorate (www.npd.no) and from Statoil ASA (Table 

1). Our misfit criterion considers both oil and gas 

column height fits Equation 1: 

 

( ) ( )
1 1

mod

1 1

N NL LL L
obs obs

on gn gn

i i

Misfit h h h
= =

   
= + −   
   
∑ ∑  (1) 

 

Where: 
mod

on
h  = Modelled oil column height for well number n 
obs

on
h  = Observed oil column height for well number n 
mod

gn
h  = Modelled gas column height for well number n 

obs

gnh  = Observed gas column height for well number n 

L = Scaling parameter 

N = Number of wells 

 

For every suite of simulations, an individual 

number of best-fit runs was determined. A threshold is 

placed at the best 10% or less of the misfit values, 

determined in a suite of simulations. Therefore, as a 

10% misfit value cut off is used, the actual number of 

best runs is variable between sets of simulations. 
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Fig. 4. Workflow for the Monte Carlo-secondary migration 

approach. This method is employed for constraining 

distributions of input parameters 
 
Table 1. The Hammerfest Basin wells used for calibration of 

the modeled hydrocarbon column heights. Stø Fm. 

refers to Stø Formation - the main reservoir rock unit 

in the modelled petroleum system 

well longitude latitude Stø Fm. content 

7120/6-1 497650.92 7946756.85 oil & gas 
7120/7-1 7912388.54 471011.63 gas 
7120/7-2 7913417.99 476011.92 gas 
7120/8-1 7923384.58 479897.51 gas 
7120/8-2 7915359.17 480927.89 gas 
7120/9-1 498124.67 7932342.99 gas 
7121/4-1 505507.86 7944529.35 gas 
7121/4-2 7950918.8 502204.76 gas 
7121/5-1 514306.93 7944421.61 oil & gas 

7121/5-2 7952737.91 523051.48 oil & gas 

7121/7-1 503105.18 7930306.01 gas 

7121/7-2 7927117.4 501987.36 gas 

7120/6-2 S 493948.96 7944559.34 oil & gas 

7121/4-F-2 H 501998.86 7945754.16 oil & gas 

7121/7-N-3 H 502986.46 7932077.79 oil & gas 

The best-fit runs were used to create a posteriori input 

distributions. Differences between the a priori (model 

setup) and a posteriori distributions may be interpreted 

as gain of knowledge about these parameters for the 

given model and geological setting (Fig. 4). 

3.2. Model Setup and Input Data 

For the basin model we used interpreted seismic 

horizon maps provided by Statoil ASA and two 

constructed horizons (Intra Sotbakken 10 and 34 Ma) 

(Table 2) as input to the geo-model. The additional 

horizons enabled the modeling of erosion at the given 

time steps. Lithological properties of the layers were set 

up by using available core description data from 

Norwegian Petroleum Directorate (www.npd.no). SEMI 

allows for a definition dual-lithology setup, where 

sedimentary rocks are considered as a proportional 

mixture of two rock types (Table 2). 

This paper is focused on the Middle Jurassic 

petroleum play in which the Stø Formation is a carrier 

unit and charged with hydrocarbons from the source 

rocks of the Kobbe and Hekkingen formations (Fig. 3). 

For the migration modeling it was assumed that only a 

certain fraction of the expelled hydrocarbons will 

migrate to the carrier unit. 

3.3. Probabilistic Parameters 

Three key model parameters were defined in 

probabilistic form: (a) Early Cenozoic (40-34 Ma) erosion 

amount, (b) late Cenozoic (10-2 Ma) erosion amount and 

(c) temperature gradient. Each of these parameters is 

composed of the deterministic component value (e.g., a 

map of the magnitude of erosion) and the probabilistic 

add-on modifiers. Values of the add-on modifiers are 

changed for every simulation run, since they represent a 

draw from assigned probability distributions (see section 

3.1). For both, the early and late Cenozoic erosion 

amounts, the deterministic components were derived from 

cooling amount assessed by AFTA and VR well data 

(Duddy, 1998). A conversion into erosion amounts was 

done by assuming specific geo-thermal gradients during 

Cenozoic times. A detailed description of the method is 

given in (Green and Duddy, 2010) and case studies 

presented in (Japsen et al., 2010). The paleothermal 

gradient maps were constructed by using a combination of 

maximum paleo-thermal gradients, estimated from VR-

depth profiles and present day geothermal gradient from 

BHT, DST data. These data were gridded up as maps. 

In this study, erosion estimates based on input from 

wells 7120/8-1, 7120/9-2 and 7121/4-1 were employed 

(Fig. 5). Based on these erosion estimates, maps were 

created by using standard interpolation methods in Petrel 

software. We decided to use half of the inferred erosion 

amounts as the deterministic component of the 

probabilistic erosion parameter as a base case.  
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Table 2. Stratigraphic input to the basin model outlining the two dominant lithologies and boundary ages for each stratigraphic unit. 

For description see text 

  Age of Age of Lithology Lithology Rate between lith. 

Base horizon Top horizon base [Ma] top [Ma] type 1 type 2 1 and lith. 2 

Base Quaternary Seabed 2 0 Shale Sand 0.4 

Intra Sotbakken Base Quaternary 10 2 Shale Sand 0.3 

Intra Sotbakken Intra Sotbakken 34 10 Shale Sand 0.3 

Top Torsk Intra Sotbakken 40 34 Shale Sand 0.3 

Base Cenozoic Top Torsk 66 40 Shale Sand 0.4 

Top Kolje Base Cenozoic 125 66 Shale Limestone 0.2 

Top Hekkingen Top Kolje 145 125 Shale Limestone 0.2 

Top Fuglen Top Hekkingen 156 145 Shale Sand 0.1 

Top Stø Top Fuglen 168 156 Shale Limestone 0.1 

Top Nordmela Top Stø 183 168 Shale Sand 0.9 

Top Tubåen Top Nordmela 197 183 Shale Sand 0.8 

Top Fruholmen Top Tubåen 204 197 Shale Sand 0.8 

Top Kobbe Top Fruholmen 237 204 Shale Sand 0.7 

Top Permian Top Kobbe 251 237 Shale Sand 0.5 
 

 
 
Fig. 5. Early and late Cretaceous base case maps. They are the results of AFTA and VR erosion estimates interpolation. The map 

values were reduced by 50% in order to add add-on variables which were defined as statistical distributions 

 

We believe, based on the literature and data set review 

(Bjørlykke et al., 1989; Linjordet and Grung-Olsen, 

1992; Riis and Fjeldskaar, 1992; Tsikalas, 1992; 

Walderhaug, 1992; Richardsen et al., 1993; Ohm et al., 

2008), that this base case is a conservative minimum 

erosion amount estimate for each event in the region. 

These base case erosion maps yield amounts of 820-

1100 and 250-985 m for the early and late Cenozoic 

events, respectively (Fig. 5). We assumed Gaussian 

distributions for the add-on modifier of the erosion 

parameters with a mean value and a standard deviation 

(1 sigma) of 500 m for the early Cenozoic event and 250 

m for the late Cenozoic event. Both distributions were 

truncated at zero to avoid negative erosion estimates. 

For the temperature gradient input parameter a set 

of gradient maps were constructed as the deterministic 

component. They are based on present day thermal 

gradients measured in deep wells. The add-on 

modifiers are drawn from a Gaussian distribution with 

mean value of 1°C/km and with standard deviation of 

2°C/km (1 sigma). 

3.4. Modeling Scenarios 

Two scenarios were subjected to Monte Carlo 

simulation runs. In scenario A, we tested a base case 

assuming only sedimentary loading as an overpressure 

generating mechanism (no input overpressure maps 

used) and capillary leakage from traps was enabled. In 

scenario B, a pre-calculated overpressure history (see 

section 3, Appendix 1) of the carrier was incorporated in 

the model. Overpressure maps were calculated by using 

Pressim software. Also, hydraulic leakage was enabled 

as a second trapping failure mechanism. This can be 

interpreted as an end-member model. Overpressure build 

up in the carrier is governed by compartments bounded 

by low permeable faults. It can result in fracturing of the 

cap rock above traps and trap depletion enclosed in the 

modelled pressure compartments. The overpressure can 
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also change the migration paths and possible spill to oil 

and gas accumulations (Lothe et al., 2006). The input 

maps used from the overpressure modeling are shown in 

Appendix 1. Except for the overpressure and leakage 

mechanisms the remaining basin model setup is identical 

for both models (see section 3.2). 

4. Results 

4.1. All Modeling Runs 

As a result of the 6000 simulation runs for both 

scenarios, a set of 3000 different input variable 

combinations were obtained. In general, scenario A 

simulations show marginally higher misfit values (from 

27 to 64 m) then scenario B runs (from 27 to 59 m) 

(Equation 1). For both scenarios the early Cenozoic 

erosion amount modifiers vary between 0 and 2225 m with 

the mean value of 644±394 m. The late Cenozoic modifiers 

range from 0 to 1124 m with mean value of 320±198 m. 

Temperature gradient modifier values range from -5.5 to 

8.7°C/km with the mean value of 1.1±2°C/km (Table 3). 

The hydrocarbon column height fit (defined by misfit 

parameter) was analyzed against variable input parameters 

(Fig. 6). The figure shows misfit-input parameters 

relationships in scenario B, but the trends and values for 

the scenario A are very alike as summarized in Table 3. It 

was found that the misfit is not sensitive to temperature 

gradient modifier (Fig. 6c), but is slightly dependent on 

the late Cenozoic erosion amount modifier (Fig. 6b) and 

dependent on the early Cenozoic erosion amount modifier 

(Fig. 6a). The misfit of the latter parameter is the lowest 

for the lowest early Cenozoic erosion amount. The 

parameter shows low misfit for the values below 514 m 

(in scenario B) and 429 m in scenario A. Above this value 

misfit increases significantly up to value of 1658 m and 

for the higher values it decreases again. A certain late 

Cenozoic erosion amount value may show huge scatter of 

the misfit values. The minimum possible misfit value may 

be however achieved if the parameter is around 150 m. 

4.2. Best-Fit Runs 

For both scenarios the 250 best-fit simulation runs 

were selected which is 8.3% of all modeling runs. This 

number relates to rapid increase of the misfit value 

against the early Cenozoic erosion amount modifier (see 

section 4.1 and Fig. 6a). The input variables of these 250 

runs were analyzed and used to derive a posteriori 

parameter distributions (see section 3). 

4.3. Erosion Scenarios 

In scenario A the early Cenozoic erosion amount 
modifiers range from 1 m to 429 m. The mean value is 
206±148 m. By adding this mean value to the 
deterministic base-case erosion map (Fig. 5), the erosion 
amounts vary between 1026 and 1306 m, (±148 m).  

 
 (A) 

 

 
 (B) 

 

 
 (C) 

 
Fig. 6. Model input variables versus misfit for all 3000 runs 

for scenario B (including overpressure modeling). (A) 

Early Cenozoic erosion amount modifier, (B) late 

Cenozoic erosion amount modifier, (C) temperature 

gradient modifier 

 

In scenario B the minimum and maximum values are 

quite similar to scenario A spanning a range from 0 m 

to 514 m, but the mean value and standard deviation is 

lower (142±122 m). This yields final erosion amounts, 

achieved by adding this mean value to the 

deterministic base-case erosion map, of between 962 

and 1242 m (±122 m) (Fig. 7a, b, Table 3). 
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The late Cenozoic erosion amount modifier values of 

scenario A vary between 1 m and 359 m with mean value 

of 167±92 m. The total erosion amounts (deterministic 

base-case map plus the modifier) range from 417 to 1152 m 

(±92 m). In scenario B the values are very similar to 

scenario A, ranging from 1 m to 333 m with a mean value 

of 182±93 m. The total erosion is calculated to range from 

432 to 1167 m (±93 m), (Fig. 7c, d and Table 3). 

 

 

 

Fig. 7. Probabilistic results for estimates of erosion amount modifiers (A, B, C, D) and thermal gradients (E, F) for modelled 

scenario A and scenario B (see text for scenario definition). Histograms display both a priori (black bars) and a posteriori 

(red and blue bars) probability distributions of the add-on modifiers. The mean early Cenozoic amount of erosion modifier 

distribution is 500 m with a standard deviation of 500 m (A, B). The mean late Cenozoic amount of erosion modifier 

distribution is 250 m with a standard deviation of 250 m (C, D). All distributions are normal and truncated at 0. The 

thermal-gradient model was composed of base-case maps (defined for each time step) and probabilistic add-on modifiers. 

A priori distributions are normal with a mean value of 1°C and a standard deviation of 2°C 
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Table 3. Outline of statistical parameters for the investigated 

input of the study results. The table shows a shift in 

parameter distributions between a priori and best 

250 simulation runs (a posteriori) distributions. A 

priori refers to all 3000 simulation runs performed 

for two pressure-compaction scenarios. Scenarios A 

and B refer to different pressure-compaction 

scenarios. The scenarios are described in the text 

   Early Late Temp. 

  Cenozoic Cenozoic gradient 

  ero. am. ero. am. modifier 

  mod. [m] mod. [m] [°C/km] 

A priori: min 0 0 -5.5 
All runs max 2225 1124 8.8 
 std. 394 198 2.0 
 mean 644 320 1.1 
Scenario A: min 1 1 -5.5 
The best max 429 359 6.1 
250 runs std. 148 92 1.9 
 mean 206 167 1.1 
Scenario B: min 0 1 -5.5 
The best max 514 333 6.8 
250 runs std. 122 93 2.0 
 mean 142 182 1.1 

 

Comparing the results of scenario A (without 

overpressure) and scenario B (with overpressure history 

included), we see that the overpressure has a larger 

influence on the Early Cenozoic erosion amount (Fig. 7a 

and b) than on the late Cenozoic one (Fig 7c and d). In 

scenario A, the best 250 runs show the erosion amount 

modifier value between 0 and 450 m. However, 

including the overpressure maps through time (Scenario 

B) most of the best 250 runs have the early Cenozoic 

erosion amount modifier value between 0 and 250 m 

(Fig. 7b). For the late Cenozoic erosion amount (Fig. 7c 

and d), the difference between the 250 best runs (both 

without and with overpressure history included) is not so 

large, but slightly higher number of modeling runs which 

values are higher than 300 m was found.  
The total amount of the Cenozoic erosion, which is 

considered to be a sum of the base-case maps and 

mean erosion amount values ranges from 1526 to 

2411 m for scenario A and from 1477 to 2362 m for 

scenario B in the study area. 

4.4. Net Erosion 

Net erosion is defined as a difference between 

maximum burial depth and present depth for a marker 

horizon. Therefore it differs from the total erosion 

amount which does not consider the amount of 

deposition (England and Molnar, 1990). In fact our 

erosion amount estimates refer to the total erosion 

amount which is either equal or higher that the net 

erosion. Except for (Duddy, 1998; Green and Duddy, 

2010; Duran et al., 2013) the erosion amount estimates 

published since the 1980's refer to net erosion amount 

(Fig. 8b). In order to check how the modeling results fit 

the literature, calculations of the net erosion were 

performed by using standard decompaction procedure in 

the SEMI software. 

In both scenarios the maximum burial depth was 

reached at 40 Ma in the almost entire area. In the 

neighborhood of the well 7120/8-1 the maximum burial 

depth was reached a 10 Ma. The resulting net erosion 

varies between 400 and 784 m in scenario A and 

between 348 and 733 m in scenario B. 

4.5. Thermal Gradient 

For the thermal gradient modifier distributions no 

significant discrepancy was found between a priori and 

a posteriori distributions. In both scenarios a posteriori 

mean values are about 1°C/km which is approximately 

equal to the a priori distribution mean value. Similar 

values were also found in standard deviation which is 

about 2°C/km in both a priori and a posteriori 

distributions (Fig. 7e and f). The best value for the 

geothermal gradient according to the Monte Carlo 

simulations is 36.1±2°C/km. 

5. Discussion 

Our erosion amount estimates distinguish between 

early and late Cenozoic amounts and the results 

indicate that overall the early Cenozoic erosion event 

was dominant with mean erosion amounts of about 

1.0-1.3 km depending on basin location and pressure-

leakage scenario. Similar amounts are reached locally 

by the late Cenozoic erosion, but in general the late 

Cenozoic erosion was lower (0.4-1.2 km). The late 

Cenozoic erosion is concentrated in southwestern part 

of the study area due to base case map deviation (Fig. 

5). The early Cenozoic erosion is much less localized 

than the late Cenozoic event showing relatively low 

erosion amount deviation. 

Our early Cenozoic erosion estimates are much lower 

than the erosion estimate in well 7120/9-2 (Green and 

Duddy, 2010) but coincide with range of the late 

Cenozoic erosion amounts reported in the entire HB by 

Duran et al. (2013) (Fig. 8a). The calculated Cenozoic 

total erosion varies between 1.5 and 2.4 km across the area 

which is lower than the estimates made by Green and 

Duddy (2010) (2.8 km) and higher than those made by 

Duran et al. (2013) (0.3-1.5 km). Duran et al. (2013) 

estimates represent a similar petroleum system 

modeling approach to the one presented here. In their 

study, three different erosion scenarios (varied spatially) 

were tested and calibrated against the present day 

temperature and VR measurements. The best fit was 

achieved by using the highest possible erosion amount 

scenario (Fig. 8a) supporting the view that petroleum 

system modeling of the HB produces matching results 

if a substantial erosion amount is assigned. 
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Fig. 8. Compilation of erosion estimates for Cenozoic times from previous publications and the results reported in here. (A) Total 

erosion amount (B) net erosion amount 

 
We have showed that the net erosion ranges between 

0.3-0.8 km. These values correspond with those in the 

literature but represent rather lower boundary estimates 

(Fig. 8b). Given that the study area is localized in the 

western part of the HB, we attribute this difference to a 

decreasing trend of net erosion amount towards the 

western margin of the Barents Sea as described by 

Henriksen et al. (2011a). 

Literature does not put focus on the effect of water 

fluid overpressures on hydrocarbon migration modeling 

combined with erosion and uplift. Cavanagh et al. (2006) 

modelled the reservoir pressure (Stø Formation) in the 

Snøhvit area in the range of 5-10 MPa, depending on the 

glacial cycles' character and erosion amount. Their 

overpressure modeling was carried out for the last 1 Ma 

similarly to Duran et al. (2013) who conducted 

overpressure modeling for the last 1.2 Ma. In this study, 

we have modelled hydrocarbon migration including 

various erosion amounts and different overpressure 

scenarios for the last 40 Ma. The high overpressure 

modelled in the Eocene has impact on erosion amount 

that gives the best fit (Fig. 7a, b and Appendix 1). 

Moreover the study shows that for the early Cenozoic 

erosion phase, a low misfit is calculated with erosion 

map varying from 700 to 1100 m laterally (Fig. 5a) and 

with a modifier from 0 to about 500 m (Fig. 6a). Higher 

erosion amounts result in significant misfit increase (Fig. 

6a). The same trend cannot however be observed for the 

late Cenozoic erosion event (Fig. 6b). This result 

indicates that the effect of the early Cenozoic erosion 

phase should not be underestimated. Furthermore, the 

results suggest that tectonic events during the Late 

Cenozoic might not have had an effect on the migration 

history as significant as the early Cenozoic uplift event. 

Several theories have been proposed about the cause 

of erosion in the study area. Henriksen et al. (2011a) 

provide a literature review of the erosion amount 

estimates and driving forces of the Cenozoic uplift. They 

suggest the following possible uplift and erosion 

mechanisms: (a) Opening of the Atlantic and Arctic 

Oceans, (b) compression and/or transpression, (c) 

isostatic response to sediment unloading and (d) post-

glacial rebound. Dating results (Duddy, 1998) mainly 

support the first two mechanisms. We believe that the 

two erosion events between 40 and 34 Ma and between 

10 and 2 Ma coincide with major plate tectonic 

reorganizations in sea-floor spreading in the Norwegian-

Greenland Sea and the associated development of a 

trans-tensional regime along the De Geer Zone 

megashear system (Faleide et al., 2008) following the 

western Barents Sea to Svalbard axis (Fig. 2). The ages 

of the late Eocene erosion event coincide with timing of 

the rift flank uplift in the Barents Sea (Dimakis et al., 

1998) and an increased amount of erosion affecting the 

southwestern Barents Sea. The late Cenozoic erosion age 

(10-2 Ma) is supported by sedimentological and 
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geochemical data from the Atlantic-Arctic gateway 

showing that the entire northwestern European margin 

was uplifted during the late Miocene-early Pliocene 

(Knies et al., 2014). 
In the Barents Sea the uplifted terrain is believed to 

be further affected by several glaciations leading to the 
shelf erosion in a range of 0.8-1.0 km (Laberg et al., 
2012). Glaciations in the southern Barents Sea are 
thought to commence about 1.0 Ma (Knies et al., 2009) 
which does not coincide with the ages of erosion 
detected by AFTA used in this study (Duddy, 1998). 
According to AFTA dating the most recent Barents Sea 
cooling episode occurred before glacial events (10-5 
Ma). This cooling is thought to be driven by a regional 
tectonic cause resulting in regional uplift and erosion 
(Duddy, 1998; Green and Duddy, 2010). As mentioned, 
we relate this cause to plate tectonic reorganization and 
seafloor spreading. Moreover, we speculate that another 
reason why the glaciation events were not detected is the 
low net erosion amount; below the sensitivity of the 
AFTA method. This might occur if the glacial erosion 
coexisted with substantial amount of glacial deposition. 
However, an estimation of the glacial deposition 
amounts on the Norwegian shelf has not yet been 
published and in order to investigate this hypothesis this 
topic should be studied in detail. 

6. Conclusions 

Here we presented a novel stochastic basin 

modelling approach to quantify erosion and associated 

uncertainties in the western Hammerfest Basin. The 

modelling results indicate: 
 

• The early Cenozoic erosion amount oscillated 

between 1.0 and 1.3 km 

• The late Cenozoic erosion amount ranges from 0.4 

to 1.2 km 

• Estimated net erosion varied from 0.3 to 0.8 km 

• Overpressure scenarios had a limited effect on 

modelled erosion amounts 

• The early Cenozoic uplift and erosion had a 

significantly higher impact on the hydrocarbon 

migration compared to the late Cenozoic event 
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Appendix 1. Overpressure maps used as input for the basin model. These were used only in modeling scenario B (for details see 

section 3.4). No overpressure for the time steps before 40 Ma was detected 


