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ARTICLE INFO ABSTRACT
Editor: Prof. S Shen New organic-walled microfossil (OWM) assemblages are reported from upper Neoproterozoic glacial and
interglacial siliciclastic deposits in Finnmark, northern Norway. A nearly continuous sedimentary succession of
Keywords: the Vestertana Group contains two glaciogenic units, the Smalfjorden and Mortensnes formations, interpreted as
Orga“ic'walle{d microfossils end-Cryogenian Marinoan and Ediacaran glaciations, respectively. We investigated the OWM record in the
Ne_')pmterozmc Nyborg, Mortensnes, and Stahpogieddi formations to assess the impact of a glacial interval on the diversity of
Ediacaran A . oo . . . . c e
Diamictite microscopic eukaryotes. A modified acid-extraction technique was applied to recover OWM from the diamictite
Biostratigraphy matrix. The upper Nyborg Formation contains morphologically complex Doushantuo-Pertatataka acritarchs

(DPA), restricting the age of the Nyborg Formation to early-mid Ediacaran. DPA occur below the dolostones that
record a negative carbon isotope excursion correlated with the Shuram anomaly and below a glacial diamictite. A
decline in species richness and compositional change is observed in the Mortensnes glacial assemblage. DPA are
replaced by bacterial filaments and cell aggregates. The overlying Indreelva Member, Stdhpogieddi Formation
contains Ediacara-type biota and palaeopascichnids, but only a depauperate OWM assemblage of leiosphaerids
and flask-shaped microfossils characteristic of the late Ediacaran.

The succession of assemblages in the Vestertana Group demonstrates a turnover from large eukaryotic OWM to
a microbial community in the glacial interval, to a low diversity post-glacial assemblage during the rise of
macroscopic life. We compared the Vestertana record to global DPA occurrences. Although one DPA assemblage
zone postdates the Shuram excursion, no DPA occur above Ediacaran glacial diamictites in successions where
those deposits are present. Considering this, and the community changes in the Vestertana succession, we suggest
that DPA were affected by the onset of an Ediacaran glaciation. Lastly, we combined the biostratigraphic markers
in the Vestertana Group to constrain the age of the Mortensnes diamictite.

Palynological acid maceration

1. Introduction Earth events (Hoffman et al., 2017; Xiao and Narbonne, 2020). Yet it is
unclear how the late Neoproterozoic glaciations facilitated biotic

The Ediacaran Period (635-539 Ma) is an important time in Earth’s changes. Evidently, major eukaryotic lineages including crown groups
history, recording a diversification of eukaryotes, including macroscopic that had evolved around the Mesoproterozoic-Neoproterozoic transition

life, in the aftermath of severe low-latitude glaciations—the Snowball (e.g., Butterfield, 2000; Ye et al., 2015; Brocks et al., 2016; Zumberge
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et al., 2018; Sforna et al., 2022) survived through the ice-houses of the
Cryogenian Period, potentially in refugia (Hoffman, 2016; Lechte et al.,
2019) and even thrived during nutrient-rich, stable intervals following
the post-Snowball greenhouse conditions (Bowyer et al., 2023). How-
ever, Cryogenian strata host only a depauperate fossil record (Vidal,
1976; Corsetti et al., 2003; Riedman et al., 2014; Cohen et al., 2020), in
contrast to diverse older assemblages of early microeukaryotes (Cohen
and Macdonald, 2015). Similarly, the diverse microfossils of the early
Ediacaran (Grey, 2005; Yuan et al., 2011; Xiao et al., 2014a, 2014b;
Cunningham et al., 2017) largely disappear after the Gaskiers glaciation
(Zhou et al., 2007). This is unusual in comparison to modern glacial
environments that house thriving microbial and even animal commu-
nities (Anesio and Laybourn-Parry, 2012; Boetius et al., 2015; Griffiths
et al., 2023). In part, this could reflect preservation. Glacial and sea ice
associated environments are relatively rare in the geological record, and
predominantly occur as glaciogenic diamictites (Deynoux et al., 1994).
However, diamictites have not been extensively investigated compared
to other archives (e.g., shales) to assess changes in microfossil commu-
nities. Moreover, coarse sediments are generally ill-suited for preser-
vation of delicate organic or skeletal fossils, leading to sampling biases
(cf. Vidal, 1981; Thierstein et al., 1991) and diamictites often contain
diachronous material (e.g., Streel et al., 2001). A modified microfossil-
extraction technique that yields more complete microfossils and re-
duces contamination is used herein, to compare the microfossil record
from shales and diamictites in order to examine biotic changes through
late Neoproterozoic glacial and non-glacial intervals in northern
Norway.

Organic-walled microfossils (OWM) represent the bulk of the Pro-
terozoic fossil record and provide key clues about the evolution and
ecology of early eukaryotic life, especially before the appearance of
macroscopic organisms (Agi¢ and Cohen, 2021). OWM with complex
morphology (i.e. acanthomorphic acritarchs) rapidly diversified and
reached global distribution during the early Ediacaran (e.g., Xiao and
Narbonne, 2020). They occur in three different modes of preservation:
phosphatization, silicification, and organic preservation in fine-grained
siliciclastics. Collectively, these microfossils are called Doushantuo-
Pertatataka acritarchs/microflora (DPA/DPM; Zhou et al., 2001) or
Ediacaran complex acanthomorph palynoflora (ECAP; Grey et al.,
2003). They have biostratigraphic potential for the subdivision and
correlation of the Ediacaran system (Xiao et al., 2016; Xiao and Nar-
bonne, 2020) and were used to establish biozones in Australia and South
China (Grey, 2005; Zhou et al., 2007; Liu et al., 2013; Liu and Moczy-
dtowska, 2019).

DPA/ECAP have also informed about the evolution of microscopic
eukaryotes, and are an important component of marine environments,
especially in the aftermath of severe biogeochemical and climatic per-
turbations. A range of biological affinities has been proposed for some
DPA/ECAP taxa, including holozoan protists, green algae, and meta-
zoans (Huldtgren et al., 2011; Chen et al., 2014; Xiao et al., 2014b;
Moczydtowska, 2016; Cunningham et al., 2017). DPA/ECAP declined in
the mid-late Ediacaran, around the time of the Shuram negative carbon
isotope excursion (CIE) (Zhou et al., 2007; Xiao and Narbonne, 2020; Ye
et al., 2023), with a few exceptions (Anderson et al., 2017; Grazhdankin
et al., 2020). In a continuous succession in South China, some taxa
postdate the negative CIE (Ouyang et al., 2017; Liu and Moczydiowska,
2019), but are absent in upper Ediacaran strata that otherwise record
exceptional preservation of bacterial and multicellular algal fossils (Yin
and Yuan, 2007; Ye et al., 2023). The late Ediacaran microfossil record is
dominated by filamentous taxa and sphaeromorphs (Leiosphaeridia) (e.
g., Leonov and Ragozina, 2007; Arvestal and Willman, 2020; Willman
and Slater, 2021; Agic¢ et al., 2022; Ye et al., 2023). The timing and
drivers for the decline of DPA/ECAP taxa are not fully understood, in
part due to stratigraphic incompleteness, as few sedimentary successions
(outside China) preserve both lower and upper Ediacaran strata as well
as glacial deposits and lithologies suitable for chemostratigraphic ana-
lyses and OWM preservation.
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Here we investigated OWM occurrences through an almost contin-
uous succession of siliciclastic sediments in the lower Vestertana Group
in Finnmark, Norway (Fig. 1), including two glaciogenic diamictites
(Edwards, 1984; Rice et al., 2011), to assess changes in the community
composition and species richness through glacial intervals. The ages of
Neoproterozoic diamictites in northern Norway recently became a
source of contention based on new correlation models (Kumpulainen
etal., 2021; Rice, 2023). On the grounds of their biostratigraphic utility,
we use the DPA/ECAP record to further constrain the ages of glaciations
in Finnmark.

2. Geological setting
2.1. Sedimentological and stratigraphic framework

The Tanafjorden area of Finnmark, northern Norway, contains a
nearly continuous succession of Neoproterozoic to Lower Ordovician
deposits. We investigated siliciclastic sedimentary rocks of the 1.4 km
thick Vestertana Group (Fig. 1), part of the Gaissa Nappe Complex,
which formed during the Caledonian Orogeny (Roberts and Gee, 1985;
Meinhold et al., 2019b). The Neoproterozoic sediments on Digermulen
and Varanger peninsulas in Finnmark were deposited in the north-east
part of the Baltica palaeocontinent, on the Timanian margin, forming
the shore of the Mirovoi superocean (Nystuen et al., 2008). In Finnmark,
the Vestertana Group lies unconformably on top of the Tonian and
Cryogenian Vadsg and Tanafjorden groups (Siedlecka and Siedlecki,
1971; Vidal and Siedlecka, 1983; Rice, 1994). The lower part of the
Vestertana Group contains two glacial diamictites, in Smalfjorden and
Mortensnes formations (Fig. 1A; Edwards, 1984; Rice et al., 2011).

Multiple Neoproterozoic glaciogenic units occur along the Caledo-
nian margin in Norway and Sweden (e.g., Kumpulainen, 2011; Rice
et al.,, 2001, 2011), historically referred to as the Varanger Ice Age
(Kulling, 1951; Nystuen, 1985). However, the ages of these deposits,
correlation of glacial units across Scandinavia, and their relationships to
late Neoproterozoic Snowball Earth glaciations vary. In Finnmark,
glacial diamictites have been correlated to two separate events: the
Smalfjorden diamictite to the Cryogenian Marinoan glaciation (ca.
654.5-632 Ma; cf. Rooney et al., 2015) and the Mortensnes diamictite to
the Ediacaran Gaskiers glaciation (ca. 579 Ma; cf. Pu et al., 2016)
(Fig. 1A; Rice et al., 2011). However, an older age has also been sug-
gested, contingent on the correlation of both units with the Marinoan
Lillfjallet Formation diamictites from Jamtland in Sweden (Kumpulai-
nen et al., 2021). The upper and lower Lillfjallet diamictites are cut by a
dolerite dyke swarm that yielded a baddeleyite U-Pb age of 596.3 + 1.5
Ma (Kumpulainen et al., 2021). The correlation of upper and lower
Lillfjallet to Smalfjorden and Mortensnes diamictites, respectively, was
recently questioned by Meinhold et al. (2022), because of the required
extrapolation across a distance of ca. 1000 km from Jamtland to
northern Finnmark, and also dismissed by Rice (2023), because it does
not fit the lithological nor 8'3C chemostratigraphic data characterising
the Smalfjorden and Mortensnes diamictites.

The Smalfjorden Formation consists of sandstones, mudstones, con-
glomerates, and matrix-supported diamictites, recording several glacial
advance-and-retreat cycles (Reading and Walker, 1966; Edwards, 1984;
Rice et al., 2011). The upper and middle diamictites are separated by
sandstone without sedimentary structures. Halverson et al. (2005) noted
similarities with the Cryogenian MacDonaldryggen Member on Svalbard
(below the Dracoisen Formation recently dated at 631 + 3.8 Ma; Mil-
likin et al., 2022). In addition, the massive cap carbonate sequence in the
lower Nyborg Formation that overlies the Smalfjorden diamictite has
carbonate lithology and isotopic characteristics that correlate it with
other post-Marinoan cap carbonates (Edwards, 1984; Rice et al., 2001,
2011). The range of §'3Ceqrp, values of —2.5%o to —4%o in the Nyborg cap
carbonate are consistent with the composite 5'C record during the
Marinoan glaciation and its immediate aftermath (cf. Kennedy et al.,
1998; Halverson et al., 2005; He et al., 2021). Consequently, the age of
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Fig. 1. Geological context and sample sites in Finnmark, northern Norway. (A) Simplified stratigraphy of the Cryogenian-Cambrian Vestertana Group (cf. Jensen
et al., 2018), with important stratigraphic markers and local first occurrences (FO). The 5'3C values of the Nyborg carbonates were adapted from Halverson et al.
(2005), fig. 5). (B) A map of northern mainland Norway, showing the position of Digermulen and Varanger peninsulas. Two study areas are marked by red squares.
The majority of samples in this study are from the southeastern Digermulen Peninsula (right), and samples of the Smalfjorden Formation diamictite are from road
outcrops in the Vestertana Nature Reserve area, near Smalfjord (left). (C) Geological units on the southeastern part of the Digermulen Peninsula (cf. Siedlecka et al.,
2006). Sampling localities are marked with red stars: (a) Stahpogieddi farm, (b) Guvssajohka gorge, (c) Nyborg cliff outcrop, (d) Arasulluokta beach. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the Nyborg Formation was interpreted as Ediacaran. The diamictite
matrix targeted in this study is fine-grained, muddy to silty, dark purple
in colour, and supports angular to subangular clasts of chert, carbonate,
and quartzite (Supplementary Fig. 2B).

The Nyborg Formation is ca. 350 m thick in east Finnmark and it
separates the two diamictite-bearing units (Fig. 1A; Edwards, 1984). At
the base, it contains massive cap carbonates (Member A) overlain by

siliciclastics of members B-D, and minor dolostones in Member E
(Edwards, 1984; Rice et al., 2011). Members B-D consists of purple
sandstone and dark-grey and green mudstone/siltstone packages
including finely laminated shales (Banks et al., 1971; Edwards, 1984).
Only the siliciclastic top part of the Nyborg Formation (Member D) is
exposed on the Digermulen Peninsula, including the field localities in
this study. It contains dark purple and grey-green mudstones and
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siltstones interbedded with sandstone, some showing herringbone cross-
bedding and lenticular bedding (Supplementary Fig. 1C). The carbon-
ates of the topmost Member E are not exposed at our field sites. They
occur only in the Gulgofjorden and Trollfjorden areas of the Varanger
Peninsula, and record negative 5'3Cearp values (—9.9 to —7.6 %o; Fig. 1A;
Rice et al., 2011). The Nyborg sediments on the Digermulen Peninsula
represent a shallowing-upward sequence, with a tidal influence and a
development of a barrier lagoon at the top (Edwards, 1984; Rice et al.,
2012). The change from the finer mudrocks of Member C to the
mudstone-siltstone packages in Member D was likely a transition from a
basinal, subtidal shelf environment to a shallower, tidally-influenced
setting, interpreted by Edwards (1984) as a regression cycle. Previous
micropalaeontological work on Nyborg Member D recovered a depau-
perate OWM assemblage of leiosphaerids and ornamented ‘Trachy-
sphaeridium’ (Vidal, 1981), as well as multicellular tissue fragments
(Agi¢ et al., 2019).

The Mortensnes Formation diamictite overlies the Nyborg Formation
(Supplementary Fig. 1E). It varies in thickness from 10 to 50 m and
contains three members: siliciclastic lower and middle members and
dolomitic upper member (Edwards, 1984; Supplementary Fig. 1F). The
lower member is a massive matrix-supported diamictite with varying
clast size and lithology, some of which are striated (Banks et al., 1971).
The middle member has dolomitic and muddy-silty matrix with common
chert and basement rock clasts as well as ooid-bearing carbonate clasts
(Fig. 2A-B). At the top is the dolomitic, buff-brown/yellow diamictite
(Supplementary Fig. 1F). Only a thin layer (ca. 30 cm) is exposed on the
Digermulen Peninsula. The lower and middle members were interpreted
as glacial advance cycles, and the upper member as the retreat
(Edwards, 1984). Large negative 8'>Ceqayp, values of the dolomitic com-
ponents of the diamictite were suggested to be derived from the un-
derlying Member E of the Nyborg Formation (Rice et al., 2011). This 3C-
depleted signal led to a correlation of the uppermost Nyborg and Mor-
tensnes strata with the Shuram-Wonoka 8'3C anomaly and a rough
correlation of the Mortensnes diamictite to the Gaskiers diamictite in
Newfoundland (Halverson et al., 2005; Rice et al., 2011). Vidal (1981)
reported non-diagnostic OWM Bavlinella and Synsphaeridium and sug-
gested they could have been reworked.

The Mortensnes diamictite is sharply overlain by the Stahpogieddi
Formation, a unit widely distributed across Finnmark (Reading, 1965;
Banks et al., 1971; Banks, 1973). At its base is the Lillevannet Member. It
is ca. 20 m thick on the Digermulen Peninsula and it contains cross-
bedded and rippled sandstones, interbedded by laminated mudstones
and siltstones, and quartzite at the top, representing a delta front with
fluvial influence (Banks et al., 1971; Edwards, 1984). The overlying
Indreelva Member is 275-300 m thick and dominated by mudstones,
siltstones, siltstone lenses, and sandstones. The lower part consists of
coarsening-upward cycles of grey-green shales followed by red shales
and siltstones interbedded by thin, red sandstone, as well as intervals of
pyritic mudstones with concretions (Supplementary Fig. 3) towards the
middle part of the unit. The middle Indreelva contains green-grey
mudstones and siltstones interbedded by fine-grained sandstones, oc-
casionally showing ripples and cross-lamination representing a tidally
and wave-influenced environment (Banks, 1973; Farmer et al., 1992).
The upper part is laminated siltstone interbedded with thin sandstone,
likely deposited in a below-wave-base environment (Banks, 1973).
Macrofossils in the lower Indreelva Member on the Digermulen Penin-
sula include palaeopascichnids (Jensen et al., 2018), Ediacara-type
fossils including discoidal taxa (Farmer et al., 1992; Hogstrom et al.,
2013; Meinhold et al., 2022) and dickinsoniamorphs (Hogstrom et al.,
2017). The lowest occurrences of palaeopascichnids are in the transition
between the Lillevannet and Indreelva members (Supplementary
Fig. 2D; Jensen et al., 2018). The macrofossil record and age constraints
on similar assemblages imply deposition of the Indreelva sediments at
565-550 Ma (cf. Jensen et al., 2018; Kolesnikov et al., 2018; Soldatenko
et al., 2019; Kolesnikov and Desiatkin, 2022). A depauperate OWM
assemblage was reported from the Indreelva Member on the Varanger
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Fig. 2. Diamictites from the Vestertana Group contain fine-grained matrix. (A)
Variable clasts in the mudstone matrix of the Mortensnes Formation diamictite.
(B) Small chert clasts embedded in the fine-grained matrix can be manually
removed during maceration to minimize or prevent contamination from
older material.

Peninsula (Vidal, 1981), as well as on the Digermulen Peninsula close to
the first occurrence of Palaeopascichnus where it includes rare flask-
shaped microfossils and Granomarginata (Agic et al., 2022).

The topmost part of the Vestertana Group is the Manndrapselva
Member. It consists of ca. 190 m of mudstone and fine sandstone, and
three quartzitic bands forming three parasequences/cycles (Reading,
1965; Banks et al., 1971; Mcllroy and Brasier, 2017; Meinhold et al.,
2019a, 2019b). The Ediacaran—-Cambrian boundary is marked by trace
fossils (including Treptichnus pedum) and the carbonaceous metazoan
Sabellidites cambriensis (Hogstrom et al., 2013; Mcllroy and Brasier,
2017; Ebbestad et al., 2022).

2.2. Sample localities

Smalfjorden Formation. The diamictite was sampled in the Vestertana
Nature Reserve area, at accessible roadcuts along Tanafjordveien, 70°
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26.248' N 027° 52.845 E (Fig. 1B, Supplementary Fig. 2A). 3. Materials and methods
Nyborg and Mortensnes formations. Mudrock samples of the Nyborg
and Mortensnes formations derive from several sections along the 3.1. Microfossil extraction
southeastern shore of the Digermulen Peninsula (Fig. 1C). The coastal
area north of the Stahpogieddi farm (site #a, N 70° 32.905/, E 28° Organic-walled microfossils were recovered using two palynological
02.595'; Fig. 1C) contains exposures of the uppermost Nyborg Forma- acid maceration approaches. Specimens from shales and siltstones were
tion, the Mortensnes diamictite, and the Lillevannet and lower Indreelva extracted following the palynological acid-maceration procedure for
members of the Stahpogieddi Formation. Site #b is the exposure at the large and delicate Ediacaran microfossils (Grey, 1999). Shale chips were
top of the Guvssdjohka gorge (N 70° 33.451' E 028° 04.736"). It contains washed in 30% hydrochloric acid (HCI) and submerged in 48% hydro-
siliciclastics of the upper Nyborg Formation and the Mortensnes dia- fluoric acid (HF) for three days. The residue was decanted, and subse-
mictite. Site #c (N 70° 34.005'E 028° 06.739) is a short section exposed quently treated with boiling 30% HCI. The acid was decanted, and the
on the cliff/hilltop, containing the Mortensnes diamictite underlain by residue filtered through 25 pm pore-size nylon mesh and stored in
the mudstones of the Nyborg Formation. acetone. Centrifuging was not performed, to avoid damage to delicate
Indreelva Member. Site #a contains the Lillevannet and basal and large microfossils. The residue was mounted onto glass slides for
Indreelva members. Site #d starts on the coastal outcrop opposite transmitted light microscopy and left uncovered so that scanning elec-
Arasuolu islet (N 70° 34.165' E 28°07.244'; Fig. 1C). It exposes shales, tron microscopy can also be performed. These uncovered slides were
siltstones, and sandstones of the basal portion of the Indreelva Member individually stored in Petri dishes.
along the shore. The acid maceration technique was modified to extract microfossils
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Fig. 3. Distribution of organic-walled microfossil (OWM) taxa through the lower Vestertana Group. Simplified composite stratigraphy is shown on the left (not to
scale). Stratigraphic height for the Nyborg Formation is given in meters below the Mortensnes diamictite in section. Stratigraphic height for the Mortensnes For-
mation is given in meters above the base/contact with the Nyborg Formation in section. Stratigraphic height for the Indreelva Member of the Stahpogieddi Formation
is given in meters above the top of the non-fossiliferous Lillevannet Member. First occurrences (FO) of biostratigraphically significant macrofossils Palaeopascichnus
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the lowest species richness and is dominated by leiosphaerids. The samples in the mid-upper Indreelva Member were barren. A table with abundance data for each
taxon is provided in Supplementary Information (SI Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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from diamictite intervals. Diamictite samples with fine-grained matrix
(Fig. 2) were crushed into 1-2 cm pieces. Foreign clasts such as drop-
stones and debris were removed as much as possible. Chips of the dia-
mictite matrix were placed in a deep, lidded Petri dish and covered with
48% HF for 24 h. As the matrix dissolved, small foreign clasts of chert
and siltstone embedded in the matrix became loosened and were then
carefully removed with high-density-polyethylene tweezers. This step
serves to minimize contamination of the microfossil-bearing residue
from sources other than the matrix itself, such as the foreign clasts. The
matrix continued to be macerated in HF for another 24-48 h. The acid
was decanted, and the residue washed with deionized water until
neutral and then filtered through 25 pm nylon mesh, following standard
palynological extraction methods (e.g., Grey, 1999).

3.2. Specimen observation and counting

Microscope observations and photography were conducted using
Zeiss Axioskop transmitted light microscopes with QImaging and Leica
DFC420 cameras. All illustrated specimens, as well as rock samples and
glass slides with mounted fossils, are deposited in the palaeontological
collection of the Arctic University Museum of Norway (UiT), prefix
TSGF. Samples were collected through the non-glacial to glacial strata in
several sections with the goal of observing OWM species richness
changes through time, including the glacial interval. Microfossils were
point-counted on one slide per sample (i.e. stratigraphic interval), which
was used to determine their relative abundance (Fig. 3, Table S1).

4. Results

Nineteen taxa and four undetermined forms were recovered from 14
fossiliferous horizons in the Vestertana Group on the Digermulen
Peninsula (Fig. 3, Table S1). OWM were found in the majority of pro-
cessed samples from the Nyborg and Mortensnes formations (Figs. 4-6),
but only in a few samples from the post-glacial Indreelva Member of the
Stahpogieddi Formation (Figs. 3, 7). Samples from the Smalfjorden
Formation diamictite yielded amorphous kerogen and leiosphaerid
fragments (Supplementary Fig. 4A-B). The highest diversity of micro-
fossil taxa of eukaryotic affinity was found in the Nyborg Formation. The
glacial deposits are, in contrast, dominated by prokaryotic taxa (Fig. 3).
The uppermost unit included in this study, the Indreelva Member, hosts
a low diversity OWM assemblage of low abundance, with only a few
microeukaryotes co-occurring with macroscopic Ediacara-type biota
and palaeopascichnids (Figs. 7-8).

4.1. The upper Nyborg Formation assemblage

The mudrock-hosted assemblage of the Nyborg Formation comprises
prokaryotic and eukaryotic OWM taxa. Sphaeromorphs (Leiosphaeridia)
make up nearly half of the microfossils in the assemblage (46%), but
there is also a substantial component (49%) of taxa with complex
morphology (Figs. 4A-D, 4I-J; Supplementary Fig. 6). These include the
Doushantuo-Pertatataka acritarchs  Assesserium cf.  fusulentum,
A. pyramidalis,?Ceratosphaeridium glaberosum, Tanarium irregulare, and?
Multifronsphaeridium ramosum. Also present are the equatorial flange-
bearing Simia nerjenica (Figs. 4E-F), and vesicles with a large split
opening Schizofusa zangwenglongii (Figs. 4G-H), predominantly known
from lower Ediacaran strata (e.g., Grey, 2005; Liu et al., 2013). Pro-
karyotic OWM such as simple filaments (Siphonophycus) and the cell
aggregate Synsphaeridium (Figs. 4K, SE) are present, but make up only a
minor component (5%) of the assemblage (Fig. 3; Supplementary Fig. 6).
Among the known regions with DPA/ECAP occurrences, the Nyborg
Formation assemblage shares the most taxa with that in the Dalnyaya
Tayga Group in Siberia (Table 1).

The majority of Nyborg OWM have a thermal alteration index (TAI
Marshall, 1991) of 3, indicating that the organic matter (OM) is ther-
mally mature, but some OWM are considerably darker and duller in
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colour, with TAI = 5 which indicates a dry gas production window of
OM maturity. The discrepancy in TAI between different OWM in the
assemblage indicates that some may have been reworked.

4.2. The Mortensnes Formation diamictite assemblage

OWM from the diamictite matrix are dominated by prokaryotes
(Fig. 3). Most specimens are uniform in colour (TAI = 3), although a few
specimens are darker, corresponding to TAI = 4-5. This indicates
different thermal or preservational histories and thus reworking, but
such specimens are rare (e.g., Fig. 6J).

The most common and abundant component of the Mortensnes
assemblage are Synsphaeridium clusters (Fig. 6E), followed by smooth-
walled sphaeromorphs Leiosphaeridia (Figs. 6A-B). There are both
indigenous (Fig. 6A) and reworked (Fig. 6B) leiosphaerids. Filamentous
taxa are less common, but truncated fragments of simple filaments of
varying thickness (Siphonophycus) are abundant in the diamictite sam-
ples. As the samples were processed with a modified low-manipulation
method, the truncated nature of the specimens is less likely a result of
processing and could instead be a sign of transport. Filamentous taxa
also include dense, parallel, unbranched filaments Polythrichoides line-
atus Hermann, 1974 (Fig. 6H). A single specimen of a small acantho-
morph also occurs in the diamictite (Fig. 6J). The vesicle is opaque and
considerably darker than the majority of the OWM assemblage, and is
possibly reworked. This morphotype resembles the Ediacaran acritarch
Distosphaera australica characterised by short, stubby processes (Grey,
2005). Toroidal morphotypes of Squamosphaera colonialica are also
present in the Mortensens assemblage (Figs. 6F-G).

The novel OWM recovery technique from diamictites allowed re-
covery of more complete, less fragmented OWM. It also yielded a higher
proportion of larger OWM including cell aggregates >70 pm in diam-
eter, whilst the diamictite samples that were processed with a conven-
tional method for extracting Precambrian microfossils by Grey (1999)
yielded only small fragments of unidentifiable vesicle walls or Syn-
sphaeridium, usually <20 pm in size (Supplementary Fig. 5).

4.3. The Indreelva Member assemblage

In the post-glacial succession, the lower Indreelva Member contains a
depauperate OWM assemblage. The shales and siltstones of the Lille-
vannet Member, the lowermost unit of the Stahpogieddi Formation,
contain no OWM and only minor kerogens. The mudrocks in the lower
part of the overlying Indreelva Member contain a low-abundance and
low-diversity assemblage dominated by leiosphaerids (56%) and cell
aggregates, as well as flask-shaped microfossils (Fig. 7). OWM occur
only through the lower-mid part of the unit. The mudstones and silt-
stones in the middle part of the Indreelva Member are mostly red and
bear pyrite crystals and concretions (Supplementary Figs. 3A-C), which
indicate reducing conditions. As pyrite is formed during microbial
reduction of sulphate and during degradation of organic matter (Berner,
1985), this could explain the absence of kerogen and OWM in rocks
through this interval. The Indreelva Member assemblage is composi-
tionally different from assemblages from underlying strata (Fig. 3).

5. Discussion
5.1. Preservation and reworking

Organic-walled microfossils in the upper Vestertana Group vary in
preservation, from good preservation of delicate features in the Nyborg
Formation Member D (cf. Agic et al., 2019) to relatively poor preser-
vation in the Stahpogieddi Formation, consistent with a provenance
shift (Meinhold et al., 2022). Specimens of multicellular tissue Cyathi-
nema and filaments in the Nyborg Formation (e.g., Fig. 5E) are mostly
fragmented, even though they were extracted from the rock matrix using
a gentle preparation approach, which indicates that at least some OM
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Fig. 4. Representative organic-walled microfossil taxa of the Nyborg assemblage. (A)?Ceratosphaeridium glaberosum Grey, 2005. TSGF18580a 90x6, sample D16-HA-
68. The arrow points to a single process with a rounded base. (B) Asseserium cf. fusulentum Moczydiowska and Nagovitsin, 2012. D16-HA-75 80x12. (C) Asseserium
pyramidalis Moczydlowska and Nagovitsin, 2012. TSGF18581a 98x15, D16-HA-45. (D) Unnamed Form A, acanthomorphs with sparse processes (indicated by the
arrow). TSGF18584a 97x9.5, D16-HA-75. (E-F) Simia nerjenica Veiss in Jankauskas et al., 1989. (E) TSGF18583a 108x14, D16-HA-75. (F) TSGF18582a, sample D16-
HA-73-SEM1 82x10 25x. (G) Schizofusa zangwenlongii Grey, 2005. TSGF18582b, sample D16-HA-73. (H) Schizofusa aff. sinica Yan, 1982. D16-HA-75-SEM2 97x9. (I)?
Multifronsphaeridium ramosum Moczydiowska and Nagovitsin, 2012. TSGF18582¢ 87x10, D16-HA-73. Arrows show branching. (J) Two specimens of Tanarium
irregulare Moczydiowska et al., 1993. TSGF18582d, TSGF18582e 108x8, D16-HA-73. (K) Synsphaeridium spp. TSFG18580b 100x9, D16-HA-68.
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Fig. 5. Other organic-walled microfossils from the Nyborg Formation. (A) Leiosphaeridia jacutica Timofeev, 1966 emend. Mikhailova and Jankauskas in Jankauskas
et al., 1989. TSGF18584b 83.5x12, D16-HA-75. (B) Unnamed Form B, a leiosphaerid with faintly textured vesicle wall. TSGF18580c 89x4, D16-HA-68. (C) Stic-
tosphaeridium implexum Timofeev, 1966. TSGF18583b 77.5x14, D16-HA-75. (D) Leiosphaeridia crassa Naumova, 1949 emend. Jankauskas et al., 1989. 18584c
98x11.5, D16-HA-75. (E) Siphonophycus kestron Schopf, 1968. TSGF18583c 92.5x11, D16-HA-75. (F) Scanning electron photomicrograph of the tissue remains

Cyathinema digermulense Agic et al., 2019. TSGF18423b.

was transported during or after deposition. Additionally, differences in
preservation and vesicle colour between microfossils in the same
assemblage indicate that some OWM may be reworked.

Allochthonous sedimentary organic matter, including OWM, is
commonly reworked into autochthonous palynomorph assemblages
throughout the Phanerozoic (Batten, 1991). Obvious signs of reworking
include preservational and colour differences between the primary
assemblage and allochthonous components. However, recognizing
reworked microfossils in Proterozoic assemblages is particularly chal-
lenging because most OWM taxa have long stratigraphic ranges, so they
are not easily distinguished as temporally different from the rest of the
assemblage. Moreover, deep time assemblages commonly exhibit a
range of preservational quality. This could reflect temporal, short-scale
changes in preservational conditions, as OWM represent a death
assemblage. In another rare study where OWM were recovered from
glacial diamictites, in the Famennian Cabecas Formation in Brazil, the
resulting assemblage of acritarchs and miospores contained 70%
reworked taxa (Streel et al., 2001). Those were recognized by their older
stratigraphic ranges (Givetian and Frasnian). The diamictite also con-
tained well-preserved autochthonous taxa that confirmed the deposi-
tional environment as marine, as well as the ability of palynomorphs to
become preserved in tillites (Streel et al., 2001).

We observed some signs of reworking in the present material. Several
OWM in both Nyborg and Mortensnes assemblages (Figs. 4F-G, 41-J, 6B,
6J) are duller and darker in colour than the rest of the sedimentary OM,
including OWM and kerogen particles in the same samples (Figs. 4A-E,
4H, 6A, 6D, 6G-I). The rest of the acid-insoluble sedimentary OM in-
cludes scattered opaque kerogen clumps (e.g., Fig. 4J). This range of
colour and, consequently, TAI values of 2-5 (cf. Staplin, 1969; Marshall,
1991) suggest that some specimens may have different thermal/depo-
sitional histories.

In a diamictite assemblage, it is possible that rare reworked speci-
mens could derive from older mud clasts embedded in the diamictite
matrix. Vidal (1981) also recovered OWM from the Mortensnes

Formation on the Varanger Peninsula and suggested that all diamictite-
extracted OWM must have been reworked. Vidal (1981) considered taxa
like Synsphaeridium to derive from older rocks, because they frequently
occur in older, Mesoproterozoic-Neoproterozoic assemblages. This
conclusion is not supported by the fossil record, because Synsphaeridium
is a cell aggregate form-taxon of polyphyletic nature, ranging from the
Mesoproterozoic and through the Phanerozoic (Eisenack, 1965; Fen-
some et al., 1990) and it is present even in depauperate Cryogenian
assemblages (Riedman et al., 2014) and other Ediacaran strata (e.g.,
Grey, 2005; Arvestél and Willman, 2020; Willman and Slater, 2021). As
such, its presence in Ediacaran rocks is not unexpected. Secondly, Vidal
(1981) macerated some chert nodules embedded in the Mortensnes
diamictite and found that they were barren, concluding that any mi-
crofossils from the diamictite must have been reworked from older strata
instead of the nodules. However, it is unclear if the chert in the Mor-
tensnes diamictite is early diagenetic and synsedimentary with the
matrix, and if it would be suited for microfossil preservation at all (cf.
Manning-Berg et al., 2019). Nevertheless, if the foreign clasts are not
fossiliferous and most of them have been removed through the new
processing method anyway, the majority of recovered OWM come from
the diamictite matrix.

The matrix-derived OWM can potentially have different origins,
representing biotas inhabiting different glacial environments or even
biotas transported with the till. However, in comparison with modern
habitats, we would expect OWM (especially prokaryotes) in association
with all glacial settings: ice, melt pools, cryoconites (e.g., Hamilton
etal., 2013; Christner et al., 2014; Hancke et al., 2022). Prokaryotic taxa
are delicate carbonaceous material, so it is unlikely that they would all
be reworked or solely till-transported without also reworking other
types of OWM (i.e. acritarchs). Based on the properties of the Vestertana
material, we recognise that a few OWM from the Mortensnes diamictite
could have been reworked because they stand out in colour from the rest
of the acid-insoluble organics within a single sample (Figs. 6B, J), but
there is no indication that the entire assemblage is reworked. On the
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Fig. 6. Organic-walled microfossils from the Mortensnes Formation diamictite matrix. (A) Leiosphaeridia crassa Naumova, 1949. TSGF18587a 80x11, D16-HA-76. (B)
A leiosphaerid with a Schizofusa-like opening. TSGF18586a 93x17, D16-HA-66. (C) Unnamed Form C, a fragment of a vesicle wall with striations. TSGF18586b,
94x20. (D) Siphonophycus kestron Schopf, 1968. TSGF18586¢ 95.5x11, D16-HA-66. (E) Synsphaeridium spp. TSGF18587b 116.5x17, D16-HA-76. (F) Fragment of
Squamosphaera colonialica Jankauskas, 1979 recomb. Tang et al., 2015. TSGF18587f 93x18, D16-HA-76. (G) A toroidal aggregate of cells,?Squamosphaera colonialica.
TSGF18587c¢ 98.5x15, D16-HA-76. (H) Polytrichoides lineatus Hermann, 1974 emend. Knoll et al., 1991. TSGF18587d 87x8.5, D16-HA-76. (I) Unnamed Form D,
septate filament. TSGF18587e 93.5x10, D16-HA-76. Red squares are enhanced in (I1-12), showing the wall thickening (possible septum) in the filament. (J) Un-
named Form E, a small acanthomorph similar to Distosphaera australica Grey, 2005. TSGF18585a 87x12, D16-HA-54. It has a darker colour than other Mortensnes
OWM], suggesting this could be reworked. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

contrary, its OWM composition is prokaryote-dominant and thus
distinct from the older, eukaryote-rich assemblage in the underlying
Nyborg Formation (Fig. 3). This implies that the two assemblages
represent different microbial communities.

The modified maceration technique used to recover the Mortensnes
OWM involved picking and removing foreign clasts in the diamictite
matrix during maceration to avoid contamination from older material.
Despite this, it is still possible that some tiny clasts were macerated along

with the matrix, or that the matrix itself contained reworked OWM due
to erosion, transport, or redeposition (cf. Batten, 1991). Thus, the few
darker leiosphaerids (Fig. 6B) are likely reworked, but they constitute
only a minor component (2%) of Mortensnes OWM (Supplementary
Fig. 6). A conspicuous reworked/darker specimen in the Mortensnes
assemblage is a poorly preserved acanthomorph (Fig. 6J). Similar
specimens have not been observed in older or younger strata, so its
provenance is unclear. Although distinct from the Nyborg
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Fig. 7. Representative OWM from the depauperate post-glacial assemblage of the Indreelva Member, Stdhpogieddi Formation. (A) Holotype of a flask-shaped
microfossil Lagoenaforma collaris Agic et al., 2022. TSGF18449c, D16-HA-80. (B) Leiosphaerid with a large opening. TSGF18588a 76x16, D16-HA-53. (C) Sphaer-

omorph with a broken vesicle. TSGF18588b 85x12, D16-HA-53.

acanthomorphs, this specimen may be classified as DPA/ECAP type. It is
similar to microfossils from the Ediacaran of Siberia (Sergeev et al.,
2011, fig. 7.8.) and to a specimen of Distosphaera from Australia in which
most of the outer membrane has been lost (Grey, 2005, fig. 148C). Due
to difference in colour and TAI, we consider it reworked, but it is likely
not older than the Ediacaran.

Potentially reworked OWM also occur in the Nyborg shales. Acan-
thomorphs Tanarium and?Multifronsphaeridium have darker colour than
other, more common and more abundant OWM in the assemblage
(Figs. 41-J). The two taxa occur in the lowermost sampled horizon of the
Nyborg Formation (Member D), ca. 10 m below the Mortensnes dia-
mictite (Guvssajohka section). Their exact provenance is unknown, but
they are most likely reworked from the older parts of the same Nyborg
Formation because 1) previous work on older units in Finnmark and
elsewhere in Scandinavia did not recover DPA/ECAP (cf. Vidal, 1981;
Vidal and Siedlecka, 1983; Moczydtowska et al., 2018), 2) these taxa are
well age-constrained and fit with the early Ediacaran age of the Nyborg
Formation, and 3) they are not significantly older than other Nyborg
DPA/ECAP taxa (e.g., Assesserium,?Ceratosphaeridium, and Schizofusa
zangwenglongii), which are also diagnostic of the early Ediacaran (cf.
Grey, 2005; Zhou et al., 2007; Vorob’eva et al., 2009; Sergeev et al.,
2011; Moczydtowska and Nagovitsin, 2012). Some specimens of Simia
nerjenica (Figs. 4E-F) differ in colour within the same sample, suggesting
that even if the darker OWM are reworked, they are close in age and
could be a part of the same assemblage. This is consistent with the
observation of sediment reworking during the regressive phase within
the Nyborg Formation (Reading and Walker, 1966). The regression
occurred due to a change in deposition within the same basin, so the
reworked material is unlikely to be significantly older.

5.2. Organic-walled microfossils constrain the age of the Nyborg
Formation and the Vestertana Group diamictites

5.2.1. Early Ediacaran age of the Nyborg Formation

The OWM assemblage from the Nyborg Formation is consistent with
Doushantuo-Pertatataka acritarchs / Ediacaran complex acritarch
palynoflora. These assemblages predominantly occur in strata of early
Ediacaran, pre-Shuram age (Xiao, 2004) worldwide: Australia (Zang and
Walter, 1992; Grey, 2005; Willman et al., 2006), Brazil (Morais et al.,
2022), South China (Zhou et al., 2001, 2007; Liu et al., 2013, 2014; Xiao
et al., 2014a, 2014b; Liu and Moczydtowska, 2019; Ye et al., 2022), the
East European Platform (Vorob’eva et al., 2009), India (Shukla and
Tiwari, 2014; Joshi and Tiwari, 2016; Prasad and Asher, 2016; Xiao
et al., 2022), southern Norway (Spjeldnas, 1967; Vidal, 1990), Siberia
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(Moczydtowska et al., 1993; Sergeev et al., 2011; Moczydtowska and
Nagovitsin, 2012; Vorob’eva and Petrov, 2020), and Svalbard (Knoll,
1992). Exceptions of late Ediacaran acanthomorphs have been reported
in China, above EN3 (Ouyang et al., 2017), Mongolia (Anderson et al.,
2017), and Siberia (Golubkova et al., 2015; Grazhdankin et al., 2020).
However, the ages of some of these units remain to be fully constrained,
especially in Siberia, as discussed by Ye et al. (2023). Generally, upper
Ediacaran strata show a lower OWM diversity, especially of acantho-
morphs, and DPA/ECAP can thus be viewed as more characteristic of the
early Ediacaran interval.

On Baltica, DPA/ECAP taxa also occur in the Biskopésen Formation
conglomerate, Hedmark Group in the Lake Mjgsa area in southern
Norway, with acanthomorphs Papillomembrana and Ericiasphaera in
chert nodules (Spjeldnaes, 1963, 1967; Vidal, 1990). Ericiasphaera also
occurs in Ediacaran strata of Australia [Grey, 2005; although Willman
et al., 2006 suggested that some specimens may belong to a new un-
named species] and south China (Zhang et al., 1998; Yuan and Hof-
mann, 1998; Zhou et al., 2007; Yin et al., 2011; Liu et al., 2013; Ye et al.,
2022). Papillomembrana is also known from the lower Krol Group (Infra-
Krol; Joshi and Tiwari, 2016) and Krol A Group in India (Shukla and
Tiwari, 2014; Sharma et al., 2021), although Xiao et al. (2022, table 1)
advised that some of these occurrences could be taphomorphs of
Appendisphaera and need to be re-examined. Furthermore, Adamson and
Butterfield (2014) reported additional DPA/ECAP in phosphorites and
chert nodules in the Biskopdsen Formation and noted an overlap with
the taxa in the Tanarium conoideum — Hocosphaeridium scaberfacium —
Hocosphaeridium anozos biozone of south China (cf. Liu et al., 2014; Xiao
et al., 2014a; Table 1). The Biskopésen Formation underlies the Moelv
Formation diamictite (Nystuen, 1976), which has been correlated with
