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Abstract

Sills are fundamental elements of volcanic plumbing systems emplaced in sedimentary basins.
Even though sills are commonly considered simple, planar concordant igneous sheets, they are
actually complex 3-dimensional objects. Detailed knowledge of the 3D structure of sills and
their host rocks is of primary relevance to better constraining the emplacement mechanisms
and the impacts of sills on sedimentary basins. This study describes the results of 3-dimensional
geological mapping of a large (~14x9 km), well-exposed Early Cretaceous dolerite sill in
Central Spitsbergen, Svalbard, Arctic Norway, using a combination of digital outcrop
modelling and field mapping. The sill was emplaced within Upper Palaecozoic sedimentary
formations of Svalbard. It is made of distinct segments emplaced at different stratigraphic
levels of the host rock stratigraphy. The mapping shows a clear stratigraphic control on the
intrusion morphology. Sill segments emplaced at the boundary between two formations, which
marks a strong lithological and rheological boundary, are straight and concordant. Conversely,
segments emplaced within a more homogeneous formation exhibit more irregular, locally
discordant shapes. The sill segments emplaced at distinct stratigraphic levels are connected by
steeply dipping steps, which formed through dilatant shearing between the tips of the sill
segments. The preferred NW-SE orientation of the steps and the thinning of the sill towards
the SE suggests a propagation direction of the magma towards the SE. Our study shows how
3-dimensional knowledge of igneous intrusions is key for revealing their emplacement

mechanisms.
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1 Introduction

Sills are fundamental elements of volcanic plumbing systems emplaced in sedimentary basins
(e.g., Planke et al., 2005; Magee et al., 2016; Polteau et al., 2016; Galland et al., 2018;
Lombardo et al., 2024). Their potential effects on sedimentary basins and subsurface rocks are
widely recognized on both local and regional scales (e.g., Einsele et al., 1980; Senger et al.,
2017; Spacapan et al., 2018). Large sub-horizontal sill intrusions emplaced in organic-rich
shale formations can trigger rapid maturation of organic matter (e.g., Aarnes et al., 2010; Iyer
et al., 2017; Spacapan et al., 2018) and the generation of large volumes of methane and carbon
dioxide (Svensen et al., 2004; Aarnes et al., 2010; Galerne and Hasenclever, 2019). The
catastrophic release of these gases into the atmosphere has triggered extreme climate change
and mass extinctions (Courtillot and Renne, 2003; Svensen et al., 2004; Svensen et al., 2009).
Conversely, sills can also act as fractured reservoirs for water or hydrocarbons (Chevallier et
al., 2001; Chevallier et al., 2004; Spacapan et al., 2020a; Spacapan et al., 2020b; Rabbel et al.,
2021) or as reservoir seals (de Miranda et al., 2018). Additionally, groundwater exploration
and CO; sequestration is affected by the presence of sills in sedimentary basins because of the
fracturing within the sills or in their host rock (Chevallier et al., 2001; Senger et al., 2013;
Senger et al., 2017).

By definition, sills are concordant, straight igneous sheets, following strata of the host
rock. However, in reality, sills are made of concordant segments with locally discordant parts,
so that sills are complex 3-dimensional (3D) objects (e.g., Planke et al., 2005; Galland et al.,
2018; Galland et al., 2019; Magee et al., 2019). The general concordant nature of sills leads to
a general consensus that their emplacement is controlled to a large extent by the layering of the
host rocks (Kavanagh et al., 2006; Thomson and Schofield, 2008; Galland et al., 2018). At
large scale, 3D seismic data and field geological observations on seismic-scale outcrops show

that sills may consist of concordant sill segments, emplaced at different stratigraphic levels,
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connected by steps or broken bridges, the orientation of which may indicate the propagation
direction of the intrusion (Figure 1) (e.g., Thomson and Hutton, 2004; Hansen and Cartwright,
2006; Thomson, 2007; Hutton, 2009; Schofield et al., 2012; Magee et al., 2016; Schmiedel et
al., 2017; Galland et al., 2019; Magee et al., 2019). Field observations of Rabbel et al. (2021)
and Kjenes et al. (2022) also demonstrated that subtle morphological variations in sill geometry
can significantly modify the fracture distribution both within and outside the intrusion. Thus,
detailed knowledge of the 3D structure of sills and their host rocks is of primary relevance to
better constraining the emplacement mechanisms and properties of sills and their surrounding
strata.

During the last two decades, the main tool for studying the 3D architecture of igneous
sills has been 3D seismic interpretation (e.g., Thomson and Hutton, 2004; Hansen and
Cartwright, 2006; Thomson, 2007; Schofield et al., 2012; Magee et al., 2016; Schmiedel et al.,
2017; Lombardo et al., 2024). Most of these studies provide additional evidence that sills in
3D may consist of lobes or segments (Figure 1B), sometimes connected by steps or broken
bridges, the orientation of which may indicate the propagation direction of the intrusion (e.g.,
Thomson and Hutton, 2004; Hutton, 2009; Magee et al., 2019). Nevertheless, even though 3D
seismic images of sills are spectacular, the scales of sill-related structures are commonly below
seismic resolution (Mark et al., 2018; Rabbel et al., 2018), such that key elements might be
invisible in the seismic data. Conversely, field geological mapping appears limited to
reconstruct the 3D structure of large igneous sills. Most exceptional exposures of sills are
displayed along 2-dimensional (2D) sections (Figure 1A) (Hutton, 2009; Eide et al., 2016;
Rabbel et al., 2018; Galland et al., 2019), so that the third dimension is challenging to infer. In
the Karoo Basin, South Africa, the top surfaces of some sills are exposed in 3D (Polteau et al.,
2008; Galerne et al., 2011), but the overburden is eroded and the host rock below the sills are

scree-covered.
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Figure 1. A. Orthorectified image (top) and structural interpretation (middle) of outcropping
igneous fingers emplaced in organic-rich shale, Las Loicas, Neuquén Basin, Argentina
(Galland et al., 2019). Bottom: schematic 3D block diagram of the structure and emplacement
of the sill and fingers. B. 3D depth map of a sill that show fingers emplaced at different
stratigraphic levels, providing a stepped expression in the seismic cross-section and on the
corresponding mapped surface. Individual fingers are ca 2 km wide and ca 5-10 km long. Sill
is located in Mere Basin on mid-Norwegian margin and emplaced into Cretaceous aged strata
dominated by bathyal mudstones. Details of the seismic survey are described by Kjell et al.
(2024). The color bar for the seismic profile is displayed such that black denotes an increase in
acoustic impedance. Scientific color bar for the 3D surface of the sill is “Batlow” from

(Crameri et al., 2020)

This study describes the results of a mapping campaign of the peninsula separating
Ekmanfjorden from Dicksonfjorden in central Spitsbergen, Svalbard, Arctic Norway (Figure
2). Here a large Early Cretaceous dolerite sill is exposed in steep, near-vertical cliffs (see
section 4) that we mapped using a combination of digital outcrop modelling and field mapping.
The mountain massif is deeply eroded by glaciers creating valleys, which in turn allow 3D-

reconstruction of the sill and its relationship with the host rock strata.
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2 Geological setting

The study area is a mountainous peninsula outcropping in the northern part of Isfjorden
separating Ekmanfjorden and Dicksonfjorden (Figure 2). The studied sill is a dolerite intrusion
that belongs to the Diabasodden Suite (Dallmann, 1999; Maher, 2001; Senger et al., 2014a;
Senger and Galland, 2022; Sartell et al., in press). The studied sill is exposed as discontinuous,
small outcrops. However the mapping work presented in this paper and the similar geochemical
compositions and U-Pb ages of the studied sill outcrops (Sartell, 2021; Sartell et al., in press)
suggest that these represent discontinuous remnants of a large, continuous intrusion. The
Diabasodden Suite is exposed throughout Svalbard (Figure 2) and comprises Early Cretaceous
dolerite sills and dykes emplaced predominantly in heterogeneous host rocks including
metamorphic basement, Paleozoic carbonates and Mesozoic shales (Senger et al., 2014b;
Senger and Galland, 2022). Regionally, the Diabasodden Suite represents the Svalbard portion
of the circum-Arctic High Arctic Large Igneous Province (HALIP; e.g., Maher, 2001; Senger
and Galland, 2022; Sartell et al., in press).

The geological evolution of Svalbard is well covered in the literature (e.g., Steel and
Worsley, 1984; Worsley, 2008; Dallmann, 2015; Olaussen et al., 2025), and includes several
tectono-magmatic events affecting the host rocks. In this section we will focus on the rock
formations outcropping in the study area (Figure 2), and the broader tectono-magmatic

evolution of the area.
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Figure 2. A. Map of Svalbard Archipelago, locating the study area (rectangle). White domains

are glaciers. Red indicates distribution of dolerites of the Diabasodden Suite. The topographical

map is based on the digital elevation model, glacier extent and land area from the Norwegian

Polar Institute (2014b, a), and the extend of the Diabasodden Suite is modified from the

Geological map of Svalbard (Norwegian Polar Institute, 2016). Inset: map of the Arctic

locating Svalbard. The Arctic map is modified from the International Bathymetric Chart of the

Arctic Ocean (IBCAO v 3.0) (Jakobsson et al., 2012). Black line locates cross section of C.

BFZ: Billefjorden Fault Zone; WSFTB: Western Svalbard Fold and Thrust Belt. B.

Stratigraphic column of study area, modified from Sorento et al. (2020) and Olaussen et al.

(2025). C. Geological cross section located in A (Dallmann, 2014).
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Following the Caledonian orogeny, the Devonian Old Red Sandstone succession,
which includes the Wood Bay Formation (Figure 2B), was deposited in major fault-bounded
basins exposed in northern Svalbard (Braathen et al., 2018). The Ellesmerian (locally called
Svalbardian) compressional event affected Svalbard during the Late Devonian (Piepjohn,
2000). A tectonically stable platform was established from Late Carboniferous-Early Permian
and lasted until the Late Jurassic. The transition from warm-water carbonates and evaporites
of the Wordiekammen and Gipshuken formations, respectively (Blomeier et al., 2009; Ahlborn
and Stemmerik, 2015) to cold-water carbonates of the Kapp Starostin Formation during the
Permian was facilitated by Svalbard’s rapid northward drift (Blomeier et al., 2013). The
Gipshuken Formation exhibits two members that are prominent in the field: the lower
Vengeberget Member dominated by evaporites, and the upper Skansen Member, dominated by
carbonates (Sorento et al., 2020). Sub-aerial exposure and erosion, followed by an abrupt shift
in facies towards brachiopod-dominated cool-water carbonates marks the lower boundary to
the overlying Veringen Member and spiculitic chert of the upper Artinskian — upper Permian
Kapp Starostin Formation (Bond et al., 2018; Sorento et al., 2020).

Large intrusions of the Diabasodden Suite were emplaced in Triassic strata in the
vicinity of the study area (Senger and Galland, 2022). The Triassic was dominated by
siliciclastic ~ deposition, beginning with Early Triassic deltaic to offshore
Vikinghegda/Tvillingodden formations sourced largely from west (i.e. Greenland) (Dallmann,
2015). The Middle Triassic organic-rich mudstones of the Botneheia Formation form a major
host rock for the igneous intrusions of the Diabasodden Suite (Krajewski, 2013; Wesenlund et
al., 2021; Senger and Galland, 2022). Subsequently, Late Triassic-Early Cretaceous

sedimentation continued while Svalbard was moving northward.
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The Early Cretaceous was marked by a shift in sedimentary patterns, associated with a
regional southward tilting of Svalbard. This was caused by major uplift to the north during the
Early Cretaceous, related to regional-scale thermal doming associated with HALIP magmatism
(Ineson et al., 2021).

A major regional erosion event removed most of the Upper Cretaceous strata (Maher,
2001). Reworked pollen of Middle to Late Cretaceous age indicate that Upper Cretaceous strata
were present in Svalbard in the past (Smelror and Larssen, 2016). Paleogene strata were
deposited in the Central Spitsbergen Basin, a sedimentary basin formed in the foreland of the
Paleogene West Spitsbergen transpressive fold-and-thrust belt 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,
Festningen and Mediumfjellet. Neogene glaciations coupled with tectonic and glacio-isostatic
uplift developed hiatuses and deeply serrated topography which exposes the studied outcrops
(Lasabuda et al., 2021). Constraining the emplacement depth of the sills is complicated by
these factors.

Despite a long-lasting tectonic evolution in Svalbard, the study area is very little
affected by tectonic deformation, whereas it extends between two major structures (Figure 2C).
To the east, the Billefjorden Fault Zone (BFZ) is one of the best studied examples of long-lived
N-S trending structural lineaments affecting Svalbard (Balum and Braathen, 2012). The BFZ
records strike-slip movement during the Caledonian orogeny, reverse movement during the
Late Devonian, normal movement during the Middle Carboniferous, and reverse re-activation
during the Paleogene. The Blomesletta Fault zone is a similar N-S striking fault zone that
crosses the study area (Figure 3). To the west, the study area is bounded by the West
Spitsbergen Fold and Thrust Belt (Figure 2). Dips in the study area are gently towards the

south, following regional uplift in the north during the Cretaceous.
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3 Methods and data

Fieldwork involved mapping dolerite sill outcrops across the entire study area bounded by
Ekmanfjorden, Dicksonfjorden and Syningsdalen (Figure 3) during three summer field
expeditions (2019, 2020 and 2021). Place names are given where peaks are named, while
unnamed peaks are referred to by their elevation in metres. Particular focus was on
documenting contacts of the intrusion and identifying the stratigraphic level into which the
dolerite body was emplaced. The mapping work integrated remote observations via drone
surveys with field observations to complement, calibrate and ground-truth the drone data.

The drone surveys were designed and executed in order to generate digital outcrop
models (DOM) of the study area using structure from motion and multiview stereopsis (SfM-
MVS) photogrammetric processing (Westoby et al., 2012; Betlem et al., 2023). The drone used
was a DJI Mavic 2 Pro quadcopter, with a standard 20 MegaPixel (MP) RGB camera with 1”
CMOS (complementary metal oxide semiconductor) sensor. Photogrammetric processing of
the drone images was performed using Agisoft Metashape following the workflow outlined by
Betlem et al. (2023) (see also Bonali et al., 2020; Buckley et al., 2022), and the DOM is openly
available (model Svalbox-DOM _2021-0058; Horota and Svalbox Team, 2024) through the
Svalbox database (Senger et al., 2020; Betlem et al., 2023). The DOM was processed from
1886 photographs and covers an area of 56.2 km? with a pixel resolution of 11.4 cm/pix.
Georeferencing of the DOM was done using the GPS positions of the drone recorded in the
exif data of the photographs.

Using the combined DOM of the peninsula and observations from the field, the main
contacts between the sedimentary formations (Wordiekammen, Gipshuken, and Kapp Starostin
Formations, and the Vengeberget and Skansen Members of the Gipshuken Formation) and the

intrusive body were mapped. Only areas where the contacts and boundaries were well-defined
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and visible were marked, and scree-covered slopes were avoided. The detailed geological map
was drawn using ArcGiS Pro (Figure 3). Additionally, the dolerite body thickness was
measured on the DOMs in Agisoft Metashape, where both the lower and upper contacts of the
sill were exposed. Spatial information from each image is included in the DOM, which allows
the elevation between top and bottom sill contacts to be compared. At each location, several
thickness measurements were made and averaged. In addition, we used LIME (version 3.0.1)
to perform measurements of structural planes on the DOMs (Buckley et al., 2019), such as
steps between sill segments (see section 4.2). A measurement with LIME consists of clicking
three points on the plane, and LIME returns all the plane information such as dip and dip
direction. To ensure precise measurements, we performed 10 measurements of each structure,

and calculated the average plane.

4 Sill distribution and characteristics

This detailed mapping allowed us to constrain the shape of the studied sill and the stratigraphic
levels at which it was emplaced at high resolution. We primarily recognized (1) concordant sill

segments and (2) discordant steps and irregular segments.

4.1 Dominantly concordant sill segments

The largest dolerite outcrops correspond to large concordant sill segments. These segments
occur as thick sheets that are laterally continuous up to 3 kilometres. We recognised several
concordant sill segments emplaced at different stratigraphic levels.

The concordant sill segment emplaced in the deepest stratigraphic level is the intrusion
that crops out west of Garborgnuten at peak 729 (Figure 4). The bottom intrusive contact was

emplaced near the contact between the lower (Vengeberget) and upper (Skansen) members of

11
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the Gipshuken Formation (Figure 4). The roof of this sill segment is unreachable, and we infer
from drone images that the overburden rocks of the sill are metamorphosed carbonates of the
upper (Skansen) member of the Gipshuken Formation.

We mapped several concordant segments emplaced along the stratigraphic contact
between the Gipshuken and Kapp Starostin formations. The largest segment makes the dolerite
plateau of Stjerthegda that also extends to the south to Vengeberget (Figure 5). In the upper
parts of Stjerthegda, we observed that the concordant sill segment was emplaced a few meters
below the boundary between the Gipshuken and Kapp Starostin formations. The sill exposed
at Blomesletta also appeared to be emplaced at a similar stratigraphic level (Figure 6). The sill
contact exposed at the northern end of Blomesletta is concordant with the stratigraphic contact
between the Gipshuken and Kapp Starostin formations (Figure 6A), whereas the sill contact
exposed at the southern end is discordant and cross cuts the chert deposits of the Kapp Starostin
Formation (Figure 6B). Note that the concordant dolerite segment at Blomesletta is located a
few meters above the boundary between the Gipshuken and Kapp Starostin formations (Figure
6A). The third sill segment emplaced at the stratigraphic contact between the Gipshuken and
Kapp Starostin Formations is well exposed at the summit of Peak 730 east of Meyerfjellet
(Figure 6C). South of Garborgnuten, on the other edge of the Kapitolbreen glacier, another
segment was emplaced at the same stratigraphic level (Figure 4). Finally, the segments at the
northwestern part of Rasmusdalen were also emplaced along the stratigraphic contact between

the Gipshuken and Kapp Starostin formations (Figure 3).
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Figure 3. Detailed geological map of study area compiled from our field observations. The
topographical map is based on the digital elevation model, glacier extents and land area from
the Norwegian Polar Institute (2014b, a), and the extent of the Diabasodden Suite (red) is
modified from the Geological map of Svalbard (Norwegian Polar Institute, 2016), based on our

field observations. Grey boxes locate landscapes illustrated by Figures 4-6.
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4.2 Discordant steps and irregular segments

In addition to the large concordant sill segments described above, our mapping highlighted
discordant structures.

The bottom contacts of the sill segments emplaced within the Kapp Starostin Formation
are irregular and only partly concordant. At the top of Garborgnuten, the bottom contact is
concordant in its southern part and climbs obliquely in its northern part (upper left of Figure
4). This small segment may be connected to the dolerite outcropping to the south along the
same ridge (Figure 4). At Meyerfjellet, the exposed bottom contact is straight but discordant
with the host rock strata, gently dipping toward the south (Figure 4). Finally, at the top of
Kapitol, the bottom contact is concordant in its northern part and climbs obliquely southward
(Figure 4). Despite the limited extent of these outcrops, these observations suggest that the sill
segments emplaced within the Kapp Starostin Formation are more irregular than the straight
concordant segments emplaced at the stratigraphic contact between the Gipshuken and the
Kapp Starostin formations.

Steeply-dipping to vertical sheets emerge from one edge of concordant sill segments
(Figure 7). For example, the discordant step structure at the intrusion west of Garborgnuten
(Peak 729; Figure 7C) accommodates a sharp transition from a thick concordant sill to a thin
steeply dipping segment. On the eastern flank of Gravadalen, the concordant sill segment
emplaced between the Gipshuken and the Kapp Starostin formations climbs as a step toward
Vengeberget (Figure 7E). On both sides of the step, the units of the Kapp Starostin Formation
can be recognised, however they are offset vertically: the layers of the Kapp Starostin
Formation are higher above the concordant sill segment (left in Figure 7E) than in the section
without the sill (right in Figure 7E). We infer that the step structure accommodates both upward

propagation of the magma and the thickening of the concordant sill segments.
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in Figure 3.
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measurements of the steps on DOM using LIME (see section 3). Grey lines correspond to plane

measurements, black lines correspond to calculated average plane.

Figure 8. A. Geological map of the study area (same as Figure 3) locating geological cross

sections of B. B. Geological cross sections constructed from the DOMs and geological field

observations.

Structural measurements of the steps using LIME show that all measured steps are
steeply dipping, or even vertical (step in Figure 7E). Note that the measured steps
systematically dip towards the lower sill segment, i.e. the sill segment that feeds the step from
below. The step at Vengeberget (Figure 7D) looks different than the others, with an apparent
subvertical segment connected to the concordant segment emplaced at the stratigraphic contact

between the Gipshuken and the Kapp Starostin formations. Further up, the step seems to bend
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338 laterally, such that it exhibits a shallow dip. However, we could not do structural measurements
339  of this step with LIME, because its 3-dimensional exposure is insufficient.
340 Mapped steps exhibit a predominant NW-SE orientation (Figure 7A).
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343 Figure 9. Geological map of study area (same as Figure 3) highlighting the interpolated sill
344  segments with colours reflecting their stratigraphic level of emplacement to highlight the
345  elongated lobe morphology of the segments.
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4.3 Intrusion thickness

At Peak 729 (Figure 7C), Peak 780 and Peak 730 (Figure 6C), both the bottom and top
contacts of the concordant sheets are well exposed. From NW to SE, the intrusion thickness at
Peak 729 is 105 m, at Peak 790 the thickness is 96 m, and at Peak 730 the thickness is 70 m.

At Stjerthggda, the bottom contact of the sill is well exposed locally, but the top contact
is not preserved. Nevertheless, the Stjerthegda plateau is flat and parallel to the exposed bottom
contact. We assume that if significant erosion of the upper part of the sill took place, the
Stjerthegda plateau would not be so flat, but instead dissected by valleys. We consequently
infer that the top of the Stjerthegda plateau is a good proxy for the top contact of the sill exposed
there, though it is a slight underestimate. The sill is 45 m thick along its southwestern edge and
36 m along its easternmost edge.

Along the eastern flank of Gravadalen, the top contact of the concordant sill is well
exposed, but the bottom contact is covered (Figure 7B and E). Nevertheless, where the
intrusion climbs to an inclined sheet, the overlying Kapp Starostin Formation is offset vertically
(Figure 7B and E). We interpret that the offset is a good proxy for the thickness of the
underlying concordant sheet (see interpretation section 5.3), and measure it to 42 m.

Finally, at the northern end of Gravédalen, the concordant sill segment emplaced
between the Gipshuken Formation and the Kapp Starostin Formation exhibits a step, across
which the Kapp Starostin Formation is vertically offset. Similarly to the estimate described
above, the vertical offset of 42 m is assumed to be a good proxy of the thickness of the
concordant sill segment. Note that due to local tilting related to the step formation, the offset
estimate is likely less precise.

These measurements highlight a systematic thinning of the sill segments from the

northwest to the southeast.
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S Interpretation and discussion

5.1 Continuity and structure of the sill

The studied sill crops out discontinuously near the top of several mountains, so that the
continuity displayed in the geological cross sections of Figure 8 is an interpretation.
Nevertheless, several elements support this interpretation: the mapped sill segments were
emplaced at similar stratigraphic levels, the mapped steps provide a structural explanation of
how sill segments emplaced at distinct stratigraphic levels may be connected (Figure 7), and
the geochemical compositions and U-Pb ages of the studied sill segments are very similar
(Sartell, 2021; Sartell et al., in press).

Note that the sill segment at Blomesletta was emplaced at the stratigraphic boundary
between the Gipshuken and the Kapp Starostin formations (Figure 3, Figure 6), i.e. the same
stratigraphic level as those of several segments of the mapped sill. Even though the sill at
Blomesletta crops out at much lower elevations than the segments mapped high in the
mountains, it is likely that the sill exposed at Blomesletta is part of the studied sill, but in an
offset position due to the Blomesletta thrust fault (Blinova et al., 2013) in between the main
peninsula and Blomesletta (Figure 3).

The distribution of the sill segments, their stratigraphic levels of emplacement, and the
steps connecting them allows for the reconstruction of the shape of each segment on map view
(Figure 9). Overall, each segment appears elongated along a NW/SE direction. In addition, the
long axes of the concordant segments have the same average NW-SE orientations as those of
the steeply dipping steps (Figure 9).

The splitting of a single sill to slightly offset segments have been observed on 3D
seismic data (e.g., Schofield et al., 2012; Schmiedel et al., 2017; Magee et al., 2019), on field
observations (e.g., Hutton, 2009; Galland et al., 2019; Magee et al., 2019) and produced in 3D
laboratory models (Arachchige et al., 2022). Such a splitting of a sheet to distinct segments is
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actually a general phenomenon associated with the emplacement of igneous sheet intrusions,
including dykes (e.g., Pollard et al., 1982; Takada, 1990; Sigmundsson et al., 2015; Schmiedel
et al., 2021). This splitting is expected to spontaneously occur when instabilities form at the
propagating front of a sheet intrusion when the magma overpressure or influx is expected to be

large (Takada, 1990).

5.2 Stratigraphic control on sill morphology

Our mapping highlights that sill segments emplaced near the stratigraphic boundary between
the Gipshuken and the Kapp Starostin formations are straight and concordant, and are
terminated laterally by a steeply dipping step structure (Figure 6C, Figure 7 and Figure 8).
Conversely, the small outcrops of the sill segments emplaced within the Kapp Starostin
Formation exhibit irregular shapes (Figure 4, Figure 8). Our data thus highlight a correlation
between the intrusion morphology and the stratigraphic level of emplacement.

The boundary between the Gipshuken and the Kapp Starostin formations is marked by
both (1) a thick and competent fossil-rich carbonate layer (Veringen Member; Figure 6) and
(2) a sharp lithological contrast between the evaporite-rich formation below and the clay-rich
formations above. This stratigraphic level thus likely corresponds to a strong mechanical
layering that may have controlled the very flat morphology of the concordant sill segments.
Nevertheless, classic elastic models of dyke and sill emplacement in the layered crust predict
that when a dyke reaches the base of a stiffer layer, the dyke is blocked and turns into a sill
underneath the stiff layer (e.g., Rivalta et al., 2005; Gudmundsson and Philipp, 2006; Kavanagh
et al., 2006). If this process was at work, we would expect the sill segments to be emplaced
underneath the Veringen Member. However, the observed straight sill segments were either
emplaced a few meters below or above the Veringen Member within softer sediments, in

contradiction with the predictions of the elastic models. A similar configuration has been
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observed in the Neuquén Basin, Argentina, where sills were emplaced almost systematically
at the interface between an underlying stiff carbonate layer and overlaying softer organic-rich
shale (Spacapan et al., 2018; Palma et al., 2024). This configuration suggests that the
emplacement of the straight sill segments was governed by the rheological contrast between
the underlying stiff, elastic carbonate layer and the overlaying soft, likely inelastic clay/chert
deposits of the lower Kapp Starostin Formation. Further understanding requires mapping
emplacement-related deformation structures in the host rock (Spacapan et al., 2017; Galland et
al., 2019), which were not visible in the field.

In contrast, the more homogeneous package of the Kapp Starostin Formation may have
favoured the emplacement of more irregular segments of the sill (see lower contacts of sill
segments emplaced within Kapp Starostin Formation in Figure 4), similarly to large sills

emplaced in the Triassic organic-rich shale in Svalbard (Senger and Galland, 2022).

5.3 Mechanics of step formation

Most steps mapped in the study area exhibit a steeply dipping sheet shape connecting the lateral
edges of two sill segments emplaced at different stratigraphic levels (Figure 7 and Figure 9).
Such connections have been commonly observed on 2D outcrops (Hutton, 2009; Eide et al.,
2016; Stephens et al., 2021; Kjenes et al., 2022) and inferred from seismic data (Schofield et
al., 2012; Kopping et al., 2022). Our field observations provide detailed constraints on the
mechanism of step formation.

The steeply-dipping sheet structure of the steps differs from the structure of broken
bridges between sill and dyke segments (Figure 10) (Nicholson and Pollard, 1985; Weinberger
et al., 2000; Hutton, 2009; Schofield et al., 2012; Magee et al., 2019; Stephens et al., 2021;
Kopping et al., 2022). Broken bridges connect overlapping intrusion tips, with a piece of host

rock (a bridge) sheared in between the overlapping tips (Figure 10C). When shearing is
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sufficient, the bridge breaks after bending and a channel connects the two segments. The
breakage of the bridge can occur as a single channel or through brecciation of the bridge,
resulting in many magmatic splays (Stephens et al., 2021; Kjenes et al., 2022). All in all, after
bridge formation, the tips of the overlapping sill segments are commonly preserved beyond the

broken bridge (see Figure 10C) and visible in the field.

Sill segments
B Steps (this study) C Broken bridges
(Nicholson and Pollard, 1985)
Emplacement of sill segments Emplacement of sill segments
Kapp Starostin Fm. [y
\ /-——r
Thickening of sill segments and faulting Thickening of sill segments
— . I et o
1 . ———Shearing/
N dilation RS 0
p— B —
Connection of sill segments along faults Connection of sill segments

Magma flow along steps T
s \ Bent bridge|

—

Figure 10. A. 3D block diagram drawing of the structure of the sill described in this study. Bold

arrows indicate main magma flow direction from NW to SE. Transparent rectangle indicates
location of cross sections of B. B. Time sequence of cross sections located in A (perpendicular
to propagation direction) illustrating the formation of steps between sill segments emplaced at

different stratigraphic levels. C. Time sequence of cross sections illustrating the formation of
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broken bridges, perpendicular to the main intrusion propagation direction, as described by

Nicholson and Pollard (1985).

The structure of the steps described in this paper is different. There is a sharp transition
between the lower sill segment and the steeply dipping step, with no evidence of preserved sill
tip beyond the step (Figure 7) (Magee et al., 2019), suggesting that the tips of the sill segments
connected by the steps did not overlap. Instead, we propose the following mechanism based on
our field observations. When two sill segments emplaced at different stratigraphic levels inflate
by roof uplift, the host rock layers just above the lower sill segment lift up, whereas they are
below the floor of the upper sill segment and thus do not lift up (see green layer above lower
sill in Figure 10B). Such differential uplift leads to bending/shearing of rock layers between
the lower and upper sill segments. In our study area, the shearing between the sill segments
may be such that the host rock fails. However, because of the frictional properties of brittle
rocks, shearing cannot occur along a perfectly vertical plane, and a dilating component is
necessary to accommodate shear failure (Davis and Selvadurai, 2005; Haug et al., 2017).
Consequently, the steps are not expected to be vertical, but to be steeply dipping toward the
lower sill segment (Figure 10B). Uplift accommodated by inward dipping planes (Figure 10B)
kinematically requires a dilation component, which may help the magma to invade the plane
of the step structure.

The rock layers above the upper sill segments are lifted by both the inflating lower and
upper sill segments, therefore they are expected to not be deformed, or in a negligible manner.

One could argue that the steps follow pre-existing faults that affect the stratigraphy,
like igneous and sandstone intrusions deflected by normal faults described by Magee et al.
(2013) and Bureau et al. (2013), respectively. Nevertheless, if pre-existing tectonic faults

existed before the emplacement of the sill, they would affect the stratigraphy below and above

26



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

the steps, whereas our field observations show no evidence of tectonic offset of the sedimentary
strata below the steps. This observation thus shows that the vertical offset of the sedimentary
layers on both sides of the steps does nor result from tectonic faulting. Similar conclusions
were derived from the geological observations of Galland et al. (2019), who described intense
deformation of the host rock in between sill segments, but no deformation below and above.
Note that Figure 10B is a 2-dimensional interpretation of a 3-dimensional problem. It
is therefore likely that the step initiates where the sill segments split from the common feeder

sill (Figure 10A), and propagates laterally with the propagating segments.

5.4 Magma flow direction

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 (Senger and Galland, 2022). Similarly, regional magma emplacement
directions and mechanisms related to HALIP pulsing are unknown. The result of our mapping
may shed light on the magma flow direction at work during the emplacement of the studied
sill.

The mapped subvertical steps exhibit a NW-SE to NNW-SSE preferred orientation
(Figure 7A). These steps have been interpreted in the literature as markers of magma flow
direction parallel to the step orientation (Thomson, 2007; Hutton, 2009; Magee et al., 2019;
Kopping et al., 2022). We infer from the steps that the magma likely flowed either from the
NW-NNW to the SE-SSE, or vice-versa.

Sill emplacement models predict that sills thin from their feeders toward their tips
(Pollard and Johnson, 1973; Kerr and Pollard, 1998; Galland and Scheibert, 2013). The
systematic thinning of the sill from the NW to the SE thus suggests that the magma source was

located northwest of the study area, and that the magma flowed toward the SE-SSE. A last
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point of consideration is the depth of the sill segments. The deepest segment mapped in the
study area is exposed at Peak 729, i.e. in the NW sector of the study area (Figure 3). This again
suggests that the sill is fed from the NW, where the feeder is expected to bring the magma from
depth.

The individual segments of the mapped sill were likely fed from a common feeder
structure (Figure 10). The sill imaged on 3D seismic data in Figure 1 exhibits a deep basal sill
connected, and likely feeding, sill segments emplaced at different stratigraphic levels (Kjoll et
al., 2024). A similar structure is expected for the studied sill, suggesting that a large basal sill
may have fed the mapped intrusion from northwest. Our field mapping showed no evidence
that the feeder of the studied sill could be related to structural lineaments, such as the

Blomesletta fault.

5.5 Volume estimate of the exposed sill

In this section we provide a rough volume estimate of the studied sill. By estimating the area
highlighted in Figure 9 on Google Earth, and multiplying this area (~70 km?) by the average
thickness we calculated from our thickness measurements (65.7 m), a simple volume estimate
calculation of the mapped sill yields ~4.6 km?. If we include Blomesletta in the measured area
(see section 5.1), this yields an estimated sill volume of ~6.7 km?. Finally, on the western flank
of Ekmanfjorden at the summit of Kolosseum, a dolerite sill was emplaced within the Kapp
Starostin Formation (Dallmann, 2015), suggesting that it is part of the sill described in this
study. If we extend the area of the sill to Kolosseum, this yields an estimated sill volume of
~11.4 km?®. It is likely that the studied sill extends far beyond the study area, as large sill
segments of similar thickness are observed on the other sides of Ekmanfjorden and
Dicksonfjorden (Dallmann, 2015; Senger and Galland, 2022; Sartell et al., in press). Thus, this

estimate is likely an underestimate of the actual intrusion volume.
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Yet, such volume is significantly larger than the very large majority of basaltic lava
eruptions during the Holocene. As a matter of comparison, the infamous 1783-1784 Laki and
934 Eldgja eruptions, Iceland, erupted volumes of ~14 km?® and ~19 km?, respectively
(Thordarson and Self, 1993). The volume of the studied sill has a similar order of magnitude
as those of Laki and Eldgja eruptions, which are considered to be the two largest basaltic
eruptions of historical times. In addition, the estimated volume of the studied sill is slightly
smaller than that of the Golden Valley Sill, South Africa, the thickness and area of which are
~100 m and ~200 km?, respectively, so the estimated volume being ~20 km?® (Galerne et al.,
2010; Galerne et al., 2011). Thus, the volume of the mapped sill is of the same order of
magnitude as those of (1) sills formed in a Large Igneous Province and (2) unusually large
basaltic eruptions. The studied sill thus resulted from an emplacement event of significant

magnitude, in agreement with the HALIP magmatic context.

6 Conclusions

This study describes the results of 3-dimensional geological mapping of a large Early
Cretaceous dolerite sill exposed in steep, near-vertical cliffs using a combination of digital
outcrop modelling and field mapping. The main results of this study are the following.
e The sill is made of distinct segments emplaced at different stratigraphic levels of the
host rock stratigraphy.
e The sills segments emplaced near a strong lithological boundary are straight and very
concordant. Conversely, the segments emplaced within more homogeneous formations

exhibit more complex, locally discordant shapes.
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e The sills segments emplaced at distinct stratigraphic levels are connected by steeply
dipping steps, which formed through shearing/dilation between the tips of the sill
segments.

e The preferred NW-SE orientation of the steps and the thinning of the sill towards the
SE suggests a propagation direction of the magma towards the SE.

e The sill volume estimate between 4.6 and 11.4 km? suggests an emplacement event of
large significance, in agreement with the High Arctic Large Igneous Province setting.

In summary, our study shows how 3-dimensional knowledge of igneous intrusions is key for

revealing their emplacement mechanisms.
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