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Abstract

A new inventory on onshore petroleum seeps and stains in Greenland has been released by the Geological Survey of Denmark and Greenland as a web-based GIS model on the Greenland Mineral Resources Portal: Petroleum Seeps and Stains in Greenland. Knowledge on oil and gas seeps, oil stains and solid bitumen occurrences provides key information on mineral and petroleum systems, especially in frontier basins. As the understanding of recent and previous migrations of fluids and gases is important for both mineral and petroleum explorations in Greenland, this new inventory has been developed to facilitate exploration and new activities. The classification includes the following types of occurrences: (1) oil seeps, (2) gas seeps, (3) mud diapirs, pingos and gas-rich springs, (4) oil stains in volcanics, carbonates and sandstones, (5) solid macroscopic bitumen and (6) fluid inclusions and other evidence of micro-seepage. The inventory comprises detailed information on localities, coordinates and sample numbers. It also includes descriptions of features and geology, references to data, reports and publications. All information is summarised in either a mineral or petroleum systems context. Petroleum seeps and stains have been reported from most Palaeozoic, Mesozoic and Cenozoic basins in Greenland where they add important information on petroleum systems, especially distribution and facies variation of source rocks, petroleum generation and later migration, accumulation, remigration, uplift and degradation. The inventory is designed to be updated with additional localities and descriptions and new organic geochemical data. This paper provides a general overview of classification, nomenclature, organisation and content of the inventory. We introduce the regional distribution of petroleum seeps and stains in Greenland and general interpretations in the context of mineral and petroleum systems.

 

1 Introduction

Knowledge on oil and gas seeps, oil stains and solid bitumens provides important information on petroleum systems in most sedimentary basins and may be of great importance in petroleum exploration, especially in frontier areas with no or limited drilling history. In the early part of modern petroleum exploration history, more than a century ago, seepage was an important factor for targeting drilling locations together with surface structural features. Most prolific onshore basins in, for example, Venezuela, Iran, Iraq and central and western US show some surface expressions of petroleum (Link 1952; Gussow 1954; Hunt 1979; Macgregor 1993).

Throughout the last three to four decades, seep materials from all over the world have been analysed and classified by applying modern biomarker analyses (Peters et al. 2004 and references therein) and discussed in the context of petroleum systems (Abrams 2005; Schumacher & Abrams 2006). Such seep data may add important information concerning distribution and facies variation of source rocks in the subsurface, thermal maturity of source rocks, vertical and lateral migration of generated petroleum and later biodegradation or thermal alteration.

The first brief observations on seepage and solid bitumens in Greenland go many decades back, see historical comments by, for example, Henderson (1969, 1976), Mikkelsen (1993) and Bojesen-Koefoed et al. (2006). Systematic field studies combined with modern organic geochemistry began in East and North Greenland in the early and mid-1980s and in West Greenland in the early 1990s by the present authors and have continued since. At the Geological Survey of Denmark and Greenland (GEUS), the standard routine for most samp-les collected by GEUS-geologists has been systematic screening by Rock Eval pyrolysis. Those samples with low Tmax (thermal maturity parameter from Rock Eval pyrolysis) and high Production Index (a parameter for hydrocarbons already present from Rock Eval pyrolysis) are then chosen for more detailed organic geochemistry. Christiansen (1994) gave a first review of seeps and other bitumen showings in Greenland and provided an overview of the geochemical analyses that were available at that time. Seep studies are very important in first evaluations of the petroleum potential of many basins, and in the process of attracting industry interest to Greenland exploration (Christiansen 2011).

Understanding the distribution of solid bitumen occurrences as the result of migration of basinal brines or hydrothermal circulation in sedimentary basins is also important for mineral exploration, especially for Pb, Zn, Cu, Ag and Au. Many records of solid bitumen come from the studies of either sedimentary exhalative (SEDEX) deposits or Mississippi Valley-Type (MVT) deposits (e.g. Parnell 1988; Jakobsen & Omoto 1993; Gregg 2004; Paradis et al. 2007; Gregg & Shelton 2012). The role of hydrocarbon compounds during the mineralisation processes is not fully understood in all cases, but likely reflects movements of fluids in faults as known from Kongsberg, Norway (Ag/bitumen), Almaden, Spain (Hg/bitumen) and Cornwall (Sn/bitumen). The mineralising deep-basinal brines are often similar in composition and salinity to oil field brines. Circulation of hydrothermal fluids with significant amounts of hydrocarbons influences sulphate reduction, and thereby the mineral precipitation in the host rocks, usually fractured dolomite.

Solid bitumen is also common not only in uraniferous mineralisations (Landais 1993, 1996; Alexandre & Kyser 2006), including various sandstone and conglomerate facies, but also in veins associated with granitic or syenitic intrusions. The role of bitumen and the timing of mineralisation processes are not always clear, but it seems that the interaction between hydrocarbon compounds and uranium-carrying solutions provides good possibilities for co-precipitation of uraniferous mine-ralised and bitumen under reducing conditions. Else, the uranium could precipitate on the surface of previously formed solid bitumen. It is well known that porphyrins in oil carry uranium and other elements like Ni and V, as these were incorporated in the paleo-depositional source-rock environment. These metals are generally water soluble in their oxidised state, while they precipitate under reducing conditions.

Graphite found in mineralisations formed by interaction between organic-rich sediments and magmas is not mentioned in the inventory. Some of these occurrences are common in the Nuussuaq Basin, for example, the graphite andesite in the Aaffarsuaq valley on Nuussuaq (Pedersen et al. 2017). Graphite occurrences are common elsewhere in Greenland, some associated with organic-rich sources and others clearly abiogenic (see overview in Thrane & Kalvig 2019).

As the understanding of both recent and previous movements of fluids and gases in sedimentary basins in Greenland is important in exploration for petroleum and minerals – and for understanding of both minerals and petroleum systems – an inventory of petroleum seeps and stains has been developed at GEUS to facilitate new exploration models and activities. The inventory, Petroleum Seeps and Stains in Greenland, has now been released in a GIS-format on the Greenland Mineral Resources Portal and can be accessed at https://doi.org/10.22008/FK2/JKYXJM.

The inventory includes a systematic description of c. 130 localities or small areas across Greenland (Fig. 1). So far, 52 localities from North Greenland are described (selected examples are shown in Fig. 2A), 23 in East and North-East Greenland (selected examples are shown in Fig. 2B), 54 in West Greenland (selected examples are shown in Fig. 2C; 11 on Svartenhuk Halvø, one on Qeqertarsuaq, three on Schades Øer, seven on Ube-kendt Ejland, 24 on Nuussuaq, two on Hareøen and six on Disko) and two in South and South-West Greenland. For full details of each locality, see the inventory.

Fig. 1Map of Greenland showing distribution of petroleum steeps and stains. Red triangles: Petroleum seepage and stains associated with source rock. Blue circles: Petroleum seeps and stains, migrated. White squares: Solid bitumen associated with mineral occurrences. Yellow stars: Gas seepage and gas-rich springs. Red text: Basins with petroleum seeps or stains including Nuussuaq Basin, Franklinian Basin, Wandel Sea Basin, East Greenland rift basins, Jameson Land Basin and Kangerlussuaq Basin. Dotted black lines: Outline of Proterozoic basins or their main outcrop area without petroleum seeps and stains. EB: Eriksfjord basin. KB: Karrat basin. TB: Thule Basin. IBF: Independence Fjord Basin. HFB: Hagen Fjord Basin. EBB: Eleonora Bay Basin. F: Fossilik. I: Ilímaussaq.
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Fig. 2Close up examples from the web-based GIS model, in this case with a topographic map as background. A: Franklinian Basin, North Greenland encompassing: Wulff Land – Nares Land – Freuchen Land region. B: East Greenland rift basins, North-East Greenland encompassing: Hold with Hope region. C: Nuussuaq Basin, West Greenland encompassing: northern Disko (base of map) – western Nuussuaq – Hareøen region. D: Text examples (with screen dumps of maps) from the Franklinian Basin, North Greenland (site NG30 on Washington Land). Red triangles: Petroleum seepage and stains associated with source rock. Blue circles: Petroleum seeps and stains, migrated. White squares: Solid bitumen associated with mineral occurrences. Yellow stars: Gas seepage and gas-rich springs.
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More than 500 field samples and core pieces have so far been analysed geochemically or described by microscopy. This number is steadily growing. This paper provides a general overview of classification, nomenclature, organisation and content of the inventory, and an introduction to the regional distribution of petroleum seeps and stains in Greenland with general interpretations in the context of mineral and petroleum systems.

2 Classifications and nomenclature

Seepage features and the various sorts of bitumen occurrences have historically followed different classification systems. Some are old and generic (see Christiansen 1994), whereas most new studies focus directly on the detailed organic geochemistry, understanding of processes and the implications to the petroleum systems.

Many countries have petroleum seepage inventories, for example, Great Britain (Selley 1992), Italy (Burrato et al. 2013), Romania (Ionescu et al. 2017), China (Zheng et al. 2018) and Turkey (Palabiyik & Ozdemir 2019). In Greenland, it is necessary to use a modified classification system or nomenclature that can be applied in accordance with the special conditions experienced there. The main reason for this is the Arctic climate with very cold winter temperatures, short cool summers and, apart from some snow, rather dry conditions. Consequently, most onshore sedimentary basins in West and East Greenland have several tens of metres thick permafrost – in North Greenland, the permafrost is several hundred metres thick. The low temperatures, extensive permafrost, effects of recent glaciations and intense erosion along coasts and in mountain terrains seem to reduce biodegradation of many petroleum seeps or stains. Recent glacial erosion has also resulted in modification of outcrops and uplift.

Organic geochemical analysis is, therefore, a strong exploration tool in Greenland compared to regions with warmer and more humid climate, resulting in extensive hydrocarbon degradation. However, knowing that the permafrost may define a secondary seal for shallow oil and gas accumulations and, thus, also impede remigration of oil and gas to the surface, seep data should be interpreted cautiously with respect to defining local drilling targets.

In this inventory, we also include information from fully cored boreholes down to a few hundred metres as some of these penetrate sedimentary or volcanic units that often crop out nearby. Many of the stratigraphic boreholes from systematic source-rock studies that have been drilled by GEUS over the years (Bojesen-Koefoed et al. 2014, 2018, 2020; Christiansen et al. 2020a) show petroleum stains. This is also the case for boreholes drilled during mineral or petroleum exploration. Whenever possible, we try to distinguish between the following types of occurrences:


	Oil seeps. Classical oil seeps are rare in Greenland. Due to the low temperatures, surface oils have a high viscosity, and in many cases, they are solid or even brittle. Many remote seep localities have not been revisited, and it is difficult to evaluate the level of activity. Some important localities that have been revisited after initial field work show change from year to year, for example, Marraat in the Nuussuaq Basin. This indicates the presence of active or ‘live’ seeps. However, that activity is probably restricted to a few warm, sunny days (Figs 3A–E).

	Gas seeps. This type of seepage is rare if at all present in Greenland. Most examples of gas are related to gas-rich springs and possibly only with activity in shorter periods of the year (i.e. summer to early autumn).

	Mud diapirs, pingos and other periglacial features and gas-rich springs. Pingos and other periglacial features share some characteristics with oil- and gas-bearing mud diapirs from prolific petroliferous basins in Azerbaijan or Romania. Pingos are found in many valleys in West and East Greenland (Bennike 1998). Pingos in Greenland occasionally show gas bubbles from ‘crater’ lakes or gas-rich water from springs on the side of the pingos (Figs 3F, G; see also figs 8A, B in Christiansen et al. 2020a). Sometimes gas escape structures or small mounds are observed on either muddy or sandy flats (see figs 12A, B in Christiansen et al. 2020a). Direct evidence of associated petroleum such as iridescence or oil drops on the water surface has not been reported from Greenland so far, despite systematic searches.

	Oil stains in volcanics, carbonates and sandstones. This type of petroleum is the most common in Greenland. Oil stains in volcanics are particularly common in the Nuussuaq Basin in West Greenland (Figs 3H–J), whereas oil stains in carbonates are often found in Cambrian–Silurian strata of the Franklinian Basin in North Greenland, and in the Upper Permian succession of the East Greenland rift basin. Oil-stained sandstones are recorded from many different localities and boreholes in North, East and West Greenland (see, e.g. fig. 6 in Bojesen-Koefoed et al. 2020).

	Solid macroscopic bitumen (or pyrobitumen) in mineralised carbonate veins and fractures and in rocks with macro-porosity. This is observed in corals and other fossils, vesicular lavas and partly open fractures (e.g. fig. 6 in Christiansen & Rolle (1985), plates 7, 8 and 9 in Christiansen (1989) and fig. 4A in Christiansen & Stemmerik (1989)). Such types are common in Greenland, especially in deeply eroded sedimentary basins with a relatively high thermal maturity such as those found in North and North-East Greenland. Solid pyrobitumen is also commonly associated with Pb-Zn-Cu mineralisation in veins and fractures in carbonate rocks, especially in North and East Greenland (see fig. 5 in Jakobsen & Omoto (1993)).

	Fluid inclusions and other evidence of micro-seepage. Recognising this type requires a systematic search. Hammering on specific healed and mineralised fractures combined with an instant check for petroliferous odour on warm sunny days has disclosed many such localities in the volcanic rocks of the Nuussuaq Basin in West Greenland. Most examples have been confirmed later by detailed organic geochemical analyses. Such systematic searches have also been applied to outline areas that do not show any apparent evidence of petroleum (i.e. a negative check).



Fig. 3Collection of field photos showing petroleum seepage and stains from Greenland. All photos are by the authors unless otherwise specified. Dates are indicated as some of the features are known to change over time. A: Asphalt seep from Portfjeld Formation in southern Wulff Land, North Greenland (sample 324200), 18 August 1985. B: Asphalt oozing out of partly dolomite filled vug, Portfjeld Formation in southern Wullf Land, North Greenland (sample 324200), 18 August 1985. C: Oil seepage from Marraat discovery point, Nuussuaq, West Greenland, 10 August 2004. D: Petroleum oozing out of large vug in basalt from Marraat discovery point, Nuussuaq, West Greenland, 10 August 2004. E: Petroleum oozing out of fracture at Kuugannguaq valley, Disko, West Greenland, 14 July 1996. F: Water spring with gas seepage from Aaffarsuaq valley, Nuussuaq, West Greenland, 26 July 2019. G: Small pools rich in gas on the side of a pingo in the Aaffarsuaq valley, Nuussuaq, West Greenland. Blooming algae and vegetation downstream indicate that the water is rich in nutrients, 26 July 2019. H: Oil oozing out of freshly broken pillow breccia, Nuussuaq, West Greenland, 18 July 1996. I: Oil oozing out of freshly broken boulder on the beach at Sikillingi, Nuussuaq, West Greenland, 19 July 2006. J: Oil oozing out of freshly broken boulder on the beach at Sikillingi, Nuussuaq, West Greenland, 23 July 2006. K: Rusty basement rocks with solid bitumen from Flade Bugt, Germania Land, 12 August 2009. L: Large quartz crystals and solid bitumen (at the point of pencil) in dolomite of the Gråklint Member in Mols Bjerge, East Greenland, 5 August 1986. M: Dolomite with solid bitumen, Gråklint Member, Buch Bjerg.
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Fig. 4Stratigraphy of North Greenland (Franklinian Basin) with simplified relations between petroleum seeps, stains and petroleum systems elements (modified from Christiansen 1989 and Hopper & Ineson in press). AL: Amundsen Land Group. BF: Brønlund Fjord Group. Bu: Buen Formation. DB/H: Dallas Bugt and Humbolt Formations. MB: Morris Bugt Group. Pa: Paradisfjeld Group. Pf: Portfjeld Formation. PL: Peary Land Group. Po: Polkorridoren Group. RG: Ryder Gletscher Group. Sk: Skagen Group. Tl: Tavsens Iskappe Group. V: Vølvedal Group. WL: Washington Land Group.

[image: GEUSB-47-6519-F4.jpg]

Fig. 5Stratigraphy of East and North-East Greenland with simplified relations between petroleum seeps, stains and petroleum systems elements (modified from Christiansen et al. 1992; Fyhn et al. 2021).
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Fig. 6Stratigraphy of West Greenland (Nuussuaq Basin) with simplified relations between petroleum seeps, stains and petroleum systems elements (based on Bojesen-Koefoed et al. 1999; Dam et al. 2009; Pedersen et al. 2017; Sørensen et al. 2017; and slightly modified from Christiansen et al. 2020a). An: Anaanaa Member. I: Itilli type. K: Kuugannguaq type. M: Marraat type. N: Niaqornaarsuk type. Na: Naujánguit Member. Or: Ordlingassoq Member.
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In addition to the overall classification, we describe if the petroleum stains and solid bitumen occurrences have an origin from a nearby local source rock that is thermally mature or postmature, with respect to petroleum generation. We describe whether this is due to intrusions of dykes or sills or because the exposed sediments have a regionally high thermal maturity due to subsidence and later uplift.

Many petroleum stains and solid bitumens are, however, not closely associated with source rocks and are likely to be the result of significant vertical or lateral petroleum migration, typically on a scale from a few kilometres to tens of kilometres. Correlation of such petroleum stains and solid bitumens to either known or inferred source rocks is particularly important for understanding the basin history. Such correlations can be made by detailed organic geochemistry, either to a known source rock or, in some cases only, to inferred source rocks that are generally interpreted in terms of depositional environment and age.

3 Inventory

The first step in compiling the inventory was a systematic check of all known publications and reports, and thereby identifying observations, analyses, sample numbers and localities. Most field or analytical information has been published or reported internally at GEUS, especially concerning samples collected during major expeditions and systematic resource evaluations. Furthermore, a large in-house sample database at GEUS, containing >100 000 samples collected by hundreds of geologists over many decades, was checked using search words like pyrobitumen, bitumen, bituminous, petroliferous and oily.

In some cases, field geologists with long experience in Greenland geology were interviewed. The Greenland Mineral Occurrence Map (GMOM; accessible at http://www.greenmin.gl/) provided by GEUS was also checked systematically for information and descriptions.

All samples were assigned to specific localities – or groups of similar localities within shorter distances of some hundred metres, either using aerial photographs, topographic and geological maps of various vintage – and for samples collected since the mid-1990s, directly to GPS coordinates. All locations from fieldwork before the mid-1990s – or groups of localities and measured sections – have been georeferenced to modern coordinates by replotting on modern maps or recalculated from various old Universal Transverse Mercator (UTM)coordinates or geographical coordinates. In a few cases, georeferencing was done by Google Maps©. Wherever possible, the primary sources of information together with recalculations have been documented. The original measured altitudes were used. Most samples from West Greenland are close to sea level, so altitude is only indicated for localities higher than 25 m above sea level.

Some uncertainties remain in the precise identification of coordinates, especially for localities in East and North-East Greenland. It is, thus, recommended to check the primary source of information (original maps or photos) in detail, prior to planning any new field work.

Where possible, the most recent stratigraphical nomenclature is used following Watt (2019), but still with reference to the original description when needed for a full understanding. The geographical and basin nomenclature also follows Watt (2019).

The inventory is documented as a GIS compilation, where the user can select to show the distribution of petroleum seeps on the top of standard topographic or geological maps, and other optional data and place names. For each locality, there is a link to the description and classification of features and interpretations. Examples of maps exported from the inventory are shown in Figs 2A–C, and an example of the text description obtained from the inventory is shown in Fig. 2D. Where possible, descriptions include photos or references to published photos, references to organic geochemical data, reports and publications.

All previous analytical data from GEUS have been rechecked, not only for quality control and possible contamination but also to update interpretations where more recent data are available. Interpretations within a general context of petroleum or mineral systems are provided wherever possible with a special focus on the origin of petroleum and bitumen (source rocks or other organic-rich units).

4 Regional distribution of petroleum seeps and stains in Greenland

Petroleum seeps and stains have been reported from most Palaeozoic, Mesozoic and Cenozoic onshore basins in Greenland, see regional descriptions in sections 5.1, 6.1 and 7.1, and where possible are presented in stratigraphic order. Generally, the seeps and stains provide additional information to the petroleum systems of these basins, especially as a documentation of the generative potential of both known and inferred source rocks.

So far, there are no analytically confirmed examples of petroleum seeps or stains from Proterozoic basins such as the Eriksfjord basin in South Greenland, the Karrat basin in West Greenland, the Thule, Independence Fjord and Hagen Fjord basins in North Greenland and the Eleonora Bay basin in North-East Greenland (Fig. 1). This is probably because these basins only have few, and in most cases not known, organic-rich mudstones. Furthermore, these basins have a long and complex structural and thermal history with relatively high thermal maturities. Thus, if such samples existed, the bitumen would be radically altered. In this context, we do not consider if graphite represents altered bitumen.

A few examples of dark bituminous material in fractures have, however, been mentioned from the Eleonora Bay basin (M. Sønderholm, personal communication 2020) in Caledonian basement in Stauning Alper west of Jameson Land and in intrusions in South Greenland (see Section 6.1). The origin of this bitumen is uncertain but is most likely related to generation from much younger source rocks.

5 North Greenland

5.1 Petroleum seeps and stains

Petroleum seeps and stains are common in the Lower Palaeozoic Franklinian Basin in North Greenland (Chri-stiansen 1989; Christiansen et al. 1989b). Examples have been reported from Washington Land in the west to Peary Land in the east (Figs 1, 2A), with records from more than 40 localities. The petroleum seeps and stains occur mainly as three types in distinct geological settings (Fig. 4):


	Solid bitumen and intense staining or impregnation of carbonates or sandstones closely associated with mature to postmature Cambrian source rocks from the Henson Gletscher Formation in southern Freuchen Land and westernmost Peary Land (Christiansen et al. 1987, 1989b). All examples suggest a maximum vertical migration from the source rock of only a few hundred metres. The organic geoche-mical composition and measured reflectance of the bitumen samples are in accordance with the regional thermal maturity of the source rock (Christiansen et al. 1987, 1989a; Christiansen 1988).

	Soft to solid bitumen closely associated with mature to postmature Silurian source rocks in either the Lafayette Bugt Formation or the Thors Fjord Member of the Wulff Land Formation. Such bitumen occurrences are widely distributed throughout North Greenland from Washington Land in the west to Peary Land in the east (Christiansen & Nøhr-Hansen 1989; Christiansen et al. 1989b; Stemmerik et al. 1997). All examples suggest a maximum vertical migration from the source rock of only a few hundred metres. The organic geochemical composition and measured reflectance of the bitumen are in accordance with the regional thermal maturity of the source rock (Christiansen 1988; Christiansen et al. 1989a).

	Petroleum seepage and stains in immature Cambrian or Ordovician strata, especially from the Portfjeld and Buen formations, in the southern part of Warming Land and Wulff Land (Figs 3A, B) but possibly also further to the east and west. These examples of migrated oil are all supposed to be the result of long-distance migration from a yet unknown mature Lower Palaeozoic source rock (Christiansen et al. 1989b).



In addition to the many such examples described and published by Christiansen et al. (1989b), a number of samples have been collected later in western and central Peary Land (unanalysed or unreported), especially black carbonates and solid bitumens in the Henson Gletscher Formation (c. type 1) and also petroleum stains from older sandstones (c. type 3), and solid bitumens from Silurian carbonates of the Samuelsen Høj Formation (c. type 2). Furthermore, several carbonate build-ups with pore spaces filled with bitumen have been found in southern Pentamerus Bjerge and southwards to Kap Jefferson, Washington Land, documented as part of the Kane project (Dawes et al. 2000). Samples are still to be analysed, but most likely the bitumen is closely related to Silurian source rocks (c. type 2). During the ARK-XXV/3 cruise with Polarstern in 2010, geologists from the Federal Institute for Geosciences and Natural Resources (BGR), Germany, sampled and subsequently carried out microscopy analysis of bituminous limestones from the Lafayette Bugt area (Kus & Pletsch 2012).

Petroleum seeps and stains are rare in the Upper Palaeozoic – Cenozoic Wandel Sea Basin (Fig. 1). This is probably because the organic content of most sedimentary units is low, as only proximal facies crop out. Furthermore, regional thermal maturity is either very low (immature with respect to oil generation) or locally very high (postmature related to low metamorphic conditions in some thrust-sheets). A few examples of petroleum stains and solid bitumen have been reported from cores in the Triassic Dunken Formation (Dunken-2 borehole) and the Upper Permian Midnatsfjeld Formation (Kim Fjelde-1 borehole) in eastern Peary Land. Both occurrences are found in relatively lean mudstone successions with occasional richer intervals. Based on their biological marker signatures, the stains are considered in-situ and intraformational, being generated directly from the rocks in which they are hosted (J.A. Bojesen-Koefoed unpublished data 2013).

5.2 Gas

Gas seeps have not been recorded from North Greenland, and gas was not recorded during core drilling of 13 holes in 1985 (Christiansen et al. 1986). From this core drilling, it is known that near surface temperatures are –11 to –14°C, indicating that permafrost in this region is many hundreds of metres thick forming a thick secondary seal, if shallow gas is present. Only a few pingos are known this far north (Bennike 1998). Gas occurrences have not been systematically examined in relation to oil seeps (i.e. in the form of gas inclusions).

5.3 Bitumen associated with mineral occurrences

Solid bitumen has been found associated with several mineral occurrences in North Greenland (Fig. 1). One example is a Pb-Zn occurrence in the Navarana Fjord region (east of Freuchen Land, Fig. 2A) that has been described in detail by Jakobsen & Steenfelt (1985) and Jakobsen & Omoto (1993). Bitumen is associated with several stages of the mineralisation that formed from hot (200°C) metal-bearing brines that migrated through veins and fractures. Sulphur isotope analysis suggests that the bitumen correlates with the same source rocks that have generated the long-distance migrated oils in southern Warming and Wulff Land (i.e. a c. type 3; Jakobsen & Omoto 1993).

Solid pyrobitumen has also been recorded in other mineral occurrences such as the Citronen Fjord deposit, Peary Land (Van der Stijl & Mosher 1998) and in association with Zn–Pb–Ag occurrences on Washington Land. Here, it is found in the Ordovician succession close to Petermann Gletscher in the east and in the Silurian succession at Kap Schuchert in the west (Jensen 1998). According to von Guttenberg & van der Stijl (1993), bitumen has also been noted in Zn–Pb mineral occurrences in different settings, including Silurian reefs at Kayser Bjerg, Hall Land, in Cambrian carbonate debris flows at Hand Bugt, northern Nyeboe Land and at Kap Wohlgemuth, northern Nares Land (Fig. 2A).

Based on the examples of mineral occurrences associated with solid bitumen in North Greenland, there seems to be a strong correlation between mineral and petroleum systems. Some systems are clearly associated with organic-rich Silurian mudstones (c. type 2). Others are related to organic-rich, thermally postmature, deep-water deposits of Cambrian or Ordovician age (c. type 3) in strongly folded or steeply dipping zones in the northern part of the Franklinian Basin. These occurrences are both of MVT and SEDEX types.

6 East and North-East Greenland

6.1 Petroleum seeps and stains

Petroleum seeps and stains are not only common in the rift basins in North-East Greenland and in the Jameson Land Basin (Fig. 1), especially along the eastern margin on Wegener Halvø, but also closely associated with exposed Jurassic source rocks in central and southern Jameson Land. Given the many organic-rich units in these basins, this is to be expected (Fig. 5). It should, however, be noted that several of the many potential source rocks do not have associated bitumen occurrences, probably due to a low thermal maturity in the areas where they crop out. This is the case for the Carboniferous lacustrine mudstones (Piasecki et al. 1990; Stemmerik et al. 1990), Jurassic resinite-rich coals (Bojesen-Koefoed et al. 1996; Petersen et al. 2002, 2013) and the Jurassic Sortehat Member (Krabbe et al. 1994), where associated bitumen is still not found. In total, 19 localities or small areas with petroleum seeps and stains have been reported so far.

Petroleum stains were discovered in a fault-zone in the metamorphic basement close to Flade Bugt on Germania Land by Henrik Stendal and Svend Monrad Jensen in 1990 (Fig. 3K). Preliminary organic geochemical studies showed that the petroleum stains are severely degraded, with a most likely origin from a saline lacustrine unit (Christiansen et al. 1991). More recent sampling followed by gas chromatography-tandem-mass spectrometry (GCMSMS) indicates that the oil was probably generated from marine shale source rocks of Jurassic – Lower Cretaceous age (Bernbjerg Formation), broadly equivalent to the principal source rocks of the North Sea Graben systems (Bojesen-Koefoed et al. 2009). The stains may represent long-distance migration from the offshore Danmarkshavn Basin or generation from an ancient sedimentary cover, which has later been removed by erosion.

Organic-rich lacustrine mudstones of potential source-rock quality occur in two intervals in the Devonian succession: the Middle Devonian (Givetian) and the Upper Devonian (?Famennian; Christiansen et al. 1990a). In both cases, black solid bitumen in calcite veins is associated with the source rocks. Solid bitumen associated with Devonian lacustrine units on Canning Land has been mentioned by the Cambridge Arctic Shelf Programme (CASP).

Oil stains have been reported from a succession overlying the Upper Permian Ravnefjeld Formation at Kap Stosch in the north-western corner of Home Forland (Fig. 2B), within both Cretaceous sandstones and Paleocene basalts and sediments. One sample of basalt carries tar-like material in vesicles and another sample shows petroleum hosted by calcite veins in basalt. Biological marker data clearly link both occurrences to the Upper Permian Ravnefjeld Formation, which crops out in the area (Bojesen-Koefoed et al. 2009). The Upper Permian carbonates on Gauss Halvø contain black solid bitumen, and overlying Triassic sandstones are stained by oil; in both cases, unpublished biological marker data suggest the Upper Permian Ravnefjeld Formation as the source. Solid black bitumen is common in fractures and vugs in the Upper Permian carbonates and Lower Triassic sandstones on Wegener Halvø (Stemmerik et al. 1989; Scholle et al. 1991). These bitumen occurrences have been generated from the Ravnefjeld Formation source rock that has a high thermal maturity in this region (Ro: 1.4–1.8%; Christiansen et al. 1990b). In contrast, the thermal maturity of the exposed Ravnefjeld Formation is low along the western margin of the Jameson Land Basin in Schuchert Dal, and no records of solid bitumen or oil stains have been made, neither in the field nor from the numerous core holes in this area.

Highly reflecting solid bitumen (Ro ≥ 2.5%) has been reported from vugs in a dolomite-calcite-quartz vein in a dolomite bed from the Triassic Gråklint Member, Mols Bjerge on Traill Ø (Marcussen et al. 1987; Fig. 3L). Asphalt has also been found within fractures of the Gråklint Member and the Solfaldsdal Formation on Buch Bjerg close to Carlsberg Fjord (Thomassen 1973; Fig. 3M).

Sandstones associated with the lacustrine source rocks in the Upper Triassic – Lower Jurassic Kap Stewart Group in northern Jameson Land (Dam & Christiansen 1990) occasionally contain highly coalified bitumen near Palaeogene sills.

Dark Triassic and Jurassic sandstones with pyrobitumen have been reported at several places on Traill Ø and Geographical Society Ø. They were described first as evidence of a paleo oil field at Laplace Bjerg (Marcussen et al. 1987) and later as large exhumed oil fields at Svinhufvud Bjerge, Mols Bjerge, Bjørnedal and Laplace Bjerg (Price & Whitham 1997; Andrews et al. 2020a, 2020b). Due to limited analytical data, very high thermal maturity (Christiansen & Boserup 1990) and lack of non-degraded – and analytically confirmed – petroleum stains in the vicinity of these features, the model is considered controversial and has been challenged by many oil companies and GEUS geologists (Christiansen 2011; Christiansen et al. 2020b). However, as some solid bitumen has been recorded – and to make the inventory as comprehensive as possible and, importantly, to advocate for further studies – these localities have been included in the detailed locality descriptions.

Oil-stained sandstones occur in several of shallow boreholes drilled by the Geological Survey of Greenland (GGU) in the Sjællandselv area of southern Jameson Land, where the Upper Jurassic Hareelv Formation source rock has been penetrated by shallow-core drilling (Piasecki 1987; Christiansen & Boserup 1990). The cores were studied in more detail for their organic geochemistry by Requejo et al. (1989). The same source-rock interval was drilled in 2008 (the Blokelv-1 core), and non-degraded crude oil was noted bleeding from a belemnite (see fig. 8 in Bojesen-Koefoed et al. 2018) as well as from carbonate-lined fractures in a dolerite sill. All these oils have a composition that can be directly correlated to the Upper Jurassic Hareelv Formation source rock. Exposed oil-stained sandstones have so far not been reported in this part of Jameson Land but are likely to occur.

Jurassic sandstones of a similar age on Milne Land, west of Jameson Land, have a locally petroliferous odeur (M. Larsen, personal communication 2020). Water from streams in the same area was described as unfit for drinking and for brewing tea or coffee due to natural petroleum contamination (C. Heinberg, personal communication 1984). Perregaard & Schiener (1979) report some effects of the intrusion of a dyke into Kimmeridgian organic-rich claystones on Milne Land, and although oil staining is not mentioned, its presence seems implicit in their findings. Their samples were originally collected in 1977 by S. Piasecki, who, however, does not recall if staining was present and does not have any notes concerning these matters in his diary. Recording potential traces of petroleum was not a priority at the time, meaning that the presence of such material cannot be ruled out (S. Piasecki, personal communication 2020).

The Nanok-1 fully cored borehole at Hold with Hope (Fig. 2B) penetrated a thick Cenomanian–Campanian succession (Bojesen-Koefoed et al. 2020). Impressive oil-stained sandstones (see fig. 6 in Bojesen-Koefoed et al. 2020) occur at several intervals, and a detailed organic geochemistry suggests the presence of an underlying marine mid-Cretaceous source rock. Similar oil-stained sandstones are exposed at distances >1 km from the borehole, indicating that this is a semi-regional feature.

Pale, oozing material has been reported from partially agate-filled cavities in Palaeogene basalt on Hold with Hope (W. S. Watt, personal communication 2008, 2020). Unfortunately, both the sample and extract were lost after a laboratory relocation, following a preliminary description by F. G. Christiansen and J. A. Bojesen-Koefoed. Tar-like material has been reported from a Palaeogene basalt south of Scoresby Sund close to a major fault zone (Watt & Wrang 1984). The material is strongly degraded, but δ13C-isotope and pyrolysis-GC data are in accordance with generation from an Upper Jurassic source rock (Requejo et al. 1989).

Petroleum seeps or stains have not been reported from the Cretaceous–Palaeogene Kangerlussuaq Basin, southern East Greenland. However, some indications of hydrocarbons from fluid inclusions in sandstones suggest local generation and migration (Jonk et al. 2005).

6.2 Gas

Gas seeps have not been recorded in North-East and northern East Greenland. Due to the very thick permafrost in this region, pingos mainly occur in the southern part, especially on Geographical Society Ø and Traill Ø (Bennike 1998). The Tobias Dal, Home Forland, hosts a few pingos. Pingos are common in the Jameson Land Basin (Bennike 1998). One poorly documented gas seep in Colorado Dal, northern Jameson Land, found and reported by the company ARCO during their exploration in the 1980s is probably from a pingo (see historic photo in Bennike 1998).

Gas kicks or free gas have not been recorded from any of the 51 fully cored boreholes drilled by GGU and GEUS in the 1980s, or more recently between 2008 and 2017. Gas from canned core pieces has been systematically analysed from many drilling locations in both East and North-East Greenland (e.g. Karlsen et al. 1988).

Gas has been observed, sampled and analysed from a hot spring in Rømer Fjord south of Scoresby Sund in the 1970s (W.S. Watt, personal communication 2020), which may suggest that the Mesozoic succession is present in the subsurface much farther south than Jameson Land.

6.3 Bitumen associated with mineral occurrences

Mineralisation with bitumen in East Greenland has been recorded from some of the same geological settings that are important for the main elements of petroleum systems, for example, stratiform Cu-Pb-Zn mineralisation in the organic-rich mudstones of the Ravnefjeld Formation, previously known as the Posedonia shale, equivalent to the Kupferschiefer in Europe (Thomassen 1973; Harpøth et al. 1986). Stratiform Pb-Zn-Cu mineralisation also occurs within the thin organic-rich dolomite units of the Triassic Gråklint Member, associated with solid bitumen (Thomassen et al. 1982). Bitumen is also associated with Cu-Zn-Pb stratabound mineralisations in Permian carbonate build-ups, especially on Wegener Halvø (Thomassen et al. 1982; Harpøth et al. 1986).

Uraniferous hydrocarbons, also called carburan using the French terminology, have been reported from Devonian acid volcanic rocks from Randbøldal, Gauss Halvø (Secher & Steenfeldt 1976; Secher et al. 1976). The carburan is found as globular grains and veinlets in cavities in the rhyolites close to faults and fracture systems, and with a close association between bitumen and uranium (A. Steenfeldt, personal communication 2020; K. Secher, personal communication 2020). The source is not documented for neither the hydrocarbons nor the uranium, albeit porphyrins in oil can carry uranium and many source rocks are enriched in uranium.

7 Central West Greenland

7.1 Petroleum seeps and stains

Petroleum seeps and stains are common in the volcanic rocks of the Nuussuaq Basin in West Greenland (Christiansen et al. 1996b; Bojesen-Koefoed et al. 1999; Christiansen et al. 2020a; Figs 1, 2C). However, before the first non-degraded oil stains were found in 1992 and further substantiated by drilling the year after at Marraat on western Nuussuaq (Christiansen 1993; Christiansen et al. 1994a, 1994b, 1996b), only few scattered observations of solid bitumen had been reported by, for example, Henderson (1969, 1976) and Pedersen (1986).

Since the breakthrough with drilling of the Marraat-1 well in 1993, systematic search for petroleum stains and subsequent organic geochemical analysis has been a standard procedure during many GEUS expeditions, and hundreds of samples have been collected and analysed in detail. Petroleum stains occur in a large area, at least 50 km by 150 km, including parts of Disko, Hareøen, western Nuussuaq, Ubekendt Ejland, Schades Øer and Svartenhuk Halvø (Bojesen-Koefoed et al. 1999; Pedersen et al. 2008; Christiansen 2011; Christiansen et al. 2020a; Figs 1, 2C).

Petroleum exploration by a small Canadian company grønArctic Energy was partly driven by this new knowledge on petroleum seeps. Many of their drilled cores show evidence of oil or gas (Christiansen et al. 1995, 1996a; Bojesen-Koefoed et al. 1997, 1999).

As a result of this large and systematic oil hunting effort, five distinct oil types have been documented in detail and correlated to known or inferred source rocks (Christiansen et al. 1996a, 1996b, 2020a; Bojesen-Koefoed et al. 1997, 1999, 2004, 2007; Pedersen et al. 2006; Sørensen et al. 2017; Fig. 6):


	Marraat oil type. High-wax oil with characteristic angiosperm-derived biomarkers generated from a Paleocene source rock in the Eqalulik Formation. Intense seepage and stains in a well-defined, more than 2000 km2 area, on western Nuussuaq, Hareøen and Disko, between the Itilli and Kuugannguaq–Qunnilik Fault zones. More than 60 samples from 25 localities including the Marraat-1, GANW#1, GANE#1 and GANK#1 core holes have been analysed and documented.

	Kuugannguaq oil type. High-wax oil generated from an inferred terrigenous Cretaceous source rock. This oil type was originally restricted to a small area on northern Disko close to or within the Kuugannguaq Fault zone. Furthermore, a number of samples collected in the Ubekendt Ejland – Svartenhuk Halvø area have been referred as to the Kuugannguaq oil type, mainly mixed with the Itilli oil type. More than 30 samples have been analysed and documented.

	Itilli oil type. Low-wax oil generated from inferred mid-Cretaceous marine source rocks with some facies variations. This oil type is distributed throughout the Nuussuaq Basin and is the dominating type not only in the northern and westernmost parts including Ubekendt Ejland, Svartenhuk Halvø and Nuussuaq west of the Itilli Fault zone but also at Asuk on Disko. In most cases, this oil type is only found as microseepage in mineralised veins in volcanics of the Vaigat Formation. A biodegraded subtype of the Itilli oil occurs in oil-stained sandstones at Asuk on Disko. More than 60 samples from at least 30 localities have been analysed and documented. These numbers include some examples of mixing with both the Marraat, Kuugannguaq and Eqalulik oil types.

	Eqalulik oil type. This oil type is very characteristic in composition. It was originally assumed to have been generated from a local lacustrine source rock of Early Cretaceous age, but unpublished data have made this assumption dubious. With one exception, this oil type is only found as mixtures with the Marraat oil type on Nuussuaq or with the Itilli oil type on Svartenhuk Halvø. Distribution on Nuussuaq is restricted to a minor area along the Vaigat coast, and in the GANE#1 and GANK#1 cores. More than 40 samples with an Eqalulik oil-type fingerprint have been analysed and documented.

	Niaqornaarsuk oil type. High-wax oil generated from Campanian mudstones. These oil stains have only been reported from two small areas close to the Qunnilik Fault zone along the Vaigat coast and in the Aaffarsuaq valley, apparently without mixing with other oil types. More than 10 samples from six localities have been analysed and documented.



This well-defined pattern of petroleum stains with distinct oil types and some systematic evidence of mixing provide strong indications on the distribution, facies variation and thermal maturity of the source rocks in the subsurface, and of major structural elements. Despite the large number of analysed samples from many different localities, there are still unresolved questions, especially related to details on facies variations of source rocks, how and where the different oil types migrated and mixed, and the lateral and vertical migration di-stances (Christiansen et al. 2020a).

7.2 Gas

Pingos are common in the Nuussuaq Basin (Bennike 1998). Gas seepage, gas-rich springs or lakes with bubb-ling gas have been in described several places over many decades (see Christiansen et al. 2020a).

Gas has also been recorded many times during core drilling by GEUS or mineral exploration companies. These observations are only included in the inventory if there is direct evidence that gas reached the surface (see Christiansen et al. 2020a for an overview, locations and geochemistry). For this reason, some gas observations from Serfat, Vismann core holes and Umiivik-1 (Dam et al. 1998) are not included in the inventory, whereas gas associated with petroleum stains in Marraat-1, GANW-1, GANE#1, GANK#1 and GANT#1 is described together with details of the organic geochemistry of the different oil types.

Although the analysed gases are comparatively dry, most data indicate a clear thermogenic fingerprint. Some of the sampled gases from drill holes are directly associated with specific oil stains in the penetrated sediments or volcanics, especially related to the Marraat and Eqalulik oil types (Christiansen et al. 2020a).

7.3 Bitumen associated with mineral occurrences

Solid pyrobitumen has been recorded in epithermal sulphide and gold mineralisations on the southern part of Ubekendt Ejland (Bernstein & Knudsen 2004). These mineralisations in veins of the volcanic succession are relatively close to areas with non-degraded petroleum stains of the Itilli oil type or mixture with the Kuugannguaq oil types.

8 South and southern West Greenland

Minor traces of petroleum and hydrocarbon-rich fluid inclusions have been reported from the Ilímaussaq intrusion in South Greenland (Fig. 1; e.g. Petersilie & Sørensen 1970; Konnerup-Madsen et al. 1979). The hydrocarbon compounds were interpreted as abiogenic until recently, when detailed organic geochemistry of extracts from the most common rock types naujaite, kakortokite and lujavrite has shown specific biomar-kers characteristic of Upper Cretaceous and Paleocene source rocks farther north in West Greenland (Laier & Nytoft 2012a, 2012b). This suggests that the petroleum recorded originated via long-distance migration during the Palaeogene from offshore sedimentary basins or hydrothermal circulation from previously overlying sediments.

The Fossilik sedimentary inlier, situated in the basement area north of Nuuk (Fig. 1), was originally interpreted as a downfaulted erosional relict (Poulsen 1966), but later reassessment showed it to represent a fall-back breccia sitting in a Jurassic-age diatreme (Larsen et al. 2009). The breccia includes, among many other lithologies, a grey carbonate of Late Ordovician age with small droplets of oil. The oil is non-degraded and, based on biological marker data, is known to have been gene-rated from a carbonate source rock (Bojesen-Koefoed 2011). The precise origin of this oil is not known, since no deposits having petroleum source potential are found in the Fossilik inlier, but it is most likely intraformational. The composition of the Fossilik oil is unique and shows little compositional similarity to any known Ordovician source rock or oil in the Arctic region.

9 Offshore

The offshore basins of Greenland have not been included in this inventory. Still, both conventional and shallow seismic data indicate that offshore seepage could be common in many basins. Numerous examples of possible flat and bright spots, gas chimneys, gas hydrates and pockmarks have been described in many papers, including also so-called satellite slicks indicative of seepage (e.g. fig. 4C in Bojesen-Koefoed et al. 2007; numerous figures in Cox et al. 2021; and figs. 3, 4 in Gregersen et al. 2007). However, so far neither seeping oil nor gas has been sampled and analysed from the seabed, the water column or at the water surface.

An oil-stained Ordovician-age lump of carbonate was recovered by dredging at the Davis Strait High (Dalhoff et al. 2006). The oil shows a relatively wax-rich distribution of normal alkanes, with pristane/phytane ratio less than unity. However, biological marker data do not show obvious carbonate characteristics and are dissimilar to those of the Fossilik oil stain (see Section 8). It is more than likely that future research into the offshore domain will result in numerous manifestations of petroleum migration.

10 Conclusions and recommendations

Petroleum seeps and stains are widespread in most Palaeozoic–Mesozoic basins in Greenland. In fact, the number of occurrences is striking; bearing in mind that, historically, geological mapping did not necessa-rily focus on manifestations of seeps, and given the permafrost conditions, which do not facilitate petroleum movement.

The seeps and stains documented here, thus, reflect the ubiquity of petroleum in the sedimentary basins of Greenland. The overview presented, thus, provides important information of past and present petroleum systems, especially concerning distribution, facies variation and thermal maturity of known or inferred source rocks. This review also provides information about migration, trapping and later degradation history. This provides important input for resource evaluations and input to new exploration models.

Documentation of basinal brines and hydrothermal circulation with petroleum compounds is also important for some mineralisation models. This is especially relevant for MVT or SEDEX occurrences in Palaeozoic basins, and stratiform mineralisation associated with organic-rich units.

Considering the size of Greenland, and the rather limited number of historic field campaigns, there is no doubt that many more petroleum seeps and stains remain to be discovered. This emphasises the old explorer’s rule of thumb that ‘you find what you look for’. However, the chance for finding new petroleum seeps or stains is much better today than previously. Compared to the systematic fieldwork in the 1980s and the 1990s, it is now possible to use modern satellite and airborne hyperspectral sensing tools to generate data with good proxies for petroleum seeps. In addition, advanced 3D-geological techniques can focus systematic ground control on localities that fulfil specific geological criteria or display anomalous features, which should be exami-ned in more detail.

We see the new inventory as a modern dynamic tool that can be applied in future mineral and petroleum explorations. It also provides background documentation for research on fluid and gas movements in sedimentary basins. Furthermore, it is likely that more gas seepage will be observed in the coming years due to permafrost degradation, which, in some cases, create specific and rare ecosystems.

The first version of this inventory was based on field information from a limited number of GEUS geologists and subsequent analytical work on their samples at GEUS laboratories. We are confident that other research groups or exploration teams may have additional observations on petroleum seeps and stains in Greenland, with or without analytical evidence. We invite geologists to forward information on localities, samples, features and geological settings together with key data, refe-rences and any preserved sample material for inclusion in future versions of the inventory. It is important that such material could be systematically analysed using similar methods as previous studies by GEUS geologists, including new state-of-the-art methods where possible.

Knowing that the analytical work has been carried out over several decades and acknowledging the ongoing development and sophistication of analytical techniques and interpretation schemes, some critical samples should be reanalysed with modern techniques. For example, GCMSMS and compound specific isotope analyses could provide better oil-to-oil and oil-to-source rock correlations. This will provide a better understanding of the distribution patterns of past and present mineral and petroleum systems. The samples collected previously and the extracts analysed at GEUS are, with the few exceptions where only limited material was available for a one-shot analysis, still available for future studies and applications of new methods that can provide further details on petroleum and mineral systems.
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