CZECH POLAR REPORTS 13 (2): 142-161, 2023

Multi-disciplinary geoscientific expedition to Woodfjorden, NW
Svalbard: Field sites, methods, and preliminary results

Kim Sengerl’z’*, Peter Betlem'", Anniken Helland-Hansen®, Rafael Kenji
Horota', Horst Kampf®, Agnes Kontny’, Alexander Minakov’, Sverre
Planke™®, Sebastian Tappe®, Maria Telmon®, Dmitrii Zastrozhnov’

"Department of Arctic Geology, The University Centre in Svalbard, PO Box 156, 9171
Longyearbyen, Norway

Geodynamics of the Polar Regions, Department of Geosciences, University of Bremen,
Klagenfurter Str. 2, 28359, Bremen, Germany

Department of Geosciences, University of Oslo, P.O. Box 1047 Blindern, 0316 Oslo,
Norway

‘Department of Geosciences, UiT - The Arctic University of Norway, Dramsveien 201,
Tromsa, Norway

’Department of Earth Science, University of Bergen, Allegaten 41, 5020, Bergen,
Norway

GeoForschungsZentrum (GFZ; German Research Center for Geosciences), Telegrafen-
berg, 14473 Potsdam, Germany

"Institute of Applied Geosciences, Karlsruhe Institute of Technology, Adenauerring 20a,
76131 Karlsruhe, Germany

*Volcanic Basin Energy Research (VBER), Hoienhald, Blindernveien 5, 0361 Oslo,
Norway

DOI: 10.5817/CPR2023-2-12

Key words: High Arctic, volcanism, basalt, peridotite xenoliths, hydrothermal fluids,
digitalization, Svalbard

Received October 3, 2023, accepted December 17, 2023.

*Corresponding author: K. Senger <kims@unis.no>

Acknowledgements: The expedition was jointly funded by the Research Council of Norway (RCN;
Svalbard Strategic Project Svalbox 2.0, several Arctic Field Grant projects, DYPOLE/325984,
PALMAR/336293, PHAB Centre of Excellence), the University of the Arctic (Svalbox2020 proj-
ect), UiT - The Arctic University of Norway, the German Research Foundation (DFG 530455879),
and the PALMAR, PDRILL, and NOR-R-AM research projects (UiO). UNIS logistics department
provided vital field equipment and safety training. We thank Maxim Smirnov (Lule& University of
Technology, LTU) for kindly lending the MT equipment and his technical assistance. The
Governor of Svalbard granted permissions to carry out the MT and other sampling work (RIS ID
122222), including a brief visit by selected scientists (Kdmpf, Senger, Tappe) to the highly
restricted area around Trollkjeldene. Aleksandra Smyrak-Sikora is thanked for feedback on this
manuscript. All expedition members sincerely thank the captain and crew of Ulla Rinman for the
provision of a safe and enjoyable ‘base camp at sea’. Our field program would not have been
possible without the strong commitment of the team of Ulla Rinman.

142



K. SENGER et al.

Abstract

The Woodfjorden area of northern Spitsbergen (NW Svalbard) offers access to the
world’s northernmost onshore thermal springs, extinct Pleistocene alkali basaltic volca-
noes and Miocene flood basalts including extensive hyaloclastites. In July 2023, we
undertook a 14-day international multi-disciplinary geoscientific expedition to Wood-
fjorden-Bockfjorden to investigate the Cenozoic geological evolution of the area. The
expedition objectives spanned a wide range of scientific topics from sampling of fluids
and gas in the thermal springs to constraining the lithosphere by acquiring magne-
totelluric data and sampling volcanic rocks. More specifically, we have 1) conducted
gas, fluid and travertine sampling at the thermal springs of Gygrekjelda, Jotunkjeldene
and Trollkjeldene, 2) mapped and sampled the Quaternary volcanic centers at Sverrefjel-
let and Halvdanpiggen, 3) sampled the Miocene basalts of the Seidfjellet Formation
along seven profiles plus the underlying Devonian sedimentary rocks, 4) acquired
magnetotelluric data at 12 stations along both coasts of Woodfjorden and Bockfjorden
and 5) collected extensive digital geological data (digital outcrop models and photo-
spheres) using unmanned aerial vehicles (UAVs; also known as drones). The collected
samples are currently being analyzed for, amongst others, petrology, geochemistry and
geochronology. In this contribution, we report on the expedition’s background, scientific
objectives and present selected preliminary results such as field parameters from the
thermal springs (temperature, pH, electrical conductivity), magnetic susceptibility of

volcanic rocks and digital outcrop models plus photospheres.

Introduction

The Svalbard archipelago comprises
62 700 km® of uplifted land that is geo-
logically representative of the submerged
Barents Shelf to the south-east. Spectacu-
lar rock exposures on Svalbard provide
insights into the evolution of the North
Atlantic and the Arctic basins. The bed-
rock of Svalbard is bounded by a steep
passive margin towards the Arctic Ocean
in the north, a sheared passive margin to-
ward the Greenland Sea to the west,
whereas to the south and east it continues
into the Barents Shelf (Fig. 1).

Svalbard’s Phanerozoic sedimentary
succession is largely continuous and re-
flects regional tectonic settings and chang-
ing depositional conditions as Svalbard
moved northwards from near-equator lati-
tudes (e.g., Henriksen et al. 2011b,
Olaussen et al. 2024, Worsley 2008). How-
ever, two major hiatuses are identified
(Fig. 2). The first one is related to thermal-
ly-induced uplift related to magmatism
associated with the High Arctic Large
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Igneous Province (HALIP, Polteau et al.
2016, Senger and Galland 2022, Senger et
al. 2014) and led to erosion of the Upper
Cretaceous strata (Smelror and Larssen
2016). The second hiatus is evident in the
Neogene when sediments were deposited
in the offshore areas west and north of
Svalbard (Lasabuda et al. 2021). Neogene
uplift has been characterized by several
methods as reviewed by Lasabuda et al.
(2021). These include borehole compaction
trends (Henriksen et al. 2011a), apatite-
fission track analysis (Dorr et al. 2013),
seismic refraction data analysis from sono-
buoys and onshore erosion estimates from
re-deposited sediment volumes offshore
(Dimakis et al. 1998). Although the high-
est uplift over the Barents Shelf is in
Svalbard, it remains unclear how much
lateral variation exists, also in the presence
of long-lived lineaments is poorly con-
strained. Early Quaternary glaciations
shaped the present-day landscape of Sval-
bard (Gjermundsen et al. 2015).
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There is ongoing surface uplift, as evi-
denced by several GNSS stations in Sval-
bard. At the Ny Alesund station, which is
closest to Woodfjorden, the uplift is meas-
ured at a rate of 9.5 mm/year, but only
2.7mm/year can be attributed to glacio-iso-
static adjustments following Holocene gla-
cier fluctuations (Kierulf et al. 2022). The
remainder component of the uplift must be
related to ongoing tectonism, as indicated
by earthquakes and locally enhanced heat
flow (Minakov 2018, Senger et al. 2023).
Temperature and age estimates from peri-
dotites from the Bockfjorden Volcanic
Complex, heat flow measurements and tec-
tonic uplift determination suggest the pres-
ence of an old but strongly thinned litho-
spheric mantle root beneath Svalbard(Choi
et al. 2010, Vagnes and Amundsen 1993).
An in-depth understanding of the inter-
linkage between mantle and surface proc-
esses on a regional scale, particularly in
the presence of long-lived tectonic linea-
ments, is crucial to accurately constrain
the controlling mechanisms governing the
late Cenozoic evolution of Svalbard.

The remote Woodfjorden area of north-
ern Spitsbergen with its extinct Neogene-
Quaternary volcanism provides important
information about the geodynamic evolu-
tion of the Arctic Basin. Furthermore, the
area hosts the world’s northernmost on-
shore thermal springs (Fig. 1D) that indi-

cate a locally enhanced geothermal gradi-
ent. From 17" to 31% July 2023 an interna-
tional multi-disciplinary geoscientific expe-
dition has worked in Woodfjorden to
address the following objectives:
- Acquire high-resolution georeferenced
digital outcrop models and photospheres
of key sites, with emphasis on magma em-
placement features.
- Mapping of volcanic-related deposits
of the Pleistocene Bockfjorden Volcanic
Complex and the Miocene Seidfjellet For-
mation.
- Systematic sampling of the basaltic
rocks and entrained mantle-derived xeno-
liths for petrological, geochemical, and
geochronological analyses.
- Systematic sampling of the water, gas,
and travertine deposits from the thermal
springs.
- Conduct a magnetotelluric survey to in-
vestigate the electrical conductivity struc-
ture of the upper crust.

In this contribution we primarily report
on the expedition’s outcome in terms of
new scientific material from this remote
area in the High Arctic. We present some
preliminary results from the multi-discipli-
nary research, including field parameters
(temperature, pH and electrical conductiv-
ity of thermal springs), magnetic suscepti-
bility data for volcanic rocks and digital
outcrop models.

Geological setting of the Woodfjorden area

The Woodfjorden area is located about
200 km east of the NE Atlantic-Arctic Mid
Ocean Ridge system and part of the Euro-
pean-Eurasian continent-ocean boundary
system. The Cenozoic evolution of the ar-
ea has been debated for decades with vari-
ous interpretations put forward by, for in-
stance, Véagnes and Amundsen (1993),
Doérr et al. (2013), Minakov (2018),
Farnsworth et al. (2020) and Dumais et al.
(2022).

The scientific target area in northern
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Spitsbergen comprises Woodfjorden and
its sidearm, Bockfjorden (Fig. 1). A major
north-south trending fault zone, the Breibo-
gen Fault, separates Devonian rocks to the
east from Mesoproterozoic basement rocks
to the west. Three Pleistocene volcanic
centers lie directly on or immediately adja-
cent to the Breibogen Fault. Thick basaltic
lava flows of the Miocene Seidfjellet For-
mation unconformably overlie the variably
folded and tilted Devonian sedimentary
rocks.
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Fig. 2. Regional stratigraphic column, adapted from Olaussen et al. (2024) highlighting the main
tectono-thermal events affecting Svalbard since the Devonian. The Seidfjellet Formation uncon-
formably overlies Devonian sedimentary rocks in the study area. The Devonian chronostrati-
graphic chart is adapted from Davies et al. (2021), with coverage highlighted by the blue dashed
box.
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Tectonic and stratigraphic setting

The study area exposes Devonian rocks
to the east of the Breibogen Fault and
Mesoproterozoic marbles and gneisses to
the west. These units are locally covered
by Miocene and Quaternary basaltic vol-
canic rocks of the Seidfjellet Formation
and the Bockfjorden Volcanic Complex,
respectively. The Devonian terrestrial sand-
stone-siltstone-shale successions were de-
posited in large fault-bounded basins fol-
lowing the collapse of the Caledonian

Seidfjellet Formation

The Seidfjellet Formation was formally
defined by Dallmann et al. (1999) based
largely on work by Prestvik (1978). It com-
prises Miocene basalts (K-Ar and Ar/Ar
dating; 11.5 £ 1.2 Ma and 10.4 £ 1.1 Ma;
Burov and Zagruzina 1976, Prestvik 1978)
that overlie the Devonian sedimentary
rocks and infill the paleotopography. Lo-
cally the up to 15 preserved basalt lava
flows exceed 400 m in cumulative thick-
ness, with 275 m preserved thickness at
the type section on Seidfjellet mountain
near Wijdefjorden (Dallmann et al. 1999).
Geochemically, both tholeiitic and alkaline

Bockfjorden Volcanic Complex

Three main volcanic centers comprise
the Bockfjorden Volcanic Complex (BVC),
namely Sverrefjellet (Fig. 3B), Halvdan-
piggen and Sigurdfjellet. These are all
located on or near the Breibogen Fault.
The BVC was formally defined by Dall-
mann et al. (1999), based primarily on
work by Skjelkvéle et al. (1989). The BVC
is particularly well-known for the high
abundance of mantle-derived xenoliths
such as spinel peridotites (Amundsen et al.
1987, 1988; Choi et al. 2010, Grégoire et
al. 2010, Griffin et al. 2012, Skjelkvale et
al. 1989). Calculated equilibration tempera-
tures of these xenoliths allowed for the
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mountain chain. The early to middle De-
vonian rocks are affected by the com-
pressional late Devonian Brévallafjella
Fold Zone (Svalbardian event, Ellesmerian
orogeny; Dallmann 2015). The Devonian
succession and pre-Devonian basement of
Svalbard, was tilted southwards during the
Early Cretaceous, caused by the opening
of the Amerasian Basin and the emplace-
ment of the High Arctic Large Igneous
Province (Senger et al. 2014).

compositions have been reported based on
a very small set of samples (Prestvik
1978), but this apparent dichotomy re-
quires further new investigations of the ba-
salt magma geochemistry. Seidfjellet For-
mation magmatism was probably more
widespread than suggested by the limited
distribution of volcanic rock exposures at
present, as supported by the recently dis-
covered Middle Miocene basaltic rocks
from the offshore Sophia Basin north of
Svalbard (Geissler et al. 2019). Figure 3A
illustrates some of the exposures of the
Seidfjellet Formation.

reconstruction of a lithosphere-scale re-
gional geotherm, which suggests that the
crust-mantle boundary is located at ap-
proximately 27 km depth (Amundsen et al.
1987). New developments in the field of
thermobarometry now enable us to also
calculate equilibration pressures for spinel
peridotites so that better constraints can be
placed on the depth of the lithosphere—
asthenosphere boundary beneath northern
Spitsbergen. Sverrefjellet volcano was first
described scientifically by Gjelsvik (1963)
and has more recently been dated to 1.05 +
0.07 Ma with the bulk-rock *’Ar/*’Ar tech-
nique (Treiman 2012).
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Thermal springs

The world’s northernmost known on-
shore thermal springs are reported from
the Bockfjorden area, including Trollk-
jeldene, Jotunkjeldene and Gygrekjelda
(Figs. 1D, 3C). The Gygrekjelda spring
approximately 3 km north-east of Jotunk-
jeldene was only discovered in 1995
(Salvigsen and Hegvard 1998). The
Jotunkjeldene spring system comprises
two thermal springs with travertine ter-
races, approximately 50 and 60 m in di-
ameter. They are located at the shore of
Bockfjorden and thus relatively frequently
visited by tourist groups travelling by boat.
The Trollkjeldene springs include six indi-
vidual travertine complexes aligned along
the Breibogen Fault. Measured water tem-
peratures range between 19.0°C and
28.3°C (Dallmann 2015).

According to Banks et al. (1998) the
Na, K, Si and SO, content of the Bock-
fjord thermal springs is determined by
water-rock equilibrium at which water
salinity is influenced mainly by fluid-rock
interactions with the Mesoproterozoic mar-
bles. The authors note that the bromide

deficit in CI/Br ratios is not clear (ap-
proaches of explanation: partial derivation
from halite evaporites, adsorption of bro-
mide on organic matter or palaeo-seawater
have had a different Br/Cl ratio from that
of today). According to Hammer et al.
(2005) the water chemistry of Bockfjorden
thermal water is relatively enriched in Na
and depleted in Cl relative to seawater.
The interpreted trends of hydrochemistry
and hydroisotope (H-2, O-18) were inter-
preted as a result of water-rock inter-
actions modifying the meteoric-seawater
mix. Gas is actively bubbling up in certain
areas and has the following reported
composition: 70% N,, 25-30% CO,, 0.8-
1.4% He (Jamtveit et al. 2006). The
travertine data reflect seasonal fluctuation
in temperatures during carbonate mineral
growth (Jamtveit et al. 2006). Hammer et
al. (2007) generated the first model for
travertine dam formation and Jorge-Villar
et al. (2007) identified unaltered biosig-
natures in travertine by Raman spectros-

copy.

Expedition objectives and achievements

The 2023 Woodfjorden expedition fo-
cused on both reconnaissance and targeted
data acquisition to address the research
objectives listed in the Introduction. The
multidisciplinary nature of the scientific
team facilitated complementary filed stud-
ies, ranging from deep-seated (e.g., mag-
netotelluric survey, mantle xenoliths pe-
trology) to a shallower subsurface (e.g.,
geomorphology, thermal spring composi-
tions) study scope.

The expedition was organized with a
boat-based base camp to minimize poten-

tial polar bear encounter and the environ-
mental impact of camp sites. Other advan-
tages brought by the boat-based operation
were flexible access to field sites based on
changing weather conditions as well as the
opportunity to recharge electronic equip-
ment, which was essential to this expedi-
tion. A Zodiac rubber boat was used as
the shuttle between the base camp and the
18 landing sites, catering for up to four
independent field parties consisting of 2 to
6 geoscientists each.
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Fig. 3. Photographs taken of selected field sites using unmanned aerial vehicles. A) Overview of
the Bockfjorden study area, with the two main thermal springs located on either side of the
Sverrefjellet volcano. B) Detailed photograph of the more rarely visited Trollkjedene thermal
springs aligned along the Breibogen Fault. C) Circular “neck” of the Halvdanpiggen eruptive
center piercing through Devonian sedimentary rocks. D) Photosphere of the Sverrefjellet volcano
and its immediate surroundings. Note the Adolfbreen glacier draping the extinct Quaternary
volcano. E) Miocene basalt lavas and hyaloclastites of the Seidfjellet Formation emplaced onto the

Devonian sedimentary rocks.

Digital geological data acquisition

We used unmanned aerial vehicles
(UAVs, i.e. drones), namely DJI Mavic 2
Pro and DJI Mavic 3, to collect photo-
graphs for generating digital outcrop mod-
els and photospheres. In addition, selected
pilot sites were digitized at close range

Photogrammetric digital outcrop modelling

We digitalized 40 key localities and
geological exposures as digital outcrop
models (DOMs) through photogrammetric
processing of UAV-acquired imagery da-
ta sets according to standardized protocols
using the Agisoft Metashape software
(v.2.0.x). Imagery data were collected
from close-up (< 50 m) and at longer
distances (> 100 m) from the targeted
outcrops during manually operated flights.
Camera settings and flight operations were
optimized to reduce imaging artifacts and
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(< 4 m) using the in-built LIDAR scanner
of an iPhone 12 Pro smartphone. The digi-
tal data were integrated in a thematic vir-
tual field trip, freely accessible!" and illus-
trated in a video!*.,

facilitate homogeneous illumination of the
targets. Specifically, UAV speeds and flight
paths were optimized with regards to the
camera’s shutter speed to avoid motion
blur, i.e., considering the time it takes for a
point on the ground to move one unit of
ground-sampling distance. Other parame-
ters such as lighting conditions, depth of
field and image overlap were also con-
sidered to improve the suitability of the
imagery data for photogrammetric proc-
essing. We refer to Betlem et al. (2023) for
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further acquisition and processing details.
The resulting DOMs show centimetric to
decimetric pixel resolutions and are suita-
ble for high-resolution mapping of geo-
logical and geomorphological features. Da-
ta and metadata will be submitted to the
Svalbox Digital Model Database (Betlem
et al. 2023; *)), through which open access
to input data, metadata, and processing

Photospheres

Photospheres or 360 images are photo
stitched panorama photographs taken
around a nodal point. They are commonly
used to provide first person view and con-
text of one’s surroundings for localization
purposes. Photospheres facilitate pre-field-
work planning and post-field work quali-
tative analyses. Their rapid and cost-effec-
tive acquisition with minimal processing
(when compared to quantitative digital
outcrop models) make them an important
data set for future research, education and
outreach activities.

Digital field data integration

Access to observations from the field is
a key parameter to planning and executing
expeditions in remote arecas more effi-
ciently. Various tools exist for the docu-
mentation of field observations and inte-
gration of field data (e.g., FieldMove,
Mergin Maps, portable ArcGIS; e.g.,
Tandelli et al. 2021, Lundmark et al. 2020,
Senger and Nordmo 2021), though few
facilitate data transfer without an active
internet connection. This poses a chal-
lenge in off-the-grid areas such as Wood-
fjorden, and we therefore deployed a self-
hosted Mergin Maps (Community Edition,
v2023.2) server instance to aid digital field

outputs are guaranteed under the Findable,
Accessible, Interoperable, and Reusable
(FAIR) principles (Wilkinson et al. 2016).
Individual DOMs including input imagery
and Metashape projects are continuously
being uploaded to the Zenodo repository
(e.g., Betlem et al. 2022) with visualiza-
tion through SketchFab and the Svalbox
online portal (*); Senger et al. 2020).

The photospheres taken during the
Woodfjorden 2023 expedition were sys-
tematically collected over valleys, fjords,
and close to outcrops by UAVs. Data and
metadata are available through the Sval-
box project under FAIR conditions (**);
Betlem et al. 2023, Senger et al. 2020). In
addition, photospheres are combined to
build virtual field tours™ and virtual field
guides of key points of interest in the study
area for teaching and outreach activities,
as illustrated on"! and discussed by Senger
et al. (2021).

data integration during the expedition. The
open-source Mergin Maps provides ver-
sion-control and local-area-network syn-
chronization that enables simultaneous
mapping of localities by different field
parties. Regular synchronization provided
each team member with up-to-date field
projects, including sample lists and field
photographs. Integration of Mergin Maps
into QGIS further provided a straight-
forward means to configure the data ac-
quisition templates, as well as for post-
expedition data dissemination and visuali-
zation (Fig. 4).
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Fig. 4. A) Location of study area in NW Spitsbergen. B) Map generated from the shipboard
Mergin Maps project to illustrate spatial coverage of field observations, including MT stations,
samples/photo locations and coverage of UAV-flights. C) Location of photospheres in the study
area. D) Location of virtual field trips from the study area. Both photospheres and virtual field

trips can be accessed via the QR code or the link

Thermal and mineral water springs: water and gas sampling

The study of thermal springs at Trollk-
jeldene and Jotunkjeldene and the mineral
water spring at Gygrekjelda focused on
water sampling for hydrochemistry analy-
ses and isotope ratio determinations for
hydrogen (H-2, H-3), oxygen (O-18) and
chlorine (CI-36). Besides thermal water
samples we also collected sea- and glacial
water samples to address the proposed
mode of a hydrothermal convection sys-
tem along the Breibogen Fault feeding the
springs. The different water types show a
range of field parameters (pH, electrical
conductivity, temperature, Table 1). Fig-
ure 5 illustrates the temperature and pH of
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7 measurements from the thermal and min-
eral water springs, including the Trollk-
jeldene, Jotunkjeldene and Gygrekjelda.
The second objective was sampling and
subsequent laboratory analyses of the
free gas phase at the Trollkjeldene and
Jotunkjeldene thermal springs (elemental
gas composition, C, He, Ne, Ar isotopic
compositions). In addition to free gas, we
also collected volcanic glass samples from
Sverrefjellet and Halvdanpiggen to investi-
gate the elemental compositions and noble
gas isotope ratios (He, Ne, Ar) to evaluate
if the active gas and the Quaternary mag-
mas are from the same source.



GEOSCIENTIFIC EXPEDITION TO WOODFJORDEN 2023

. Date of Conduc-
Location sampling Water type pH tivity
°C mS/cm

coastal, east of Friedrichbreen, mixing of sea- and
Bockfjord 20.7.2023  glacial melt water 82 85 4.06
thermal spring Jotun 1,
Bockfjord 20.7.2023  thermal water 6.7 244 3.81
lake west of Friedrichbreen,
Bockfjord 20.7.2023 glacial melt water ~ 7.81 8 0.0434
thermal spring Gygrekjelda,
Bockfjord 20.7.2023  thermal water 7.6 5.1 24
Woodfjorden 25.7.2023 sea water 833 8.5 43.9
thermal spring Troll D 26.7.2023  thermal water 6.8 26 1.597
thermal spring Troll E,
diameter: 11m 26.7.2023  thermal water 6.95 19.1 1.597
thermal spring Troll E,
diameter: 3,2m 26.7.2023 thermal water 6.87 204 1.928
thermal spring Jotun 1,
Bockfjord 27.7.2023  thermal water 6.73 244 3.85
Bockfjorden 29.7.2023  sea water 838 7.8 45.2
Liefdefjorden 29.7.2023  sea water 836 7 42.8

Table 1. Field parameters (temperature, pH and electrical conductivity) of water samples, collected

during the expedition.
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Fig. 5. Field parameters (tem-
perature, pH) of water sam-
ples collected from thermal
and mineral water springs dur-
ing the expedition.
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Bockfjorden Volcanic Complex: sampling, geomorphology and volcanic facies

The Quaternary BVC consists of three
main outcrops: Sverrefjellet, Halvdan-
piggen, and Sigurdfjellet. Sverrefjellet is a
subglacial volcanic complex, characterized
by subaqueous pillow basalts and basaltic
lava flows, mingled fractured basalt and
volcanogenic sediments, and locally an
apron of steeply dipping volcanogenic sed-
iments. World-class outcrops of mantle-
derived xenoliths are present in all the
units, including the few dykes that were
identified in the field (Fig. 6D). In places,
undulating zones with platy basalt were
documented, both near the base of flow
units and at the contacts of steeply dipping
dykes. Halvdanpiggen is an impressive cy-
lindrical mountain rising more than a hun-
dred meters above the surrounding eroded
Devonian sedimentary rocks (Fig. 3C). It
consists of several smaller (~ 10 m in

diameter) pipes along its eastern slope and
one larger pipe at the top of the mountain,
which hosts a bird colony. The outcrop is
dominated by intensely fractured and joint-
ed basalt. Mantle xenoliths are common
within the pipe, whereas crustal xenoliths
dominate one cliff section. The Sigurdfjel-
let volcano is difficult to access without
helicopter support due to deep crevasses in
the glacier. Nonetheless, we sampled sev-
eral xenoliths downslope from Sigurdfjel-
let.

We will undertake comprehensive geo-
chemical analyses of the acquired samples
to characterize the tectono-magmatic evo-
lution of the Bockfjorden Volcanic Com-
plex. A further topic is the investigation of
the eruption age of Halvdanpiggen using
*Ar/°Ar dating to complement the study
by Treiman (2012) on Sverrefjellet.

Seidfjellet Formation: sampling, volcanic architecture and base basalt morphology

During the 2023 expedition to Wood-
fjorden, the Seidfjellet Formation was
systematically sampled (Fig. 6F). The
Seidfjellet Formation was emplaced onto
Devonian sedimentary rocks incised by
river valleys and lakes before the lava
outpouring during the Miocene. The main
volcanic outcrops are presently located at
800 to 1200 m elevation. Collectively they
form the remnants of a Miocene flood
basalt province that originally emplaced at
much lower but unknown elevation. The
up to 350 m thick volcanic pile of more
than 15 discrete lava flows accumulated in
paleo-depressions on the Miocene pene-
plain, which had developed on the Devo-
nian bedrock. Post-Miocene uplift and ero-
sion led to the spectacular topography and
geological exposures flanking the shores
of Woodfjorden. During the 2023 expe-
dition, the peaks of Scott-Keltiefjellet,
Lavatoppen, Risefjella, Prismefjella and
Prinsetoppen were locally profiled to de-
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termine the amount of lava flows present.
The use of 3D models from drone surveys
will aid to confirm our fieldwork obser-
vations. Furthermore, each outcrop profile
was systematically sampled for geochro-
nology, petrology and geochemistry re-
search (e.g., high-precision U-Pb CA-ID-
TIMS analysis, bulk-rock major and trace
element analysis, long- and short-lived ra-
diogenic isotope systems, traditional and
nontraditional stable isotopes, noble gas
isotopes). The 2023 sample collection will
be merged with basalt samples obtained in
2022 during a helicopter survey of the re-
gion.

Currently, the nature and location of the
igneous plumbing system and eruption
centers are poorly constrained by outcrop
data because only a few sills and dykes of
uncertain age have been observed in the
study area. The subhorizontal contact zone
between the Devonian sedimentary rocks
and Miocene basalts is well exposed in the
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Loyndfjellet mountain range, but is cov-
ered by scree elsewhere. The initial vol-
canic deposits vary from volcanogenic
sediments, with up to 50 m thick hyalo-
clastite deposits in the Scott Keltiefjellet
area, to up to 30-50 m thick basaltic lava
flows with well-developed columnar joint-
ing in the lower massive part and chaotic
fracturing in the upper vesicular part. Vesi-

cles are almost always open, and vein
mineralization is scarce. The bottom in-
terval of 2 or 3 thickened basaltic lava
flows or hyaloclastites is overlain by up to
15 tabular flood basalt units, locally with
pahoehoe flow tops. No inter-basalt sedi-
ment layers were identified, and overlying
sediments are absent.

MT instrumentation

paleotopography
Seidfjellet Fm

Fig. 6. Compilation of field photos of the multi-disciplinary data acquisition. A) Gas sampling at
the Jotunkjeldene thermal springs. B) Overview from the ridge of Sverrefjellet. C) Installation of
MT site WO5 on the alluvial fan on the western shore of Woodfjorden. D) Geologist studying
xenoliths within an outcrop at Sverrefjellet. E) UAV pilot at Sverrefjellet. The inset image shows
the Mavic 2 Pro drone with smart controller. F) Overview of the Miocene Seidfjellet Formation
overlying Devonian sedimentary rocks at Loyndfjellet. The geologist is examining hyaloclastite
deposits on Scott-Keltiefjellet.

Shore profiles at Woodfjorden and altitude profiles at Wood Bay Formation: uplift

rate and exhumation rate studies

The amount of Post-Miocene erosion of
the volcanic succession is currently uncon-
strained and one of the research questions
to be addressed by our analytical program.

During the expedition in Woodfjorden,
we started a pilot study, not planned be-
fore, to investigate the uplift rate in the
Holocene. We collected drift wood sam-
ples and marine biota at 4 profiles, run
from sea to coastal terrace(s). Parallel to
this the geomorphology team collected
photographs at the profiles by UAVs to

prepare elevation models. The idea is to
determine C-14 ages from wood and ma-
rine biota samples and use digital elevation
models for the reconstruction of the uplift
rate during the last 12.000 years.

In addition, the Lower Devonian Wood
Bay Formation was systematically sam-
pled in different localities and altitudes to
generate a thermochronology profile based
on zircons cooling ages and estimate the
exhumation rate of the region.
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Magnetic susceptibility and sampling for magnetic petrology

Quaternary volcanic rocks from the
Bockfjorden Volcanic Complex (Sver-
refjellet, Halvdanpiggen and Sigurdfjellet)
were collected in the field and magnetic
susceptibility was measured with a hand-
held Kappa meter (SM-30). Different vol-
canic rock types and in some cases also
their contact metamorphic aureoles within
the host rocks show a range of magnetic
susceptibility values (Table 1). In general,
the volcanic rocks show ferrimagnetic sus-
ceptibilities, with similar average values
for the Quaternary BVC (3.76 x 10~ SI)
and Miocene Seidfjellet Formation (4.93 x
107 SI). However, there is a significant
variation within and between different
rock types, especially for the different vol-
canic rocks from the BVC. Basalts from
the Halvdanpiggen pipes show the highest
values (14.36 x 107 SI), whereas tuff from
the Sverrefjellet volcano shows only low,
paramagnetic susceptibility (0.38 x 10~ SI)

indicating rapid quenching of the magma
during fragmentation, typical for a subgla-
cial emplacement mode (e.g., Oliva-Urcia
et al. 2011). The mantle-derived xenoliths
are dominantly paramagnetic with values
below 0.5 x 107 SI, with few exceptions
(Table 2). These values agree well with
earlier determinations of the magnetic sus-
ceptibility by Ladygin et al. (2003). The
reasons for these susceptibility variations
will be further studied by field- and tem-
perature-dependent magnetic susceptibility
along with reflected light microscopy to
identify and characterize the magnetic
mineralogy of the different volcanic rocks.
These data may help to understand the
emplacement mechanism of the basaltic
volcanic rocks (e.g., subglacial versus sub-
aerial), and help to better constrain titano-
magnetite formation in peridotitic mantle
rocks.

Magnetotelluric data and electrical conductivity

The crustal structure plays a crucial
role in understanding the geological, geo-
chemical, and evolutionary aspects of vol-
canic areas. The magnetotelluric (MT)
method is an effective technique for ob-
taining primary data on the crustal struc-
ture in active and recently extinct (e.g.,
Neogene) volcanic areas. The resulting
electrical resistivity images provide valua-
ble information about deep mineralization,
the presence of fluids, and temperature
distribution in the subsurface. In Svalbard,
several local and semi-regional onshore
2-D MT surveys have been conducted in
the past decade (Beka et al. 2017a, b; Beka
et al. 2016, Selway et al. 2020), as well as
an offshore survey that combined con-
trolled-source electromagnetic-MT profile
across the mid-ocean ridge west of Sval-
bard (Johansen et al. 2019). During our
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2023 expedition, we conducted the first
semi-regional 3-D MT survey in Wood-
fjorden to enhance understanding of the
crustal structure and fluid distribution.
Such data can help to infer the spatial
distribution of the Late Cenozoic mantle
sourced magmatic system in the upper
crust, which is crucial for comprehending
the evolution of volcanism in northern
Spitsbergen.

We acquired MT data at 12 sites within
the Bockfjorden and Woodfjorden area
(Fig. 3, Fig. 6C) to obtain the electrical
structure of the crust influenced by Mio-
cene and Quaternary mantle sourced vol-
canic activity. Most of our MT sites were
positioned within the Devonian sedimen-
tary basin. Stations W01, W02 and W11
are exceptions because they were placed
near Sverrefjellet, which is situated on
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Mesoproterozoic basement rocks. The sta-
tions were installed mostly on smooth
terrain, such as alluvial fans and marine
terraces.

For simultaneous data recording, we
utilized two broadband MT instruments
provided by the Luled University of Tech-
nology (LTU). These instruments were
equipped with horizontal coil magnetome-
ters and pairs of LEMI non-polarizing
electrodes (Fig. 6C). The time series data
of electrical and magnetic fields with a
sampling frequency of 20 Hz, and a night
burst recording of 1000 Hz was acquired
using the EarthData recording unit. The

recorded time series of electrical and mag-
netic fields demonstrates the quality of our
data. The collected data were saved in
standard miniseed format for subsequent
analysis.

In data processing of the above-speci-
fied data, we will employ the robust esti-
mation of the magnetotelluric impedance
tensor using the multi-variate processing
technique by Smirnov and Egbert (2012)
for data processing. To map the subsurface
electrical conductivity distribution, the im-
pedance tensor data will be inverted using
the ModEM 3-D inversion method (Kel-
bert et al. 2014).

n mean min max
Bockfjorden Volcanic Complex 130 3.76 0.04 21.50
Sverrefjellet basalt 77 3.24 1.00 11.30
tuff 8 0.38 0.30 0.46
mantle xenolith 13 0.66 0.31 2.60
crustal xenolith 1 0.04 0.04 0.04
Halvdanpiggen basalt 10 14.36 9.71 21.50
diatreme breccia 9 4.79 0.34 11.00
Sigurdfjellet basalt 7 3.41 1.85 4.95
volcanic breccia 5 2.96 2.47 4.12
Seidfjellet Fm 50 4.93 0.72 17.80
basalt 46 4.83 0.72 17.80
dyke 4 6.06 4.66 7.08
contact metamorphic
zone in sandstone 3 18.63 11.90 22.10
Devonian sandstone 17 0.37 0.10 0.80
Proterozoic gneiss 6 0.20 0.13 0.33

Table 2. Magnetic susceptibility (in 10° SI units) for rock samples from the Quaternary
Bockfjorden Volcanic Complex and Miocene Seidfjellet Formation, as well as selected country

rocks (field measurements).
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Summary and outlook

In this contribution, we report on a 2-
week long geoscientific expedition to the
Woodfjorden area of northern Spitsbergen,
which took place in July 2023. The multi-
disciplinary geosciences team systemati-
cally collected data on the geomorphology
and geology of the area (digital outcrop
models, photospheres, field mapping), col-
lected rock samples from the Bockfjorden
Volcanic Complex and the Seidfjellet For-
mation (for petrological-geochemical and

geochronological studies), collected water
and gas samples from the world’s north-
ernmost onshore thermal springs for sub-
sequent geochemical and isotopic studies,
and collected magnetotelluric data across
the entire study area for constraining the
subsurface electrical conductivity struc-
ture. Detailed follow-up studies will be
published in the near future, mostly driven
by MSc and PhD students as part of their
project theses.
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Table 3. (Supplementary Material): Synthesis of acquired data with key data responsibles.

Data Location/comment Number Key contacts

Digital field data

Photospheres Entire study area 509 Rafael Horota, Kim Senger

www.vrsvalbard.com/map

Digital outcrop ~ Entire study area 40 Peter Betlem, Kim Senger

models www.svalbox.no/map

Photographs Entire study area >2000 All participants

Sampling of rocks

BVC Sverrefjellet Anniken Helland-Hansen,
Sebastian Tappe, Dmitrii
Zastrozhnov

BVC Halvdanpiggen Anniken Helland-Hansen,
Sebastian Tappe, Dmitrii
Zastrozhnov

BVC Sigurdfjellet Anniken Helland-Hansen,
Sebastian Tappe, Dmitrii
Zastrozhnov

Seidfjellet Fm Scott-Keltiefjellet Maria Telmon, Sebastian
Tappe, Dmitrii Zastrozhnov

Seidfjellet Fm Lavatoppen Maria Telmon, Sebastian
Tappe, Dmitrii Zastrozhnov

Seidfjellet Fm Risefjella Maria Telmon, Sebastian
Tappe, Dmitrii Zastrozhnov

Seidfjellet Fm Prismefjella Maria Telmon, Sebastian
Tappe, Dmitrii Zastrozhnov

Seidfjellet Fm Prinsetoppen Maria Telmon, Sebastian
Tappe, Dmitrii Zastrozhnov

Magnetic 40 (samples) Agnes Kontny

susceptibility 220 (susceptibility measurements in field)

Noble gas 10 samples, across the study area Horst Kampf, Sebastian

isotopes Tappe, Agnes Kontny

Water, gas and travertine sampling
2 water, 3 gas and 5 travertine samples,
additional 4 samples of sea water

Jotunkjedene
Trollkjedene
Gygrekjelda

Field
parameters

3 water, 3 gas and 6 travertine samples

1 water and 1 travertine sample, ad-

ditional 1 sample of glacial melt water

11 (pH, conductivity, T); Table 1, Fig. 5

Miscellaneous sampling

Woodfjorden,
Bockfjorden
Geophysics
Magnetotelluric

8 drift wood and 10 marine

biota samples

Woodfjorden, Bockfjorden

4 stations

12 stations

Horst Kampf

Horst Kampf, Sebastian
Tappe

Horst Kampf

Horst Kampf

Horst Kampf

Aleksander Minakov
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