
1. Introduction
The high Arctic experienced a major tectono-magmatic event, the High Arctic Large Igneous Province (HALIP; 
Figure 1a). The term HALIP was initially presented by Tarduno (1998) and utilized by Maher (2001) for describ-
ing the Early Cretaceous magmatic activity in Svalbard. HALIP comprises large volumes of mafic rocks emplaced 
across the circum-Arctic in the Early Cretaceous. Magmatic rocks related to the HALIP occur as sills, dykes, 
lavas and pyroclastic material in Svalbard, Franz Josef Land, the New Siberian Islands, Sverdrup Basin of Arctic 
Canada, northern Greenland and the offshore Alpha-Mendeleev Ridge (Figure 1b; Bédard et al., 2021; Buchan 
& Ernst, 2018; Dibner, 1998; Dockman et al., 2018; Døssing et al., 2013; Jowitt et al., 2014; Lu et al., 2022; 
Maher, 2001; Senger, Tveranger, et al., 2014). Most of these Arctic regions are difficult to access, making scien-
tific research on HALIP challenging. Nevertheless, Svalbard with its year-round civilian airport and a centrally 
located university center offers the most accessible well-exposed HALIP rocks emplaced in lithologically varia-
ble host rock formations (Figure 1c).

Abstract Rapid extensive magmatism may have a profound effect on global climate by liberating and 
releasing greenhouse gases to the atmosphere through contact metamorphism of lithologically heterogeneous 
host rocks and degassing of magma and associated lava flows. The high Arctic Archipelago of Svalbard offers 
accessible, superbly exposed outcrops revealing Early Cretaceous magmatism associated with the High Arctic 
Large Igneous Province (HALIP). In this contribution, we investigate the onshore-offshore intrusive complex of 
central Spitsbergen formed due to HALIP activity, that is, the Diabasodden Suite. This is the most “data-rich” 
part of Svalbard due to past petroleum exploration and research drilling. In this area, the predominantly dolerite 
intrusions are emplaced in a range of host rocks ranging from Permian carbonate-dominated successions to 
organic-rich shale-dominated successions of Middle Triassic and Late Jurassic-Early Cretaceous age. Two 
hundred sixty five individual igneous intrusions, covering 72 km 2, are exposed onshore in the study area. This 
equates to approximately 0.14–2.5 km 3 of emplaced magma. In addition, subsurface characterization using 
borehole, seismic and magnetic data indicates that an area of additional ca. 3,000 km 2 is affected by magmatism 
(magma volume 3.2–195.2 km 3). Wireline logs in boreholes characterize both intrusions and associated 
aureoles. Aureoles with very low resistivity indicate occurrence of organic-rich shales suggesting past fluid 
circulation and de-gassing. This study forms the foundation for quantifying HALIP-related magmatism in the 
data-poorer parts of Svalbard, and other circum-Arctic basins.

Plain Language Summary Volcanic eruptions are known to influence global climate today. In 
the past, even greater volcanic eruptions have happened than we know today, and some of these likely caused 
major global climatic shifts and contributed to mass extinctions. Volcanic eruptions are fed by a complex of 
sub-surface magma pathways. If magma in such “plumbing systems” does not reach the Earth's surface, it will 
solidify horizontally (as sills) or vertically (as dykes). Together dykes and sills form an igneous complex that 
heats up the surrounding rocks and may cause the release of gas during this process. If this happens relatively 
near to the surface, this gas may escape to the atmosphere and contribute to global climate change. The key 
variables that control the extent of climate effects include the emplacement depth, the spatial extent of the 
magmatism and the lithology of the host rocks. In this paper, we examine the igneous complex of dykes and 
sills in Spitsbergen in the high Arctic. We use borehole, seismic and field data to calculate how much magma 
was emplaced in this area and discuss whether it may have contributed to global climate change approximately 
125 million years ago.
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There is an ongoing debate on whether HALIP can formally be classified as 
a LIP. The revised definition of LIPs by Bryan and Ernst (2008), also used by 
Bond et al. (2014), requires LIPs to be “aerially extensive (>100,000 km 2), 
volumetrically significant (>100,000 km 3 of magma), a maximum lifespan 
of ∼50 Myr with intraplate tectonic settings or geochemical affinities and 
characterized by igneous pulse(s) of short duration (∼1–5 Myr), during 
which a large proportion (>75%) of the total igneous volume has been 
emplaced.” The apparent longevity of magmatism in Svalbard (Ar/Ar ages: 
ca. 75–145  Ma; U-Pb ages: 124.5  ±  0.4  Ma; Corfu et  al.,  2013; Senger, 
Tveranger, et  al.,  2014) and the pulsed HALIP-related magmatism in the 
Sverdrup Basin (at 122 ± 2 Ma, at 95 ± 4 Ma and at 81 ± 4 Ma; Dockman 
et al., 2018) suggest that HALIP may be too long-lasting to be a formally 
classified as a LIP. Further work complementing Shephard et al. (2016) link-
ing the deep mantle structure, surface geology and process understanding 
of long-lasting mantle plumes capable of generating pulsed magmatism is 
required to decipher whether HALIP is truly a large igneous province or 
not. Regardless of this debate, in our study we use the broadest definition 
of HALIP following Maher (2001)—that is, as all high Arctic igneous rocks 
emplaced in the Early Cretaceous which, in Svalbard, are formally classified 
as the Diabasodden Suite (Dallmann et al., 1999).

In Svalbard, HALIP is manifested as predominantly basaltic sills and 
subordinary dykes of doleritic texture and Early Cretaceous age (Nejbert 
et  al.,  2011; Senger, Tveranger, et  al.,  2014). U-Pb dating from three 
localities in central-western Spitsbergen suggests a short magmatic pulse 
at 124.5  ±  0.4  Ma (i.e., early Aptian; Corfu et  al.,  2013). Lava flows are 
preserved only in eastern Svalbard on Kong Karls Land 300  km east of 
the  study area (Bailey & Rasmussen, 1997; Olaussen et al., 2018). No lava 
flows are exposed in central Spitsbergen even though age-equivalent sedi-
mentary strata (i.e., the Helvetiafjellet Formation) are well exposed, suggest-
ing that there may be a regional control on the emplacement depth with 

magma only reaching the surface in far-eastern Svalbard and Franz Josef Land. Igneous intrusions of Early 
Cretaceous age are also interpreted on offshore seismic data south-east of Svalbard (Grogan et al., 2000; Polteau 
et al., 2016), where a 200,000 km 3 sill complex covering 900,000 km 2 has been mapped by Polteau et al. (2016).

While igneous intrusions are present over large parts of the Svalbard archipelago and the circum-Arctic, major 
knowledge and data gaps remain. One of the most critical data gaps relates to the timing and duration of HALIP 
magmatism. So far, only three reliable U-Pb dates are available from Svalbard, suggesting a short-lived magmatic 
pulse affecting Svalbard at ca. 124.5 Ma (Corfu et al., 2013). In contrast, K-Ar ages suggest an apparent long 
emplacement period between 198 and 98 Ma (Burov et al., 1977). Such prolonged magmatic activity is incon-
sistent with the LIP definition requiring a maximum duration of 50 Ma with most magmatism within a 5 Ma 
interval (Bryan & Ernst, 2008). Further afield, U-Pb geochronology in the Sverdrup Basin testify to multiple 
emplacement pulses (Dockman et al., 2018; Evenchick et al., 2015; Kingsbury et al., 2017). Timing and duration 
of magmatism is crucial when considering how rapidly greenhouse gases were liberated during contact meta-
morphism, and to what extent a given large igneous province may have influenced climate. Polteau et al. (2016) 
estimate that up to 20,000 Gt of carbon were generated during Early Cretaceous magmatism in the Barents Sea, 
but it is crucial to understand whether this amount was generated over a short or long period, and which propor-
tion was released into the atmosphere.

The products of contact metamorphism induced by intrusive complexes feeding lavas of LIPs vary considerably 
depending on the lithology of the transformed rock. 3D seismic data offshore mid-Norway show that contact 
metamorphism in organic-rich shale can produce and release large volumes of methane and CO2 through hydro-
thermal vent complexes (Svensen et  al.,  2004). Contact metamorphism of petroleum-bearing evaporites and 
organic rich shales in Siberia generated toxic components, such as methyl chloride and methyl bromide (Svensen 
et al., 2009). Note however that methane and CO2 release to the atmosphere is not systematic, as numerous basins 
hosting igneous sills emplaced in organic-rich formations do not exhibit any hydrothermal vent complexes (de 

Figure 1. Schematic diagram illustrating important aspects of the motivation 
for studying High Arctic Large Igneous Province (HALIP) exposures in 
Svalbard. This study characterizes the extensive magmatism in central 
Spitsbergen, the most data-rich part of Svalbard. This is considered as 
a foundation to address these research questions in the entire Svalbard 
archipelago and other circum-Arctic HALIP sites. Numbers list scientific 
questions identified in this manuscript and indicate the locations in the HALIP 
plumbing system to address them.
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Miranda et al., 2018; Spacapan et al., 2018, 2019). Assessing the nature of the environmental effects of large 
igneous provinces thus requires a solid knowledge of the lithology of the host rock of the LIPs plumbing system, 
the documentation of fluid release structures and good control on the composition and emplacement history of 
the magma.

In Svalbard, the documentation of contact metamorphic aureoles is presently missing from petroleum exploration 
boreholes, even though at least five of the boreholes penetrate igneous intrusions (Senger et al., 2019; Senger, 
Tveranger, et al., 2014). More importantly, these boreholes penetrate intrusions emplaced in diverse host rocks 
lithologies that vary from carbonates and evaporites to siliciclastic deposits including organic-rich mudstones and 
thus provide an excellent case study for addressing how host rock lithology influences contact metamorphism. 
However, no work has systematically and quantitatively addressed the stratigraphic range affected by the Diaba-
sodden Suite magmatism.

Another knowledge gap relates to the mechanisms of magmatic emplacement, particularly when magma intruded 
a mechanically heterogeneous host rock like that present in Svalbard (Figure 1), both regionally and locally. 
Furthermore, the interaction of magma with pre-existing fault zones is poorly known. These larger-scale factors 
will, among others, control the spatial distribution of the magmatism (e.g., Schofield et  al.,  2015; Spacapan 
et al., 2016), which is critical to quantifying magma emplacement volumes.

In this contribution we integrate all available data to provide the first quantitative estimate of the spatial and 
stratigraphic extent of extensive HALIP-related magmatism in central Spitsbergen, the most data-rich part of 
Svalbard. In particular, we provide evidence of contact metamorphism in a range of lithologically varying host 
rocks using borehole data and discuss the potential for atmospheric de-gassing of the contact metamorphic aure-
oles. Furthermore, we place these new data within the context of remaining knowledge gaps, and advocate for the 
use of Svalbard as an accessible field laboratory for revealing HALIP magmatism.

2. Study Area and Geological Setting
Igneous intrusions of Early Cretaceous age (i.e., the Diabasodden Suite; Dallmann et al., 1999; Senger et al., 2014) 
are exposed in the high Arctic archipelago of Svalbard (Figures 2b and 2c). The study area covers ca 11,000 km 2 
in the central part of Spitsbergen, the largest island of the archipelago. The region is well covered by onshore 
and offshore 2D seismic and exploration well data (Figures 2b and 2c). The onshore studies were carried along a 
50 km wide and 130 km long, NW-SE oriented belt of vegetation-free, well-exposed and nearly continuous Upper 
Paleozoic-Mesozoic succession intruded by dolerite sills and dikes (Figure 2c). Offshore studies cover the major 
part of Isfjorden and smaller branching fjords (Figure 2). Major long-lived N-S oriented fault zones, notably the 
Billefjorden Fault Zone (BFZ) and the Lomfjorden Fault Zone (LFZ), transect the study area.

The geological evolution of Svalbard is well covered in the literature (Dallmann, 2015; Steel & Worsley, 1984; 
Worsley, 2008) and include several tectono-magmatic events affecting the host rocks (Figure 3). The basement 
in Svalbard consists of Proterozoic to Early Paleozoic metamorphic, igneous and unmetamorphosed sedimentary 
rocks that consolidated during the Caledonian orogeny (Dallmann, 2015; Gee & Tebenkov, 2004). Birkenmajer 
and Morawski (1960) report Early Cretaceous dolerite dykes within the Neoproterozoic to Cambro-Ordovician 
metamorphic and meta-sedimentary basement rocks in southern Spitsbergen, the stratigraphically deepest host 
rock. These particular dykes are distant from the only extrusive lava flows on Kong Karls Land (Olaussen 
et al., 2018), and likely represent feeder systems to the sill-dominated igneous complex intruding the Mesozoic 
strata in the central Spitsbergen study area.

Following the Caledonian orogeny, the Devonian Old Red Sandstone succession was deposited in major 
fault-bounded basins exposed in northern Svalbard (Braathen et al., 2018). The Ellesmerian (locally called Sval-
bardian) compressional event affected Svalbard during the Late Devonian (Piepjohn, 2000). The Late Carbonif-
erous was dominated by localized rifting along major north-south trending tectonic lineaments, exemplified by 
the Billefjorden Trough filled with mixed siliciclastic-carbonate-evaporitic deposits, including the Ebbadalen 
Formation (Smyrak-Sikora et al., 2018, 2021). A tectonically stable platform was established by the Permian and 
lasted until the Late Jurassic. The transition from warm-water carbonates of the Gipshuken Formation (Blomeier 
et al., 2009) to cold-water carbonates of the Kapp Starostin Formation (Blomeier et al., 2013) during the Permian 
was facilitated by Svalbard's rapid northward drift. The Permian-Triassic boundary is well exposed in Svalbard 
(Zuchuat et al., 2020) and reveals a major mass extinction related to the Siberian Traps magmatism, driven also 

 15252027, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

C
010300 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [09/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

SENGER AND GALLAND

10.1029/2021GC010300

4 of 27

by greenhouse gas liberation from the igneous complex feeding the Siberian Traps (Burgess et  al.,  2017; Li 
et al., 2021; Svensen et al., 2009).

The Triassic was dominated by siliciclastic deposition, beginning with Lower Triassic deltaic to offshore Viking-
høgda/Tvillingodden formations. The Middle Triassic organic-rich mudstones of the Botneheia Formation 
form a major host rock for the igneous intrusions investigated in this study (TOC up to 11%; Krajewski, 2013; 
Wesenlund et al., 2021). The overlying Tschermakfjellet and De Geerdalen formations comprise sandstones, silt-
stones and shales deposited in deltaic and fluvial environment (Olaussen et al., 2019). Sandstones and conglom-
erates of the Late Triassic-Middle Jurassic Wilhelmøya Subgroup form a major reservoir across the Barents 
Shelf and were also studied as the main target aquifer for a CO2 storage project near Longyearbyen (Mulrooney 
et al., 2019; Senger et al., 2015). Natural fractures are pervasive in the reservoir (Ogata et al., 2012). Thin igneous 
sills are locally present in both drill cores and outcrops (Senger et al., 2013; Senger, Planke, et al., 2014). The 
Agardhfjellet Formation forms the main cap rock of the aforementioned CO2 laboratory project, and comprises 
a shale-dominated succession with high TOC content (locally of up to 12%; Koevoets et al., 2018). An igneous 
dyke cuts the reservoir-cap rock interface at Botneheia (Senger et al., 2013), penetrating an unknown distance into 
the Agardhfjellet Formation. It is the most shallowly emplaced igneous body in central Spitsbergen.

The Early Cretaceous was marked by a shift in the sedimentary patterns, with a northerly source of the 
fluvial-dominated Helvetiafjellet Formation (Grundvåg et al., 2017) and a regional tilting of Svalbard toward 
the south. This is caused by a major uplift to the north during the Early Cretaceous, related to regional-scale 
thermal doming associated with HALIP magmatism (Ineson et al., 2021). Igneous intrusions of the Diabasod-
den Suite have been characterized in detail in the vicinity of Longyearbyen, where they compartmentalize a 
reservoir-caprock system envisioned for CO2 storage (Senger et al., 2013; Senger, Planke, et al., 2014). Senger, 
Tveranger, et  al.  (2014) reviewed the research history of the Diabasodden Suite, and point to, among others, 
challenges with respect to precisely dating the igneous complex. The more remote Canadian Arctic has, in the 

Figure 2. (a) Tectonic and geographic setting of Svalbard in the context of circum-Arctic High Arctic Large Igneous Province exposures and the main tectonic 
elements; figure modified from Kingsbury et al. (2017). (b) Overview map of the Svalbard archipelago illustrating the known intrusion extent and spatial extent 
of geochronological data (Birkenmajer et al., 2010; Corfu et al., 2013; Nejbert et al., 2011). FJL, Franz Josef Land; KKL, Kong Karls Land. (c) Geological map of 
the study area, highlighting the location of the exploration and research boreholes, 2D seismic coverage (orange lines) and virtual outcrop models of key field sites. 
Geological and topographic map courtesy of Norwegian Polar Institute made available through the open access Svalbox portal (Senger et al., 2020). The QR code can 
be used to directly access the digital interactive map available at www.svalbox.no/map.
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same time, experienced major targeted research to characterize the HALIP 
intrusions in terms of geochronology (Dockman et  al.,  2018; Evenchick 
et al., 2015; Kingsbury et al., 2017), geochemistry (Kingsbury et al., 2016), 
ore mineralization potential (Saumur et al., 2016; Wilton et al., 2019) and 
tectono-stratigraphy (Schröder-Adams et al., 2019).

A major hiatus occurs in the Upper Cretaceous. Only reworked pollen of 
Middle to Late Cretaceous age indicate that Upper Cretaceous strata were 
present in Svalbard in the past (Smelror & Larssen,  2016). Paleogene 
coastal plain to deep water basin siliciclastic deposits overlie the hiatus 
(Helland-Hansen & Grundvåg, 2020). These sediments notably provide the 
backbone of Svalbard's infrastructure through the commercially exploited 
coal-bearing strata in the Firkanten Formation, which is still actively mined 
in Barentsburg and Longyearbyen (Senger et  al.,  2019). The Paleogene 
strata were deposited in the Central Spitsbergen Basin, a sedimentary basin 
formed in the foreland of the Paleogene West Spitsbergen Fold-and-Thrust 
Belt (WSFTB) located in the west (Bergh et al., 1997). The entire igneous 
complex of the Diabasodden Suite was affected by this major tectonic event, 
as evidenced by faulted and folded igneous intrusions at, for instance, Fest-
ningen and Mediumfjellet.

Another hiatus in sedimentary record of Svalbard occurs in the Neogene 
(Figure 2), with major glaciations and a pre-glacial tectonic and post-glacial 
isostatic uplift (Lasabuda et al., 2021). Magmatic activity, however, occurred 
in north-west Spitsbergen. It is manifested by both Miocene lava flows of the 
Seidfjellet Formation (Prestvik, 1978) and three volcanic centers of Quater-
nary age (the Bockfjorden Volcanic Complex; BCV) along the Breibogen 
Fault (Treiman, 2012). Both the propagation of spreading ridges some tens 
of kilometers offshore western Svalbard and proposed Miocene magmatism 
in the Sophia Basin north of Svalbard (Geissler et al., 2019) are likely to have 
had a pronounced effect on both uplift and thermal regime in western Sval-
bard since the Oligocene (Minakov, 2018). The BCV lavas contain 15%–20% 
mantle xenoliths (Grégoire et al., 2010), and provide evidence for conduits to 
the mantle under West Spitsbergen as late as the Quaternary along the N-S 
trending fault zone (Skjelkvåle et al., 1989).

The recent uplift affected the entire study area, with implications on reservoir 
quality and subsurface pressure systems. Olaussen et al. (2019), for instance, 
use vitrinite reflectance data to suggest that at least 2 km of overburden are 
missing near Longyearbyen. This general over-compaction of the sediments 
in the study area has practical implications for seismic mapping of igneous 
intrusions, as the acoustic impedance contrast between igneous intrusions 
and well-cemented host rocks is not as clear as in normally compacted 
basins  (Rabbel et al., 2018).

3. Data and Methods
We integrate all available data (Table 1) to quantify the spatial and strati-
graphic extent of the dolerites in the central Spitsbergen study area (Figure 2c).

3.1. Field and Geospatial Data

Field data relies on numerous field mapping campaigns conducted in the 
study area between 2011 and 2021, and in particular utilizes digital outcrop 
models (DOMs) for quantitative outcrop analyses of often inaccessible 
outcrops. DOMs are processed from georeferenced images ideally acquired 

Figure 3. Regional stratigraphic column modified from Senger, Tveranger, 
et al. (2014) illustrating the major tectono-thermal events and the stratigraphy 
penetrated by the igneous intrusions of the Diabasodden Suite. Tectonic events 
updated after Olaussen et al. (2023).
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from a drone, processed using structure-from-motion (SfM) algorithms (e.g., Westoby 
et al., 2012) implemented in Agisoft's Metashape software and shared openly on the Svalbox 
geodata portal (Senger et al., 2021).

Digital terrain models and geological maps (Norwegian Polar Institute, 2014a) are integrated 
for a quantitative characterization of the intrusions exposed within the study area. The same 
data are used to generate a surface of the base of the Helvetiafjellet Formation, a proxy for the 
near-horizontal paleo-surface at the time of HALIP, in order to reconstruct the paleodepth of 
the intrusions at the time of their emplacement. The geospatial data are also used to classify the 
individual intrusions based on the intrusion geometry (exposure length, area coverage, eleva-
tion) and its relationship to the stratigraphy (host rock formation, age and lithology).

3.2. Borehole Data

Subsurface characterization relies on wireline data and reports from five onshore petroleum 
exploration boreholes in the area, which are tied to a regional 2D seismic database. The 
boreholes were drilled from 1965 to 1994 (Senger et al., 2019). None resulted in commer-
cial hydrocarbon discoveries. Data sets from these vintage boreholes are fragmented but 
UNIS has in recent years compiled all available data (e.g., wireline logs, final well reports, 
cuttings, cores; Table 1) from the boreholes in a single Petrel project as part of the Sval-
bard Rock Vault and Svalbox projects. In addition to the petroleum exploration boreholes, a 
fully cored research well in Adventdalen, DH4, penetrated a 2.28 m thick igneous intrusion 
(summarized by Senger, Planke, et al. [2014]).

3.3. Seismic Data

The study area is covered by the densest 2D seismic grid in Svalbard, and likely anywhere this 
far north. This reflects both past petroleum exploration activity (in particular in the 1970s) and 
research efforts, including the annual Svalex expeditions (Saether et al., 2004), the Longyear-
byen CO2 lab project (Bælum et al., 2012; Olaussen et al., 2019) or the stratigraphic drilling 
at Sysselmannbreen (Johansen et al., 2011). Onshore acquisition was facilitated by the devel-
opment of the snowstreamer (Eiken et  al.,  1989), but acquisition is nonetheless costly and 
restricted to the main valleys and easily accessible glaciers. The offshore grid is denser than 
onshore and covers the majority of Isfjorden and some of its tributaries. In this study, we inte-
grate all available seismic data (Figure 2) and focus on mapping out high-impedance, locally 
discontinuous and cross-cutting reflectors that are classical signs of igneous intrusions (Planke 
et  al.,  2005) and that we attribute to the Diabasodden Suite. Marine seismic data, though 
hampered by the presence of a strong seafloor multiple, provide reasonable quality used to 
map igneous intrusions, major faults and thrust faults (Blinova et al., 2013; Roy et al., 2019; 
Senger et al., 2013). Quality of onshore data are hampered by the presence of permafrost but 
provide important well calibration and regional correlations (Anell et al., 2014).

3.4. Well-Seismic Correlation

The boreholes provide an important calibration point for seismic interpretation. Only one of the 
petroleum boreholes, Reindalspasset, was drilled based on 2D seismic data acquisition (Senger 
et al., 2019). In addition, 2D seismic data acquired after drilling are available over the Vass-
dalen and Colesdalen boreholes and in the near vicinity of the Ishøgda borehole (Figure 1). We 
use a simple velocity model (constant 4 km/s reflecting the overcompacted sediments; Bælum 
& Braathen, 2012) to tie the boreholes to the seismic data. Some depth uncertainty is thus 
expected when visualizing well data on time sections along with seismic data.

3.5. Magnetic Data

The 2D seismic interpretation is integrated with regional-scale aeromagnetic data 
(Dallmann, 2015) and a ship-based magnetic survey in Isfjorden (Senger et al., 2013). The Ta
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ship-based magnetic data was processed by Gernigon (NGU) and is described 
in Senger et al. (2013). The magnetic data confirm the presence of magnetic 
intrusions and expand the spatial coverage of the 2D seismic data.

3.6. Gravity Data

Regional gravity data (Dallmann, 2015) provides the structural framework 
for this study, by identifying the major basins and highs in central Spitsber-
gen, such as the Central Spitsbergen Basin. No targeted gravity surveys were 
conducted to map out the igneous intrusions in the study area.

3.7. Igneous Geochemistry

Previously unpublished whole rock geochemical data of dolerite samples 
are also reported for two Russian exploration boreholes at Vassdalen 
(Bro, 2007c) and Colesbukta (Shkola, 1977, 2007). These are integrated with 
published geochemical data from outcrops to link the borehole intrusions 
with the outcrops.

4. Results
We first present the spatial extent of the igneous intrusions in the study area, 
integrating primarily field and seismic data (Figure 4). Then we discuss the 
stratigraphic distribution of the intrusions as seen in field, seismic and in 
particular borehole data. Finally, we link outcrops and borehole intrusions 
through previously unpublished geochemical data.

4.1. Intrusion Shapes and Spatial Extent: Integration of Field Mapping and Seismic Data

The igneous intrusions are widespread throughout Svalbard (Figure 5) and occur across virtually the entire study 
area from Oscar II Land to the East Coast (refer to Figure 4 for placenames). Most intrusions observed in the 
field and on seismic data are flat-lying sill complexes, which consist dominantly of segments that are concordant 
with the sedimentary strata of the host rock, with local discordant segments. Dykes are present locally, typically 
2–10 m in thickness, and are observed in the field and on offshore magnetic data. Due to the low thickness and 
sub-vertical orientation we do not expect dykes to be imaged by 2D seismic data. Seismic interpretation and 

Figure 4. Regional distribution of igneous intrusions in the study area, 
mapped onshore (red) and interpreted on seismic (blue).

Figure 5. (a) Drone photograph of a spectacularly exposed dolerite sill at Garborgnuten mountain, Dickson Land. The sill formed near the boundary between the 
gypsum-bearing Gipshuken Formation (layered white strata below) and the Kapp Starostin Formation (yellow strata). Note that the sill does not extend to the right of 
the image but climbs along a subvertical step (photo courtesy: Rafael Horota). (b) Field photograph of a ca. 40 m thick dolerite sill (brown cliff and layer topping the 
mountain) observed at Sauriedalen, viewed toward the north-east. The host rock consists of the organic-rich shale of the Botneheia Formation. Individual sills in the 
area are exposed for over 10 km.
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borehole data confirm igneous intrusions in Mesozoic strata beneath the Paleogene succession. Within the ca 
11,000 km 2 large study area, igneous intrusions directly cover 72 km 2 and are inferred from a 3,200 km 2 large 
subsurface area (i.e., 29% of the study area).

4.1.1. Field Exposure: Spatial Extent and Stratigraphic Distribution

The 130 by 50 km (i.e., 6,500 km 2) large field area illustrated in Figure 6 is dominated by Permian-Cretaceous 
host rocks. We aim to quantify where the igneous intrusions were emplaced and, specifically, if there is a prefer-
ential emplacement in mechanically weak strata such as the Late Jurassic and Middle Triassic organic-rich shales. 
Approximately 29% of the study area (1,915 km 2) is covered by fjords. Of the remaining land area (4,575 km 2), 
exposed igneous intrusions of the Diabasodden Suite cover 1.6% (72 km 2). It must be noted that numerous igne-
ous intrusions are not mapped at the 1:100,000 scale as identified during field work, so this represents a minimum 
area of igneous intrusions.

The stratigraphic distribution of the 265 mapped Diabasodden Suite intrusions within the study area is illus-
trated in Figure 6. The majority of intrusions are emplaced within the shale-dominated Agardhfjellet (22% of 
all intrusions) and Botneheia (19%) formations, as well as the spiculitic Kapp Starostin Formation (18%). Other 
significant host rocks are the heterolithic siliciclastic De Geerdalen (13%) and Vikinghøgda/Tvillingodden (11%) 
formations. The thin sandstone-dominated Wilhelmøya Subgroup only hosts 2% of the intrusions, while the 
carbonate-dominated Gipshuken Formation hosts 6% of intrusions. Considering the cumulative area of the igne-
ous intrusions rather than the amount of intrusions the Botneheia Formation is the dominant host rock with ca 
35 km 2 of intrusions. Notably, the Kapp Starostin Formation only hosts 11 km 2 of intrusions, even though in terms 
of a number of intrusions it is comparable with the Botneheia Formation. As such, we confirm that the largest 
intrusions are preferentially emplaced in the organic-rich shales of the Agardhfjellet and Botneheia formations.

An important unknown is the main feeding structures of the igneous intrusions as dykes are only rarely observed 
in the field. A hypothesis is that the major fault zones in the study area have been used to channel magma trans-
port across the crust. To test this hypothesis, we correlate the area of the exposed intrusions with distance to 
major faults (i.e., those mapped at 1:100,000 scale; Figure 7). Grouping all intrusions together irrespective of the 
host rock stratigraphy, there is a clear increase in number of igneous intrusions within 2 km of the nearest fault 
zone. The number of intrusions is relatively stable between 2 and 10 km from faults, and no igneous intrusions 
are located >14 km from fault zones. Clearly there is some bias within the relatively small study area but the data 
nonetheless suggest that there may be a relationship between igneous intrusions and fault zones.

The individual intrusions' area spreads over several orders of magnitude (Figure  7). The intrusion areas are 
plotted as box whisker plots subdivided by the host rock formation to illustrate the area range and mean area for 
each host rock (Figure 6a). The means, with the exception of the undersampled Wordiekammen Formation with 
only one intrusion, fall within a 0.01–1 km 2 range. From the three major host rocks, the Botneheia Formation 
offers somewhat larger individual intrusions than in the Agardhfjellet and Kapp Starostin formations, but also a 
broader range from minimum to maximum. Clearly, the exposed intrusion areas only represent the minimal extent 

Figure 6. Distribution of dolerite intrusions within the study area (red), as mapped at 1:100,000 scale by the Norwegian Polar Institute (Dallmann, 2015). The bar chart 
to the right reveals the host rock distribution for all 265 intrusions exposed in the study area. The red bars indicate the total cumulative area of intrusions within each 
formation.
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of magmatism in the study area, with the majority of sills covered in the terrain. Nonetheless, the distribution of 
intrusion areas within the different formations may reflect regional-scale mechanical properties of the host rocks.

4.1.2. Subsurface Characterization of Igneous Intrusions

We have interpreted all available 2D seismic lines, using the exploration boreholes to guide the seismic inter-
pretation to constrain the spatial extent of the igneous intrusions (Figure 8). We focus primarily on identifying 
high-amplitude, locally discontinuous and cross-cutting reflectors. It must be noted that the high velocities of the 
host rocks reduce the acoustic impedance contrast with high-velocity igneous intrusions compared to normally 
compacted basins. In addition, many of the drilled intrusions are relatively thin (<10 m) and thus considered to 
be below seismic resolution.

Igneous intrusions confirmed in Middle Triassic strata by the Colesbukta and Vassdalen wells can be interpreted 
some distance away from the wells (Figure 9). Figure 9 ties the two wells in a 40 km long N-S section underlying 
the Paleogene succession. The profile suggests that the intrusive complexes could be spatially linked, though 
the sub-optimal seismic quality and thin intrusions pose some uncertainty. Field studies suggest that individual 
igneous intrusions may extend for up to 30 km long (Senger, Tveranger, et al., 2014).

Igneous intrusions are also interpreted eastwards from Vassdalen toward the Ishøgda borehole on an offshore seis-
mic line in Van Mijenfjorden (Figures 8–10). Here the intrusive complex appears at least 20 km long, conforma-
ble with the regional dip of the Paleogene succession. At the eastern end of the interpreted sill, acoustic blanking 

Figure 7. Cross-plot investigating relationships between intrusion size and distance from faults for 265 mapped intrusions emplaced in different host rocks. The 
histogram illustrates the distance to mapped fault systems from the igneous intrusions, with 100 m wide bins. The Box-whisker plots illustrate the range of exposed area 
(minimum, lower quartile, mean, upper quartile and maximum) for the 265 intrusions emplaced in the different host rocks.
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above the sill's termination could indicate de-gassing through pipes or hydrothermal vent complexes. However, 
high-resolution 3D seismic data would be required to confirm this.

Offshore 2D seismic data in Isfjorden provide very good coverage and better quality than onshore seismic data. 
Figure 10 illustrates an example of a SW-NE section with widespread igneous intrusions. The dense 2D grid in 
Isfjorden allows detailed mapping of the intrusive complex and a reliable interpretation of its extent as shown in 
Figure 4.

4.1.3. Magnetic Map

The seismic interpretation is complemented by aerial magnetic data (Figure 12). The magnetic data are rela-
tively regional but provided an additional spatial extension to the 2D seismic interpretation. In particular, the 
circular magnetic high in the inner part of Isfjorden is likely attributed to be at least partly caused by the igneous 

Figure 8. First-order well-seismic correlation across the Colesbukta petroleum exploration borehole, utilizing a constant velocity model (4 km/s) reflecting the 
overcompacted high-velocity sediments (Bælum & Braathen, 2012). The red circles highlight the location of the sill in the borehole. The discrete log represents the 
penetrated strata, and the gamma ray log is also shown to facilitate lithological identification.
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intrusions. The magnetic high spatially overlaps with the major igneous centers at Diabasodden and southern 
Dickson Land and the seismic interpretation of the igneous complex.

Furthermore, ship-based magnetic data in inner Isfjorden as presented by Senger et al.  (2013) indicate direct 
correlation of magnetically high anomalies offshore with igneous dykes onshore. The ship-based magnetic data 
confirms the extent of the central Spitsbergen igneous complex across Isfjorden (Figure 12d). A strong magnetic 
anomaly links the Hatten-Diabasodden area to the Rotundafjellet area on the northern shore of Isfjorden. Indeed, 
there is a ca 10 m thick dyke exposed at the beach beneath Rotundafjellet that may be related to the magnetic 
anomaly (Figure 12e).

In addition, more scattered magnetic anomalies occur along the regional ca, 3 km wide WNW-ESE trending belt 
along which igneous intrusions are exposed from the Billefjorden Fault Zone to Hatten. It is likely that many of 
these magnetic anomalies are also caused by the presence of igneous intrusions.

4.2. Stratigraphic Distribution and Emplacement Depth/Thickness of the Intrusions

The lithologies, and so the stratigraphy, affected by igneous activity, and the depth at which the intrusions were 
emplaced, must be constrained in order to assess the effects of contact metamorphism, which affects different 
host rock lithologies to a varying extent. We utilize primarily borehole date to quantify the emplacement depth 
and affected stratigraphy, and use field and seismic data to complement the borehole data in a regional setting.

Boreholes, particularly if fully cored (DH4; Senger, Planke, et al., 2014) or with adequate wireline logs (Ishøgda, 
Reindalspasset), are obvious targets to characterize intrusion and aureole characteristics. In addition, by assuming 
the base of the Helvetiafjellet Formation as an approximation for the paleo-topography, the paleo-emplacement 
depth can be estimated (Table 2).

Igneous intrusions are confirmed in five onshore exploration boreholes and one research borehole within the 
study area (Figure 13). The majority of the intrusions occur in Triassic shale-dominated strata, in particular in 
the Middle Triassic Botneheia Formation. The stratigraphically deepest borehole, Reindalspasset, also penetrates 

Figure 9. Composite onshore seismic line (NH9108-04; NH9108-05; NH9108-07) linking the Colesbukta and Vassdalen boreholes, highlighting the igneous intrusions 
encountered in the boreholes (red circles) and interpreted on the 2D seismic (blue line). Legend for formations on well logs is provided in Figure 8.
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an intrusion in the sandstone-dominated Ebbadalen Formation (Figure 13). Intrusions in boreholes range from 
2 to 61 m in thickness, with an average thickness of 16 m (Table 2). The intrusions are emplaced 715–1,850 m 
beneath the paleo-surface.

4.3. Aureole Characterization

Detailed characterization of contact metamorphic aureoles is critical in the context of potential environmental 
change associated with igneous activity. This is especially important when an igneous event affects lithologically 
highly variable host rocks, as it occurred in Svalbard. Ideally, intrusions and both upper and lower aureoles are 
fully cored and Rock-Eval characterization can be conducted to quantify how much of the host rock is affected 
with respect to intrusion thickness. In the study area, this is only possible in the DH4 research borehole in 
Adventdalen which was characterized by Senger, Planke, et al. (2014). The following sections describe previously 
unavailable wireline data to characterize aureoles in both Carboniferous sandstone and Triassic shale-dominated 
strata.

4.3.1. Intrusion in Siliciclastic Carboniferous Strata: 7816/12-1 Reindalspasset

A 21 m thick intrusion was penetrated by the 7816/12-1 petroleum exploration borehole drilled by Norsk Hydro 
(now Equinor) at Reindalspasset in 1991. The intrusion is emplaced in the Ebbadalen Formation, a heterolithic 
succession comprising siliciclastics, evaporites and carbonates that is only present within mid-Carboniferous 
half-grabens such as the Billefjorden Trough exposed ca. 70 km north of the borehole. Interestingly, no igne-
ous intrusions were reported in recent field-based studies from the Billefjorden Trough (Smyrak-Sikora 
et al., 2018, 2021), though some igneous rocks of unknown age were reported from mine ventilation shafts in the 
vicinity of Pyramiden (Verba, 2015).

Figure 10. Offshore seismic line NH8510-203 in Van Mijenfjorden, providing a regional and Vassdalen boreholes, highlighting the igneous intrusions encountered in 
the boreholes (red circles) and interpreted on the 2D seismic (blue line). The feature to the east of the sill could potentially represent a de-gassing structure such as a 
hydrothermal vent complex (HVC), but higher-quality 3D seismic data is required to resolve this. Legend for formations on well logs is provided in Figure 8.
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In the borehole, the intrusion is clearly distinguished from the host rock on the basis of the low Gamma Ray (GR) 
and high velocity and density values (Figure 14). Aureoles are defined primarily using sonic data, with the lower 
aureole in particular showing a gradual increase in P-wave velocity from the background trend (ca. 4.7–5.5 km/s) 
to the intrusion (5.6–6.6 km/s).

Rock-Eval data indicate that the total organic content (TOC) in the host rock is minimal within 50 m near the 
intrusion (<0.1%), and only increases in the shaly and coaly Billefjorden Group beneath from ca. 2,260 m depth 
(Figure 14). The very low TOC of the host rocks is likely a combination of initially minimal organic matter in the 
paralic sediments, deep burial and perhaps some intrusion-related maturation. However, the data clearly cannot 
be used to characterize an aureole based on geochemical data.

4.3.2. Intrusions in Middle Triassic Strata

Igneous intrusions are preferentially emplaced in mechanically weak shale-dominated succession, which in 
central Spitsbergen is often provided by the Triassic Botneheia, Tschermakfjellet and De Geerdalen formations. 
The DH4 research borehole in Adventdalen fully cored a 2.28 m thick igneous intrusion, and a contact aureole 
of 160%–195% of the intrusion thickness was characterized on the basis of Rock-Eval pyrolysis (Senger, Planke, 
et al., 2014).

Figure 15 highlights the igneous intrusions in three petroleum exploration boreholes with a different suite of 
wireline logs. All are emplaced in Triassic organic-rich mudstones where significant gas generation is expected. 
The relatively thin sills in the two adjacent Vassdalen boreholes are not clearly discernible in the wireline data, 
through the intrusion itself offers a high resistivity. The Ishøgda borehole exhibits a thin and a thick sill. The thick 
sill is clearly discernible on the wireline data, with low gamma ray and high resistivity and velocity. Notably, 
both contact aureoles are characterized by very low resistivity, which may be related to inter-connected pyrite or 
graphite as described recently from the Neuquén Basin by Spacapan et al. (2019). A similar signature, though 
only in the lower aureole, is apparent in the Colesbukta borehole (Figure 15).

4.4. Geochemical Signature of Drilled Intrusions

The geochemical signature of the DH4 and Colesbukta boreholes overlap with previously published geochemical 
analyses of the Diabasodden Suite outcrops (Nejbert et al., 2011; Shipilov & Karyakin, 2011), as illustrated by 
the TAS diagram of Figure 16. The Vassdalen stacked intrusions show a larger SiO2 variation, but also here the 
majority of samples suggests a basaltic affinity. Most likely, all these drilled intrusions are related to the Early 
Cretaceous magmatism and can be classified as part of the Diabasodden Suite. No geochemical data is available 
from the Reindalspasset borehole as the sidewall core targeting the intrusion misfired.

5. Discussion
5.1. Magma Volumes in Central Spitsbergen: Comparison With HALIP

It is crucial to understand how much magma was emplaced, when, and into what kind of host rock lithologies to 
discuss potential climate perturbations of the igneous activity.

We quantified magma volumes in arguably the most data-rich part of the HALIP, where adequate seismic, bore-
hole and excellent field exposures are abundant. The presented estimates are thus considered to be more precise 
than the regional coarse estimates presented from other HALIP provinces (Table 3). We confidently characterize 
72 km 2 of igneous intrusions in the field area, which represents 0.14–2.5 km 3 of magma volume depending on 
the aggregate sill thickness used (2–35 m). The subsurface extent of the intrusions is unsurprisingly an order 
of magnitude higher, with borehole and seismic data confirming intrusions across an area of 3,200 km 2. On 
a regional scale, Diabasodden Suite exposures are known from Sørkapp to Nordaustlandet, and from western 
Spitsbergen to Kong Karls Land (Birkenmajer et al., 2010; Nejbert et al., 2011; Senger, Tveranger, et al., 2014). 
A rough estimate indicates that at least 120,000 km 2 is affected by magmatism in Svalbard and its near vicinity 
(Table 3). Depending on the assumptions on regional aggregate sill thickness, 1,200–10,000 km 3 of magma are 
present in the Svalbard area (Maher, 2001; this study). Grogan et al. (2000) and Polteau et al. (2016) expand the 
focus regionally toward the south-east, where seismic data indicate igneous sills over significant parts of the 
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Barents Shelf, totaling up to 900,000 km 2 (200,000 km 3 in volume) if the onshore exposures of Svalbard and 
Franz Josef Land are included.

In comparison, the Sverdrup Basin is affected by aerially somewhat less extensive magmatism, but the overall 
much thicker sills suggest a larger overall magma volume exceeding 100,000 km 3 (Saumur et al., 2016; Table 3) 
than occurring onshore and near-shore Svalbard (1,200–10,000 km 3). No detailed spatial and volume assess-
ments are available for the other HALIP provinces, including northern Greenland and the New Siberian Islands. 
The offshore Alpha-Mendeleev magnetic high that is partly attributed to igneous activity, however, extends over 
several orders of magnitude more than all the onshore HALIP provinces together. There is no threshold volume 
in terms of magmatic emplacement over time (i.e., magma emplacement rates) that would lead to profound 
effects on global climate as many factors contribute here, including host rock properties (e.g., maturation stage, 
organic richness, presence of petroleum, porosity), magma emplacement (e.g., temperature, rates, geometry, 
emplacement depth etc.) and atmospheric release of generated greenhouse gasses (e.g., hydrothermal venting, 
marine/terrestrial release, atmospheric circulation during emplacement). However, geologically rapid and cata-
strophic intrusion of large magma volumes as documented for the Siberian Traps (Burgess et al., 2017; Svensen 
et al., 2009) would certainly have a larger impact than long-lived intrusion of low magma volumes.

The timing of the magmatism is thus crucial to constrain magma emplacement rates and scrutinize potential 
atmospheric effects. In this respect, the lack of reliable, regional and numerous geochronological constraints is 
problematic, and discussed as a major knowledge gap below. The U/Pb method provides reliable age constraints, as 
illustrated by regional geochronological constraints of the Karoo LIP emplaced at 183.0 ± 0.5 to 182.3 ± 0.6 Ma 
(Svensen et al., 2012). The 14 samples in the Karoo LIP were collected from sills and dykes over a distance of 
up to 1,100 km, with a remarkable short time span of emplacement of about 0.47 Myrs (Svensen et al., 2012). 
Such rapid emplacement will undoubtedly result in stronger climatic perturbations than prolonged more diffuse 
magmatism.

In Svalbard, only three samples provide reliable U/Pb ages, centered at 124.5 Ma (Corfu et al., 2013). Ongoing U/
Pb dating of dolerites from Ekmanfjorden is in agreement with this older pulse (Anna Sartell, pers. comm. Octo-
ber 2022; Sartell, 2021). In contrast, U/Pb dating of six samples in the Sverdrup Basin by Dockman et al. (2018) 
was integrated with previously published samples to indicate a pulsed event, with three main magma emplace-
ment pulses (124–120, 99–91, 85–77 Ma; Table 3). Whether the two later pulses are present in Svalbard or not 
is unknown. Clearly, more targeted geochronological work is required to constrain the timing of magmatism, its 
duration and consequently magma emplacement rates.

5.2. Emplacement Depth, Contact Metamorphism, and Potential for Atmospheric Degassing

The large volumes of lava erupted during a LIP can release immense volumes of CO2 (Courtillot & Renne, 2003; 
Cui et  al.,  2021). In addition, contact metamorphism in the shallow plumbing systems of LIPs emplaced in 
sedimentary basins can generate extensive amounts of greenhouse gases (Aarnes et al., 2010), which may be 
subsequently released to the atmosphere through, for instance, hydrothermal venting (Svensen et al., 2004). The 
eruption of large igneous provinces (LIPs), and the emplacement of their subsurface plumbing systems, is often 
correlated with global climate change, which potentially lead to mass extinctions (Courtillot & Renne, 2003; Cui 
et al., 2021; Ernst & Youbi, 2017; Svensen et al., 2019).

The significant magma volumes affecting Svalbard in the Early Cretaceous have likely led to significant matu-
ration of intruded host rocks, particularly for the organic-rich Triassic and Jurassic siliciclastic successions. The 
processes affecting the host rocks affected by sill emplacement are relatively well understood from other volcanic 
basins and include, amongst others, loss of TOC, devolatilization, compaction and density changes (Aarnes 
et  al.,  2010; Spacapan et  al.,  2018). Basin-scale host rock composition plays a major role in understanding 
how much greenhouse gasses will be released during contact metamorphism. Limestone-dominated basins, for 
instance, will generate an order of magnitude less CH4 and CO2 emissions than shale-dominated basins (Aarnes, 
Fristad, et al., 2011). In central Spitsbergen, most of the sills are emplaced in organic-rich formations, with the 
Middle to Late Triassic units particularly favored by the magma. As such, we expect that significant volumes of 
greenhouse gasses were liberated during contact metamorphism.

Modeling is needed to quantify the amount of carbon that may have been released (e.g., Iyer et al., 2013, 2018). 
The challenge is that adequate data to test the models is not available. Senger, Planke, et al. (2014) use Rock-Eval 
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and δ 13C analyses on 33 samples from the upper and lower aureole surrounding a thin (2.28 m thick) sill emplaced 
in relatively organic-poor (TOC < 1.5%) strata of the De Geerdalen Formation in Adventdalen, concluding that 
the aureole thickness is 160%–195% of the sill thickness. Hubred (2006) analyzes contact aureoles in the Botne-
heia Formation at five locations throughout Svalbard, including the upper aureole of a 35 m thick sill exposed 
along the Botneheia mountain in central Spitsbergen (see Figure 11 for location), using a range of geochemical 
parameters (Rock-Eval, Vitrinite). Different parameters react differently to the distance from the intrusion, with 
some affected already within 1.5 sill thickness distance and others only at half sill thickness. Further afield, in 
eastern Svalbard on south-eastern Edgeøya, Brekke et  al.  (2014) investigate thermally altered sections of the 
Botneheia Formation and conclude that over 90% of the original petroleum potential was realized through the 
thermal metamorphism. In this area the Mesozoic source rocks are immature and regional burial cannot explain 
the petroleum generation. Interestingly, the sections are not in direct contact with any igneous intrusions. A 
subsurface continuation of a dolerite cluster some 10 km south of the study area is postulated. Future studies must 
focus on high-resolution sampling of upper and lower aureoles, ideally in locations where host rock successions 
unaffected by contact metamorphism can also be sampled.

Further afield, Goodarzi et al. (2019) use exploration borehole data from the Sverdrup Basin in Arctic Canada 
to quantify the contact metamorphic aureoles around thick (45, 75, and 120 m) sills. They conclude that thermal 
effects of sills can be seen at distances up to 7× the sill thickness, and are controlled by sill thickness, sill spacing, 

Figure 11. Offshore seismic line ST8515R87-119 in northern Isfjorden, highlighting the igneous intrusions interpreted on 
the 2D seismic (blue line) and the intersecting crossing lines (blue crosses).
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intrusion timing and pre-intrusion degree of maturation of the host rock. Goodarzi et al. (2019) also conclude that 
magmatic activity did not cause widespread destruction of hydrocarbons pre-dating intrusions. Jones et al. (2007) 
conduct 1D basin modeling and illustrate that enhanced heat flow related to HALIP magmatism contributed to 
enhanced hydrocarbon production in otherwise immature shallower source rocks, contributing primarily to gas 
production within the metamorphic aureoles.

The emplacement depth is of importance when considering the possibility that some of these generated 
greenhouse gasses reached the atmosphere. In addition, the emplacement depth is an important proxy for the 

Figure 12. Integration of seismic and non-seismic data across the study area. (a) Extent and depth of igneous intrusions interpreted on 2D seismic data. The coverage 
of the sparse 2D seismic database is shown in gray, while igneous intrusions exposed in the field are highlighted in red. (b) Regional aeromagnetic data, with location 
of igneous intrusions in field (red) and interpreted on the 2D seismic data (gray) overlain. Magnetic data from NGU (Dallmann, 2015), survey details in Skilbrei (1992). 
(c) Magnetic anomaly map with TDR edge detection, figure from Dallmann (2015). The white polygon indicates the coverage of ship-based magnetic data shown 
in (d) (d) Ship-based magnetic data from Svalex, initially presented in Senger et al. (2013). (e) Field photo of the ca. 10 m thick dyke exposed at the beach beneath 
Rotundafjellet.
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background host rock temperature at the time of magma emplacement, which is also a key parameter affecting the 
effectiveness of the contact metamorphism (Aarnes et al., 2010). Using the base of the Helvetiafjellet Formation 
as a paleo-surface datum, most intrusions were emplaced at <1 km beneath the surface (Table 2). The 21 m thick 
intrusion emplaced in the organic-poor paralic deposits in the Reindalspasset well was emplaced at ca. 1.8 km 
depth and would have likely not generated much greenhouse gasses anyway. The thick intrusion (43 m) at Coles-
bukta may have been emplaced at 1.6 km depth, but this is likely over-estimated as Paleogene thrust faults and 
repeated sections are present in the overburden. Overall, we foresee that the relatively shallow emplacement depth 
will facilitate atmospheric de-gassing. Hydrothermal vent complexes, as described from onshore the Karoo basin 
(Svensen et al., 2006) and 3D seismic data offshore northeast Greenland (Reynolds et al., 2017), may prove to be 
important conduits for the generated gasses. At present, no clear evidence exists for their occurrence in Svalbard, 
though Figure 9 may show a tentative vent complex and Senger et al. (2013) argue for a potential hydrothermal 
vent complex in Isfjorden. Fault zones, in particular the long-lived N-S trending lineaments dissecting the study 
area, may also act as preferential fluid migration and magma emplacement pathways.

5.3. Knowledge Gaps and Future Research Directions

While this study provides quantitative data on the spatial and stratigraphic extent of Early Cretaceous igneous 
intrusions in the most data-rich part of Svalbard, central Spitsbergen, it evidences fundamental knowledge gaps 
that pinpoint future research directions (Figure 1).

Figure 13. Overview of the regional stratigraphy in the Festningen section and onshore boreholes penetrating igneous intrusions within the Upper Paleozoic-Mesozoic 
succession underlying the Central Spitsbergen Basin. The stratigraphic position of the penetrated intrusions is highlighted, and the well correlation section is flattened 
on the base of the Helvetiafjellet Formation, that is, the paleo-surface at the time of magma emplacement. Thin intrusions are marked by a red arrow for clarity.

 15252027, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

C
010300 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [09/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

SENGER AND GALLAND

10.1029/2021GC010300

20 of 27

Arguably the most pressing knowledge gap relates to the lack of robust 
geochronological data beyond the three samples presented by Corfu 
et  al.  (2013). The emplacement mechanism and timing of the HALIP are 
poorly constrained when compared to other known LIPs, for instance the 
Karoo igneous province (Svensen et al., 2012) or the Siberian Traps (Augland 
et  al.,  2019). Both of these LIPs are associated with very rapid magma 
emplacement across the entire basin (0.47 Myr for the Karoo province; 
Svensen et al., 2012). Thus, it is imperative to provide additional, regional, 
geochronological constraints of dykes, sills and lava flows and re-evaluate 
how these particular pulses may have influenced Arctic basin development 
and the regional-to-global environmental changes from the Early Cretaceous 
onwards. Comparison of HALIP magmatism in Svalbard to other HALIP 
provinces, in particular the Sverdrup Basin which seems to be affected by a 
number of pulses all of which are attributed to HALIP (Dockman et al., 2018; 
Kingsbury et al., 2017), is crucial to truly decipher the role that HALIP activ-
ity played in the Arctic Basin break-up.

Also of circum-Arctic relevance is the systematic collection of geochemical 
data from the Diabasodden Suite. At present, most of the published geochem-
ical data sets rely on samples from relatively well-accessible coastal loca-
tions. Systematic acquisition targeting inland localities is required to expand 
the spatial extent of the data set. Both dolerites and host rocks should be 
sampled to assist in deciphering magma genesis and evolution, for instance 
using Sr isotopes to quantify crustal assimilation and lithospheric thick-
ness (e.g., Hagen-Peter et al., 2019), with direct implications for quantify-
ing magma emplaced as documented for the Sverdrup Basin by Dockman 
et al. (2018).

Detailed aureole studies should be undertaken to quantify how much green-
houses gases could have been liberated from the different host rocks. At 
present, only a handful of detailed aureole studies on outcrops are available 
(Brekke et al., 2014; Hubred, 2006) but are, like the aforementioned study of 
the DH4 borehole (Senger, Planke, et al., 2014), only addressing the Triassic 
shales. Detailed work, including calibrated modeling, is required to decipher 
the magma-fluid-rock interactions in shales, evaporites, carbonates, sand-
stones and basement rocks exposed throughout Svalbard.

On a regional scale, it is still not clear how magma was emplaced in Svalbard. 
In particular, the interaction of magma with pre-existing weakness zones 
like the Billefjorden Fault Zone remains unclear. Similarly, regional magma 
emplacement directions and mechanisms related to HALIP pulsing are 
unknown. For instance, conflicting models of circum-Arctic dyke emplace-
ment are proposed, involving either a giant circumferential dyke swarm 
(Buchan & Ernst, 2018) or conjugate dyke swarms (Minakov et al., 2018), 
with direct implications on the spatial distribution of HALIP-related magma 
in Svalbard and its relation to crustal tectonic structures. Detailed geophys-
ical mapping and field studies are required to further test and refine these 
end-member models.

The onshore-offshore extent of the HALIP rocks in Svalbard provide an excel-
lent opportunity to directly link the “seismic-scale” outcrops with seismic 
data through seismic modeling (e.g., Eide et al., 2018; Rabbel et al., 2018). 
Geology-driven seismic modeling can provide detection thresholds of 
igneous intrusions in such uplifted basins to quantify how many igneous 
intrusions are not “seen” in the seismic data. Given the large proportion  of 
relatively thin (<10 m) sills in both boreholes and in the field, thin sills are 

Figure 14. Characterization of the intrusion penetrated by the onshore 
7816/12-1 Reindalspasset well through a wireline log suite across the intrusion 
and the surrounding host rock. Note the discrete log illustrating the intrusion, 
its upper and lower aureole and the upper and lower host rock.
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potentially more present than what seismic data suggest. As even thin sills generate considerable aureoles (Senger 
et al., 2014) and stacked sills can generate substantive greenhouse gasses (Aarnes, Svensen, et al., 2011).

Considering that the Diabasodden Suite intrusions are likely the geographically most widespread geological unit 
in Svalbard, very few detailed field studies addressing the intrusive complex geometry have so far been under-
taken. Previous field mapping in central Spitsbergen (e.g., Sartell, 2021; Senger et al., 2013) discovered suitable 
outcrops for addressing sill-dyke, magma-fault and magma-sediment interactions, for which quantitative detailed 
studies are required.

In summary, we suggest that the exceptionally exposed and relatively well-accessible Early Cretaceous igneous 
rocks in Svalbard finally receive the attention from multi-disciplinary research teams that they deserve. Targeted 
and systematic work on the Diabasodden Suite will not only contribute to elucidating some of the remaining 
knowledge gaps related to the HALIP (e.g., geochronology), but also provide generic knowledge on how magma-
tism affects the paleo-environment through contact metamorphism in variable host rocks.

Figure 15. Well correlation across the igneous intrusions penetrated by onshore petroleum exploration boreholes in central Spitsbergen, focusing on the Triassic host 
rock stratigraphy. The well section is flattened on the top of the Botneheia Formation. The inset image shows the Triassic siliciclastic strata with igneous intrusions at 
Botneheia, the total section is approximately 250 m high.
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6. Conclusions
In this study, we have integrated all available data to quantify the spatial and 
stratigraphic extent of Early Cretaceous igneous intrusions in central Spits-
bergen. We conclude that:

•  Igneous intrusions are widespread in central Spitsbergen, with 265 indi-
vidual intrusions within the study area. They are directly exposed over 
an area of 72 km 2 (1.6% of the entire study area) and are inferred from 
seismic data over an area of 3,000 km 2. These represent a magma volume 
of 0.14–2.52 km 3 and 3.2–195.2 km 3, respectively.

•  Igneous intrusions are emplaced in Carboniferous to Jurassic host rocks. 
Most intrusions occur in organic-rich mudstones (of Middle Triassic and 
Late Jurassic age) and in Permian spiculites.

•  Five petroleum exploration boreholes in the study area penetrate igneous 
intrusions. Wireline data are used to characterize the sills and associated 
contact metamorphic aureoles. Sills exhibit high velocity and resistivity 
and low gamma ray. Aureoles are present in particular in organic-rich 
shales and are characterized by very low resistivity and an increasing 
velocity toward the sill.

•  Ship-based magnetic data provide a direct link from the onshore outcrops. 
A 10 m dyke exposed on the beach can be followed for >15 km beneath 
Isfjorden as a high magnetic anomaly.

•  Previously unpublished geochemical data from drilled intrusions in 
Colesbukta and Vassdalen indicate that these have the same basaltic 
composition as exposed Diabasodden Suite dolerites.

With this work, we aim at showing that Svalbard offers a unique environment 
to study HALIP magmatism. We foresee that this work in the most data-rich 
part of Svalbard will facilitate future integrated work on the Svalbard doler-

ites. We thus provide an overview of the identified knowledge gaps that will improve our understanding of 
HALIP magmatism in Svalbard.

Figure 16. Silica versus total alkalis plot, following Bas et al. (1986), 
comparing the geochemical signature of the dolerite intrusions penetrated 
by the Dh4 (Senger, Planke, et al., 2014), Vassdalen III (Bro, 2007c) and 
Colesbukta (Shkola, 2007) boreholes and with published geochemical data 
to the Diabasodden Suite dolerites outcrops (Nejbert et al., 2011; Shipilov 
& Karyakin, 2011). Note the clear basaltic affinity of the borehole samples 
compared to published Diabasodden Suite rocks.

Study area Magma area (km 2) Sill thickness (m) Magma volume (km 3) Timing and duration References

Central Spitsbergen (field) 72 2–35 m 0.14–2.52 - This study

Central Spitsbergen (subsurface) 3,200 1–61 m (avg 16.2) 3.2–195.2 (avg 51.84) - This study

Svalbard 120,000 10–50 1,200-6,000 - This study

Svalbard - 50-100 (cum.) >10,000 135–90 Ma Maher (2001)

Ekmanfjorden, Svalbard - - 0.25–0.52 - Sartell (2021)

Barents Shelf (including Svalbard) 900,000 114-228 (cum.) 200,000 125–122 Ma Polteau et al. (2016)

Svalbard area 200,000 50 10,000 - Grogan et al. (2000)

Svalbard - - - 124.5 Ma Corfu et al. (2013)

Franz Josef Land - 80–100 >20,000 140–90 Ma Maher (2001)

Sverdrup Basin 30,000 300 (cum.) >100,000 - Saumur et al. (2016)

Sverdrup Basin - - - 3 pulses: Dockman et al. (2018)

124–120 Ma

99–91 Ma

85–77 Ma

Alpha-Mendeleev Ridge 13,000 000 - ∼200,000,000 - Oakey and Saltus (2016)

HALIP - - - 130–80 Ma Bryan and Ernst (2008)

Table 3 
Comparison of Our Results With Key Published Estimates From Svalbard and Other High Arctic Large Igneous Province (HALIP) Provinces
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Data Availability Statement
Archive and exploration well data is available in data repositories such as Zenodo (Senger et  al.,  2022) and 
Pangaea (Bro, 2007c; Shkola, 2007). Vintage seismic data from the 1980s and 1990s is described in the cited 
literature (Bælum et al., 2012; Blinova et al., 2013; Senger et al., 2013) and full-stack lines are available at UNIS.
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