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Abstract
The Triassic Boreal Ocean was a shallow epicontinental basin and the sink of the 
World's largest delta plain known to date. Nutrient and freshwater supply from 
this delta have been regarded as important causes for high productivity and water 
mass stratification, forming Middle Triassic oil-prone source rocks. Recent studies 
attribute upwelling and a productivity-induced oxygen minimum zone as impor-
tant factors. A multi-elemental chemostratigraphic study of a Spathian–Carnian 
mudstone succession exposed in eastern Svalbard was performed to investigate 
their formation. This includes 89 samples from three localities, from which 34 
elements were acquired using combustion and X-ray fluorescence analyses. The 
goal is to provide a correlation framework and infer the role of productivity, redox 
and water mass restriction on organic matter accumulation and source rock for-
mation. These processes had major impact on the source potential. The Spathian 
Vendomdalen Member suggests deposition during intermittent benthic euxinia 
and low productivity, corresponding with a reported deep thermocline that ob-
structed upwelling. The lower Anisian lower–middle Muen Member shows neg-
ligible enrichment in redox-sensitive elements but in situ phosphate nodules, 
consistent with developing upwelling and moderate productivity. The middle 
Anisian upper Muen Member formed during high productivity and phosphogen-
esis and is linked with basin-wide upwelling. Productivity, phosphate and redox 
proxies are all strongly enriched in the upper Anisian–Ladinian Blanknuten 
Member. In the south-western Barents Sea, the pro-deltaic environment of the 
emerging Triassic Boreal Ocean delta system had terminated these conditions. 
The upper Ladinian upper Blanknuten Member formed within intermittent eux-
inic bottom waters due to the shallowing sea level. The Carnian Tschermakfjellet 
Formation marks the dominance of the prograding delta system and the end of 
Triassic oil-prone source rock formation in Svalbard.
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1   |   INTRODUCTION

To identify organic-rich mudstones with source rock 
potential and elucidate their constituent organic facies 
types is a principal task in any petroleum system analysis 
(Magoon & Dow, 1994). The depositional environment is 
considered a primary control on organic facies type and 
abundance, and thus ultimately influences the organic 
composition of source rocks and their resulting gener-
ation potential (England & Mackenzie, 1989; Tissot & 
Welte, 1984; Tyson, 1995). Elevated primary productivity 
(Pedersen & Calvert, 1990), oxygen depletion and organic 
matter (OM) preservation (Demaison & Moore, 1980) and 
sedimentation rate affecting OM concentration by dilution 
or condensation (Creaney & Passey, 1993) are considered 
the most influential on OM accumulation and source rock 
formation (Bohacs et al., 2005; Katz, 2005). These pro-
cesses form complex feedback loops, and it is challenging 
to determine if oxygen deficiency was caused by intense 
primary productivity demanding the available oxygen in 
the water mass, or whether the physiographic conditions 
in the basin resulted in water mass restriction and limited 
bottom water oxygenation (Katz, 2005).

Marine mudstones are commonly enriched in elements 
that change oxidation state and solubility depending on 
the benthic palaeoredox conditions (Calvert & Pedersen, 
2007; Jones & Manning, 1994; Morford & Emerson, 1999; 
Tribovillard et al., 2006). Some elements may also precip-
itate in the sediments by decaying necromass and provide 
nutrients (Goldberg & Arrhenius, 1958; Schoepfer et al., 
2015; Zhao et al., 2016). Marine mudstones may there-
fore represent element sinks that reflect palaeoredox 
and palaeoproductivity conditions in a basin (Ferriday 
& Montenari, 2016). The recognition of unique elemen-
tal assemblages and the application of elemental chemo-
stratigraphy have proven useful to characterise mudstone 
successions and discern internal boundaries (Eisenberg 
& Harris, 1995; Qin et al., 1985). The technique has suc-
cessfully been applied to investigate climate fluctuations 

(Grabowski et al., 2021), weathering and erosion rates 
(Ramirez-Montoya et al., 2021), changing palaeoredox 
conditions (Hammer et al., 2019), primary palaeoproduc-
tivity (Borchers et al., 2005), ancient water mass chemis-
try (Algeo & Maynard, 2008) and sequence stratigraphic 
development of fine-grained successions (LaGrange et al., 
2020; Thöle et al., 2019).

The fine granularity of mudstones often hampers sed-
imentological characterisation in outcrops (Potter et al., 
2005). Thin sections or high-quality cores provide the best 
opportunities to investigate mudstones and to recognise 
both sedimentary and organic facies variations (Percy 
& Pedersen, 2020; Zuchuat et al., 2020). However, mud-
stone successions are rarely cored during wellsite opera-
tions and source rock studies are thus commonly based 
on drill cuttings (Mansour et al., 2020; Rosenberg et al., 
2021; Silva et al., 2017). While drilling mud contamination 
may pose a serious issue for organic geochemical charac-
terisation of cuttings (Sanei et al., 2020), its influence on 
the elemental assemblage is generally negligible (Craigie, 
2018). Elemental studies of drill cuttings have been shown 
to be highly useful in mapping chemostratigraphic zones 
(Craigie, 2015; Wright et al., 2010) and for multilateral 
well steering of shale plays (Hildred, 2012; Hildred et al., 
2011; Zhang et al., 2019).

Elemental chemostratigraphy is not without limita-
tions. For instance, it has been shown that Mo–TOC (total 
organic carbon) correlations decrease with increasing ma-
turity (Ardakani et al., 2016). Elements originally hosted 
by source rocks are found in migrated oils (Lewan, 1984). 
Furthermore, whole-rock analysis do not separate between 
authigenic and detrital elements, which can cause unreliable 
data for assessing palaeoenvironmental processes (Xu et al., 
2012). Hydrothermal sources and post-depositional dissolu-
tion resulting in remigration of trace elements should also 
be considered (Tribovillard et al., 2006). Consequently, ele-
mental chemostratigraphic studies should ideally be com-
bined with sedimentological, petrographic, biostratigraphic 
and organic geochemical data when available, and further 

K E Y W O R D S

Barents Sea, elemental chemostratigraphy, source rocks, Triassic black shales

F I G U R E  1   (A) Regional map of the Norwegian Barents Sea. The red rectangle marks the study area. The black circles denote fields, 
discoveries or localities described in the text. The red pentagon marks the Teistberget locality from which NGS SR-1 was sampled. Modified 
from the Norwegian Petroleum Directorate (2017). (B) Geological map showing the NW part of Edgeøya with the Blanknuten (77°59'43.1"N, 
21°11'44.1"E), Skrukkefjellet W (78°09'42.1"N, 21°12'51.1"E) and Skrukkefjellet NW (78°10'10.3"N, 21°18'01.8"E) localities marked. Modified 
from Dallmann and Elvevold (2015). (C) Correlation panel of the Upper Permian to Lower Cretaceous succession from the Finnmark 
Platform in the south to eastern Svalbard in the north. Note the diachronous, lateral facies relationship between the Lower–Middle Triassic 
Steinkobbe Formation and Middle Triassic Botneheia Formation, younging from south to north. Modified from the Norwegian Petroleum 
Directorate (2017)
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anchored to the lithostratigraphic framework of the particu-
lar study area (Craigie, 2018).

This paper presents a high-resolution, multi-elemental 
and multivariate chemostratigraphic study of a Triassic 

(Spathian–Carnian) composite mudstone succession 
exposed in eastern Svalbard, Arctic Norway (Figure 1). 
Previous studies have demonstrated that the succession 
has highly variable source rock potential, containing 
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both organic-lean, gas-prone source rocks (dominated 
by kerogen type III) and organic-rich, oil-prone source 
rocks (dominated by kerogen type II) (Abay et al., 2018; 
Krajewski, 2013; Lutz et al., 2021; Mørk & Bjorøy, 1984; 
Mørk et al., 1999). The succession includes the organic-
rich mudstones of the renowned Botneheia Formation 
(Anisian–Ladinian), which is considered a diachro-
nous onshore counterpart to the Steinkobbe Formation 
(Spathian–Anisian) in the offshore basins south of Svalbard 
(Lundschien et al., 2014). These genetically related and 
organic-rich mudstones are considered important source 
rock units throughout the Norwegian Barents Shelf (Abay 
et al., 2018; Krajewski, 2013; Lerch et al., 2016a, 2016b, 
2017, 2018; Norwegian Petroleum Directorate, 2017). 
Collectively, these two formations accumulated in a basin 
floor setting in front of a large north-westward prograd-
ing delta, here termed the Triassic Boreal Ocean (TBO) 
delta system (Figure 2). These formations thus exhibit a 
diachronous relationship, younging from the south-east 
to the north-west across the Barents Shelf. Recent studies 
have suggested that the associated delta plain may have 
been the World's largest (Klausen et al., 2019), causing a 
large influx of fresh water and terrestrial OM into the ma-
rine basin (Paterson et al., 2016, 2017).

At least three models have been discussed for the dep-
ositional conditions of the Botneheia Formation. Leith 
et al. (1993) argue that a potential land mass termed 
Crockerland north of Arctic Canada (Embry, 1993) could 
form an enclosed basin setting that promoted benthic 
water mass restriction, allowing marine OM to be pre-
served during moderate productivity. Høy and Lundschien 
(2011) and Vigran et al. (2008) considered water mass 
stratification and high surface productivity promoted by 
river-supplied, nutrient-rich fresh water as the primary 
mechanisms for elevated OM production and anoxic–
dysoxic benthic conditions. Krajewski (2008, 2013) sug-
gested organic productivity and oxygen depletion to be a 
product of intense upwelling caused by favourable atmo-
spheric circulation (Parrish & Curtis, 1982), resulting in 
widespread phosphogenesis and the development of an 
oxygen minimum zone (OMZ). Clearly, a complete under-
standing of the processes that controlled the fluctuating 
redox conditions and primary production intensities in 
the basin are still lacking. By integrating whole-rock X-ray 
fluorescence (XRF) data with TOC, total inorganic car-
bon (TIC) and total sulphur (TS) geochemistry, as well as 
sedimentological descriptions, this study provides a novel 
approach to investigate changes in these depositional con-
ditions in front of the TBO delta system.

The main objectives of this paper are thus to:

1.	 Characterise the chemostratigraphic development of 
the Spathian–Carnian mudstone-dominated succession 

in eastern Svalbard using major, minor and trace 
elements.

2.	 Test whether the recognised chemostratigraphic units 
reflect the previously assigned lithostratigraphic sub-
division of the succession (cf. Krajewski, 2008, 2013; 
Wesenlund et al., 2021).

3.	 Apply and compare elemental proxies to understand 
fluctuations in palaeoproductivity and palaeoredox 
conditions, variations in water mass restriction and 
non-biogenic vs. biogenic sedimentation and evaluate 
their influence on regional source rock quality, rich-
ness and distribution.

2   |   GEOLOGICAL SETTING

This study focusses on a Lower–Upper Triassic organic-
rich mudstone succession in eastern Svalbard and in-
cludes the Vendomdalen Member (Spathian) of the 
Vikinghøgda Formation (Lower Triassic), the Botneheia 
Formation (Anisian–Ladinian), and the lower part of the 
Tschermakfjellet Formation (Carnian) (Figure 1). The 
succession accumulated in an epicontinental embayment 
on the north-western margin of Pangea here referred to 
as the TBO (Figure 2). The embayment faced the deep 
Panthalassic Ocean to the north and landmasses to the 
east–south-east (i.e. Novaya Zemlya and the northern 
margin of the Baltic Shield) and to the west–north-west 
(i.e. Greenland) (Glørstad-Clark et al., 2010; Mørk et al., 
1982; Sømme et al., 2018). The northern Barents shelf, in-
cluding Svalbard, was part of a platform representing the 
central part of the embayment, acting as a site for mud 
deposition throughout major parts of the Triassic (Eide 
et al., 2018; Klausen et al., 2015; Riis et al., 2008). Despite 
the fact that there is evidence of local fault activity and 
structurally controlled provenance shifts (Anell et al., 
2013, 2016; Gilmullina et al., 2021; Muller et al., 2019; 
Ogata et al., 2018), the platform was overall tectonically 
stable throughout the Triassic (Faleide et al., 1984; Riis 
et al., 2008). Following the Uralian orogeny, the south-
eastern region of the Barents Shelf saw the arrival of the 
large, north-westward-prograding TBO delta system in 
Early Triassic times (Figure 2), eventually prograding 
across Svalbard during the Late Triassic (Glørstad-Clark 
et al., 2010; Klausen et al., 2019; Riis et al., 2008).

The mudstones of the Lower Triassic Vikinghøgda 
Formation were deposited in storm-influenced, shal-
low marine to shelf conditions and locally intercalate 
with deltaic sandstone wedges that built eastward into 
the basin across a gently sloping ramp (Figure 2) (Mørk 
et al., 1999; Wignall et al., 2016). This study pertains only 
to the Spathian Vendomdalen Member of this forma-
tion, which consists of dark, organic-rich silty mudstones 
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deposited in a moderately deep and distal shelf setting 
below wave base (Mørk et al., 1999). The benthic con-
ditions were suboxic to euxinic (Hammer et al., 2019; 

Hansen et al., 2018; Mørk et al., 1999; Vigran et al., 2014; 
Wignall et al., 2016; Xu et al., 2012). The Vendomdalen 
Member shows mainly kerogen type II/III and TOC up to 

F I G U R E  2   Spathian–early Carnian Triassic palaeogeography of the Barents Shelf including generalised facies distributions. DB, 
Danmarkshavn Basin; KCL, Kronprins Christian Land; WSB, Wandel Sea Basin; TBO, Triassic Boreal Ocean. (A) During the Spathian, eastern 
Svalbard was dominated by distal muds, testifying to a basinal setting and deposition of the organic-rich and silty Vendomdalen member 
mudstones, whereas north-eastern Greenland acted as a source area for deltaic sandstone wedges along the western basin margin. (B) The early 
Anisian saw shelf conditions that resulted in deposition of the lower–middle Muen Member in Svalbard. The middle–late Anisian demarcates 
the onset of basin-wide upwelling and phosphogenesis (not shown). (C) The Ladinian records a maximum flooding event, resulting in further 
deepening of the basin and widespread deposition of organic-rich mud in northern Barents Sea. In the south, pro-deltaic deposits of the Snadd 
Formation (Tschermakfjellet Formation facies equivalent) had reached the Svalis Dome (Figure 1A). (D) The early Carnian shows further 
progradation of the TBO delta system. The pro-deltaic Tschermakfjellet Formation muds of the TBO delta system eventually blanket the 
underlying Botneheia Formation in Svalbard. Palaeodepositional maps modified from Bjerager et al. (2019), based on Eide et al. (2018), Glørstad-
Clark et al. (2010, 2011), Klausen et al. (2015), Krajewski (2013), Lundschien et al. (2014), Riis et al. (2008), Wesenlund et al. (2021)
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6 wt% (Bjorøy et al., 2009; Krajewski, 2013; Mørk et al., 
1999). An in situ oil-filled hollow-chambered ammonoid 
(Svalbardiceras spitzbergensis) outcropping in this mem-
ber in Central Spitsbergen proves its oil generation po-
tential (Pedersen et al., 2020). The age-equivalent lower 
Steinkobbe Formation (Spathian) in the southern Barents 
Sea is considered the principal source rock for the Wisting 
discovery (Lerch et al., 2018), displaying kerogen types II 
and II/III with TOC up to 9  wt% in the immature shal-
low stratigraphic well cores in the Svalis Dome area (Abay 
et al., 2018; Mørk & Elvebakk, 1999).

A circum-Arctic flooding event of early Anisian age 
marks the base of the overlying Middle Triassic Botneheia 
Formation (Gilmullina et al., 2021; Mørk et al., 1989). 
The Botneheia Formation consists of the Muen Member 
(Anisian) in its lower part, and the Blanknuten Member 
(Anisian–Ladinian) in its upper part. The upper part of the 
Muen Member indicates the onset of regional phospho-
genesis and abundant matrix-filled phosphatic mudstones 
that continue into the overlying and characteristic cliff-
forming Blanknuten Member (Krajewski, 2008). These 
phosphate-bearing mudstones are by far the richest source 
rock units of the region, dominated by kerogen type II and 
TOC up to 12 wt% (Krajewski, 2013; Mørk & Bjorøy, 1984; 
Wesenlund et al., 2021). These mudstones were deposited 
in a deep shelf environment influenced by upwelling of 
nutrient-rich water from the Panthalassic Ocean during a 
transgressive to highstand phase (Figure 2B) (Krajewski, 
2013). Fluvial runoff from the TBO delta system is also 
considered a significant nutrient source and driver for 
organic-rich shale formation (Høy & Lundschien, 2011; 
Vigran et al., 2008). The oil generation potential of these 
source rocks is shown by interbedded bitumen-stained 
siltstones (Schou et al., 1984), and the discovery of yet 

another in situ oil filled hollow-chambered Ladinian 
ammonoid (Aristoptychites trochleaeformis) (Smelror & 
Sollid, 2007).

The boundary between the Blanknuten Member 
(Botneheia Formation) and the overlying Tschermakfjellet 
Formation represents the onset of an early Carnian 
regional flooding event (Vigran et al., 2014). The 
Tschermakfjellet Formation exhibits a large-scale coars-
ening and shallowing upward trend and thus represents 
the pro-deltaic, lateral distal part of the overlying delta 
front to delta plain succession of the Upper Triassic De 
Geerdalen (Svalbard) and Snadd (Barents Sea) formations 
(Klausen et al., 2015; Lord et al., 2017; Mørk et al., 1982). 
Collectively, these units are part of the large TBO delta sys-
tem that prograded from the Uralides across the Barents 
Shelf eventually reaching Svalbard in Late Triassic times 
(Klausen et al., 2019). The Tschermakfjellet Formation 
mudstones show dominantly gas-prone (type III) kerogen 
and TOC =1–3 wt% (Abay et al., 2018; Krajewski, 2013; 
Mørk & Bjorøy, 1984; Mueller et al., 2014).

3   |   MATERIALS AND METHODS

3.1  |  Field work

The Blanknuten, Skrukkefjellet W and Skrukkefjellet 
NW localities (Figure 1B) were previously investigated 
by Wesenlund et al. (2021, their figure 1b) in the coastal 
exposures of north-western Edgeøya and forms the basis 
of the lithostratigraphic logs, facies classification and 
sample set used in this study. In the Blanknuten local-
ity, a ca 120 m thick vertical section was logged and sam-
pled, covering the upper ca 40  m of the Vendomdalen 

Stratigraphic unit

Locality

Blanknuten Skrukkefjellet W
Skrukkefjellet 
NW

Vendomdalen Member 20 0 0

Lower-middle Muen 
Member

16 0 0

Upper Muen Member 5 0 0

Lower Blanknuten 
Member

7 0 1

Middle Blanknuten 
Member

12 0 9

Upper Blanknuten 
Member

6 1 5

Tschermakfjellet 
Formation

1 4 2

Sum: 67 5 17

T A B L E  1   The investigated localities 
and number of samples for each 
stratigraphic unit. The study localities 
are shown in Figure 1B. See the 
supplementary material for the samples 
deriving from Wesenlund et al. (2021)
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Member (Vikinghøgda Formation), the entire Botneheia 
Formation and the lowermost few metres of the overlying 
Tschermakfjellet Formation. See Table 1 for an overview 
of the sample set. At the Skrukkefjellet W locality, only 
the upper part of the Blanknuten Member (Botneheia 
Formation) and the lower ca 20 m of the Tschermakfjellet 
Formation were logged and sampled. At the Skrukkefjellet 
NW locality, the sample profile starts immediately below 
the base of the middle Blanknuten Member and termi-
nates within the first few metres of the Tschermakfjellet 
Formation. Collectively, the three sections form a strati-
graphically complete composite profile that sufficiently 
covers the Spathian to lower Carnian succession (i.e. the 
Vendomdalen Member of the Vikinghøgda Formation, 
the entire Botneheia Formation and the lower part of the 
Tschermakfjellet Formation). The lithostratigraphic units 
and their respective boundaries are recognised at all the 
investigated localities and are thus correlated with high 
confidence (Figure 3). At each logged section, bed thick-
ness, lithology, sedimentary structures, fabric, trace fos-
sils and diagenetic features (e.g. phosphate nodules) were 
noted. During sampling, several decimetre-deep pits were 
dug to acquire in situ rock material and minimise contam-
ination from weathering or recent OM. Additional photo-
graphs of the investigated localities including the defined 
lithostratigraphic units and their boundaries are provided 
in Wesenlund et al. (2021).

3.2  |  Sample set and preparation

Of the 89 samples included in this study, 64 samples with 
TOC–TIC–TS data acquired from LECO analysis were 
collected from Wesenlund et al. (2021). The remaining 
25  samples were introduced in this study and includes 
the Vendomdalen Member (Vikinghøgda Formation, 
Blanknuten locality, 20  samples), the upper Blanknuten 
Member (Botneheia Formation, Skrukkefjellet W local-
ity, one sample) and the Tschermakfjellet Formation 
(Skrukkefjellet W locality, four samples). These samples 
were subjected to LECO analysis to determine TOC, TIC 
and TS content using the same procedures described in 
Wesenlund et al. (2021). Note that the samples from the 
Skrukkefjellet W in Wesenlund et al. (2021) were not in-
cluded in this study. A complete overview of the geochem-
ical data introduced in this study and those obtained from 
Wesenlund et al. (2021) is available in Appendix S2.

Wesenlund et al. (2021) describe the following sam-
ple preparation procedures: the samples were rinsed and 
scrubbed in temperate, running water. Weathering skin, 
contemporary organic matter and/or abundant calcite 
veins were removed from the samples. The samples were 
dried at <30°C overnight. An effort was made to remove 

macroscopic phosphate nodules to promote comparable 
samples of mainly mudstone matrix composition. An 
agate mortar and pestle were used to crush the mudstone 
fragments to gravel size. Then 1 dl of the remaining gravel-
sized sample material was milled using a Retsch PM 100 
with agate chamber and agate milling balls set at 450 rpm 
for 10 min, resulting in a homogenised, fine rock powder.

3.3  |  X-ray fluorescence

The X-ray fluorescence (XRF) analyses in this study were 
performed on the same pulverised and homogenised sam-
ple set originally prepared by Wesenlund et al. (2021). The 
pressed pellets used for the XRF analyses were prepared in 
the following way: 2.4 ± 0.005 g of Fluxana Cereox binder 
was inserted into a sample glass. Then 9.6 ± 0.005 g pul-
verised rock sample was added. The binder and sample 
were mixed and homogenised using a Heidolph Reax top 
vortex mixer for 2 min at 1750 rpm, later transferred and 
evenly distributed into a Vaneox 40 mm pressing die, then 
pressed at 20  t using a Vaneox 25-ton automatic press, 
yielding a press pellet ready for analysis.

The major, minor and trace element measurements 
were analysed using a Bruker S8  Tiger wavelength dis-
persive X-ray fluorescence (WDXRF) spectrometer in 
vacuum mode utilising four crystals (XS-55, PET, LiF200 
and LiF220) and an OEG95LT rhodium X-ray tube. The 
collimator was set at 0.23°, and the sample mask diameter 
was 34 mm. The energy calibration for the major elements 
Si, Al, K, Ca, Mg, Na, P and Se was done by the standard-
less semi-quantitative Bruker Spectraplus software (Quant 
Express) package using the ‘best detection’ method with 
run duration of ca 18 min/sample. The energy calibration 
for the major, minor and trace elements Sc, Ti, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Mo, Sn, Sb, 
Cs, Ba, La, Ce, Pb, Th and U was done by the quantitative 
Bruker Spectraplus software (Geo Quant T) package using 
a run time of ca 38  min/sample and automatic matrix 
correction.

To check for analytical accuracy, the Norwegian 
Geochemical Standard Svalbard Rock – 1 (NGS SR-1), 
a mudstone standard maintained by the Norwegian 
Petroleum Directorate (NPD) and described by Dahlgren 
et al. (1998), was analysed and compared with its origi-
nal data sheet (Table 2). Additionally, the TOC–TIC–TS 
values for the NGS SR-1 used in this study were col-
lected from Dahlgren et al. (1998). No shale standards 
were utilised in the XRF energy calibration. The XRF 
results in this study should thus be regarded as specific 
to the methods above and semi-quantitative. However, 
the analytical precision was considered good and suffi-
cient for chemostratigraphic purposes, as TS from LECO 
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analysis and S from XRF analysis yielded a very strong 
linear correlation for the entire sample set (least squares 
linear regression without intercept: S  =  0.4905  ×  TS, 
R2 = 97.5%).

The detection of the elements Sn and Sb, both with a 
typical lower limit of detection = 2 ppm, was unsatisfac-
tory and are not included in this study. Semi-quantitative 
determination of Se was considered unreliable; however, 
Se was detected in 26 of 89  samples, where 25 of these 
26  samples represent the Blanknuten Member. Certain 
samples yielded unquantifiable U (one sample), Th (one 
sample), Mo (five samples) and Co (13 samples). To create 
a complete data matrix for multivariate analysis, the un-
quantified U, Th, Mo and Co values for these samples were 
set to 0 ppm as the lower limit of detection was typically 
1–2  ppm for all these elements. Oxide–element conver-
sions were carried out using a multiplication factor—that 
is the molecular weight ratio of element/oxide—for the 
raw data initially presented as oxides by the Spectraplus 
software solution.

3.4  |  Enrichment factors

All element enrichment factors (EFs) in this study were 
calculated using the following equation (Tribovillard et al., 
2006): EFelement X  =  (Xsample/Alsample)/(Xstandard/Alstandard), 
where ‘X’ is the element of interest and ‘standard’ is a 
representative reference material. In this study, the EFs 
for all elements except As were calculated using the post-
Archean Australian shale (PAAS) (Taylor & McLennan, 
1985) as the standard. The EF for As was calculated using 
the As value from the ‘average shale’ from Wedepohl 
(2004) and the Al value from the PAAS since As was not 
determined for the PAAS in Taylor and McLennan (1985). 
The above normalisation equation using an average shale 
standard is a common approach to compare elemental 
proxies related to depositional processes of mudstones and 
ideally corrects for dilution by e.g. biogenic carbonates, 
silica or organic carbon (Algeo & Li, 2020; Tribovillard 
et al., 2006). Correlations between EFs could occur due to 

the normalisation process itself (Van der Weijden, 2002); 
however, strongly correlated EFs are considered here to 
dominantly represent associated depositional processes 
(see Section 5 for discussion).

3.5  |  Degree of pyritisation using total Fe

Degree of pyritisation using total Fe (DOPT) is a pal-
aeoredox proxy and was calculated using the follow-
ing equation (Algeo & Li, 2020, their equation 2): 
DOPT = TS × (55.85/64.12)/Fe, where ‘TS’ and ‘Fe’ rep-
resents total sulphur from LECO analysis and total iron 
from XRF analysis respectively, while the coefficient 
55.85/64.12 is the molecular weight ratio of Fe/TS in py-
rite (FeS2). This is opposed to distinguishing pyritic Fe and 
acid soluble Fe that is necessary to determine ‘true’ DOP 
(Raiswell et al., 1988). Thus, DOPT may include minor 
non-pyrite sulphur and/or silicate-bound Fe, and it is nec-
essary to calibrate DOPT to DOP on a formation-specific 
basis if DOPT is used as a proxy for DOP (Algeo & Li, 
2020). However, as DOPT and DOP correlate strongly, the 
variations in DOPT still provide robust criteria to evalu-
ate palaeoredox fluctuations (Algeo & Liu, 2020; Algeo & 
Maynard, 2004).

3.6  |  Multivariate analysis

This study applies Pearson correlation coefficients (PCCs), 
PCA (principal component analysis) and HCA (hierarchi-
cal cluster analysis) for the multivariate analyses. Three 
samples (BLA2-18–49, BLA2-18–65 and SKØ2-18–11, see 
Appendix S2) were anomalously rich in TIC or P, and were 
discarded prior to the PCC, PCA and HCA analyses, but 
were otherwise included in this study. The PCC analysis, 
PCA and HCA preprocessing and settings were thus car-
ried out on an 87 (samples) by 35 (variables) data matrix 
(including the NGS SR-1). Prior to the HCA and PCA, the 
parameters were rescaled in between [0,1] using min–
max normalisation. The statistical analysis was performed 

F I G U R E  3   (A) Overview of the investigated lithostratigraphic units in outcrop view. Photograph taken from Freemansundet (see Figure 
1B) looking south into the coastal exposure of the Skrukkefjellet mountain. Note the slightly more reddish hue in the Vendomdalen Member 
(Vikinghøgda Formation) compared to the Blanknuten Member (Botneheia Formation). The coloured circles are used to distinguish the 
stratigraphic units in this paper. (B) Overview of the boundary between the Vendomdalen and Muen members in the Blanknuten locality, 
corresponding to the VenMb–MueMb boundary in the text. Note the change in slope dip directly at the siltstone bed (yellow arrow) within 
the uppermost Vendomdalen Member. Two persons are highlighted with white boxes for scale. (C) Close-up photograph showing the 
weathering expression of the Vendomdalen Member mudstones. The marker pen is 14 cm. (D) Overview of the sample site of the uppermost 
Vendomdalen Member and lowermost Muen Member samples, with the VenMb–MueMb boundary marked with dashed white line. The 
siltstone bed is the same as the one highlighted in (B). (E) Single exposure indoor photograph of dry mudstone samples retrieved from the 
sample sites shown in (D). Note the distinct change in shale brightness from darker to lighter comparing the Vendomdalen Member (below) 
with the Muen Member (above)
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using Python and the open-source scikit-learn, pandas, 
seaborn, numpy and matplotlib software libraries bundled 
with the Anaconda Data Science Platform (Anaconda, 
2020). Details on script availability are given in Section 7, 
and the script contains all the statistical methods used in 
this study.

4   |   RESULTS

4.1  |  Facies description and stratigraphic 
distribution

Based on the physical appearance of the studied mud-
stones, Wesenlund et al. (2021) recognised and defined four 
dominant mudstone facies in the Botneheia Formation 
and the lowermost Tschermakfjellet Formation (facies 
F1–F4, summarised in Table 3). This study introduces a 
fifth facies (here referred to as F0; Table 3), restricted to 
the underlying Spathian Vendomdalen Member. Some of 
the facies are recurrent and occur in multiple stratigraphic 
units, whereas others are unique to specific stratigraphic 
units (see Table 3 and Figures 3A,B and 4). A brief facies 
description for F0 is given below.

Facies 0 (F0). This facies consists of cliff-forming, lam-
inated, dark brown silty mudstones (Figures 3E and 4A) 
and is exclusive to the Vendomdalen Member in the upper 
part of the Vikinghøgda Formation. Lamination planes 
are smooth, straight and parallel to sub-parallel, whereas 
fragments are brittle and angular, and appear both flaky 
and platy in outcrop exposures. Burrows were not ob-
served in the investigated section. F0 has a reddish weath-
ering hue and exhibits clear fissility parallel to the bedding 
plane (Figure 3A,C). Macroscopic weathered pyrite nod-
ules were observed. Phosphate nodules were recorded in 
only one horizon.

While facies transitions within mudstones may gen-
erally be difficult to discern in outcrops, the investigated 
succession exhibits some abrupt and clearly visible ver-
tical facies transitions, which demarcate regional litho-
stratigraphic boundaries (Figure 3). The transition from 
the cliff-forming facies F0 (unique to the Vendomdalen 
Member) upwards into F1 (characterised by gentle 
slopes), represent the regional boundary between the 
Vendomdalen Member of the Vikinghøgda Formation 
and the lower–middle Muen Member of the Botneheia 
Formation (referred to as the ‘VenMb-MueMb’ boundary 
throughout this paper). In addition, the vertical tran-
sition from the cliff-forming facies F4 (unique to the 
upper Blanknuten Member) abruptly back to F1  marks 
the regional boundary between the Botneheia and 
Tschermakfjellet formations (referred to as the ‘BlaMb-
TschFm’ boundary).

4.2  |  Elemental chemostratigraphy

Appendix S1 shows the geochemical logs of the weight 
concentrations and EFs for all elements in this study, 
highlighting the defined facies and associated lithostrati-
graphic units (Figure 3, Table 3). This lithostratigraphic 
subdivision is supported by recent organic geochemical 
investigations (Wesenlund et al., 2021) and linked with 
the Middle Triassic informal stratigraphic units from 
Krajewski (2008, 2013). Appendices B and C provide the 
tabulated data and descriptive statistics (minimum, mean, 

F I G U R E  4   Single exposure outdoor photograph of dry 
mudstone fragments representing the recognised mudstone 
facies within the various lithostratigraphic units (characteristics 
summarised in Table 3). The colour-coding is the same as in Figure 
3A. (A) F0, Vendomdalen Member (B) F1, lower–middle Muen 
Member (C) F2, upper Muen Member (D) F2, lower Blanknuten 
Member (E) F3, middle Blanknuten Member (F) F4, upper 
Blanknuten Member (G) F1, Tschermakfjellet Formation (H) F1, 
Tschermakfjellet Formation. Note the contrasts in brightness, clast 
angularity and lamination. (4A through H) and (4F) are from the 
Blanknuten and Skrukkefjellet W localities respectively
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standard deviation [SD] and maximum), respectively, for 
each parameter grouped by stratigraphic unit.

4.2.1  |  Pearson correlation coefficient

The PCC matrix provides a full overview of the linear 
correlations between all weight concentrations (Figure 

5A) and element EFs (Figure 5B). Aluminium (%) cor-
relates strongly with the weight concentrations of the 
conservative lithogenic elements Ga, K, Ti, Rb, Zr, Nb 
and Th (PCC >79%, Figure 5A). Calcium, Sr, Ba, TIC 
and P correlate positively with each other and up to 90% 
PCC, but negatively with Al, indicating that Al (%) is 
dominantly hosted within the non-biogenic mineral 
fraction.

F I G U R E  5   Pearson correlation coefficient (PCC) matrix, showing the linear correlation between all the variables used in this study. 
Three samples with anomalous TIC or P content were not included in this analysis (see Section 3.6). (A) PCCs for TOC, TIC, TS, DOPT and 
element weight concentrations. (B) PCCs for TOC, TIC, TS, DOPT and element EFs
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4.2.2  |  Hierarchical cluster analysis

The hierarchical cluster analysis (HCA) of the TOC, TIC, 
TS, DOPT and all EFs are presented in Figure 6. The analy-
sis resulted in three main elemental EF clusters (EFCs) 
(Table 4) and seven main stratigraphic clusters (SCs) 
(Table 5). Surprisingly, The NGS SR-1 correlates best with 
the Vendomdalen Member and not the currently assigned 
Botneheia Formation.

4.2.3  |  Principal component analysis

A biplot of PC1 (principal component 1) vs PC2 (principal 
component 2) is shown in Figure 7. PC1 and PC2 account 
for 59.78% of the total variance and clearly demonstrate that 
the assigned stratigraphic units form groups that correlate 
well with the stratigraphic clusters from the HCA (compare 
Figures 6 and 7). Likewise, EFs of Na, Mo, Fe, Pb and Co 
group together and are captured by the PC2, which correlates 

F I G U R E  6   Hierarchical cluster analysis (HCA) of TOC, TIC, TS, DOPT and element EFs. Columns and rows represent variables and 
observations respectively, and each column is scaled to [0,1]. The element EF clusters 1 to 3 (EFC1–EFC3) and stratigraphic clusters 1 to 7 (SC1–
SC7) are described in Tables 4 and 5 respectively. Three samples with anomalous TIC or P content were not included in this analysis (see Section 3.6)
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with EFC3 (Figure 6, Table 4). Correlations between the load-
ings on PC1 and EFC2 are also evident (compare Figures 6 
and 7). The Tschermakfjellet Formation in the PCA displays 
a bipartite grouping as expressed by SC2 and SC4 in the HCA 
(compare Figures 6 and 7). As with the HCA, the PCA shows 
that the NGS SR-1 correlates best with the F0 mudstones of 
the Vendomdalen Member (Figures 6 and 7).

The stratigraphic distribution of the PC1, PC2 and PC3 
(principal component 3) scores and the loadings are shown 
in Figure 8. In PC1, all samples from the Vendomdalen 
and lower–middle Muen members show similar, negative 
scores. The onset of the upper Muen Member from level 
ca 75  m (Figure 8) up to the BlaMb–TschFm boundary 
mark a prominent positive ‘bow-shaped’ excursion with 
maximum PC1 scores in the middle Blanknuten Member. 
A steep, negative trend across the BlaMb–TschFm bound-
ary results in negative PC1 scores for all Tschermakfjellet 
Formation samples. PC2  scores show a positive incline 
within the Vendomdalen Member but is abruptly termi-
nated at the VenMb–MueMb boundary. This marks the 
onset of a second positive incline arguably interrupted at 
the BlaMb–TschFm boundary. PC3 shows a small, positive 
excursion across the VenMb–MueMb boundary, while the 
BlaMb–TschFm boundary denotes a steep negative incline 
and a prominent geochemical transition with positive 
loadings for EFs of Nb, Zr, Ti and Mg (Figure 8).

4.2.4  |  Summarised chemostratigraphic 
log panel

A chemostratigraphic log panel including 10 features 
with substantial loadings on PC1, PC2 or PC3 is included 
(Figure 9). Chemostratigraphic logs of TS, TIC, DOPT and 
the remaining element EFs and weight concentrations are 
available in Appendix S1. The EFs of Si, Ba and P show log 
trends equivalent to the PC1 log (compare Figures 8 and 
9). These EFs show no enrichment in either the Spathian 
Vendomdalen Member (Vikinghøgda Formation, facies 
F0), the Anisian lower–middle Muen Member (Botneheia 
Formation, facies F1) or the Carnian Tschermakfjellet 
Formation (facies F1), but capture a ‘bow trend’ in the 
phosphogenic upper Muen and the entire Blanknuten 
members (Botneheia Formation) with consistently high 

values in its middle part (Figure 8). The TOC and Cr-EF 
trends are strongly coupled with each other and the vari-
ables above (Figures 5, 6, 7 and 9) but display a negative 
and positive excursion across the VenMb–MueMb bound-
ary respectively. The U-EF shows strong positive loadings 
for PC1 and slight positive loadings for PC2 (Figure 8). In 
contrast, Mo-EF has the strongest loading on PC2 and a 
slight negative loading on PC1 (Figure 8).

The Mo-EF log clearly records the negative geochem-
ical discontinuity at the VenMb–MueMb and BlaMb–
TschFm boundaries (Figure 9) and an overall positive 
incline within the Botneheia Formation, consistent with 
the PC2  log (Figure 8). The Co-EF log resembles that 
of the Mo-EF, but in contrast, it shows a positive excur-
sion across the BlaMb–TschFm boundary with equiva-
lent values in the Vendomdalen Member (Facies F0) and 
Tschermakfjellet Formation (facies F1; Figure 9). The Na-
EF log demonstrates a clear negative excursion directly 
at the VenMb–MueMb boundary and is generally con-
stant through all the stratigraphic units in the Botneheia 
Formation except the upper Blanknuten Member (F2/
F4  mudstones). The BlaMb–TschFm boundary marks 
a Na-EF reversal into the lowermost Tschermakfjellet 
Formation (Figure 9). Three samples in the lowermost 
part of this unit show an elemental assemblage compara-
ble to the Botneheia Formation (SC4, Figure 6), contrast-
ing its younger samples (SC2, Figure 6). These two SCs 
show a bipartite division in the PCA analysis (Figure 7).

The Ti-EF log records the strongest loading on PC3 
(Figure 8) and shows a minor positive excursion at the 
VenMb–MueMb boundary and a slight negative bow shape 
in the Botneheia Formation with maximum values in the 
upper Blanknuten Member (Facies F4). A negative Ti-EF 
incline takes place across the BlaMb–TschFm boundary 
(Figure 9), as confirmed in the PC3 log (Figure 8).

5   |   DISCUSSION

5.1  |  Chemostratigraphic rationale

The unsupervised multivariate analyses of the elemental 
EFs clearly demonstrate that the various mudstone facies 
and their associated stratigraphic units are recognised 

Enrichment 
factor cluster Parameters

EFC1 Ga-EF, Rb-EF, Cs-EF, Th-EF, Mg-EF, K-EF, Ti-EF and Nb-EF

EFC2 TOC, TIC, TS, DOPT, As-EF, V-EF, Zn-EF, U-EF, P-EF, Y-EF, Si-
EF, Ca-EF, Sr-EF, Sc-EF, La-EF, Ce-EF, Ba-EF, Cr-EF, Ni-EF, 
Cu-EF, Mn-EF and Zr-EF

EFC3 Mo-EF, Fe-EF, Na-EF, Co-EF and Pb-EF

T A B L E  4   Defined enrichment factor 
clusters based on correlating parameters
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via distinct HCA clusters and PCA groups (Figures 6, 7 
and 8). Wesenlund et al. (2021) reported that the various 
(informal) subunits of the Botneheia Formation (i.e. at 
intra-member scale) show discernable TOC, TIC, TS and 
bitumen variations related to facies variations and kerogen 
quality and richness, which further agree with previously 
published geochemical and Rock-Eval data (Krajewski, 
2008, 2013). This indicates that the bulk of the element 
EFs are genetically related to inferred palaeodepositional 
processes that affect organic composition and hence 
source rock formation. Furthermore, most geochemical 
logs (Figure 8 and Appendix S1) clearly record the verti-
cal facies transitions that marks the VenMb–MueMb and 
BlaMb–TschFm stratigraphic boundaries, demonstrating 
that they also represent regional geochemical boundaries. 
Previous studies have assigned these surfaces to the early 
Anisian and early Carnian flooding events, respectively, 
and have shown that they delimit a circum-Arctic Middle 
Triassic 2nd order transgressive–regressive sequence 
(Mørk et al., 1989). The included parameters and their 
excursions are therefore highly relevant as palaeoenvi-
ronmental proxies and are useful to identify regional se-
quence stratigraphic boundaries.

It is evident that the lower–middle Muen Member 
F1 and the Vendomdalen Member F0  mudstones are 
geochemically dissimilar (Figures 6, 7 and 8). The NGS 
SR-1 (Dahlgren et al., 1998), typically assigned to the 
Anisian Muen Member of the Botneheia Formation 
(Brekke et al., 2014; Lutz et al., 2021) and its strong 
correlation with the Spathian Vendomdalen Member 
F0 mudstones (Figures 6 and 7) is unfitting and must be 
investigated. No biostratigraphic age has been assigned 
to the NGS SR-1 as it was unsuitable for palynological 
studies (Dahlgren et al., 1998). Isolated kerogen from 
the NGS SR-1  shows δ13C  =  −33.0‰ (Dahlgren et al., 
1998), very similar to δ13C values of TOC from the upper 
Vendomdalen Member mudstones in central Spitsbergen 
(min. δ13C = −32.9‰) (Hammer et al., 2019, their figure 
4). In both western Spitsbergen and the Sverdrup Basin, 
δ13C of TOC from Spathian mudstones are commonly 
lower than Anisian mudstones and the latter are never 
lower than −32.0‰ (Grasby et al., 2016, 2020). It was 
specifically noted that phosphate nodules were not ob-
served in the sample locality of the NGS SR-1 (Dahlgren 
et al., 1998). Phosphate nodules are generally absent in 
the Vendomdalen Member but common in the Muen 

F I G U R E  7   Biplot of the principal components 1 (PC1) and 2 (PC2) derived from PCA analysis of TOC, TIC, TS, DOPT and element EFs. 
The axes represent the values for the loadings, while the scores are scaled by the largest range in each PC. Three samples with anomalous 
TIC or P content were not included in this analysis (see Section 3.6)
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F I G U R E  8   Sedimentary log and combined plots showing the PC1, PC2 and PC3 loadings on top and the corresponding stratigraphic 
distribution of PC1, PC2 and PC3 scores below. Note the positive bow shape in the Botneheia Formation (PC1) and the prominent 
discontinuities at the VenMb–MueMb boundary (PC2) and the BlaMb–TschFm boundary (PC3). Three samples with anomalous TIC or P 
content were not included in this analysis (see Section 3.6)
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F I G U R E  9   Representative log panels of selected geochemical variables with strong loadings (Figure 8), showing the geochemical 
development throughout the Spathian–Carnian mudstone succession. (A) TOC and element EFs. (B) Element weight concentrations
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Member throughout Svalbard (Vigran et al., 2014). 
Consequently, it is suggested that the NGS SR-1 was in 
fact sampled from the Vendomdalen Member, implying 
that cluster SC3 (which includes the NGS SR-1) only 
represents this stratigraphic unit (Figure 6).

5.2  |  Primary productivity

The rate of primary productivity in the water column dur-
ing time of deposition is a fundamental factor controlling 

the organic richness of mudstones (Bohacs et al., 2005; 
Katz, 2005). The degree of palaeoproductivity may be 
assessed using detrital-corrected P, Si and Ba (e.g. EFs) 
as proxies (Algeo et al., 2011; Eggimann et al., 1980). 
Biogenic carbonate enrichment is also a commonly used 
proxy and may be indirectly estimated using the TIC 
content and detrital-corrected Ca and Sr (Niebuhr, 2005; 
Song et al., 2014). In addition, EFs or concentrations of 
Cu and Ni are useful proxies for the organic matter flux 
or productivity, assuming sufficiently reducing conditions 
(Tribovillard et al., 2006). However, as Cu and Ni may also 

F I G U R E  1 0   Logs of Mo/TOC, Mo/U and synthetic spectral gamma ray response calculated from K, Th and U compared with the 
lithostratigraphic division
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be concentrated in clay minerals, heavy minerals and car-
bonates (Craigie, 2018), their enrichment may have vari-
able detrital influence.

The TIC content and EFs of P, Si, Ba, Ca and Sr are 
overall low within the Vendomdalen Member F0  mud-
stones (Figures 8 and 9, Appendix S1), indicating lim-
ited primary productivity in eastern Svalbard during the 
Spathian. A prolonged Early Triassic period with regional 
nutrient limitation caused by a lowered nutricline may 
have occurred along the northern margin of Pangea and 
within the TBO (Grasby et al., 2016, 2020). The depressed 
nutricline and limited P could be a result of high ocean 
temperatures caused by global hothouse conditions during 
the Early Triassic (Grasby et al., 2016; Sun et al., 2012).

The transition from the Vendomdalen Member F0 mud-
stones to the lower–middle Muen Member F1 mudstones 
and the associated negative geochemical excursion cor-
respond roughly to the Spathian–Anisian boundary 
(Krajewski, 2008; Weitschat & Lehmann, 1983), although 
this formation boundary is erosional and diachronous 

throughout Svalbard (Hounslow et al., 2008a, 2008b). The 
phosphate nodules within these F1  mudstones indicate 
elevated primary productivity and phosphorite formation 
due to upwelling of nutrient-rich marine waters (Filippelli, 
2011), although not sufficient to substantially increase the 
phosphate cement in the mudstone matrix (Figure 9) or to 
form an OMZ (Krajewski, 2008, 2013). This coincides with 
deposition during cooler, more nutrient-rich waters that 
initiated increased productivity during Middle Triassic 
times (Grasby et al., 2016, 2020). The small increase in TIC 
but limited Si-, P- and Ba-EFs directly above the VenMb–
MueMb boundary suggest that the carbonate cement (i.e. 
TIC) primarily formed in concert with elevated bicarbon-
ate alkalinity in the sediments due to increased microbial 
oxidation (Taylor & Macquaker, 2014).

The facies change upwards into the upper Muen/lower 
Blanknuten Member F2  mudstones (Figure 4) marks 
an abrupt increase in element EFs associated with PC1 
and includes the productivity proxies TIC and EFs of Si, 
P, Ba, Ni and Cu (Figures 8 and 9). These F2 mudstones 

F I G U R E  1 1   Cross plot of TOC (%) vs Mo (ppm). The dashed lines are collected from Algeo and Lyons (2006) and represent linear 
regression trends of TOC and Mo content in modern basins with variable water mass restriction, where the Saanich Inlet is least restricted, 
and the Black Sea the most restricted. The bulk data from the Blanknuten Member mudstones correlate with a Black Sea water mass 
restriction type but see Section 5.4 for discussion on possible misinterpretation
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therefore mark the onset and development of matrix-
supported phosphogenesis, reflecting enhanced upwelling 
of nutritious deep marine water and elevated productivity 
(Krajewski, 2008, 2013). The productivity proxies above 
provide valid criteria to chemostratigraphically distin-
guish these F2 mudstones from the underlying F1 mud-
stones (Figures 6 through 9).

The persistently high enrichment in TIC, TOC and EFs 
of Si, Ba, P, Ni and Cu in the middle Blanknuten Member 
F3 mudstones indicates deposition during periods with the 
most intense and prolonged primary productivity of all the 
studied facies types. The increased enrichment in the geo-
chemical nutrient trinity Si-EF, P-EF and TOC is common 
for major marine phosphorite deposits (Kolodny, 2009). The 
elevated Si-EF in these F3 mudstones probably reflects the 
abundant radiolarian moulds reported in these mudstones 
(Bernhardsen, 2019; Krajewski, 2013). Conversely, the 
overall depleted Al (%) and Ti (%) (Figure 9B) and the con-
servative lithogenic elements K, Ga, Rb, Nb, Th (Appendix 
S1) in these F3 mudstones (Figure 9B) indicate low detrital 
input during the early Ladinian. These proxies thus coin-
cide with former work that considered the F3 mudstones to 
represent deposition during a highstand phase, including 

the maximum flooding surface of the Middle Triassic 2nd 
order TR-sequence (Krajewski, 2008, 2013).

The relative decrease in all the EFs above except TIC 
in the upper Blanknuten Formation F2/F4  mudstones 
suggests that primary productivity generally decreased 
with the onset of the regressive phase in the late Ladinian. 
The serrated nature of the TOC, Si-EF and Ba-EF logs in 
these F2/F4 mudstones may correspond with short bursts 
of intense productivity related to algal blooms (Krajewski, 
2013; Vigran et al., 2008). The TIC probably represents the 
abundant micro-coquina shell deposits previously reported 
within this unit (Mørk & Bromley, 2008). However, due 
to the possibly reworked nature of this stratigraphic unit 
and reported mass mortality events of juvenile bivalves 
(Krajewski, 2008, 2013; Mørk & Bromley, 2008), the TIC 
content does not necessarily reflect the productivity rate.

The strong correlation between the EFs of the rare 
earth elements (REEs) Sc, Y, La and Ce with P-EF (Figures 
4 through 8) shows that the P-rich mudstones (F2–F4) are 
the most important hosts for REEs. Indeed, REEs are typi-
cally scavenged from the sea water during authigenic phos-
phate formation (Tribovillard et al., 2006). Furthermore, 
carbonate fluorapatite is by far the dominant phosphate 

F I G U R E  1 2   Cross plot of U-EF vs Mo-EF. The particulate shuttle field, unrestricted marine field and the diagonal solid line 
representing modern-day seawater U/Mo ratio = 3.1 (wt/wt) are taken from Tribovillard et al. (2012) and based on Algeo and Tribovillard 
(2009). The dotted diagonal lines represent multiples of 0.3 and 3
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mineral in the Botneheia Formation (Krajewski, 2008). As 
the mineral lattice of carbonate fluorapatite is compatible 
with REEs (Jarvis et al., 1994), it appears that the enrich-
ment in REEs is directly tied to the abundance of carbon-
ate fluorapatite.

The Tschermakfjellet Formation F1 mudstones record 
a termination of all the productivity proxies above. This 
demarcates that upwelling-induced nutrient supply and 
phosphogenesis ceased in the early Carnian in eastern 
Svalbard.

5.3  |  Palaeoredox regimes

Degradation of organic matter by scavengers and bacte-
ria in aerobic conditions is relatively quick and efficient, 
resulting in oxidised and less lipid-rich OM (Demaison & 
Moore, 1980). In contrast, decomposition under anaerobic 
conditions, which is mostly due to bacterial activity, is less 
efficient and typically results in increasingly reduced (i.e. 
more C-H bonds) and lipid-rich OM with increased oil 
potential (Demaison & Moore, 1980). The benthic redox 
conditions are therefore closely tied to the preservation 
potential of reactive OM. In this study, the palaeoredox 
conditions for the defined mudstone facies (F0–F4) are 
reconstructed using TOC, TS, DOPT and EFs of the redox-
sensitive elements V, Cr, Fe, Co, Zn, As, Mo, Pb and U 
(Algeo & Li, 2020; Algeo & Liu, 2020; Algeo & Maynard, 
2004; Tribovillard et al., 2006).

The planar lamination, weathered pyrite nodules 
and lack of bioturbation suggest impeded benthic oxy-
gen supply as the Vendomdalen Member F0  mudstones 
were deposited. These mudstones show an affinity for 
sulphide-related redox proxies (EFs of Co, Fe, Mo, Pb, As) 
as demonstrated by the EFC3 (Figure 6) and PC2 (Figures 
7 and 8), indicating that they were deposited during 
sulphate-reducing conditions. The Mo content for these 
F0 mudstones (mean 71 ± 46 ppm, SD) in combination 
with DOP values of the Vendomdalen Member (mean 
0.43  ±  0.07, SD) from Krajewski (2013) further indicate 
frequent and intermittent euxinia (Scott & Lyons, 2012). 
This corroborates with Spathian euxinia reported in west-
ern and central Spitsbergen (Grasby et al., 2020; Hammer 
et al., 2019; Wignall et al., 2016; Xu et al., 2012) and Arctic 
Canada (Grasby et al., 2013, 2016). Upper Olenekian—
presumably Spathian—mudstones on the New Siberian 
Islands are similar to the mudstones of the Spathian 
Vikinghøgda Formation in eastern Svalbard (Pčelina & 
Korčinskaja, 2008), further supporting a synchronous, re-
gional Spathian anoxic event along the northern Pangea 
margin. As discussed by Grasby et al. (2016), this was 
possibly triggered by high ocean temperatures caused by 
the Early Triassic hothouse setting (Sun et al., 2012). On 

Edgeøya, this resulted in prolonged periods with depleted 
oxygen conditions favourable for extensive OM preserva-
tion (Figure 9).

The abrupt decline in the redox-sensitive element EFs 
(V, Fe, Co, Ni, Cu, As, Mo, Pb and U), TOC and TS in 
the Anisian lower–middle Muen Member F1 mudstones 
strongly indicates that the Spathian benthic euxinia on 
Edgeøya did not continue into the Anisian (Figure 8). 
Previously reported Chondrites and Helminthopsis trace 
fossils and OM–apatite–pyrite relationships in these 
F1  mudstones suggest oxygenated and hospitable sea 
floor conditions as they were deposited (Krajewski, 2013; 
Wesenlund et al., 2021). This contrasts Vigran et al. (2014) 
and Lundschien et al. (2014), who considered the entire 
Muen Member on Edgeøya to represent mudstones depos-
ited during restricted and dominantly benthic anoxic con-
ditions. The Cr-EF remains the only redox-sensitive proxy 
with a positive excursion across the VenMb–MueMb 
boundary (Figure 9). Interestingly, Algeo and Maynard 
(2004, their figure 6a) show that euxinic conditions may 
result in Cr depletion relative to anoxic (non-sulphidic) 
conditions at equal TOC values. Thus, the positive Cr-EF 
excursion directly above the VenMb–MueMb boundary 
is consistent with a change from euxinic to oxic/dysoxic 
benthic conditions. However, Cr enrichment is reported 
to be strongly affected by the land-derived clastic fraction 
and/or be enriched in carbonate fluorapatite (Tribovillard 
et al., 2006). The observed Cr-EF excursion could thus be 
unrelated to palaeoredox variations (Figure 9).

The upper Muen Member F2 mudstones up to the middle 
Blanknuten Member F3 mudstones mark a strong positive 
trend in EFs of Cr, Zn, V, As, U, but also TOC, TS and DOPT 
(Figures 6 through 9). This is also captured convincingly by 
PC1 (Figure 8) and the DOP curve from Krajewski (2013, 
their figure 21). This indicates that the F2 mudstones of the 
upper Muen/lower Blanknuten members were deposited 
in less oxic (dysoxic) conditions compared to the underly-
ing F1 mudstones of the lower–middle Muen Member. The 
overall high enrichment in the redox-sensitive elements 
in the middle Blanknuten Member F3  mudstones above 
thus implies that this facies was deposited during greater 
oxygen depletion, probably triggered by excessive benthic 
oxygen demand. This agrees well with Krajewski (2008, 
2013), who interpreted the facies development within the 
lower–middle Muen Member to the middle Blanknuten 
Member interval to indicate deposition under progressively 
increasing primary productivity and OM sedimentation, ul-
timately forming a widespread OMZ.

The transition into the upper Blanknuten Member F2/
F4  mudstones shows variable but overall decreasing con-
centrations in TOC, TS and EFs of U, Cr, V, indicating 
deposition during more oxic conditions relative to the un-
derlying F3 mudstones. Abundant Thalassinoides burrows 
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within these mudstones show that the O2–H2S boundary 
must have been frequently below the sediment–water inter-
face during deposition (Krajewski, 2013; Mørk & Bromley, 
2008). However, this does not explain the increase in Mo-EF 
in these F2/F4 mudstones, which in fact suggests euxinic 
conditions (Figure 9). This contrasts with Krajewski (2013), 
who only considered the middle Blanknuten Member to dis-
play benthic euxinia within the entire Botneheia Formation.

The cessation of the EFs of U and Mo (and TOC) 
across the BlaMb–TschFm boundary marks the onset 
of the well-ventilated, oxic Tschermakfjellet Formation 
F1  mudstones. This formation is overall poor in pyrite 
but is enriched in siderite cement and siderite nodules 
(Krajewski, 2013; Mørk et al., 1982). The elevated Co-EF 
(Figure 9) appears thus to reflect the siderophile properties 
of this element rather than reduced oxygen conditions.

5.4  |  Water mass restriction

The relationship between U, Mo and TOC (Figure 9) en-
richment in mudstones and the ratios Mo/U and Mo/TOC 

(Figures 10 and 11) are used to evaluate restricted vs. un-
restricted benthic water masses in modern and ancient ba-
sins (Algeo & Lyons, 2006; Algeo & Maynard, 2008; Algeo 
& Rowe, 2012; Algeo & Tribovillard, 2009; Tribovillard 
et al., 2012). Uranium is primarily enriched under sub-
oxic or less oxygen-rich conditions (i.e. in reducing con-
ditions without the requirement of free H2S) and is only 
scavenged within the sediment (Algeo & Maynard, 2004; 
Algeo & Tribovillard, 2009). However, in non-sulphidic 
anoxic conditions, U strongly correlates with TOC, exem-
plifying that U enrichment is not necessarily proportional 
to redox potential (Algeo & Maynard, 2004).

Similarly, Mo can be scavenged at or below the sea 
floor but requires the presence of H2S (Helz et al., 1996, 
2011). Strong Mo enrichment relative to U (i.e. 3–10 times 
greater than seawater Mo/U weight/weight concentra-
tions) relies on active Mn-Fe redox cycling that effectively 
‘pumps’ Mo into the sediments, and is most efficient 
when the O2–H2S boundary frequently fluctuates above 
and within the sediment–water interface (Tribovillard 
et al., 2012). Furthermore, while the Mo/TOC ratio is a 
commonly used water mass restriction proxy, it cannot 

F I G U R E  1 3   Flowchart of the three primary factors controlling source rock development and their relative influence on the Spathian–
Carnian source rock potential in Svalbard. Grey text represents combinations that are generally not met by the studied units. Feedback loops 
are not considered. Based on Isaksen and Bohacs (1995); Katz (2005, their figure 1)
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be applied to unrestricted upwelling systems as oxygen 
depletion in such settings may be controlled by variable 
primary productivity rather than hydrogeographic effects 
(Algeo & Rowe, 2012).

The variable U enrichment (Figures 8 and 9) will af-
fect the gamma ray (GR) expression of the studied mud-
stone section. A synthetic GR log is included (Figure 10) 
for interpretation and correlation to offshore Lower–
Middle Triassic mudstone equivalents (i.e. the Steinkobbe 
Formation; see Section 5.6). The GR log was calculated 
from U, Th and K (Ellis & Singer, 2007, their equation 
11.1): GRAPI =8 ×  U  +  4 × Th  +  16 × K, where GR is 

given in API units, and U, Th and K are given in ppm, ppm 
and % respectively. The geochemical logs of U (ppm), Th 
(ppm) and K (%) are available in Appendix S1.

The Mo/TOC ratios of the Vendomdalen Member 
F0 mudstones are mostly comparable to Mo/TOC trend of 
the modern-day Saanich Inlet in western Canada (Figure 
11), which is a seasonally euxinic basin (Algeo & Lyons, 
2006; Francois, 1988). The Mo vs. TOC plot (Figure 11) and 
the Mo-EF vs. U-EF (Figure 12) plot of the Vendomdalen 
Member F0  mudstones also correlate to the uppermost 
Albian–lowermost Campanian La Luna Formation 
source rock (Maracaibo Basin, Venezuela) that was 

F I G U R E  1 5   Scatter plots, histograms and kernel density estimates of TOC, S2 and HI (Rock-Eval 6) of immature and oil-prone samples 
from the Vikinghøgda (n = 35) and Botneheia (n = 187) formations. The data was collected from Bjorøy et al. (2009, their figure 3a) using 
the WebPlotDigitizer data extraction software (Rohatgi, 2020). Bjorøy et al. (2009) did not differentiate the data based on members or facies. 
As only the Vendomdalen Member of the Vikinghøgda Formation is considered oil prone (kerogen type II/III) (Mørk et al., 1999), it is 
assumed that all the plotted Vikinghøgda Formation samples are from this member. The HI isolines = 305 and 405 mg HC/g TOC highlight 
the positively skewed HI distribution. The lower–middle Muen Member F1 mudstones are considered kerogen type II/III mudstones, while 
the mudstones of the upper Muen–Blanknuten members (F2–F4) are kerogen type II (Krajewski, 2013). The bimodal HI distribution for the 
Botneheia Formation and the two HI isolines at 330 and 530 mg HC/g TOC may reflect representative, typical HI values for immature and 
oil-prone non-phosphogenic (F1) and phosphogenic (F2–F4) mudstone facies respectively
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deposited in a basin bounded by shallow sills and during 
the Cenomanian–Turonian OAE-2 and the Coniacian–
Santonian OAE-3 (Mongenot et al., 1996; Tribovillard 
et al., 2012). Overall, this suggests that Mn-Fe redox cy-
cling was highly effective and caused Mo-enriched muds 
during deposition of these F0 mudstones. Similarly, Chen 
et al. (2019) report active Mn–Fe redox cycling constrained 
to a mid-Spathian section (Chaohu, east China) deposited 
in the Early Triassic eastern palaeo-Tethys Ocean. Zhang 
et al. (2018) suggest that global benthic anoxia was partic-
ularly evident at the Spathian–Anisian transition, termed 
the C4 event. It may thus be speculated that the strong 
and upwards increasing Mo enrichment in the Spathian 
Vendomdalen Member F0 mudstones (Figure 9) formed 
due to global ocean stratification that promoted world-
wide intermittent benthic euxinia.

However, the observed euxinia and interpreted 
weak water mass restriction during deposition of the 
Vendomdalen Member F0  mudstones could be due to 
local relief related to inherited bathymetry caused by un-
derlying Upper Palaeozoic fault blocks (Anell et al., 2016; 
Steel & Worsley, 1984). At a regional scale, a structur-
ally controlled bedrock sill located between the Alaska-
Chukotka microcontinent (also known as Crockerland; 
see Embry, 1993) and Arctic Canada could hypothetically 
enable a silled or restricted basin setting for the entire 
TBO (Leith et al., 1993; Sømme et al., 2018). The Bosporus 
Strait, which serves as a narrow connection between the 
restricted Black Sea and the less restricted Mediterranean 
Sea, is a modern example of such a silled basin setting 
(Demaison & Moore, 1980). However, the high Mo/U and 
Mo/TOC ratios (Figures 10 and 11) and Mo-EF vs U-EF 
(Figure 12) recorded in this study do not suggest such an 
extreme restriction compared to that of the Black Sea, 
which has significantly lower Mo/U and Mo/TOC ratios 
(cf. Algeo & Lyons, 2006; Algeo & Tribovillard, 2009).

The Mo-EF, U-EF, TOC, Mo/U and Mo/TOC ratios 
abruptly decrease above the VenMb–MueMb bound-
ary (Figures 9, 10 and 11), indicating that the Anisian 
lower–middle Muen Member F1  mudstones were de-
posited in oxygenated and ventilated waters relative to 
the Vendomdalen Member F0  mudstones. The VenMb–
MueMb boundary denotes a regional early Anisian flood-
ing event (Mørk et al., 1989) and represents the onset 
of rising sea level that probably enhanced the physi-
cal connection between the Boreal Ocean and the deep 
Panthalassic Ocean during the early Anisian, promoting 
mixing of shelf waters with nutritious upwelling water 
masses (Krajewski, 2008, 2013). A cooling climate during 
the Middle Triassic probably raised the thermocline to 
a substantially shallower position, also resulting in im-
proved oxygen conditions in the basin (Grasby et al., 2016, 
2020).

The Mo-EF and U-EF relationship in the Anisian upper 
Muen Member mudstones (F2) and Anisian–Ladinian 
lower–middle Blanknuten Member mudstones (F2–F3) 
indicates a hydrodynamically unrestricted marine setting 
(Figure 12). The observed coupling between redox and 
productivity proxies (Figures 6 through 9), strongly sug-
gests that the recorded oxygen depletion was promoted 
by a growing primary production, organic sedimentation 
and benthic oxygen consumption caused by high nutri-
ent availability due to the increasing influx of deep ma-
rine water from the Panthalassic Ocean. The Mo-EF and 
U-EF trends of these F2 and F3 mudstones directly over-
lap with those of the Upper Jurassic Kashpir oil shales of 
the Russian Platform (Riboulleau et al., 2003; Tribovillard 
et al., 2012). The Kashpir oil shales were deposited in an 
epicontinental unrestricted marine environment charac-
terised by high primary productivity and frequently fluc-
tuating oxic to anoxic conditions (Riboulleau et al., 2003). 
High concentrations of redox-sensitive elements and TOC 
within the intensively burrowed but oil-prone Kashpir 
mudstones show that the redox boundary was close to the 
sediment-water interface and frequently within the sedi-
ment during deposition. A similar depositional setting has 
also been suggested for the mudstones of the upper Muen 
and the lower Blanknuten members (Krajewski, 2008, 
2013).

The Ladinian middle Blanknuten Member F3  mud-
stones indicate deposition during maximum primary pro-
ductivity and in euxinic bottom waters (Figures 8, 9 and 
12), suggesting that benthic OM degradation stalled as 
oxygen demand exceeded the supply. Neither this study 
or that of Wesenlund et al. (2021) documented bioturba-
tion in these F3 mudstones. However, thin, but common, 
peloidal packstone layers provide evidence of hydrody-
namic activity in this unit (Krajewski, 2013). Vigran et al. 
(2014) reported abundant Daonella bivalves in the middle 
Blanknuten Member mudstones. Daonella bivalves prob-
ably lived on top of the soft sediment as ‘snowshoe’ strat-
egists (Schatz, 2005), indicating short, recurrent periods 
of habitable benthic bottom waters despite the prevailing 
oxygen deficient environment. The inefficient or even in-
active Fe–Mn redox cycling as indicated by the Mo-EF vs 
U-EF ratio (Figure 12) also supports that the redox bound-
ary was fluctuating at the sediment–water interface and 
above, but rarely (or never) within the sediment, in agree-
ment with Krajewski (2013).

The upper Ladinian upper Blanknuten Member F2/
F4  mudstones mark the reintroduction of efficient Mn-
Fe redox cycling and Mo enrichment comparable to the 
Vendomdalen Member mudstones (Figure 12), indicat-
ing that the upper Blanknuten Member F4  mudstones 
were largely deposited during intermittent benthic eux-
inia. This contrasts with the findings of Krajewski (2013), 
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who interpreted true euxinic conditions to have only 
occurred during deposition of the middle Blanknuten 
Member F3 mudstones. The upper Blanknuten Member 
F2/F4 mudstones were probably deposited in a gradually 
shallowing environment, which experienced a stepwise 
change from euxinic to dysoxic conditions due to water 
mass stirring and ventilation caused by the shoaling of 
the basin (Krajewski, 2008, 2013). This could have initi-
ated a weakly restricted silled basin setting, possibly en-
hanced by undulating bottom morphology if present. The 
regressive development and the relative position to the 
approaching TBO delta system or Greenland to the west 
probably increased the influx of fresh water and river-
ine nutrients as indicated by common terrestrial organic 
matter within this unit (Krajewski, 2013). The influx of 
riverine water and nutrients could have triggered algal 
blooms of Tasmanites and resulted in brackish waters and 
formation of halocline/thermocline stratification (Høy & 
Lundschien, 2011; Vigran et al., 2008), promoting water 
mass restriction in the basin without the aid of underlying 
bathymetry.

The lowermost Tschermakfjellet Formation F1  mud-
stones denote an abrupt termination of elevated Mo/TOC 
and Mo/U ratios (Figures 11 and 12). The onset of oxygen-
ated conditions that prevailed in the early Carnian during 
deposition of these F1 mudstones may have been caused 
by oceanographic reconfiguration that lowered the preser-
vation potential following the base Carnian flooding (Høy 
& Lundschien, 2011).

5.5  |  Influences on the non-biogenic 
mineral fraction

The EFC1 from the HCA (Figure 6; Table 4) and the domi-
nant element EFs with positive loadings on PC3 (Figure 8) 
contain several elements (Ga, Rb, Cs, Th, K, Ti, Nb) that 
are commonly associated with non-carbonate minerals 
(cf. Craigie, 2015, 2018). Variations in EFC1 and PC3 (ex-
cept for TIC and Mg) appear therefore to be influenced by 
changes in the non-biogenic mineral fraction. The varia-
tions in EFC1 and PC3 could therefore provide important 
information on the resulting rock composition due to, for 
example varying detrital grain size, switching provenance 
area, palaeoweathering or authigenic mineral precipita-
tion (Boës et al., 2011; Craigie, 2015, 2018; Craigie et al., 
2016; Rothwell & Croudace, 2015).

Both Ga and Cs are typically correlated with clay min-
erals and feldspars, and Nb and Th with heavy minerals 
(Craigie, 2018). Aluminium, K and Rb are principally as-
sociated with aluminosilicate minerals (i.e. clays) (Calvert 
& Pedersen, 2007), but K is also hosted by K-feldspar 
(Craigie, 2018). Titanium is often assigned to represent 

silt-sized Fe-rich clastic mineral particles (Rothwell & 
Croudace, 2015). Zirconium is almost exclusive to zircons 
(Craigie, 2018), and the Zr/Al ratio (Zr-EF in this study) 
is useful as a grain-size proxy as zircons commonly show 
grain sizes coarser than clays (Atar et al., 2019; Liang et al., 
2013; Pang et al., 2018). Sodium is linked with smectite, 
plagioclase or halite (Craigie, 2018); however, halite is 
an improbable mineral to occur within the studied mud-
stone succession as the depositional environment in east-
ern Svalbard was a shallow–open marine shelf during the 
Early–Middle Triassic (Figure 2). Consequently, the strati-
graphic variations in EFC1 (Figure 6) and PC3 (Figures 
7 and 8)—including Zr-EF and Na-EF but excluding TIC 
and Mg—appear to mainly record compositional changes 
between clay minerals, feldspars and heavy minerals. The 
significant vertical changes in the EFs of Na, K, Ti, Ga, Rb, 
Zr, Nb, Cs and Th across the regionally extensive VenMb–
MueMb or BlaMb–TschFm lithostratigraphic boundaries 
therefore confirm the chemostratigraphic significance of 
these elements (Figures 8 and 9; Appendix S1).

The negative shifts in Na-EF and Zr-EF but positive 
shifts in Rb-EF and Cs-EF across the VenMb–MueMb 
boundary (Figures 8 and 9; Appendix S1) correspond to 
the transition from coarser-grained (F0) to finer-grained 
(F1) mudstones seen on Edgeøya (Krajewski, 2008; 
Vigran et al., 2014; This study). This chemostratigraphic 
boundary thus correlates to the previously reported ear-
liest Anisian flooding event and associated relative de-
crease in grain size and sedimentation rate (Mørk et al., 
1994; Vigran et al., 2014). Spathian–early Anisian sed-
imentation rates in Svalbard were both relatively higher 
compared to the late Anisian–Ladinian (Hounslow et al., 
2008a). Consequently, these variations do not appear to re-
flect a change in provenance area, as the muds that even-
tually formed the Vikinghøgda and Botneheia formations 
on Edgeøya were both dominantly sourced from the west, 
i.e. Greenland (Gilmullina et al., 2021; Mørk et al., 1982).

The significant decrease in the Ti-, Nb-, Rb- and Zr-
EFs across the BlaMb–TschFm boundary also points to 
a decrease in relative grain size. As PC3 increases up-
wards within the Botneheia Formation (Figure 8), the 
upper Blanknuten Member F2/F4  mudstones appear 
to record the coarsest mudstones within this formation. 
This may reflect increased sediment influx during the 
regressive phase of the Middle Triassic TR-sequence fol-
lowing the Ladinian highstand phase (F3 mudstones) or 
increased hydrodynamic reworking and winnowing re-
lated to shallower water depths (Krajewski, 2013; Mørk 
et al., 1982, 1989). The relative increase and decrease in 
Na-EF and K-EF above this boundary could suggest that 
plagioclase (Na-rich) became more abundant relative to 
K-feldspar (K-rich) (Figure 8). However, dedicated min-
eralogical analyses are necessary to confirm the proposed 
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element:mineral links as authigenic mineral precipitation 
may overprint the detrital mineral signature (Craigie, 
2018). Still, Uralian-sourced sands from Anisian and 
Carnian deposits on the southern Barents Shelf host 
abundant plagioclase (Fleming et al., 2016; Line et al., 
2018), while age-equivalent Caledonian-derived sands 
typically comprise less feldspars, although with relatively 
more K-feldspar (Fleming et al., 2016). This could indi-
cate that the Tschermakfjellet Formation F1  mudstone 
samples in SC4 (low Na-EF, high K-EF; Figure 6) are still 
dominantly Caledonian (from NW–W), while the overly-
ing SC2 F1 mudstone samples from the same formation 
(High Na-EF, low K-EF; Figure 6) are dominantly Uralian-
sourced (from E–SE) (cf. Fleming et al., 2016; Line 
et al., 2018). The lowermost Tschermakfjellet Formation 
F1 mudstones could therefore have been deposited during 
a gradually increasing influx of Uralian sediments that 
eventually became the dominant provenance in eastern 
Svalbard during the early Carnian (Bue & Andresen, 2014; 
Gilmullina et al., 2021).

5.6  |  Source rock potential and regional 
correlation

A flowchart of important variations in source rock-forming 
processes (discussed in Sections 5.2–5.5) is proposed for 
each stratigraphic unit and their resulting source potential 
(Figure 13) (based on Katz, 2005, their Figure 1). From the 
proxies discussed above and the flowchart, a conceptual 
depositional model is presented for the Spathian–Carnian 
succession in eastern Svalbard (Figure 14). The relative 
source rock potential between the Vendomdalen, lower–
middle Muen and the upper Muen/entire Blanknuten 
members (Figure 14) fits well with replotted TOC-S2 and 
HI data from Bjorøy et al. (2009) (Figure 15). This shows 
that immature and oil-prone mudstones within these 
stratigraphic units have intermediate, lower and higher 
oil generation potential respectively.

According to Lundschien et al. (2014), the mudstones 
of the Spathian–Anisian Steinkobbe Formation in the 
Svalis Dome, southern Barents Sea (Figure 1) are facies 
equivalent (i.e. of the same palaeodepositional environ-
ment but time-transgressive) to those of the Anisian–
Ladinian Botneheia Formation in Svalbard. The Spathian 
Vendomdalen Member of the underlying Vikinghøgda 
Formation in Svalbard is typically excluded in all these 
types of comparisons (Lundschien et al., 2014; Lutz et al., 
2021; Norwegian Petroleum Directorate, 2017; Riis et al., 
2008). A discussion on the correlation, source potential 
and regional distribution of the onshore and offshore 
Spathian to Ladinian (and Carnian) successions follows 
below.

Immature and oil-prone Spathian Vendomdalen 
Member F0  mudstones in eastern Svalbard show liq-
uid hydrocarbon generation potential (Figure 15) (mean 
HI  =  346  ±  73  mg HC/g TOC, SD) almost identical to 
the Spathian lower Steinkobbe Formation in the Svalis 
Dome (core 7323/07-U-04 and 7323/07-U-03; mean 
HI = 346 ± 116 mg HC/g TOC, SD) (Abay et al., 2018). 
Both units are largely unbioturbated (Table 3; Mørk & 
Elvebakk, 1999). In the Blanknuten locality, the upper 
part of the Vendomdalen Member F0 mudstones probably 
encompass the Upper Spathian Jerseyiaspora punctispi-
nosa palynozone, although the lower F0 mudstones may 
include the early Spathian Pechorosporites disertus palyno-
zone (Vigran et al., 2014). In the Svalis Dome, the lower 
(but not lowermost) Steinkobbe Formation is also specifi-
cally assigned to the J. punctispinosa palynozone (Vigran 
et al., 2014). Thus, the Spathian period may have seen el-
evated preservation potential that was fairly synchronised 
throughout the TBO. This could have been triggered by 
sluggish water mass circulation causing benthic euxinia 
(Figure 15A) due to the Early Triassic hothouse conditions 
(Grasby et al., 2016, 2020) rather than nutrient-driven pro-
ductivity (upwelling or fluvial) and oxygen demand. This 
would explain why the uppermost Spathian mudstones of 
the lower Steinkobbe Formation (core 7323/07-U-04) host 
far less phosphate nodules compared to the Anisian mud-
stones of the upper Steinkobbe Formation (core 7323/07-
U-01 and 7323/07-U-09) (Mørk & Elvebakk, 1999, their 
figure 10).

Immature and oil-prone lower–middle Muen 
Member F1  mudstones in eastern Svalbard (implied 
mode HI ca 320–340  mg HC/g TOC) (Figure 15) and 
the lowermost Anisian mudstones in the Steinkobbe 
Formation (core 7323/07-U-04) are assigned to the early 
Anisian Anapiculatisporites spiniger palynozone (Vigran 
et al., 2014). While the lower Anisian F1 mudstones in 
Svalbard are OM-rich and record the onset of increased 
productivity from the underlying F0 mudstones (Figures 
13 and 14), they still show relatively lower oil genera-
tion potential than the F0  mudstones, perhaps due to 
increased marine OM degradation and preferential pres-
ervation of terrestrial OM (Figure 14) (Wesenlund et al., 
2021). Interestingly, the lower Steinkobbe Formation 
also shows a prominent decrease in TOC and GR re-
sponse (Mørk & Elvebakk, 1999, their Figure 3) at the 
Spathian–Anisian boundary (compare with Figure 10), 
suggesting that early Anisian benthic oxygenation was 
regional in the TBO. In fact, Krajewski (2008, 2013) and 
Wesenlund et al. (2021) considered these lowermost 
Anisian F1  mudstones to have been deposited during 
well-ventilated shelf conditions. This would explain 
the lower organic richness in these mudstones (mean 
TOC = 1.58 ± 0.51 wt%, SD) compared to the underlying 
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F0 mudstones (mean TOC = 2.70 ± 0.79 wt%, SD) (Figure 
9). The latter also exhibit a max. HI = 486 mg HC/g TOC 
which is not expected to be more than ca 400 mg HC/g 
TOC for the Anisian F1  mudstones (Krajewski, 2013). 
Lower Anisian F1  mudstones are therefore probably 
less oil-prone than the underlying upper Spathian mud-
stones throughout large parts of the Norwegian Barents 
Sea.

The phosphatic, oil-prone and bioturbated F2  mud-
stones of the upper Muen and most of the lower 
Blanknuten members in eastern Svalbard (Figure 14) are 
assigned to the middle Anisian Triadispora obscura paly-
nozone (Vigran et al., 2014). In the same area, the F2 mud-
stones of the uppermost lower Blanknuten Member are 
assigned to the late Anisian Protodiploxypinus decus pal-
ynozone (Vigran et al., 2014). These F2  mudstones are 
therefore facies- and age-equivalent to the organic-rich, 
phospate nodule rich and bioturbated mudstones in core 
7323/07-U-01 (T. obscura palynozone) and 7323/07-U-09 
(P. decus palynozone) of the middle–upper Steinkobbe 
Formation (Vigran et al., 1998). The onset of intense mid-
dle Anisian phosphogenesis appears thus to be synchro-
nous in the Triassic Boreal Ocean, perhaps triggered by 
the heightened water column and unrestricted waters that 
promoted upwelling and marine nutrient supply (Figures 
13 and 14), ultimately forming an OMZ (Grasby et al., 
2016, 2020; Krajewski, 2013). The middle–upper Anisian 
phosphogenic mudstones in the Svalis Dome are less oil-
prone than their Svalbard counterparts (Abay et al., 2018), 
suggesting that middle–upper Anisian source rock po-
tential increases northwards from the southern Barents 
Sea. This agrees with the common expectation of higher 
source rock potential towards the more distal parts of the 
TBO delta system clinoforms (Lutz et al., 2021).

The middle Blanknuten Member F3 mudstones in east-
ern Svalbard are assigned to the Ladinian Echinitosporites 
iliacoides palynozone (Vigran et al., 2014). These are highly 
oil-prone and were deposited during maximum drowning 
and maximum primary productivity, forming an exten-
sive OMZ (Figure 14) (Krajewski, 2013). These F3 mud-
stones are age-equivalent to the deltaic and more proximal 
lower Snadd Formation (Tschermakfjellet Formation 
facies equivalent) in the Svalis Dome (cores 7323/07-U-
10, 7323/07-U-05, 7323/07-U-02) (Vigran et al., 1998). 
Ladinian F3-type mudstones appear thus to be restricted 
to the northern Barents Sea, as the deep shelf conditions 
necessary for OM accumulation had ceased in the south-
eastern Barents Sea at that time (Figure 2) (Klausen et al., 
2015). Still, the lateral distribution of the F3 mudstones is 
not known. Mapping their extent would provide import-
ant knowledge of their significance as source rocks in the 
areas open for commercial exploration in the Norwegian 
Barents Sea.

The oil-prone upper Blanknuten Member F2/F4 mud-
stones belong to the same palynozone as the F3 mudstones 
(Ladinian) and record the regressive phase of the Middle 
Triassic TR-sequence (Figure 14) (Krajewski, 2013; Vigran 
et al., 2014). According to Fleming et al. (2016, their figure 
1), these upper Ladinian mudstones indicate less south-
eastward extent relative to the underlying F3 mudstones, 
possibly due to the gradually approaching TBO delta sys-
tem (Figure 2). East of Kong Karls Land (Figure 1), imma-
ture upper Ladinian mudstones (core 7831/02-U-02) show 
excellent oil generation potential (mean HI =537 ± 34 mg 
HC/g TOC, SD), several phosphate nodules and rela-
tively high and variable Mo/TOC ratios (1.34–28.13, mean 
9.38 wt ppm/wt%) (Xu et al., 2014). These Mo/TOC ratios 
can only correspond with the upper Blanknuten Member 
in Edgeøya (Figure 10). Thus, the upper Ladinian F2/
F4  mudstones and the benthic intermittent euxinia 
(Figure 14) may cover a 250  km SW–NE transect in the 
northern Barents Sea (Figure 2), suggesting that these late 
Ladinian palaeodepositional conditions were regional.

The progradation of the TBO delta system during the 
early Carnian (Figure 14) (Tschermakfjellet Formation 
F1  mudstones) effectively terminated the conditions 
to form organic-rich phosphatic mudstones in eastern 
Svalbard, in agreement with Lundschien et al. (2014). 
However, upwelling and primary productivity were still 
highly active towards the west in the North Slope Basin, 
northern Alaska, eventually forming the organic-rich and 
phosphatic mudstones of the Middle (not Lower) to Upper 
Triassic Shublik Formation (Parrish et al., 2001). The lack 
of Upper Triassic oil-prone phosphatic source rocks in the 
northern Norwegian Barents Sea is therefore linked with 
changes in depositional environment rather than climate-
induced ocean reconfigurations as Upper Triassic phos-
phatic mudstones exist elsewhere in the TBO.

6   |   CONCLUSION

This study combines sedimentological observations with 
a hitherto unexplored whole-rock multi-elemental che-
mostratigraphic framework of an excellently exposed 
Lower–Upper Triassic mudstone succession in eastern 
Svalbard, Arctic Norway. The contrasting elemental as-
semblages of the assigned lithostratigraphic units and 
their associated mudstone facies prove that whole-rock el-
emental chemostratigraphy is an effective tool to recognise 
principally different organic-rich Triassic mudstones with 
similar source potential. Abrupt elemental chemostrati-
graphic excursions at the tops of the circum-Arctic Lower 
and Middle Triassic 2nd order TR–sequences provide excel-
lent criteria to map these important sequence stratigraphic 
boundaries in the northern Norwegian Barents Sea.
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The mudstones of the studied Spathian–Carnian suc-
cession were deposited in an epicontinental basin in front 
of the developing TBO delta system, where the combined 
and complex interplay between primary productivity, ben-
thic redox conditions, water mass restriction and sedimen-
tation rate resulted in overall organic-rich mudstones, but 
of varying source rock quality and richness. The redox and 
productivity sensitive elemental chemostratigraphy were 
most importantly affected by (i) a deepened thermocline 
causing weak water mass restriction that lowered nutrient 
supply and productivity, but introduced intermittent ben-
thic euxinia without observed bioturbation during Spathian 
hothouse conditions; (ii) introduction of well-ventilated, 
oxic/dysoxic, bioturbated benthic conditions with lowered 
preservation potential, but still an increase in upwelled 
nutrient supply that promoted moderate productivity and 
phosphate nodule formation following the regional earli-
est Anisian transgression; (iii) a gradual relative sea-level 
rise and developing upwelling and productivity causing in-
creased oxygen consumption, matrix-wide phosphogene-
sis and subsequent suboxia/anoxia during the middle–late 
Anisian, although still with abundant tunnel burrows; (iv) 
sea-level high stand with intense primary productivity in 
the early Ladinian due to high nutrient supply from un-
restricted upwelled waters, triggering maximum oxygen 
consumption and dominantly benthic euxinia without 
observed bioturbation; (v) regression and shallowing wa-
ters during the late Ladinian, resulting in weakly restricted 
water masses and frequent lowering of the O2–H2S inter-
face below the sediment surface, thus reintroducing tunnel 
burrows, and; (vi) the base Carnian transgression, which 
mostly eliminated preservation of oil-prone organic matter 
as bottom waters became ventilated and oxic.

This study suggests that the Triassic upwelling-
induced productivity and widespread phosphogenesis 
in front of the TBO delta system were not firmly estab-
lished before the Anisian. The Spathian lower Steinkobbe 
Formation in the Barents Sea seems therefore genetically 
unrelated to the Middle Triassic Botneheia Formation in 
Svalbard. Further work on ocean circulation, nutrient 
supply, primary productivity and climate change across 
the Spathian–Anisian boundary in the Barents Sea may 
provide answers on the importance of climate change and 
delta development on Triassic source rock formation.

7   |   COMPUTER CODE 
AVAILABILITY

•	 Name of code: Wesenlund_et_al_2022_TDR.py
•	 Developer: Fredrik Wesenlund
•	 Contact details: Fredrik Wesenlund, Department of 

Geosciences, UiT The Arctic University of Norway, 

Norway; email: fredrik.wesenlund@uit.no; Year first 
available: 2021

•	 Hardware used: The Python script was developed and 
run on a notebook PC with a quad core CPU @ 1.60–
2.11 GHz and 16 GB RAM

•	 Software used and required: The Python script was de-
veloped with the Anaconda 2020.11 Python distribu-
tion platform (Anaconda, 2020) using Spyder 4.1.5 and 
needs the pandas, matplotlib, seaborn, scikit-learn and 
numpy packages

•	 Program language: the code is written in Python 3.8.7
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