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ABSTRACT  

The Barents Sea basin is an oil and gas province containing more than 760 million tons of 

oil equivalents. The reservoir geology of the Barents Sea is complex due to multiple episodes of 

subsidence, uplift and erosion, which opened a network of extensional and wrench related faults 

allowing for fluid migration.  The multifaceted geological history complicates efforts to describe 

the source and characteristics of natural gas in the subsurface Barents Sea.  Here we apply stable 

isotopes, including methane clumped isotope measurements, to thirteen natural gases from five 

(Skrugard Appraisal, Havis, Alta, Filicudi, and Svanefjell) reservoirs in the Loppa High area in 

the southwestern Barents Sea to estimate the origins of methane.  We compare estimates of 

methane formation temperature based on clumped isotopes to thermal evolution models for the 

region.  We find that the methane has diverse origins including microbial and thermogenic 

sources forming and equilibrating at temperatures ranging from 34-238 °C.  Our clumped isotope 

temperature estimates are consistent with thermal evolution models for the area.  These 

temperatures can be explained by gas generation and expulsion in the oil and gas window 

followed by isotopic re-equilibration in some reservoirs due to microbial methanogenesis and/or 

anaerobic oxidation of methane.  Gases from the Skrugard Appraisal, Havis and Alta have 

methane equilibration temperatures consistent with maximum burial temperatures, while gases 

from Svanefjell have methane equilibration temperatures consistent with current reservoir 

temperature, suggesting isotope re-equilibration in the shallow reservoir.  Gases from Filicudi on 

the other hand are consistent with generation over multiple points over its thermal history. 

 

 

 

 

INTRODUCTION 

Methane is an important atmospheric greenhouse gas, energy resource and microbial 

metabolite. It is the most abundant alkane in any natural gas accumulations and in nearly all 

cases has one of two origins: thermogenic or microbial. Thermogenic methane is generated 

during the thermal break down of larger organic molecules (Schoell 1980; Whiticar 1994) 

whereas microbial methane is frequently found in sedimentary basins produced from either 
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microbial degradation of immature organic matter or oils via the CO2 reduction pathway (Schoell 

1980; Rice 1981; Whiticar 1999; Milkov and Dzou 2007).  Less commonly, methanogens can 

produce methane by metabolizing other precursors such as acetate, trimethylamine, and H2 using 

diverse metabolic pathways (Whiticar et al. 1986; Whiticar 1999).  Establishing the origin of 

methane is generally one of the first steps in the study of hydrocarbon systems (Schoell 1980; 

Whiticar et al. 1986; Whiticar 1999; Milkov and Etiope 2018).  Gas molecular and isotopic 

compositions have been commonly used to determine the sources of methane.  These signatures 

are metrics that can be used to distinguish between thermogenic and microbial origins (Whiticar 

1999).  However, in some cases they can be ambiguous or misleading (Martini et al. 1996) as 

these sub-types differ widely in chemical and isotopic properties and overlap in their ranges.  

Additionally microbial consumption of thermogenic gas has been demonstrated to modify the 

composition and isotopic characteristics of the original gas (Pallasser 2000; Milkov 2011).  This 

ambiguity also complicates efforts to determine relative contributions of individual sources to a 

mixed gas.   

Methane clumped isotope geochemistry is a new technique that measures the abundance 

of doubly substituted (‗clumped‘) isotopologues of methane (
13

CH3D and 
12

CH2D2), which offer 

constraints on the mechanisms and conditions of methane formation (Stolper et al. 2014b; Wang 

et al. 2015; Douglas et al. 2017; Young et al. 2017).  The proportions of clumped isotopologues, 

in methane and other molecules, are a function of temperature in compounds that have reached 

internal equilibrium with respect to the distribution of all isotopes among all isotopologues 

(Wang et al. 2004).  Early clumped isotope studies of methane summed the proportions of the 

two clumped isotopologues to a combined inventory of mass-18 isotopologues (i.e., they did not 

distinguish between contributions of 
13

CH3D  and 
12

CH2D2 to the overall pool; but note that 98% 

of the combined signal derives from 
13

CH3D (Stolper et al. 2014a).  However, technological 

developments have recently allowed both mass-18 isotopologues to be measured individually 

(Young et al. 2017; Giunta et al. 2019; Thiagarajan et al. 2020a). 

Initial work on the clumped isotope characterization of thermogenic and microbial 

methane indicated that clumped isotopologues often record temperatures of methane formation 

or re-equilibration (Stolper et al. 2014b).  Subsequently it was observed that kinetic isotope 

effects can influence the proportions of clumped isotopologues in both microbial and 

thermogenic systems  (Stolper et al. 2015; Wang et al. 2015; Douglas et al. 2017; Young et al. 

2017; Gruen et al. 2018; Giunta et al. 2019; Thiagarajan et al. 2020a; Dong et al. 2021).  For 

instance laboratory cultured methanogens and some microbial communities in natural settings 

produce methane with clumped isotope compositions that differ markedly from equilibrium 

distributions at their temperatures of methanogenesis (Stolper et al. 2015; Wang et al. 2015, 

2016; Young et al. 2017; Gruen et al. 2018; Giunta et al. 2019; Ono et al. 2021).  This 

disequilibrium signature tends to be correlated with hydrogen isotope disequilibrium between 

methane and water and has been interpreted to be a signature of settings where strong over 

stepping of driving energies for methanogenic biochemistry lead to a low degree of reversibility 

of the enzymatic reactions that methanogens use to produce methane (Stolper et al. 2015; Wang 

et al. 2015) or an artifact of partial consumption via anaerobic oxidation of methane after its 

production (Giunta et al. 2019; Ono et al. 2021).  Additionally, laboratory experiments designed 

to simulate thermogenesis of methane through hydrocarbon cracking have shown that the 

methane formed from a sealed tube pyrolysis of octadecane (Dong et al. 2021) initially generates 

methane with very depleted ∆
12

CH2D2 values whereas ∆
13

CH3D values closely approach 

equilibrium.  With continued progress of the catagenetic reactions, the ∆
12

CH2D2 values 
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approach equilibrium values.  This same pattern — thermally immature methane having depleted 

∆
12

CH2D2 values and higher maturity values approaching clumped isotope equilibrium — has 

also been seen in natural thermogenic natural gas accumulations (Xie et al. 2021).  Previous 

work from sealed tube pyrolysis of coal has also shown that methane that is formed from 

secondary cracking of ethane is characterized by a negative ∆18 value (Shuai et al. 2018a).  These 

non-equilibrium isotope effects associated with early catagenesis may be responsible for the 

unusually low ∆18 and ∆
12

CH2D2 values observed in methane from the Eagleford and Bakken 

Shales, two unconventional shale-oil deposits (Douglas et al. 2017; Xie et al. 2021).  The current 

understanding is that clumped isotope compositions of methane from natural gases may reflect 

multiple biological, geochemical and geologic processes.  These processes include the 

temperature of formation or re-equilibrating processes, mixing, kinetic isotope effects, and 

combinatorial isotope effects.  However, despite the complexity of the proxy in some settings, a 

large proportion of thermogenic methane having moderate-or-high thermal maturity and 

subsurface biogenic gases have clumped isotope compositions that are indistinguishable from 

equilibrium at formation conditions (Stolper et al. 2014b, 2015; Wang et al. 2015; Douglas et al. 

2017; Young et al. 2017; Thiagarajan et al. 2020a; Xie et al. 2021).  

This study of Barents Sea natural gases also compares the measured carbon isotopic 

compositions of small n-alkanes to a set of theoretically predicted equilibrium and non-

equilibrium fractionations between methane (C1), ethane (C2), propane (C3), and butane (C4), in 

order to address formation mechanisms of the C1-C4 hydrocarbons.  Models of isotopic 

equilibrium among these species are based on previously published ab-initio calculations of 

molecular partition function ratios (Thiagarajan et al. 2020b) while models of non-equilibrium 

carbon isotope fractionations are based on previous estimates of kinetic isotope effects associated 

with homolytic cleavage and beta scission of methyl, ethyl, propyl, and butyl radicals from n-

alkane precursors (Tang et al. 2000; Ni et al. 2011).  Previous work has indicated that in 

immature thermogenic systems, isotopic distributions among C1-C4 hydrocarbons depart 

significantly from equilibrium, reflecting kinetic isotope effects associated with ‗cracking‘ 

chemistry. However, as thermal maturity increases, the hydrogen and carbon isotope 

fractionations among the small n-alkanes begins to approach thermodynamic equilibrium, either 

at the temperature of gas formation or storage (Thiagarajan et al. 2020b).   

Here we examine the molecular proportions and stable isotopic, including clumped 

isotopic, characteristics of natural gases from the Loppa High area in the southwestern Barents 

Sea (Figure 1).  Our goal in this study is to assess the origin and timing of formation of methane 

and other small n-alkanes in the Loppa High area.  The Barents Sea is a geologically intricate 

system with multiple source rocks having a varied migration history; for this reason, the 

constraints offered by relatively comprehensive stable isotope observations (i.e., including C, H 

and clumped isotope data) have the potential to resolve otherwise challenging problems 

regarding gas origins and natural processing. Additionally, the thermal history of source rocks 

and reservoirs in the Loppa High area has been well characterized independently (Henriksen et 

al. 2011a, b; Gradstein et al. 2019) allowing us to compare clumped isotope apparent 

temperatures with thermal history models.   

 

Geological context of the Loppa High area 

The geological history of the prominent fault bounded structural high called the Loppa 

High area in the southwestern Barents Sea has been extensively documented (Henriksen et al. 

2011a, b; Gradstein et al. 2016, 2019).  The Loppa High area is separated from the Bjørnøya and 
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Tromsø basins in the west by the Bjørnøyarenna Fault Complex and the Ringvassøy-Loppa Fault 

Complex.  The Polheim Terrace forms a transitional platform area between the Loppa High area 

and the fault complexes. To the south the Loppa High area is bounded towards the Hammerfest 

Basin by the Asterias Fault Complex (Figure 1). 

Here we summarize the relevant geologic context needed for interpreting the 

geochemical data presented in the remainder of this paper. Following the Caledonian orogeny, 

the Loppa High area has served as an epi-orogenic depocenter from the Carboniferous to present.  

Its history has been punctuated by several tectonically active periods of rifting and strike-slip and 

‗wrench‘ faulting, creating a complex series of transtensional lows and transpressional highs 

with the initial structural high in the Loppa High area developing during Carboniferous and 

Permian uplift.  The area experienced subsidence during Triassic when the thickest sedimentary 

successions were deposited.  Due to renewed tectonic uplift in the late Jurassic to early 

Cretaceous period, the Loppa High area and other nearby intra-basin highs were eroded, 

depositing sandy wedges of sediment on the flanks.  After the Albian (Early Cretaceous), the 

Loppa High area subsided as a result of tectonic relaxation, and deeper-facies of fine-grained 

sediments were deposited (Figure 2). 

In the late Cretaceous to early Paleocene, a phase of rifting and continental break-up in 

the North Atlantic and Norwegian Sea caused an uplift and erosion of the Loppa High area, 

resulting in sediment being shed into local basins in the west. In the late Paleocene to Oligocene, 

the Loppa High area subsided and was covered by a thick sedimentary package. During this 

time, the Loppa High area was at its deepest burial, and hydrocarbon generation was at its most 

intense.  Hydrocarbons were expelled on the western flanks of the Loppa High area from Jurassic 

source rocks while in the interior, oil and gas was expelled from Triassic and Late Permian 

source rocks. 

In the early Oligocene and into the Neogene, there was a renewed period of uplift in the 

region and large volumes of sediments were produced by erosion. In the Pleistocene, several 

periods of glaciation and erosion by ice streams shaped the Loppa High area.  Locally the entire 

post-Carnian (Late Triassic) sediment column was removed, and a total erosion of 1000-1500m 

since the early Oligocene is inferred (Henriksen et al. 2011a, b). The sediment removal caused 

an uplift and cooling of the sedimentary rock succession, and a shutdown of hydrocarbon 

generation from source rocks.   

The early Oligocene to Neogene uplift in the Loppa High area is uneven with the largest 

uplift occurring in the north east (Figure 2). During the uplift, gas caps in formerly deeply buried 

structures expanded, causing hydrocarbons to spill out of structures and migrate.  The uplift also 

affected the orientation of migration pathways and cap rock integrity, causing hydrocarbons to 

leak from shallow reservoirs. There is evidence of ongoing microbial gas generation and gas 

hydrate formation and dissociation in the shallowest parts of the petroleum system of the Loppa 

High area (i.e., shallower than 1000 meters below the modern seabed) (Crémière et al. 2016).  

 

 

METHODS  

 

Samples and Collection Method 

The reservoir gas samples were collected using MDT (modular formation tester) and 

DST (drill stem tester) fluid sampling tools (Table 1). Gas sub-samples were transferred to 

Isotubes and analyzed for molecular compositions and stable isotopes, including methane 
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clumped isotopologues following previously established procedures (Stolper et al. 2014a; 

Douglas et al. 2017). Samples were collected from five reservoirs intersected by wells 7219/12-1 

(the Filicudi reservoir: sandstones of the upper Triassic – lower Jurassic Tubåen Fm, 

Ringvassøy-Loppa Fault Complex), 7220/7-1 (the Havis reservoir: sandstones of the middle 

Jurassic Stø Fm, Bjørnøyarenna Fault Complex), 7220/5-1 (the Skrugard Appraisal reservoir: 

sandstones of the middle Jurassic Stø Fm, Bjørnøyarenna Fault Complex), 7220/11-1, -2 and -3 

(the Alta reservoir, Permo-Triassic carbonates and conglomerates, Loppa High area), and 

7221/12-1 (the Svanefjell reservoir: sandstones of the upper Triassic Fruholmen and Snadd Fms, 

Loppa High area).   

 

Basin Modelling 

Basin modelling was performed using the Trinity software from ZetaWare Inc.  Regional 

depth maps, based on seismic interpretations, were used as the input for thermal modelling and 

the definition of hydrocarbon kitchens. Borehole temperature data was extracted from 

exploration wells in the area.  A constant geothermal gradient was used in each model case, and 

net erosion was estimated from vitrinite reflection versus depth trends. The analysis of drainage 

patterns (flow lines on depth maps) allowed for the identification of likely hydrocarbon kitchens 

for the Skrugard Appraisal, Havis, Filicudi, Alta and Svanefjell reservoirs.  The kitchens were 

defined using the directions of upwards fluid flow (perpendicular to depth contours) on mapped 

subsurface layers representing possible hydrocarbon migration avenues towards the geological 

trap in question.  One-dimensional temperature-time models were constructed for each kitchen to 

represent the thermal evolution of the suspected kitchen/source rock in each case. The main 

uncertainties in this approach are the maximum depths of the respective kitchens and variations 

in subsurface paleo-temperatures through time. Therefore, results from the thermal modelling are 

more useful for predicting relative differences between past temperatures of the studied 

reservoirs, as opposed to accurate statements of the temperatures of each reservoir.   

 

Methane stable isotope measurements  

DVSMOW, 
13

CVPDB, and 18, 
12

CH2D2 and 
13

CH3D of methane were measured using 

the prototype and production model of the Thermo Fisher IRMS Ultra, using previously 

described methods (Stolper et al. 2014a; Thiagarajan et al. 2020a).  18 measurements were 

made on the Prototype model of the Ultra while 
13

CH3D and 
12

CH2D2 measurements were 

made on the Production model of the Ultra.  DVSMOW and 
13

CVPDB values are expressed as 

DVSMOW = ((R
2
Hsample/R

2
HVSMOW)−1)*1000, and 

13
CVPDB = ((R

13
Csample/R

13
CVPDB)−1)*1000, 

where R
2
H=[D/H], R

13
C=[

13
C/

12
C)]), VSMOW is Vienna Standard Mean Ocean Water 

(VSMOW) and VPDB is Vienna Pee Dee Belemnite.  Clumped isotope compositions are 

expressed using  notation, where 18=((
18

R/
18

R*)-1)*1000, 
18

R=[
13

CH3D]+[
12

CH2D2]/[
12

CH4] 

and 
18

R*=(6*[R
2
H]

2
)+(4*R

2
H*R

13
C).  

18
R* is the 

18
R value expected for a random internal 

distribution of isotopologues given the 
13

CVPDB and DVSMOW value of the sample (Stolper et al. 

2014a).  Values of 
13

CH3D and 
12

CH2D2 are reported similarly: 
13

CH3D 

=((
13

CH3D/
12

CH4)sample/(
13

CH3D/
12

CH4)
*
 -1)*1000, and 


12

CH2D2=((
12

CH2D2/
12

CH4)sample/(
12

CH2D2/
12

CH4)
*
 -1)*1000.  In all cases, the specified isotope 

ratios are measured from the corresponding ion beam current intensity ratios and standardized by 

comparison with a standard of known composition.  All three i data are reported as per mil (‰), 

where 0‰ refers to a random distribution of methane isotopologues, and positive values indicate 

enrichment in the clumped isotope species relative to the random distribution.  Samples were 
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analyzed in a dual-inlet system versus an intralaboratory standard, CIT-1. (Stolper et al., 2014a) 

This standard has a 
13

C = -42.88‰, D = -175.5‰, 
12

CH2D2 = 7.6‰ and 
13

CH3D = 2.90‰ 

(based on comparison with external reference gases and methanes equilibrated at known 

temperature in our laboratory; see Stolper et al., 2014b). 

We present measurement uncertainties for individual samples as one relative standard 

error of the internal measurement variability for a single measurement (1SE).  Finally, i 

values can be related to an apparent temperature (K) via the equations outlined in Stolper et al 

(2014b) and Eldridge et al (2019).  We refer to such calculated temperatures as ‗apparent 

temperatures‘ to indicate that they may indicate geophysical temperatures of methane formation 

(as appears generally to be true for natural gas reservoirs; (Douglas et al., 2017; Stolper et al., 

2018)), or might instead reflect a kinetic isotope effect associated with some non-equilibrium 

chemical or physical process (Stolper et al. 2015; Wang et al. 2015; Young et al. 2017; Shuai et 

al. 2018a, b; Xie et al. 2019; Dong et al. 2021).   

 

Molecular proportions and carbon isotope ratios of C2-C4 hydrocarbons gas components  

 The C2-C4 hydrocarbons (ethane, propane and butanes) were analyzed for molecular 

proportions and molecular-average stable isotope ratios at the Applied Petroleum Technology 

labs in Oslo, Norway.  Aliquots of the sample were transferred to exetainers and 0.1-1.0 ml of 

each sample was as extracted using a Gerstel MPS2 autosampler and injected into an Agilent 

7890 RGA GC equipped with Mol sieve 5A, 4-8 mesh and Poraplot Q columns, a flame 

ionisation detector (FID) and 2 thermal conductivity detectors (TCD).  Hydrocarbon 

concentrations were measured by FID while CO2 concentrations were measured by TCD.  The 

carbon isotope analysis of hydrocarbons and CO2 were determined using a GC-C-IRMS system. 

Aliquots were sampled with a Triplus RSH autosampler and analyzed on a Trace 1310 gas 

chromatograph (Thermo Fisher Scientific), equipped with a Poraplot Q column and PTV 

(Programable Temperature Vaporizing) injector. The GC is interfaced via GC-Isolink II and 

Conflo IV to Delta V Isotope Ratio Mass Spectrometer (IRMS) (Thermo Fisher Scientific). The 

gas components were combusted in a reactor held at 1000 ºC.  Water was removed by Nafion 

membrane separation and repeated analyses of standards indicate that the reproducibility of δ
13

C 

values is better than 1‰ (2 RSD). We refer to the fractionation between two species using 

epsilon notation where  is calculated in the following manner:                       

(
               

                
  )      . 

 

  

RESULTS 

 

We report values of
13

C of C2-C4 hydrocarbon gases (Figure 3), methane D, 
13

C, 18, 


13

CH3D and 
12

CH2D2 (Figure 4-7), and 
13

C of CO2 (Table 1 and 2) from studied reservoir 

samples   The 
13

CVPDB of CH4 ranged from -38 to -46‰.  These values fall within the range 

considered indicative of a thermogenic origin (Whiticar, 1999).  The DVSMOW of CH4 ranges 

from -163 to -199‰, which along with the 
13

C values, falls in the thermogenic zone of the 
13

C 

vs. DVSMOW plot, although near the boundary between the thermogenic field and the microbial 

field (Chung et al. 1988; Whiticar 1999).  The 
13

CVPDB values of C2-C5 hydrocarbon gases 

were measured for all reservoirs except Filicudi and range from -25 to -33‰ typical of 

thermogenic oil-associated gases (Whiticar, 1994).  The fractionations of 
13

C (butane-ethane) 
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range from 0.5 to 6.4‰ while the 
13

C (propane-ethane) range from 0.6 to 8.2‰.  Gas wetness 

(C1/C2+C3) was also determined for all reservoirs except Filicudi and range from 5 to 50, 

consistent with a mixture of thermogenic and biogenic gases in the reservoirs.  The 18-based 

apparent temperatures of the suite of gases range from 34-238
o
C.  Values of 

13
CH3D for the 

three samples analyzed range from 3.6-5.6‰, consistent with a range in apparent temperature of 

29-125˚C and values for the three samples analyzed for 
12

CH2D2 ranged from 10.5-17.3‰, 

consistent with a range in apparent temperature of 40-117 ˚C.   

 

DISCUSSION 

 

Assessing equilibrium and kinetic isotope signatures in clumped isotopes 

 We consider clumped isotope apparent temperatures to be consistent with equilibrium 

(i.e., to reflect a geological condition of formation) if the combined 
13

CH3D and 
12

CH2D2 

values are consistent with the correlation predicted for thermodynamic equilibrium (Eldridge et 

al. 2019).  We find that every sample that we have analyzed for both 
13

CH3D and 
12

CH2D2 are 

consistent with being in thermodynamic equilibrium.  For samples where only 18 measurements 

were made, we compare each 18-based apparent temperature to the maturity of the gases and/or 

oils and to temperatures of gas generation expected from models of the thermal history of the 

corresponding kitchen.  If a sample yields apparent temperatures consistent with independent 

geological constraints, then we infer that the apparent temperature is indicative of equilibrium 

formation and reflects the geologic formation temperatures.  This inference is reasonable as 

previous work has indicated that processes leading to nonequilibrium clumped isotope signatures 

tend to lead to dramatically high apparent temperatures as well as significant deviations from the 

equilibrium relationship of 
13

CH3D vs. 
12

CH2D2 (Stolper et al. 2017; Xie et al. 2019; Dong et 

al. 2021).  If the sample gave 18-based apparent temperatures that were lower than oil and gas 

generation temperatures and had bulk isotopic values consistent with microbial gas (Whiticar 

1999), we compared the 18-based apparent temperatures to well temperatures and basin models 

to determine if they would be consistent with microbial gas formation at equilibrium (i.e., at 

reservoir rather than kitchen temperatures).  In this study, we find that every clumped isotope 

measurement that we have made is either consistent with an equilibrium signature associated 

with thermogenic formation in a known kitchen or microbial gas formation in a known reservoir 

or paleo-reservoir.  

   

Alta reservoir 

The methane extracted from the Alta reservoir samples have 
13

CVPDB values that range 

from -41 to -43‰ while the DVSMOW values range from -180 to -173‰ (Figure 3).  Gas from 

the Alta reservoir also has the lowest 
13

CVPDB values of the C2-C4 gas components in samples 

considered in our study (Figure 2).  The 
13

CVPDB of ethane from these reservoirs predict a 

source maturity of 0.71-0.75% Ro based on the equation provided by Whiticar (1994; equation 

19) — slightly less than the reservoir oil ―maturity‖ at 0.84% Ro (calculated from proportions of 

phenanthrenes and methyl phenanthrenes, using the formula %Ro = 0.60*MPI1 + 0.40) (Radke 

1988).  These Ro values suggest a relatively moderate maturity fluid in the reservoir.  The Alta 

samples have 18-based apparent temperatures ranging from 85-124 °C.  The gas wetness 

(C1/(C2+C3)) of these samples ranges from 5-11 (Figure 5c); taken together, these observations 
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are consistent with a dominantly thermogenic origin for all four of these gas species (Douglas et 

al. 2017; Stolper et al. 2017, p. 201).   

We assess if the carbon isotopes of C1-C4 n-alkanes are consistent with thermodynamic 

equilibrium or kinetic isotope effects using previously published data for equilibrium 

(Thiagarajan et al. 2020b), cracking processes (Ni et al. 2011) and biodegradation (Martini et al. 

1996).  We find that similarly to the 18-based apparent temperatures, the carbon isotope data for 

methane, ethane, propane and butane for the Alta samples are all consistent with inter-molecular 

isotopic equilibrium at 75 to ~150 °C (Figure 7); but note the C isotope equilibria offer a less 

precise constraint on equilibrium temperature.  This range is much hotter than current reservoir 

temperature (65-74 ˚C) but consistent with gas generation conditions based on the geologic 

history of the kitchen associated with the Alta reservoir (Figure 8).   

Gas in the Alta reservoir is interpreted to be ‗associated‘ with the oil, i.e. expelled from 

the same source rock of the Lower to Middle Triassic Kobbe Fm (Figure 2).  The maximum 

burial of the Kobbe Fm was most likely around 3.5 to 4 km and basin modelling suggests that at 

that depth maximum burial temperatures were around 120-130 °C (Figure 8). The agreement of 

18-based apparent temperatures and temperatures calculated from the carbon isotopes with the 

temperatures modelled for the Kobbe Fm source rock system suggest both that basin modelling 

accurately captured the geologic history of the Alta source rock, and that methane was generated 

at or close to equilibrium with respect to its clumped isotope composition (though of course it is 

also possible that these two lines of argument both have systematic errors that happen to match 

one another).   

 

Filicudi, Skrugard Appraisal and Havis reservoirs 

The Filicudi reservoir is a part of a Jurassic petroleum system located within the 

Ringvassøy-Loppa Fault Complex along the western margin of the Loppa High area. The main 

source rock is assumed to be the oil- and gas-prone Upper Jurassic Hekkingen Fm, which forms 

several oil and gas kitchens in the faulted and segmented transition from the Loppa High area 

westwards into the deep Cretaceous Tromsø Basin (Figure 2).  The methane samples extracted 

from the Filicudi reservoir have 
13

CVPDB values of -38‰ and DVSMOW values from -165 to -

163‰ (Figure 5).  Two analyzed Filicudi samples have different 18-based apparent 

temperatures with sample gas 7219/12-1A having a clumped methane temperature of 119±22 °C 

1 and sample gas 7219/12-1 having a clumped methane temperature of 238 ±43 °C 1Both 

samples are hotter than current reservoir temperature (48-58 ˚C) and consistent with each other 

to within 2 error bars.  Sample gas 7219/12-1A was analyzed for both clumped methane 

isotopologues and shows a 
13

CH3D-based apparent temperatures of 125±20 °C and a 


12

CH2D2-based apparent temperatures of 117±16 °C, consistent with its 18-based apparent 

temperatures of 119±22 °C.   

As the southwest-wards deepening of the fault segments in the Hekkingen Fm source 

rocks form ―sub-kitchens‖ at different depths (Figure 2), a wide range of source rock maturities 

at maximum burial and different charges are expected. The basin modelling from the area south 

of the reservoir (Figure 1) suggests a temperatures of c. 190 °C for the Hekkingen Fm at 

maximum burial (Figure 8), but given the faulted character of the area both higher and lower 

temperatures at maximum burial are possible.  Our methane clumped isotope temperatures are 

consistent with geologically based thermal models of the Hekkingen Fm Kitchen and the 

methane and higher order hydrocarbons likely tap source rocks from a wide range of depths.   
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It is notable that the two adjacent wells have different 
13

C of methane values to within 

2.  An examination of the carbon isotope compositions for C2-C4 species for sample gas 

7219/12-1A (Figure 3) shows that the gases are not consistent with equilibrium (Figure 7), but 

rather show evidence of biodegradation (Martini et al. 1996) as well as multiple charges.  

Unfortunately, we do not have carbon isotope compositions for C2-C4 species of sample gas 

7219/12-1.  One possible explanation for the carbon and clumped isotope values for 7219-/12-1A 

is that there were multiple charges to the Filicudi Reservoir, and a subsequent infusion of cooler 

likely microbial methane decreased the apparent clumped isotope methane temperature without 

changing the isotopic properties of the C2-C4 compounds.  Future measurements from this 

reservoir could disentangle the likely complicated history of the Filicudi reservoir.   

We analyzed one methane sample each from the Skrugard Appraisal and Havis reservoirs 

within the Bjørnøyarenna Fault Complex, both of which are interpreted to be sourced from the 

Hekkingen Fm too (Figure 2).  Each sample was analyzed twice.  The methane extracted from 

the Skrugard Appraisal reservoir has a 
13

CVPDB of -41‰ and a DVSMOW value of -173‰ while 

the Havis reservoir has a 
13

CVPDB of -39‰ and DVSMOW value of -177‰.  The Skrugard 

Appraisal and Havis reservoirs both have 
13

CVPDB values of the C2-C4 gas components ranging 

from -28 to -31‰ and their values for 
13

CVPDB of ethane predict a source rock maturity of 1.1-

1.2% Ro based on the equations of Whiticar (1994). These Ro values suggest a fluid with late oil 

window maturity in the present-day reservoir. The Skrugard Appraisal reservoir has 18-based 

apparent temperatures ranging from 116±12 °C to 137±13 °C while the Havis field has 18-based 

apparent temperatures of 175±16 °C to 181±19 °C.  Both reservoirs have 18-based apparent 

temperatures hotter than current reservoir temperatures.  The gas wetness (C1/(C2+C3)) for 

Skrugard Appraisal is 26.6 and for Havis is 13.1, both of which are consistent with a dominantly 

thermogenic origin for these species (Whiticar, 1994). Thus, as for the Alta and Filicudi gases, 

these two samples contain methane that appears to be of purely thermogenic origin and formed at 

equilibrium with respect to clumped isotope composition.  

 The carbon isotope compositions of C1-C4 species for the Havis reservoir sample are 

consistent with mutual intermolecular isotopic equilibrium at the same temperature as the 18-

based apparent temperatures (i.e., ~150-200 ˚C, again note the C isotope equilibria offer a less 

precise constraint on equilibrium temperature than clumped isotopes of methane; Figure 7).  

Thus, the isotopic data are consistent with simultaneous methane intramolecular equilibrium and 

C1-C4 intermolecular equilibrium at a common temperature that is greater than the current 

reservoir temperature.  Thermal models based on geological data suggest a maximum burial 

temperature of 175°C for the Hekkingen Fm source rocks that are thought to have charged the 

Havis reservoir (Figure 8). Thus, our data are consistent with Havis reservoir gas being entirely 

thermogenic, formed in or near inter and intra molecular equilibrium, and generated at maximum 

source rock burial conditions.  

The sample from the Skrugard Appraisal reservoir exhibits significant differences with 

respect to the Havis reservoir sample, likely due to their different kitchens. The carbon isotope 

compositions for C2-C4 species for Skrugard Appraisal (Figure 7) would indicate equilibrium at 

elevated temperature (~200 °C+), whereas the 18-based apparent temperatures are significantly 

lower (116±12 °C to 137±13 °C) but matching the geologically predicted gas generation 

temperature (Figure 8).  This feature is similar to the Filicudi basin.  One explanation for this 

discrepancy is that similarly to Filicudi, there were multiple charges to this Skrugard Appraisal 

Reservoir (Matapour and Karlsen 2017), and then a subsequent infusion of cooler likely 
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microbial methane to the field decreased the apparent clumped isotope methane temperature 

without changing the isotopic properties of the C2-C4 compounds.  With these measurements we 

cannot determine the which charge is the origin of our gas sample. 

 

  

Svanefjell reservoir 

The samples from the Svanefjell reservoir have methane 
13

CVPDB of -45‰ and DVSMOW 

of -173‰ (both in the characteristically thermogenic range; Figure 4), and 
13

CVPDB values of the 

C2-C4 compounds ranging from -25 to -33‰.  The 
13

CVPDB of ethane predicts a source maturity 

of 0.91% Ro based on the equations of Whiticar (1994). This value fits well with maturity 

modelling of Lower Triassic source rocks within the Svanefjell drainage area on the Loppa High 

area and suggests a fluid of oil window maturity in the reservoir. However, the 18-based 

apparent temperatures for the two analyzed samples are 34±27 °C and 56±16 °C, consistent with 

current reservoir temperatures.  Both samples were also analyzed for 
13

CH3D and 
12

CH2D2 

and were found to be in equilibrium at 40±15 °C and 53±18 °C, respectively confirming a very 

cool origin to the methane in this reservoir (Figure 6).  The gas wetness (C1/(C2+C3)) of these 

samples ranges from 38-50 (Figure 5c) which falls on the edge of the microbial and thermogenic 

fields (Whiticar, 1994). 

 In contrast to the Skrugard Appraisal and Havis reservoirs, the carbon isotope 

composition for Svanefjell C1-C4 species are not in equilibrium with each other at any common 

temperature (Figure 7), whereas all the clumped isotope methane temperatures are in equilibrium 

at the relatively cool reservoir temperature (Figure 6).  The disequilibrium signature seen in 

carbon isotopes of small n-alkane hydrocarbons can be explained by anaerobic oxidation of 

hydrocarbons (AOH).  AOH is characterized by the enrichment in 
13

C of residual propane and 

ethane and a depletion in concentrations of propane and ethane, increasing C1/(C2+C3) values, 

similarly to the signatures seen in Svanefjell (Gilbert et al. 2019).  Thus we suggest the 

contradictory thermogenic (
13

C and D of methane) and microbial signatures (C1/C2+C3) of the 

Svanefjell reservoir can be explained by an initial charge of thermogenic gas that has undergone 

extensive biological processing, consuming some of the initial inventory of C2-C4 species and re-

equilibrating the methane (i.e., through biological cycling).  This reequilibration must have 

happened in a relatively closed system, such that the bulk stable isotope composition of the 

dominant gas species (methane) was not significantly changed.  This interpretation is supported 

by observations indicating the Svanefjell structure contains a 15 m gas column over a residual, 

biodegraded oil zone (reservoir depth at c 540 m).   

The data presented here for the Svanefjell reservoir gases is the first to show with 

combined 
13

CH3D and 
12

CH2D2 data that strongly biodegraded reservoir gas can reach 

internal methane equilibrium as opposed to near equilibrium as in the Antrim Shale (Giunta et al. 

2019).  (However note that previous studies of the 18 values of methane from biodegraded gas 

reservoirs have suggested that that the biologically cycled methane reached clumped isotope 

equilibrium (Stolper et al., 2014)).  Two explanations have been suggested as to how microbial 

methane can reach isotopic equilibrium with itself or co-existing compounds:  One (Valentine et 

al. 2004; Stolper et al. 2015) argues that the degree of enzymatic reversibility during microbial 

methanogenesis controls the deviation from internal equilibrium.  In this case, slow formation 

rates of methane occur when H2 availability is low and the elementary steps of microbial 

methanogenesis are nearly fully reversible.  However, attempts to observe near equilibrium 

microbial methane production in laboratory cultures have failed (Stolper et al. 2015).  One 
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explanation for this failure is that the laboratory experiments were unable to reproduce the 

geological growth conditions.  A second explanation calls on a role for anaerobic oxidation of 

methane (AOM) (Giunta et al. 2019).  Sulfate dependent AOM can potentially operate at near 

thermodynamic equilibrium with significant reversibility.  Under low sulfate concentrations the 

formation of methane via the reduction of bicarbonate can reach values as high as 78% 

(Yoshinaga et al. 2014).  There is no published study on the effects of AOM on methane 

clumped isotopologues.  However laboratory experiments have shown that in low sulfate 

conditions, the 
13

C of the residual methane gradually equilibrates with the 
13

C of the DIC 

suggesting a microbially mediated approach towards thermodynamic equilibrium (Yoshinaga et 

al. 2014).  Similarly, in the deep crystalline basement in South Africa where organisms 

anaerobically oxidizing methane have been observed, the clumped isotopes of methane suggests 

a microbially mediated approach towards equilibrium (Young et al. 2017).   

Regardless of the metabolic mechanism, we conclude that the current gas fluid in the 

Svanefjell reservoir is composed of an initial charge of thermogenic gas that was later modified 

by oil biodegradation (adding methane to the gas mix) possibly accompanied by subsequent 

microbial methanogenesis or AOM.  

 

SUMMARY AND CONCLUSIONS 

 We have presented a survey of molecular proportions and isotopic compositions 

(
13

CVPDB,  DVSMOW and 18,  
13

CH3D and 
12

CH2D2 clumped isotope indices) of thirteen 

hydrocarbon gases from five petroleum systems in the Loppa High area of the southwestern 

Barents Sea (Figure 7). Our analysis indicates diverse origins of these gases, dominated by 

moderate to high maturity thermogenic gas but microbially modified in some reservoirs.  

Specifically, methane in the Alta reservoir exhibits 18-based apparent temperatures that are 

hotter than current reservoir temperatures but are consistent with the predicted thermal maturity 

of the Kobbe Fm source rocks at maximum burial of 3.5-4 km.  Gases from the Filicudi reservoir 

on the western flank of the Loppa High area have methane clumped isotope apparent 

temperatures of 119-238 °C, also hotter than current reservoir temperatures.  These values have 

large error bars and are broadly consistent with the thermal evolution model.  The carbon 

isotopes and clumped isotopes of C1-C4 gases suggest that gases were generated over multiple 

charges with an infusion of microbial or biodegraded methane which altered the clumped isotope 

methane temperature without changing the isotopic properties of C2-C4 compounds.  The 

Skrugard Appraisal and Havis gas samples have 18-based apparent temperatures much hotter 

than the current reservoir temperatures of 38-50 °C.  The carbon isotopes of C2-C4 hydrocarbons 

and methane clumped isotope temperatures of the Havis reservoir are all in equilibrium at the 

maximum burial temperature of the Hekkingen Fm suggesting a common origin.  The carbon 

isotopes of C2-C4 hydrocarbons from the Skrugard Appraisal reservoir are consistent with a hot 

temperature whereas, the 18-based apparent temperatures are significantly cooler agreeing with 

the geologic history of the source rock.  Finally, gas from the Svanefjell reservoir has the carbon 

isotopes of C2-C4 hydrocarbons exhibiting a disequilibrium signature consistent with 

biodegradation while the methane clumped isotope apparent temperatures are in equilibrium with 

the cool local reservoir temperature.  This equilibration of methane can be explained either by 

AOM occurring in the reservoir or microbial methanogenesis occurring at low H2 availability.   

Our survey of the concentrations and isotopic compositions of the light n-alkanes in the 

Barents Sea indicates that methane clumped isotopes are a valuable tool for interpreting the 

sources of methane to petroleum systems.  Additionally, the concurrence of our temperatures 
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with independently generated basin models suggests that these models are well suited for 

predicting natural gas formation and migration in the subsurface environment.  Survey studies of 

these type are helpful for documenting general traits of large petroleum systems and recognizing 

major themes of processes that occur there.  However detailed interpretations of individual 

reservoirs where multiple processes are at play require more focused and detailed studies.   
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Figure Captions:  

 

Figure 1- Map of geological structural elements in the Loppa High area of the south-western 

Barents Sea. Orange and grey striped polygons indicate gas and/or oil reservoirs in the region.  

The studied gas samples were obtained from five labeled reservoirs, where ―1‖ indicates 

Skrugard Appraisal, ―2‖ indicates Havis, ―3‖ indicates Filicudi, ―4‖ indicates Alta and ―5‖ 

indicates Svanefjell. The red line indicates the location of the stratigraphic cross section in 

Figure 2 running through all five studied reservoirs.  

 

Figure 2-Stratigraphic cross section from the Loppa High area (from NW, left to SE, right) with 

positions of studied wells and sampled reservoirs.  The cross-section location is indicated in 

Figure 1 by a red line.   

 

Figure 3-Chung plots of 
13

CVPDB for C1-C4 hydrocarbons.  Error bars are 1‰.  N refers to the 

number of carbons in a hydrocarbon molecule.  Therefore, when plotting 1/n, ‗1‘ refers to 

methane, ‗0.5‘ refers to ethane, etc. 

 

Figure 4- Methane DVSMOW and 
13

CVPDB. 

 

Figure 5- Scatter plot of Alta, Skrugard Appraisal, Havis, and Svanefjell data of (A) 18–

Temperature vs 
13

CVPDB, (B) 18–Temperature vs DVSMOW, and (C) 18–Temperature vs 

(C1/C2+C3).  

 

Figure 6- Scatter plot of Filicudi and Svanefjell data of 
12

CH2D2 vs 
13

CH3D with equilibrium 

indicated in a blue line with blue circles plotted in 100 °C increments. 

 

Figure 7-
13

C (butane-ethane) vs 
13

C (propane-ethane) (A) and 
13

C (propane-ethane) vs 18-

temperature (B).  The red line indicates thermodynamic equilibrium fractionation (Thiagarajan et 

al. 2020b) while homolytic C-C cleavage (Tang et al. 2000) is indicated by the yellow solid line 

and beta scission (Xiao 2001) is indicated by the light brown solid line. All the reservoirs except 

Svanefjell have C2+ indices consistent with thermodynamic equilibrium.  The C2+ hydrocarbons 

in Svanefjell reservoir in contrast can be explained by biodegradation.   

 

Figure 8-Modelled temperature history for the assumed kitchen areas for the Skrugard Appraisal 

(A) Havis (B), Filicudi (C), Alta (D) and Svanefjell (E) reservoirs.  Age is in millions of years.  

Constant geothermal gradients were used. Net erosion estimates are based on vitrinite reflectance 

versus depth assessments. The blue rectangles indicate the range of 18-based apparent 

temperatures measured in the basin with 1 error bars.  The likely temperatures in the respective 

kitchens at the time of maximum burial: Skrugard Appraisal 120 °C; Havis, 175 °C; Filicudi, 180 

°C; Alta, 125 °C; Svanefjell, 155 °C. 

 

Table 1. Methane stable and clumped isotope data for natural gas basins in this study.   

 

Table 2. Stable isotope data for C2+ species in natural gas basins in this study.   
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Figure 1
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Table 1

Sample ID Well ID
Depth 

(mTVDSS)
Discovery Reservoir unit

Sample 
type/phase

Assumed gas 
source rock

Reservoir 
Temperature 

(°C)

C1/(C2

+C3)
d

13C 
(VPDB)

d
13C 

err 1s

dD 
(VSMOW

)

dD err 
1s

D18 

Stochastic
D18 error

D18-

Temperature

D18-

Temperature 
Low error 1s

D18-

Temperature 
High error 1s

Δ12CH2D2 

stochasti
c

Δ12CH2D2 

1s error 

Δ13CH3D 

stochasti
c

Δ13CH3D 

1s error 

Δ12CH2D2 

Temperature

Δ12CH2D2 

Temperature  
error 

Δ13CH3D 

Temperature

Δ13CH3D 

Temperature 
1s error 

AL_701356-Lundin 

7219-1
7219/12-1 1500 Fi l icudi

 U. Triass ic - L. 

Jurass ic Tubåen Fm
MDT/gas

U. Jurass ic 

Hekkingen 

Fm

47 -38.91 0.019 -163.33 0.26 2.2 0.45 238 43 56

AL_7219 12/1A 7219/12-1 A 1539 Fi l icudi
 U. Triass ic Tubåen 

Fm
MDT/gas

U. Jurass ic 

Hekkingen 

Fm

48 -38.33 0.011 -165.18 0.26 3.8 0.43 119 22 25 10.475 1.382 3.665 0.439 117 16 125 20

Statoi l  A Maniem 7220/5-1 1312
Skrugard 

Appra isa l
 M. Jurass ic Stø Fm MDT/gas

U. Jurass ic 

Hekkingen 

Fm

38 26.6 -41.88 0.005 -173.10 0.12 3.9 0.23 116 12 13

Statoi l  B Maniem 7220/5-1 1312
Skrugard 

Appra isa l
 M. Jurass ic Stø Fm MDT/gas

U. Jurass ic 

Hekkingen 

Fm

38 26.6 -41.85 0.005 -173.41 0.12 3.5 0.23 137 13 14

Statoi l  C Maniem 7220/7-1 1753 Havis  M. Jurass ic Stø Fm MDT/gas

U. Jurass ic 

Hekkingen 

Fm

50 13.1 -39.73 0.005 -177.79 0.12 2.9 0.23 175 16 18

Statoi l  D Maniem 7220/7-1 1753 Havis  M. Jurass ic Stø Fm MDT/gas

U. Jurass ic 

Hekkingen 

Fm

50 13.1 -39.55 0.005 -177.74 0.13 2.8 0.25 181 19 21

AL_7220_11_1 7220/11-1 1871 Alta
Undifferentiated 

Triass ic
MDT/gas

M. Triass ic 

Kobbe Fm
68 6.8 -42.67 0.007 -173.18 0.10 4.0 0.21 108 10 11

AL_7220 11/2 7220/11-2 1885 Alta
Undifferentiated 

Triass ic
MDT/gas

M. Triass ic 

Kobbe Fm
68 11.4 -42.37 0.024 -175.56 0.18 4.5 0.26 85 11 12

AL_7220 11/2A 7220/11-2 A 1883-1915 Alta
Undifferentiated 

Triass ic

DST 1 / 

separator 

gas

M. Triass ic 

Kobbe Fm
69 5.4 -42.72 0.013 -180.02 0.18 3.8 0.28 120 15 16

AL_7220/11-3 T2 7220/11-3 1809 Alta Permo-Triass ic MDT/gas
M. Triass ic 

Kobbe Fm
65 -41.95 0.007 -173.64 0.34 3.7 0.26 122 14 15

AL_7220/11-3 AT2 7220/11-3 1850 Alta Permo-Triass ic MDT/gas
M. Triass ic 

Kobbe Fm
74 -42.02 0.009 -177.03 0.69 3.7 0.31 124 16 18

AL_AkerBP17976-1B 7221/12-1 535 Svanefjel l
 U. Triass ic 

Fruholmen Fm
MDT/gas

M. Triass ic 

Kobbe Fm
15 38.1 -45.81 0.023 -194.47 0.19 5.2 0.44 56 15 17 14.361 1.448 5.061 0.442 66 15 51 18

AL_AkerBP17602-1b 7221/12-1 541 Svanefjel l
U. Triass ic Snadd 

Fm
MDT/gas

M. Triass ic 

Kobbe Fm
15 49.7 -45.39 0.177 -198.59 0.15 5.9 0.93 34 27 32 17.250 1.377 5.672 0.943 40 13 29 36
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Table 2

Sample ID
Depth 

(mTVDSS)

d
13

C 

methane 

(VPDB)

d
13

C 

ethane 

(VPDB)

d
13

C 

propane 

(VPDB)

d
13

C n -

butane  

(VPDB)

d
13

C i -

butane  

(VPDB)

d
13

C CO2  

(VPDB)
Roeq

Statoil A Maniem 1312 -41.8 -31.0 -30.4 -30.5 -29.5 1.13
Statoil C Maniem 1753 -39.6 -30.3 -29.0 -28.4 -29.6 -9.1 1.21
AL_7220_11_1 1871 -42.1 -35.2 -32.6 -30 -31.9 0.74
AL_7220 11/2 1885 -41.7 -35 -31.8 -31.7 -28.8 0.75

AL_7220 11/2A 1883-1915 -43.8 -35.5 -32.3 -30.1 -32.6 0.71
AL_AkerBP17976-1B 535 -45.2 -33.1 -27.5 -27.3 -31.3 0.91
AL_AkerBP17602-1b 541 -44.4 -33.1 -25.1 -26.9 -31.2 0.91
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