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Palaeoenvironmental variability and carbon cycle
perturbations during the Smithian-Spathian (Early Triassic)

in Central Spitsbergen

FRANZISKA R. BLATTMANN, ELKE SCHNEEBELI-HERMANN, THIERRY ADATTE, HUGO ER.
BUCHER, CHRISTIAN VERARD, @YVIND HAMMER, ZONEIBE A.S. LUZ AND TORSTEN W.

VENNEMANN

LETHAIA

The Early Triassic Smithian and Spathian time intervals are characterized by perturba-
tions in the global carbon cycle, fluctuations in sea surface temperature, high turnover
rates of marine nekton, and a change in terrestrial vegetation. Despite the importance
of this time interval, comprehensive multiproxy investigations from Early Triassic high
and middle latitude regions remain scarce due to the difficulty in accessing sections. The
objective of this study is to increase our understanding of regional and local palaeoen-
vironmental and carbon cycle perturbations from a middle Smithian to late Spathian
middle latitude section from Central Spitsbergen. Geochemical analyses show an
increase in phosphorus and nitrogen just at and above the Smithian—Spathian boundary
(SSB). High primary productivity led to increasingly anoxic conditions in bottom waters
during the middle and late Spathian, enhancing the preservation of organic matter in
the sediments. Anoxic conditions restrain phosphorus remineralization, allowing it to
be recycled within the water column. This increase in anoxia is consistent with observa-
tions in other Arctic basins, demonstrating larger regional similarities in palacoenviron-
mental conditions. The fluctuations in isostatic and eustatic sea levels affected organic
carbon sequestration by regulating organic matter mineral interactions via the control
of grain size within the sediment. This study demonstrates that local organic carbon
sequestration in the Barents Sea shelf during the Spathian was influenced by a multi-
tude of factors, including sedimentology, redox conditions, nutrient availability, and pri-
mary productivity. (] Vikinghogda Formation, bulk rock geochemistry, particulate organic
matter, extinction recovery, carbon isotopes, Stensidfjellet
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The Early Triassic is marked by diverging biodiver-
sity patterns and large fluctuations in carbon isotope
(6"*C) composition (Brayard & Bucher 2015; Grasby
et al. 2016b; Hautmann et al. 2015; Meyer et al. 2011;
Payne et al. 2004). The Smithian was a time interval
of intense carbon cycle instability, spore-dominated
flora, a thermal climate maximum and a prolonged
negative §"°C excursion (e.g. Goudemand et al. 2019;
Hermann et al. 2011a; Payne et al. 2004; Widmann
et al. 2020; Zhang et al. 2019). The late Smithian
marks the onset of a global positive §°C excur-
sion, which peaks at the Smithian-Spathian bound-
ary (SSB) (Galfetti et al. 2007; Romano et al. 2013).

The SSB definition used here follows Brithwiler et al.
(2010) and is based on ammonoid zones. We are
aware that there is no official definition of the SSB
and other definitions exists (e.g. Zhang et al. 2019).
The origin of this global positive §°C_ excursion is
attributed to global carbon sequestration (Widmann
et al. 2020). The onset of the positive §"°C excursion
in the latest Smithian coincides with the extinction of
marine nektonic organisms (Brayard & Bucher 2015;
Orchard 2007; Stanley 2009), the beginning of a gym-
nosperm recovery (Hermann et al. 2011b), a global
cooling trend (Goudemand et al. 2019; Luz 2022) and
an eustatic sea-level decrease (Embry 1997).

https://doi.org/10.18261/let.57.2.1 Copyright © 2024 Author(s). This is an open access article distributed under the terms of the Creative Commons
CC-BY 4.0 License. Published by Scandinavian University Press on behalf of Lethaia Foundation.
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This study presents a detailed multiproxy approach
investigating the redox condition, nutrient cycling,
sedimentology, and sea level fluctuations to better con-
strain factors influencing organic carbon burial across
the Smithian and Spathian substages. Constraining
factors influencing local organic carbon burial is
a central aspect in gaining a better understanding
of the local carbon cycle perturbation. The studied
Smithian and Spathian sedimentary succession is the
Stensiofjellet section in Central Spitsbergen, which
represents the transition between shelf and open
marine depositional environments of the Panthalassa
Ocean.

Geological Setting

The Lower Triassic sedimentary deposits of the
Svalbard archipelago in Arctic Norway are part of the
Sassendalen Group. In western Spitsbergen, the Lower
Triassic part of the Sassendalen Group is divided into
the Vardebukta and Tvillingodden formations. In cen-
tral and eastern Spitsbergen as well as on Edgegya the
Lower Triassic part of the Sassendalen Group consists
of the Vikinghegda Formation. Across Svalbard a
consistent eastward-deepening trend can be noted for
these Lower Triassic deposits (Mark et al. 1982). The
depositional environment is thought to be a gently
sloping marine ramp deepening stepwise during the
Early to Middle Triassic (Mork et al. 1999; Wignall
et al. 2016). The Vikinghegda Formation of central

Spitsbergen is, therefore, the distal continuation of
the shallow marine deposits of the Vardebukta and
Tvillingodden Formations of western Spitsbergen. It
is subdivided into the Deltadalen, Lusitaniadalen and
Vendomdalen members. In central Spitsbergen the
Vikinghegda Formation is approximately 250 metres
thick (Mork et al. 1999).

The Stensiofjellet study site is located in central
Spitsbergen, on the north side of the Sassendalen
valley (Lat = 78.283058°N; Long = 17.716164°E)
(Fig. 1). The Lusitaniadalen and Vendomdalen mem-
bers outcropping at Stensitfjellet are equivalent to
the Tvillingodden Formation of western Spitsbergen.
The lithology of these members consists of sandy silts
grading into silty shales and black shales. Horizons
of calcareous nodules are found in both members
(Hammer et al. 2019). A hiatus is present throughout
all of Svalbard at the Lusitaniadalen and Vendomdalen
Member boundary and corresponds approximately
to the SSB (Mork et al. 1999; Vigran et al. 2014). The
Stensiofjellet section encompasses the upper part of
the middle Smithian and the entire Spathian sub-
stages and is dated in Hansen et al. (2021), Hansen
et al. (2024) and Leu et al. (2024) (Fig. 2).

Methods

The succession at Stensidfjellet has been sampled
for fossils, shales, and carbonates, and analysed for
their geochemistry and palynology. In this paper the

Fig. 1. A. map of Svalbard showing sections mentioned throughout the manuscript. B, palaecogeographical reconstruction of Pangaea
during the Early Triassic (Vérard 2019). C. Close-up of northern middle and high latitudes with labelled sites.
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Fig. 2. The Stensitfjellet section with formation, member boundaries and Lower Triassic substages following the biostratigraphy of Hansen

et al. (2021, 2024) and Leu et al. (2024). The colour code across the depth scale bar is also used in Figure 4. The §"°C

Bl total organic

carbon (TOC, wt. %), 6"°N, total nitrogen (TN, wt. %) and total phosphorus (P) data are plotted against depth of the section. The grey line

in each diagram represents a 3-point moving average.

Stensiofjellet A (STA) section has been analysed and is
referred to as just Stensi6fjellet throughout the text. For
fossil (e.g. Leu et al. 2024) related research Stensicfjellet
C (STC) was sampled roughly 500 m to the northeast.

Sedimentology and mineralogy

Thin sections of the shale and carbonate intervals
were made at the University of Lausanne for micro-
facies analysis. A Keyence VHX-7000 microscope was
used to make images.

The bulk and clay mineralogical composition were
determined with X-ray powder diffraction (XRD)
using a Thermo Scientific ARL X-TRA Diffractometer.
Samples were crushed and milled with an agate mor-
tar and pestle to a grain size <125 um for bulk rock

analysis. The clay mineralogical samples were not
milled, but gently crushed with a hydraulic press and
prepared according to the protocol of Kiibler (1983).
A semi-quantification was done using external stand-
ards following Adatte et al. (1996) and Kiibler (1983).

Organic geochemistry and palynology

Organic matter was quantified and characterized at
the University of Lausanne on powdered whole rocks
using a Rock-Eval 6. Samples were pulverized using a
handheld drill. The IFP 160000 standard was used to
calibrate all measurements with an instrumental pre-
cision of 2% (Espitalie et al. 1986).

For the analysis of particulate organic matter,
sixty-one samples were cleaned, crushed and weighed
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(15 g on average) and subsequently treated with
concentrated hydrochloric and hydrofluoric acid as
described by Traverse (2007). The residues were sieved
over a 11-um mesh screen. For palynofacies analysis
organic matter particles were counted on unoxidized
slides to a minimum of 250 counts. Particle counts
included the categories of translucent and opaque
phytoclasts (charcoal), but also degraded terrestrial
organic matter (pseudoamorphous particles, some
with angular shape and/or remaining internal struc-
ture). Cuticles, inertinite, membranes, spores and
bisaccate pollen grains, and fungal remains (sensu
Hochuli et al. 1989) were also counted (Batten et al.
1996; Tyson 1995). Aquatic particles include homog-
enized sheets and flakes (sensu Vigran in Merk
et al. 1999), acritarchs (Micrhystridium spp. and
Veryhachium spp.), Leiospheridia spp., Tasmanites
spp.» algal clusters (comparable to the algal colonies
described by Vigran in Merk et al. (1999)), amor-
phous organic matter, and foraminiferal test linings.

Slides are stored in the repository of the
Palaeontological Institute and Museum, University
of Zurich, and are found under PIMUZ A/VI 162 to
PIMUZ A/VI 166.

Elemental composition

Element concentrations were measured on shales.
The bulk rock elemental composition was determined
with both X-ray fluorescence (XRF) spectrometry and
inductively coupled plasma optical emission spec-
trometry (ICP-OES) for cross comparison. A Philips
PW2400 XRF spectrometer was used with Rh-Ka
radiation and a power of 2400 W. The reproduc-
ibility varies between 0.5 and 5% depending on the
element. The accuracy was assessed by means of
standard reference materials (NIM-G; SDC; BHVO;
QLO). For the ICP-OES measurements an aqua regia
(1:3 v:iv 15 M HNO,/12 M HCI) extraction was done
for 2 hours at 110 °C. The extraction was measured
using a Perkin-Elmer Optima 8300. The Chemical
Index of Alteration (CIA) was calculated from ICP-
OES data and corrected for carbonate content follow-
ing McLennan (1993):

CIA = ALO, x 100/ (ALO, + Na,0*+ Na,O + K,0)
(1)

Phosphorus was extracted by MgNO, oxidation at
550 °C for 3 hours following the Aspila et al. (1976)
method. The P concentration was measured on three
analytical replicates using the phosphomolybdate
blue method with a TECAN SPARK multimode
microplate reader (Nagul et al. 2015). Total nitrogen

was measured with a Thermo Finnigan Flash EA 1112
at 900 °C. Analytical precision and accuracy were
determined by replicate analyses and by compari-
son with an organic analytical standard composed
of Cystine and are better than 0.1% (1lo) nitrogen
determinations.

Carbon and nitrogen isotopes

Bulk 6"C_ , and 'O values were measured on shales
using a Gasbench II connected to a Finnigan Delta
Plus XL mass spectrometer according to the method
of Spétl & Vennemann (2003). The samples were run
at 70 °C with 100% orthophosphoric acid to measure
the isotopic composition of all carbonate phases on
CO,. All measurements were calibrated against the
Carrara Marble in-house standard, normalized to the
VPDB-scale with NBS-19.

613C0rg and 6"N values were measured on decar-
bonated samples. Samples were decarbonated using
3 M HCIL. After the residues were rinsed several times
with deionized water and dried in an oven at 45 °C,
the isotope compositions were measured with a Carlo
Erba (CE 1100) elemental analyser (EA) linked to a
ThermoFisher Delta V mass spectrometer. Samples
were reacted at 1050 °C in a stream of He-carrier gas
spiked with oxygen gas. External reproducibility of
internal standards (glycine, pyridine, urea, graphite,
nitrate) was better than 0.15%o and samples were cal-
ibrated against IAEA standards (USGS-24 graphite,
NBS-22 oil).

Results

Sedimentology and mineralogy

The Stensiofjellet section encompasses the upper
part of the Lusitaniadalen Member and the complete
Vendomdalen Member of the Vikinghegda Formation.
The boundary between the Lusitaniadalen and Ven-
domdalen members is marked by a yellow-weathering
dolomitic bed (Fig. 3A).

The Lusitaniadalen Member consists of a light
sandy shale, with a finely laminated texture contain-
ing non-recognizable microfossil material in thin
sections (Fig. 3B). Intercalated carbonate nodule beds
contain ammonoids and bivalves (Hansen et al. 2021;
Hansen et al. 2024). The carbonates commonly have
a laminated texture and are also occasionally biotur-
bated (Fig. 3C). The mineralogical composition of
both shales and carbonates is quartz, feldspar, phyl-
losilicates, calcite, dolomite, and ankerite. A semi-
quantitative analysis reveals an increased amount of
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Fig. 3. A, transition from the Lusitaniadalen to the Vendomdalen
Member at the Stensi6fjellet outcrop with the backpack placed
on the SSB. B, STA 102 P shows the presence of numerous finely
<1 mm thick layered structures. (blue scale: 1 mm). C, STC 4
shows shift from a bioturbated texture to a laminated texture. Thin
section images (blue scale: 1 mm).

ankerite and dolomite in the Lusitaniadalen Member
just below the hiatus (Supplementary Material Fig. 1).

The Vendomdalen Member is composed of fine-
grained dark shale and intercalated carbonate nod-
ule beds. Both shales and carbonate nodule have
a laminated texture similar to the Lusitaniadalen
Member and contain high amounts of pyrite. The
mineralogical compositions of both lithologies in
the Vendomdalen Member are similar to those in the
Lusitaniadalen Member. The semi-quantitative analy-
sis shows an increase in both pyrite and phyllosilicates
and a decrease in feldspar content throughout the

Vendomdalen Member towards the top of the section
(Supplementary Material Fig. 1). Selected samples
analysed for their clay mineralogy from both mem-
bers were found to contain chlorite, illite, and mixed-
layer clays.

RockEval Pyrolysis

Following the modified Van-Krevelen diagram (van
Krevelen & Schuyer 1961) the shales of Stensiofjellet
data plot within the range of Kerogen Type II and
III (Fig. 4 A). As the Hydrogen Index (HI) increases
towards the top of the section, a trend from Type
III to Type II is observed. The TOC content in the
Lusitaniadalen Member is approximately 1 wt.% and
increases to an average of 3 wt.% in the Vendomdalen
Member. The T of all samples has a range between
426 °C and 442 °C. No trends in T__ values are
observed.

Particulate organic matter composition

Particulate organic matter is marked by the pres-
ence of marine particles (homogenized sheets and
flakes, acritarchs, green algae, algal clusters AOM,
and foraminiferal test linings) and terrestrial particles
(phytoclasts, cuticles, inertinite, membranes, spores,
pollen grains, and fungal remains) throughout the
studied succession. The main characteristic of the
particulate organic matter (POM) is the presence of
so-called homogenized sheets and flakes (sensu Vigran
in Mork et al. (1999)). POM from the Lusitaniadalen
Member is marked by marine-terrestrial ratios of
about 50%, whereas in the Vendomdalen Member
the marine fraction increases to about 70%, mainly
due to the higher relative abundance of homogenized
sheets and flakes (supplementary Fig. 2). Leiospheridia
spp. and fungal remains are slightly more abundant
in the Lusitaniadalen Member and show an intermit-
tent ‘abundance peak’ in the uppermost part of the
Lusitaniadalen Member.

Elemental compositions

Titanium (Ti) and aluminium (Al) are regarded as
proxies for detrital mineral input (Fig. 5). Titanium
concentrations are decreasing throughout the sec-
tion from about 150 ppm at the base to just above
50 ppm at the top. Aluminium concentrations are
also decreasing towards the top of the section, with
a higher variability close to the hiatus. The Chemical
Index of Alteration (CIA) is a ratio for quantifying
the degree of chemical weathering (Nesbitt & Young
1982).



6 Franziska R. Blattmann et al.

700} /

w
S
S
[}
~

HI (mg HC/g TOC)

_—
T ——

0 10.0 2.00 360 40.0
Ol (mg CO,/g TOC)

suboxic

10

uboxicranoxic

V:Mo
® 0°

oxic || e e

° ﬂnoxla

0 20 40 60 80 100 120 140 160 180 200
Mo (ppm)
C 390

25—

2.0

15—

815N (%o, Air)

o (o))
10 &b
[o]

0.5

0.0
-35 -30 -25 -20

8"°C_ (%o, VDPB)

org (

Fig. 4. Cross plots with colour coded data points following depth
(see Figure 2). A, modified Van Krevelen Diagram. B, Mo vs V/Mo
biplot following Piper and Calvert (2009) with dark teal squares
in the anoxia field indicating values for the euxinic Black Sea and
Cariaco Basin. C, 513C0,g bt VETSUS 8N plot.

The results show rather variable values between
65 and 80 in the Lusitaniadalen Member and near
the hiatus (Fig. 5). At the base of the Vendomdalen
Member the CIA values are constant at around 75.
Throughout the Vendomdalen Member, there are
some small variations, but starting at 85 m the CIA
values steadily decrease.

Thorium (Th) concentration can be used as a sed-
imentation rate proxy (e.g. Jarochowska et al. 2020).
Th concentrations are variable in the Lusitaniadalen
Member and have a range between 8 and 11.5 ppm
(Fig. 5). In the Vendomdalen Member, Th concentra-
tions average at a constant value of about 11.5 ppm.
Zirconium and rubidium ratio (Zr/Rb) is a proxy used
for determining grainsize with past studies showing
robust results in Triassic of Spitsbergen (Dypvik &
Harris 2001). The consolidated state of the sediment
samples made it impossible to measure grainsize using
more conventional methods. In the Lusitaniadalen
Member the values remain high with an average of 2.4.
In the first 10 m of the Vendomdalen Member values
vary strongly between 1.5 and 2.1. Above 40 m the
values are relatively consistent at around 1.5 (Fig. 5).

To gain a better understanding of changing
redox conditions, the elemental proxies molybde-
num versus vanadium/molybdenum biplot (Mo vs.
V/Mo) (Piper & Calvert 2009) (Fig. 4B), uranium
(U) and uranium normalized to sedimentation rate
(U/Th) (Jones & Manning 1994) (Fig. 5) were used.
The elements Mo, V and U were chosen as our pre-
ferred process tracers, as the poor correlation with
elements such as, Ti and Al (r< £0.25; Supplementary
Material Fig. 3) that are commonly used as direct prox-
ies of terrestrial provenance rather than process trac-
ers. Hence Mo, V, and U appear not to be influenced
by changes in terrestrial inputs. In the Mo vs. V/Mo
biplot (Fig. 4B) large variation between the various
phases of deposition can be recognized. Particularly
between 28 and 46 m (blue interval) around the mem-
ber boundary the samples have low Mo concentrations
and intermediate V/Mo values. The purple interval of
the Lusitaniadalen Member, as well as the green and
yellow interval of the Vendomdalen Member has val-
ues trending towards higher Mo concentrations and
lower V/Mo values. The green and yellow interval has
larger variations. The U and U/Th start with values
of 8 ppm and 0.8 at the base of the section (Fig. 5).
They decrease at the hiatus to U values of 4 ppm and
U/Th of 0.4. Thereafter values of both proxies increase
throughout the Vendomdalen Member to U = 11
ppm and a U/Th ratio of 1.2. Thorium, zirconium,
rubidium and uranium content was measured by XRF
while molybdenum and vanadium were measured
with an ICP-OES.
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To assess nutrient fluctuations, the major nutrients
phosphorus and nitrogen were analysed. Throughout
the Lusitaniadalen Member, phosphorus (P) concen-
trations are constant at around 650 ppm (Fig. 2). At
the top of the member just before the hiatus, the P
concentrations increase to 909 ppm, remaining high
with an average of 896 ppm within the basal 5 m of
the Vendomdalen Member. Thereafter, the P decreases
to approximately 677 ppm. Above 85 m, P content
increases to a higher average, but concentrations are
more heterogeneous. Total nitrogen content (TN)
is below detection limit for most samples within the
Lusitaniadalen Member, with only three samples hav-
ing values of just below 0.1 wt.%. At the hiatus, the val-
ues increase to about 0.1 wt% and continue to increase
throughout the Vendomdalen Member to 0.2 wt%

(Fig. 2).

Carbon and nitrogen isotope compositions

In the Lusitaniadalen Member, the 613COrg values
are rather constant averaging to a value of -33.5%o
up until approximately 29 m (Fig. 2). The 6“C_
values have more variability with a range between
—7%o and -2%o within the Lusitaniadalen Member
(Supplementary Material Fig. 4). At the transi-
tion between the Lusitaniadalen and Vendomdalen
members, the §”°C_  and §"C__ values both change
towards more posmve values ’i)y about 5%o. This
positive excursion begins in the topmost part of the
Lusitaniadalen Member and peaks in the basal part
of the Vendomdalen Member. The §“C_ . peaks at
-28.8%o approximately 3.5 m above the Tiatus. The
8”C_ , peaks at —0.24%o, ca. 2.5 m above the hiatus.
After the positive peak, the §°C_, values are rela-
tively constant at about ~2%o. The 8°C__values grad-
ually decrease to an average value of —32%o between
45 and 86 m. At the top of the section above 86 m, the
613C0rg values increase to —30%o towards the top of the
studied Stensiofjellet section. The measured 6“°C_
values show a different trend to the 6°C_ values.
The 6"°C_, and 6"°C__ do not correlate for ‘the given
section (R2 0.29; Supplementary Material Fig. 4). In
8"”C_ , and 6O cross plots the values plot within a
range of values that are compatible with a meteoric
water and hence diagenetic overprint (Supplementary
Material Fig. 4). 6°C_, and the total inorganic car-
bon content also correlate (Supplementary Material
Fig. 4). Therefore, the 6°C_ , values are influenced by
a later secondary meteoric water overprint and do not
directly correspond to a primary signal that would
allow for a palaeoenvironmental interpretation.

The nitrogen isotope compositions (§'°N) decrease
from values of 2.5%0 to 1.5%o throughout the

Lusitaniadalen Member. In the Vendomdalen Member
O"N values remain constant at an average of 1.2%o
(Fig. 2).

Discussion

Organic matter maturity and composition

Organic matter maturity and composition has been
examined to determine the dominant organic carbon
source. This information is fundamental for under-
standing organic carbon cycling and burial. It is also
essential when using organic based proxies for palae-
oenvironmental interpretations.

The thermal maturity of the Stensitfjellet samples is
constantly low with T__ values between 430 to 440 °C
indicating a maturity at the base of the oil window (bur-
ial temperature < 100 °C). This is further supported by
the palynomorph colour (TAS 4, Batten (1982)) and
the conodont alteration index of 1-1.5 (Epstein et al.
1977; Leu et al. 2024) showing early mature conditions.
This is lower than measured for other Lower Triassic
Spitsbergen sections (Leith et al. 1993; Mork et al.
1999). In southern Sassendalen, the Wallenbergfjellet
section has a high thermal maturity (Hammer et al.
2019). This difference could be linked to less emplace-
ment of Cretaceous sills or greater distance to these sills
in northern Sassendalen compared to other locations
in southern Sassendalen (Hammer et al. 2019).

As the thermal maturity is constant and low,
the organic matter composition at Stensiofjellet
can confidently be interpreted as mixed marine-
terrestrial (predominantly kerogen type III) in the
Lusitaniadalen Member and a more marine organic
matter composition (predominantly kerogen type II)
in the Vendomdalen Member (Fig. 4 A). This inter-
pretation is compatible with decreasing §"°N values in
the Lusitaniadalen Member as well as increasing HI
values and POM composition throughout the entire
section. This transition from largely terrestrial to
more marine organic matter between the two mem-
bers correlates with the increase in TOC (Fig. 2).

Carbon isotope excursion

The global positive 6"°C excursion has frequently
been used as a marker for the SSB. However, there is
inconsistency in the position of the SSB in relation to
the 8"”°C excursion. Some have placed the boundary
at the onset of the positive excursion (Wignall et al.
2016), in the middle (Galfetti et al. 2007), whereas
in other publications the SSB is placed exactly at the
positive peak (Foster et al. 2017; Grasby et al. 2013).
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The interpretation of a bulk §"*C record can also be
tricky due to overriding local effects skewing the
curve.

At Stensiofjellet an approximately 5%o positive
bulk organic carbon isotope excursion (8“C_ )
is present at the member boundary and the SSB
(Fig. 2). This curve resembles the documented
62°C  record from Kongressfjellet, Festningen and
Wallenbergfjellet in Svalbard (Galfetti et al. 2007;
Hansen et al. 2024; Wignall et al. 2016) and other
8"C records documented in the Tethys realm (e.g.
Widmann et al. 2020, and references therein). The
organic matter composition (see discussion in
Organic Matter Maturity and Composition) and the
8"C__ curve do not directly correlate and therefore
the effect of the compositional change in organic
matter is thought to be marginal to the overall change
in the isotopic composition. However, it is likely that
the change in organic matter composition above the
member boundary to more marine-derived organic
matter would also have an influence on the isotopic
values. This would mean that the 6"°C__ values could
have been controlled more closely by g”CDIC values
in the marine waters of the Vendomdalen Member
rather than by the atmospheric CO, isotopic com-
positions taken up by the terrestrial organic mat-
ter in the Lusitaniadalen Member, contributing
towards a more positive 813C0rg value. In addition,
the hiatus at the SBB has also led to a skewed §"°C
curve. Therefore, it cannot unequivocally be used to
identify the placement of the SSB. Ammonoids and
conodonts indicate the SSB to be placed within an
interval of approximately 1.5 m around the member
boundary Hansen et al. (2021, 2024), and Leu et al.
(2024).

Sea level fluctuations

Transgression and regression cycles mark the Triassic
depositional history of the Norwegian Barents Shelf
(Mork et al. 1989; Vigran et al. 2014). In the Triassic
Barents Sea, shelf transgression and regression were
controlled by tectonic subsidence and eustatic sea
level fluctuations (Embry 1988; Glerstad-Clark et al.
2011; Haq 2018). On the continental shelf sea level
fluctuations influence sedimentary working as well
as sediment grainsize and composition. These will in
turn influence organic carbon burial via the increased
potential of remineralization through remobiliza-
tion and organic matter mineral interactions. The
Stensitfjellet section in eastern Central Spitsbergen
is more distal compared to other frequently studied
sites such as the Festningen section due to the east-
ward-deepening trend seen in Lower Triassic deposits

of Svalbard (Grasby et al. 2016a; Hammer et al. 2019;
Mork et al. 1982).

At Stensiofjellet, gradually deeper marine condi-
tions are noted throughout the Smithian and Spathian.
This is seen firstly in the sedimentological change from
a sandy shale in the Lusitaniadalen Member to a silty
shale in the Vendomdalen Member. The change in
grain size is also noted through the stepwise decrease
of Zr/Rb ratios (Fig. 5). The decrease in Ti and Al con-
tents throughout the section also reflects decreasing
detrital, sand-sized mineral inputs with increasing
clay-sized mineral inputs (Fig. 5). The presence of a
Spitsbergen wide hiatus at the SSB (Merk et al. 1999;
Vigran et al. 2014) is in accordance with a sequence
boundary. These changes are similar to those observed
at Ledalen to the southwest (Hansen et al. 2018), as
well as the earlier interpretations of the Vikinghegda
Formation, which is thought to have been deposited
in successively deepening marine basins (Merk et al.
1999). The hiatus at the member boundary observed
throughout Svalbard (Merk et al. 1999; Vigran et al.
2014) is another clear indication for sea level fluctu-
ations influencing sedimentation. It encompasses a
time span of two ammonoid zones, which is equiv-
alent to approximately 250 kyr (Hansen et al. 2021;
Widmann et al. 2020). It remains unclear if the hia-
tus originates due to non-deposition or erosion. It is
plausible that a regression followed by a transgression
occurred during this time interval, defining the hia-
tus. The regression could have originated from an eus-
tatic decrease in sea level due to global cooling in the
latest Smithian (Goudemand et al. 2019; Haq 2018).
The subsequent transgression likely originated from
further tectonic sinking of the basin (Glerstad-Clark
et al. 2011) as well as sea level rise in the Spathian
(Embry 1997).

At Stensiofjellet it is likely that condensed horizons
are present in the succession as indicated by ammo-
noid zones (Hansen et al. 2021, 2024; Leu et al. 2024).
In the sandy shales of the Lusitaniadalen Member, Th
concentrations change with the sedimentation rate
(i.e. a decrease at 20 m) and Zr/Rb ratios change with
grain size (Fig. 5). This suggests a shift from proxi-
mal to distal depositional settings. In a generally more
proximal setting of the Lusitaniadalen Member the
likelihood of sediment reworking, and the presence
of hiatuses or condensed horizons is more marked.
In the Vendomdalen Member, Th values remain high
with a low sedimentation rate. Zr/Rb values decrease
stepwise first around the hiatus and then about 7 m
above this hiatus, supporting deposition of fine-
grained sediments. At the Marmierfjellet section fur-
ther to the west a nodular phosphate-rich bone bed
has been described from the Vendomdalen Member
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(Hansen et al. 2018). This has been interpreted as a
condensed horizon suggesting a maximum transgres-
sion in the middle Spathian. At Stensi6fjellet no such
bone bed or nodular phosphate rich bed has been
found within the Vendomdalen Member. Hiatuses
or condensed beds cannot be excluded or confirmed
based on sedimentological observation or geochemi-
cal data within the Lusitaniadalen and Vendomdalen
members at Stensiofjellet.

The overall deepening trend correlates with a change
in organic matter type, TOC increase and decrease in
grain size (see discussion in Organic Matter Maturity
and Composition). It can be hypothesized that these
components are interlinked and that sea level fluctu-
ations are to some extent controlling organic carbon
burial. In the Lusitaniadalen Member the decrease in
allochthonous terrestrial organic matter is likely due
to an increasing distance to the source because of the
overall transgression. The Vendomdalen Member
contains high TOC values and is composed of a fine-
grained lithology deposited in a distal continental
shelf environment. Studies on modern sediments
show that organic matter is frequently associated with
fine-grained mineral particles via absorption referred
to as organic matter-mineral interactions (Keil et al.
1994; Mayer 1993, 1994). Modern, organic carbon
rich marine sediments are commonly mud banks
consisting of fine-grained mineral particles located
in offshore continental shelf regions (Bianchi et al.
2018). Indeed, organic matter-mineral interactions
are shown to play a role in stabilizing organic mat-
ter even in the geological past (Kennedy et al. 2014;
Kennedy et al. 2002; Kennedy & Wagner 2011). The
observations of this study correlate with those of
modern environments pointing towards the possi-
ble role organic matter-mineral interactions played
in preserving organic carbon in the Lower Triassic
deposits of Stensiofjellet.

Oxic and anoxic conditions

The oxygenation conditions of the ocean in the Early
Triassic and especially across the SSB have been a
central topic of research (e.g. Grasby et al. 2013; Tian
et al. 2014; Wignall et al. 2016). As the degradation
of organic matter varies strongly between aerobic and
anaerobic conditions, it is pivotal to the preservation
of organic matter and therefore carbon sequestra-
tion (Demaison & Moore 1980). At Stensiofjellet, the
darker shales give a coherently higher TOC content
for the Vendomdalen Member. This change brings
up many questions, including if local redox con-
ditions might have played a role in organic carbon
sequestration.

In the first 28 m of the Lusitaniadalen Member,
high U concentrations as well as the scatterplot of Mo
vs. V/Mo (purple phase) are compatible with suboxic
or anoxic conditions (Fig. 4B). Hansen et al. (2018)
has argued for oxic conditions in the Lusitaniadalen
Member in Ledalen, Wallenbergfjellet, and the
Stensiofjellet sections in Central Spitsbergen, based
on handheld XRF measurements of the redox-sensi-
tive elements including U, V, and Mo. The difference
between this study and results of Hansen et al. (2018)
is likely due to the sensitivity of the redox proxies used
and their redox potential. In Arctic Canada Grasby
et al. (2013) noted increasingly anoxic and euxinic
conditions during the Middle and Late Smithian, time
equivalent to the deposition of the Lusitaniadalen
Member.

At Stensiofjellet, approximately at the member
boundary (28-59 m depth), encompassing the upper
Smithian and lower Spathian, all geochemical redox
proxies are pointing towards more oxygenated con-
ditions. This aligns with the work of Hansen et al.
(2018) on Central Spitsbergen sections. It could be
hypothesized that the oxygenated conditions are
linked to sea level fluctuations at the member bound-
ary and SSB. These oxygenated conditions would not
explain the increase in TOC measured at the base of
the Vendomdalen Member. The presence of oxygen-
ated conditions at the SSB contrasts with Wignall et al.
(2016) where euxinic conditions were reported during
this time interval for the Festningen and Vindodden
sections in Spitsbergen. In Arctic Canada, an increase
in oxygenated conditions has been noted across the
SSB and in the lower Spathian, but still dysoxic condi-
tions are thought to have prevailed (Grasby et al. 2013).

In the Vendomdalen Member above 59 m an
increase in anoxia, possibly even reaching euxinia, is
indicated by all redox proxies (Figs 4B, 5). It is, how-
ever, unclear when exactly and at what rate anoxia
was established as U content and U/Th ratios indicate
increasingly anoxic conditions at lower stratigraphic
levels than Mo and V. The Mo vs. V/Mo biplot values
from the Vendomdalen Member (green and yellow
phase) also show larger redox variations (Fig. 4B).
Hansen et al. (2018) also observed an increase in
anoxia towards the top of the Vendomdalen Member,
but noted differences between sections of Central
Spitsbergen, where the Wallenbergfjellet sections
indicate anoxic conditions closer to the SSB compared
to Stensiofjellet sections. The increase in anoxia and
intermittent euxinia is observed in many Spathian
successions across Svalbard (Grasby et al. 2020;
Hammer et al. 2019; Krajewski 2013; Wesenlund et al.
2022; Wignall et al. 2016) and in the middle to upper
Spathian of Arctic Canada (Grasby et al. 2013).
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When comparing organic matter content with
redox-sensitive element trends no clear correla-
tion can be observed (Figs 2, 4C, 5). This includes
the suboxic to anoxic conditions and low TOC lev-
els in the Lusitaniadalen Member as well as the high
TOC values and oxic conditions in the first 20 m of
the Vendomdalen Member. Therefore, the change in
organic carbon sequestration cannot exclusively be
contributed to fluctuations in the measured redox
conditions of this Smithian and Spathian succession.

Marine nutrient availability

Marine nutrient availability and therefore marine pri-
mary productivity during the Early Triassic are still
hotly debated. Some have suggested high post-PTB
marine primary productivity (e.g. Meyer et al. 2011;
Schobben et al. 2020; Schobben et al. 2015) while
others have argued for low marine primary produc-
tivity throughout the entire Early Triassic (e.g. Grasby
et al. 2016b; Grasby et al. 2020; Knies et al. 2022;
Miiller et al. 2022; Winguth et al. 2015). Grasby et al.
(2016b) and Grasby et al. (2020) have even suggested
the presence of a ‘nutrient gap and thus suggested a
bioproductivity crisis throughout the Early Triassic.
Understanding marine nutrient cycling and its influ-
ence on marine primary productivity is of key impor-
tance due to its control of the biological carbon pump.
The biological carbon pump is the flux of organic car-
bon (OC) from the surface ocean to the deep sea and
is an essential part of the carbon cycle (Volk & Hoffert
1985).

At Stensiofjellet an increase in both total nitrogen
(TN) and total phosphorus (TP) occurs at the mem-
ber boundary (Fig. 2). This increase has not been
observed in past studies on more proximal sections
such as Festningen in western Spitsbergen (Grasby
et al. 2020). At Stensidfjellet TN remains constant
throughout the Vendomdalen Member. The N iso-
topic values only indicate a change in organic mat-
ter composition to more marine organic matter (see
Organic Matter Maturity and Composition). The TP
values increase particularly at the base and top of the
Vendomdalen Member (Fig. 2). Phosphorus content
in sediments is influenced by multiple factors such
as sedimentation rate, redox conditions, and TP con-
tent in the water column, as well as the diagenetic
conditions (Ruttenberg 2003). No parallels are seen
between TP content and sedimentation rate esti-
mated from Th concentrations (Fig. 5). Therefore, it
is thought to be unlikely that fluctuations of TP are
exclusively determined by a change in sedimenta-
tion rate. Parallels are, however, noted between TP
and redox proxies (Figs 4C, 5). In the Vendomdalen

Member as anoxia increases above 45 m (Figs 4C and
5), P content decreases (Fig. 2). Anoxia in the water
column and at the sediment water interface would
inhibit P remineralization and thus would allow it to
be released and recycled within the water column (e.g.
Van Cappellen & Ingall 1994; Van Cappellen & Ingall
1996) affecting the nutrient flux to the epipelagic
marine environment. It is possible that this increase in
TP and TN has not been recognized in other SSB sec-
tions (Grasby et al. 2020) due to the closer proximity
to the shoreline leading to a longer hiatus at the SSB or
to variable local conditions. In the overlying Middle
Triassic Botneheia Formation TP content is known to
increase substantially (Wesenlund et al. 2022).

In the Smithian and Spathian the increase in TP
and TN content is possibly caused by a shift in marine
nutrient cycling linked to an increased nutrient flux
to the epipelagic marine environment during the
Smithian-Spathian transition and hence an increase
in the bioproductivity and export of organic carbon
to the sediment. As such this increase in buried TOC
at the SSB in the presence of oxic water conditions
must be related to an increase in primary produc-
tivity. High rates of primary productivity could also
have had an influence on increasing anoxic conditions
towards the top of the Vendomdalen Member, which
in turn would have inhibit P remineralization in the
sediment allowing it to be released and recycled back
into the water column maintaining high level of pri-
mary productivity and explaining the lower TP values
of the middle Spathian.

We hypothesize that the phosphorus and nitrogen
nutrient source is more likely to be of continental
origin, rather than exclusively of a marine, upwelling
origin, for example. This is based on: (1) the pal-
aeogeographical situation, where a gently sloping
ramp (Mork et al. 1999) is an unlikely location for
upwelling; (2) the carbon and nitrogen isotope cross
plot that does not show an upwelling signal (low §"*C
values; Fig. 4 C); and (3) Al content and CIA values
support an increased influx of weathered continental
material in continental weathering around the mem-
ber boundary, which could have influenced a nutrient
flux to the marine system.

Conclusions

This study presents a detailed multiproxy approach
to understand local to regional palaeoenvironmental
variability and its influence on sedimentary organic
carbon sequestration from the middle Smithian to
the late Spathian in northern Sassendalen, Central
Spitsbergen. The following can be concluded:
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1. The increase of TP and TN concentrations at the SSB
point to a shift in local marine nutrient cycling, which
likely led to an increase in local marine primary pro-
ductivity. An increase in marine primary productiv-
ity related to a higher terrestrial nutrient influx of P
and N, led to changes in the biological carbon pump
increasing organic carbon burial, which is observed
in increasing TOC values in the Spathian. The change
in TP throughout the section is, in part, likely also
linked to changing bottom water redox conditions
observed in redox sensitive element concentrations.

2. All geochemical redox proxies indicate dysoxic
to anoxic conditions in the middle Smithian and
increasing anoxia in the middle and late Spathian.
Oxic conditions are present at the SSB. The middle
Smithian marine bottom water anoxic conditions
have however no obvious correlation to sedimen-
tary organic carbon sequestration. In the middle
and late Spathian increasing anoxia and high TOC
values imply that anoxia likely had an influence on
sedimentary organic carbon sequestration.

3. The correlation between an increase in TOC and
increased abundance of fine-grained mineral com-
ponents in the Vendomdalen Member implies
that organic matter mineral interaction played
a role in the preservation of organic matter and
likely increasing organic carbon sequestration.
This aligns with findings from studies on modern
organic matter rich sediments and black shales
from the geological past (cf. Kennedy et al. 2002).

4. The organic matter composition at Stensiofjellet
shows a low thermal maturity throughout the
section, unlike other locations in Spitsbergen
(Hammer et al. 2019; Leith et al. 1993). As such
this section is suited for further organic geochemi-
cal studies to gain deeper insights into organic car-
bon cycling during the Smithian and Spathian.
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