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ABSTRACT

Nineteen ichnotaxa, together with algal and invertebrate remains, and various pseudo-traces and
sedimentary structures are described from the Tornetrdsk Formation exposed near Lake Tornetrdsk,
Lapland, Sweden, representing a marked increase in the diversity of biotic traces recorded from this
unit. The “lower siltstone” interval of the Tornetrask Formation contains mostly simple pascichnia,
fodinichnia and domichnia burrows and trails of low-energy shoreface to intertidal settings. The assem-
blage has very few forms characteristic of high-energy, soft-sediment, foreshore or upper shoreface
environments (representative of the Skolithos ichnofacies).

Uranium-lead (U-Pb) LA-ICPMS analysis of zircon from a thin claystone layer within the “lower siltstone”
interval yielded a maximum depositional age of 584 + 13 Ma, mid-Ediacaran. Most of the zircon is
represented by rounded detrital grains that yield dates between 3.3 and 1.0 Ga. Although the age of the
basal sandstone-dominated interval of the Tornetrask Formation remains elusive owing to the absence of
fossils, the ichnofossil suite from the overlying “lower siltstone” interval lacks deep arthropod trackways,
such as Rusophycus and Cruziana, and is suggestive of a very early (Terreneuvian, possibly Fortunian)
Cambrian age. The ichnofauna is otherwise similar to early Cambrian trace fossil assemblages from other
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parts of Baltica, regions further south in modern Europe, and from Greenland.

Introduction

Lower Cambrian sedimentary successions crop out in a thin
belt along the eastern front of the Scandinavian Caledonides.
The successions, although moderately deformed during the
Caledonian Orogeny (Roberts & Gee 1985), are virtually
unmetamorphosed and are composed predominantly of silici-
clastic rocks. In northernmost Sweden and Norway, these
strata are assigned to the Dividal Group. This group has
a maximum thickness of approximately 200 m (Axheimer
et al. 2007) and rests non-conformably on a Proterozoic or
Archaean crystalline basement. Three major units have been
distinguished within the Dividal Group: the Tornetrisk
Formation, Grammajukku Formation and Alum Shale
Formation in ascending stratigraphic order (Feoyn 1967;
Thelander 1982; Axhemier et al. 2007; Nielsen & Schovsbo
2011).

Generally, the Dividal Group has been considered to be
impoverished in body fossils (see Skovsted et al. in press [this
volume] for details), resulting in some uncertainty regarding
the precise age of the formations within the succession.
Trilobites from the top of the Grammajukku Formation are
referable to upper Stage 4 of the Cambrian (Ahlberg 1980a,
1980b, 1985; Axheimer et al. 2007; Skovsted et al. in press [this
volume]). However, the underlying Tornetrask Formation has

been more difficult to place in a temporal context (Vidal &
Moczydlowska 1996). Early studies assigned the Tornetrisk
Formation to the Ediacaran following the discovery of
a putative Ediacara-type organism (Féyn & Glaessner 1979).
However, this taxon, Kullingia concentrica Glaessner, in Foyn
& Glaessner (1979), was later interpreted as a scratch circle
(Jensen et al. 2002) placing significant doubts on the suggested
Ediacaran age for the unit.

One of the more detailed investigations of lower Cambrian
strata in northern Sweden was undertaken by Jensen & Grant
(1998) who documented an assemblage of trace fossils from
the Tornetrésk Formation near Luobakte in the Abisko area of
Lapland. The assemblage included ichnotaxa, such as
Treptichnus pedum (Seilacher 1955), Curvolithus and
Gyrolithes, and the enigmatic body fossil Sabellidites sp.,
which led Jensen & Grant (1998) to conclude that the majority
of the formation was likely to be of early Cambrian age, pre-
dating the earliest trilobites (Rovno or Lontovan). However,
a more resolved chronostratigraphic position has remained
elusive owing to the absence of age-diagnostic fossils in the
basal portion of the Tornetrisk Formation (Jensen & Grant
1998). More recently, Nielsen and Schovsbo (2011) suggested
a relatively late early Cambrian age (equivalent to
Dominopolian to “Ljubomilan” or Cambrian Stage 3) for the

CONTACT Stephen McLoughlin @ steve.mcloughlin@nrm.se @ Department of Palaeobiology, Swedish Museum of Natural History, Box 50007, Stockholm SE-

10405, Sweden
Supplemental data for this article can be accessed here.

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in ara/ medium, provided the original work is properly cited.
Published online 17 Sep 2021


http://orcid.org/0000-0001-6723-239X
http://orcid.org/0000-0003-2987-5559
http://orcid.org/0000-0001-6720-7418
http://orcid.org/0000-0001-5069-0773
http://orcid.org/0000-0002-2689-6816
http://orcid.org/0000-0001-7366-7680
https://doi.org/10.1080/11035897.2021.1939775
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/11035897.2021.1939775&domain=pdf&date_stamp=2021-10-12

104 e S. MCLOUGHLIN ET AL.

entire Tornetrisk Formation, based on a regional sequence
stratigraphic analysis, despite the absence of trilobites and
arthropod trace fossils.

By their own admission, the trace fossil assemblage docu-
mented by Jensen & Grant (1998) was by no means complete
as they focused primarily on ichnofossils that were considered
stratigraphically important. Here we build on the work of
Jensen & Grant (1998) and document a more diverse trace
fossil assemblage from the Tornetrask Formation at several
localities near Lake Tornetrdsk in northern Sweden (Fig. 1).
We also identify microbially induced sedimentary structures,
algal remains and sparse putative invertebrate body fossils
from this unit. Through this study, we aim to assess the age
constraints on the Tornetrdsk Formation and increase under-
standing of the diversity of early animal life and behaviours in
Baltica during this crucial earliest Cambrian interval. Our
U-Pb LA-ICPMS analysis of zircon from a claystone bed
within the “lower siltstone” interval at Luobdakte also places
the sedimentary succession in a coarse geochronological

framework and provides indications of sediment provenance
for the Tornetrisk Formation.

Geological setting

Autochthonous strata at Luobakte and adjacent areas
(Figs. 1-3), now assigned to the Tornetrask, Grammajukku
and Alum Shale formations, were first described by Moberg
(1908). Subsequent sedimentological and stratigraphic stu-
dies by Kulling (1960, 1964), Thelander (1982) and Nielsen
& Schovsbo (2011), among others, established informal
lithostratigraphic subdivisions of these units and summar-
ized their depositional settings within a sequence strati-
graphic framework. In addition, Kulling (1930) noted
a distinctive boulder-breccia bed intercalated with the other-
wise siltstone- and sandstone-dominated successions in the
middle part of the Tornetrisk Formation to the north of
Lake Tornetrask. These earlier studies documented extensive
details of the lithological characteristics and depositional

N L RN
VTSI
./ Study area
Y y
S
53
|
O

{ FINLAND

i Stenbacken

\
\

1) ;2

_ (Edovarri)

- Tornetrask Fm, Grammajukku Fm, Alum Shale Fm outcrop ®  Town/locality
* Outcrop of
. Vakkejokk Breccia Bed
Successive thrust sheets of
: - -~~~ Road
variably metamorphosed T | .. . .. "
. N . | Thrust faults +"".. Railway
Proterozoic to Cambrian strata owa  Lake
(see Thelander 2009) o Watercourse
) Measured section

Figure 1. Maps of the study area. A. Map of Scandinavia showing the distribution of the Caledonian thrust sheets and the study area. B. Geological map of the Lake
Tornetrask area, Lapland showing the studied localities. C. Satellite image of the Orddajohka rivulet area, north of Lake Tornetrask, showing the location of the
measured section. D. Satellite image of the Mt Luobdkte area south of Lake Tornetrdsk showing the location of the studied composite section compiled at sites 1 and 2.
Distribution of rock units after Thelander (2009); satellite images from Google Earth.



settings of these units, so we provide only a short summary
of their sedimentary features to provide
a palaeoenvironmental context for the body and trace fossil
assemblages described below. The Tornetrisk Formation
was formally established by Thelander (1982) but the con-
stituent “members” were never formally defined, hence, we
retain these units under informal nomenclature as
“intervals”.

The basal beds of the Tornetrisk Formation rest non-
conformably on weathered granitic to gneissic basement in
the study area. At Luobdkte, the base of the formation is
characterized by a thin polymict conglomerate (Fig. 2A).
Stodt et al. (2011) proposed that at least the basal part of
this conglomerate was deposited during the mid-Ediacaran
Gaskiers glaciation, although we found no evidence of glaci-
genic features in this deposit in the Tornetrdsk area. This
bed is overlain by a succession(>6 m thick) of quartzose fine-
to coarse-grained sandstones and conglomeratic lenses with
few or no siltstone partings. These strata are collectively
assigned to the informal “lower sandstone” interval. This
unit is characterized by extensive high- to low-angle planar
cross-bedding (Figs. 2B, 4A, C) with variable palacocurrent
orientations (Thelander 1982). Large-scale straight- to sin-
uous-crested asymmetrical ripples (Fig. 4B), smaller-scale
symmetrical ripples, and inclined tabular packages of mas-
sive sandstone (Figs. 2B, 4C) are also represented. Thelander
(1982, fig. 5) also recognized small-scale channel scours
within the unit. Although Thelander (1982) inferred
a fluvial setting for at least part of this unit, the sheet-like
geometries of many beds, common low-angle bedforms,
abundant current- and wave-rippled bedding surfaces, and
scarcity of siltstone partings suggest a moderate- to high-
energy shallow shoreface depositional setting for the “lower
sandstone” interval.

The “lower siltstone” interval of Thelander (1982) rests
sharply but conformably on the “lower sandstone” interval -
the relatively abrupt contact likely representing the equiva-
lent of a flooding surface and significant deepening of the
depositional environment (Nielsen & Schovsbo 2011). The
“lower siltstone” interval, consisting of two coarsening-
upward cycles of grey-brown siltstones to thin-bedded, fine-
grained, grey-white sandstones (Figs. 2C, 4D), probably
represents two drowning-shallowing cycles (as opposed to
a single cycle interpreted by Nielsen & Schovsbo 2011).
Flaser bedding, lenticular bedding and symmetrical to asym-
metrical ripples are common in the sandstone-dominated
upper parts of each sedimentary cycle suggesting a mix of
shallow-water wave and current processes (Fig. 4G), an inter-
pretation supported by all previous investigations of the
succession (Kulling 1960; Thelander 1982; Nielsen &
Schovsbo 2011). Bedding surfaces are typically overprinted
by an extensive range of trace fossils. The coarsening-upward
cycles of the “lower siltstone” interval are interpreted to
represent shallowing deposition within relatively quiet-water
shoreface up to intertidal settings. The presence of sporadic
mudflake conglomerates (Thelander 1982) and desiccation
features (sand-filled mudcracks with V-shaped profiles that,
in some cases, transect ripples and trace fossils) indicate
episodic subaerial exposure of bedding surfaces. A thin
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claystone in the upper part of this interval was sampled for
U-Pb geochronology of detrital zircon grains in this study.

To the north of Lake Tornetrisk, the “lower siltstone”
interval is sharply overlain by a prominent boulder-breccia
(Figs. 3, 4E), formally defined by Ormo et al. (2017) as the
Vakkejokk Breccia Bed, having a thickness of 2-27 m and
exposed over a strike length of about 7 km. The breccia
incorporates chaotically distributed angular to subrounded
clasts of crystalline basement lithologies and minor sedi-
mentary rocks set in a matrix of siltstone to granulestone
(Fig. 4F). Weakly defined internal partings and fining-
upward intervals are locally recognizable in this breccia -
the unit as a whole being interpreted as an impact ejecta
deposit (Ormo et al. 2017). At Luobdkte, the Vakkejokk
Breccia Bed is not readily recognizable, but has been inter-
preted to correlate to a thin conglomeratic bed and dolo-
mitic sandstone capping the “lower siltstone” interval
(Thelander 1982; Jensen & Grant 1998).

The “green-grey-red shale” (Moberg 1908), “middle
shale” (Kulling 1960), “middle shale formation” (Kulling
(1964), “red and green siltstone” (Thelander 1982) or “mid-
dle siltstone” interval (Stodt et al. 2011; this study) consists
of a succession of reddish and greenish siltstones that coar-
sens upward to thin-bedded fine-grained sandstones
(Fig. 2D). Thin clay partings in the upper sandy part of
this unit (Fig. 4I) have the appearance of weathered (ben-
tonitic) tuff bands and were sampled for U-Pb geochronol-
ogy in this study but proved to contain only detrital zircon
grains. This unit contains very sparse invertebrate body
fossils and is widely traceable in the Scandinavian
Caledonides. It is interpreted to have been deposited initi-
ally in quiet shelf waters (as part of a transgressive systems
tract—and presumably also encompassing a highstand
depositional component) but transitioning, in its upper
part, to shoreface settings as part of a falling stage systems
tract (Thelander 1982; Nielsen & Schovsbo 2011).

The “upper sandstone” interval is about 35 m thick at
Luobdkte and, although dominated by tabular sandstones,
includes a complex array of lenticular sandstones, persistent
siltstone packages, minor conglomeratic lag deposits (Figs. 2E,
4), and a nodular phosphorite bed that caps this interval.
Lenses of calcareous sandstone, accessory glauconite, various
invertebrate traces, sparse body fossils, and extensive ripple-
marked bedding planes in this unit suggest predominantly
shoreface deposition (Thelander 1982; Jensen & Grant 1998).
Nielsen and Schovsbo (2011) recognized at least two transgres-
sive-regressive cycles within this interval.

The overlying Grammajukku Formation (equivalent to
the “upper siltstone” interval of the Tornetrisk Formation
sensu Thelander 1982; see discussion by Nielsen &
Schovsbo 2011) consists of greenish grey siltstone with
local phosphorite nodules and lenses of sandstone and
limestone. The upper few metres of this formation consist
of thick-banded calcareous shale and dark pyritic limestone
(Fig. 2F). Brachiopods, hyoliths and trilobites occur at
several levels in the siltstones, and the calcareous layers at
the top of the formation have yielded a moderately diverse
trilobite and Small Shelly Fossil fauna attributable to the
Ornamentaspis? linnarssoni Assemblage Zone (Cambrian
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Stage 4: Axheimer et al. 2007; Skovsted et al. 2020 [this
volume]).

The Grammajukku Formation is sharply overlain by the
Alum Shale Formation (Fig. 2F), a black (kerogen-rich), pyritic
shale unit of middle Cambrian age that is widely distributed
across Scandinavia and was deposited in relatively anoxic
marine waters. At Luobdkte, allochthonous Caledonide slivers,
locally yielding a trilobite fauna similar to that of the upper-
most Grammajukku Formation (Ahlberg 1980a), have been
thrust over the ductile Alum Shale Formation, such that the
latter has become heavily deformed.

Material and methods

Trace fossils studied from the Tornetrdsk Formation derive
from several sources. Primarily, new material was collected in
the field (August, 2020) from outcrop (Figs. 1, 2) in the main
gully section (site 1) on the northern slope of Mt Luobakte, and
from low strike ridges 300 m to the east (site 2). A few specimens
were also recovered from the western side of Mt Gaisepakte to
the south of Lake Tornetrésk, and from the Orddajohka rivulet
to the north of the lake (Fig. 3). During this fieldwork, strata of
the “lower siltstone” interval were targeted primarily to assess
the diversity of ichnofossils within this unit. Available time did
not permit thorough quantitative or high-resolution strati-
graphic surveys of the ichnoassemblages. Additionally, 39 fossi-
liferous slabs and synthetic casts from the Tornetrésk area were
studied from historical collections held in the Palaeobiology
Department, Swedish Museum of Natural History, recovered
from the field by departmental staff J. Bergstrom and
J. Hagstrom over the course of several decades. Museum regis-
tration numbers and source details for all taxa described below
are provided in Supplementary Online File 1.

Trace fossils were photographed in the field and laboratory
with a Canon Eos 40D digital camera using low-angle illumi-
nation from the upper left, unless stated otherwise. Fossil algae
and microbial mat structures were photographed in the labora-
tory using an Olympus BX51 microscope equipped with
a Lumenera Infinity 2 digital camera and an Olympus SZX10
stereomicroscope with an Industrial Digital Camera.

LA-ICPMS methods

Zircon grains were separated from rocks using standard techni-
ques, annealed at 900°C for 60 hours in a muffle furnace, and
mounted in epoxy and polished until their centres were exposed.
Cathodoluminescence (CL) images were obtained with a JEOL
JSM-300 scanning electron microscope and Gatan MiniCL
(Supplementary Online File 2). Zircon grains were analyzed by
laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) using an iCAP RQ Quadrupole ICP-MS and Teledyne
Photon Machines Analyte Excite+ 193 nm excimer laser ablation
system with HelEx II Active two-volume ablation cell. In-house
analytical protocols, standard materials, and data reduction soft-
ware were used for acquisition and calibration of U-Pb dates and
a suite of high-field-strength elements (HFSE) and rare-earth
elements (REE). Zircon was ablated with a laser spot of 20 pm
diameter using fluence and pulse rates of 3 J/cm® and 10 Hz,
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showing the stratigraphic position of the Vakkejokk Breccia Bed, trace fossils and
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respectively, during a 35 second analysis (15 sec gas blank,
20 sec ablation) that excavated a pit c¢. 20 pm deep. Ablated
material was carried by a 0.5 L/min He gas stream in the inner
cell and a 1.1 L/min He gas stream in the outer cell. Dwell times
were 10 ms for Si, 1 ms for Zr, 5 ms for Hf, 200 ms for *'Ti and
207pb, 100 ms for 2°°Pb, 20 ms for 202Hg and 2°*Pb, 10 ms for U,
and 10 ms for all other HESE and REE. Background count rates
for each analyte were obtained prior to each spot analysis and
subtracted from the raw count rate for each analyte. Ablations pits
that appear to have intersected glass or mineral inclusions were
identified based on Ti and P.Uranium-lead dates from these
analyses are considered valid if the U-Pb ratios appear to have
been unaffected by the inclusions. Analyses that appear contami-
nated by common Pb were rejected based on mass 204 being
above baseline. For concentration calculations, background-
subtracted count rates for each analyte were internally normalized
to 2Si and calibrated with respect to NIST SRM-610 and —612
glasses as the primary standards. Temperature was calculated
from the Ti-in-zircon thermometer (Watson et al. 2006).
Because there are no constraints on the activity of TiO,, an average
value in crustal rocks of 0.8 was used.

Data were obtained in two experiments in March 2021
(Supplementary Online File 3). For U-Pb and **’Pb/**°Pb dates,
instrumental fractionation of the background-subtracted ratios
was corrected and dates were calibrated with respect to inter-
spersed measurements of zircon standards and reference materi-
als. The primary standard Plesovice zircon (Sldma et al. 2008) was



Figure 4. Sedimentary features of the Tornetrask Formation at Luobdkte (A-D, G-l) and Orddaj rivulet (E, F). A. High-angle planar cross-bedding; “lower
sandstone” interval. B. Large-scale straight to gently sinuous ripples on the surface of a sandstone bed; “lower sandstone” interval. C. Stacked tabular to wedge-shaped
low-angle cross-bedded sandstones; “lower sandstone” interval. D. Thinly interbedded fine-grained thin sandstones and siltstones in the upper part of the lower fining-
upward cycle of the “lower siltstone” interval. E. Base of the Vakkejokk Breccia Bed sharply overlying thin tabular sandstones and siltstones of the “lower siltstone”
interval. F. Chaotically distributed large basement clasts set in a silty matrix within the lower part of the Vakkejokk Breccia Bed. G. Cross-laminated (asymmetrically
rippled) fine-grained sandstone bed; “lower siltstone” interval. H. Polymict, conglomeratic bed with angular to sub-rounded clasts in the “upper sandstone” interval.
I. Package of siltstones grading up to tabular sandstones incorporating a thin ?bentonitic band (arrowed) in the upper part of the “middle siltstone” interval. Scale
bars = 10 cm for A, D-F, I; 10 mm for G, H. Hammer = 30 cm in B, C.
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Figure 5. Probability density plots of LA-ICPMS U-Pb dates from 140 detrital
zircons obtained from sample TB2, representing a thin claystone near the top of
the lower upward-coarsening cycle of the “lower siltstone” interval of the
Tornetrask Formation at Site 1, Luobdkte (Fig. 2). Plotted with Isoplot 3.0
(Ludwig 2003).

used to monitor time-dependent instrumental fractionation
based on two analyses for every 10 analyses of unknown zircon.
A secondary correction to the ***Pb/>**U dates was made based
on results from the zircon standards Seiland (531 Ma, unpub-
lished data, Boise State University) and Zirconia (327 Ma, unpub-
lished data, Boise State University), which were treated as
unknowns and measured once for every 10 analyses of unknown
zircon. These results showed a linear age bias ofseveral percent
that is related to the **Pb count rate. The secondary correction
is considered to mitigate matrix-dependent variations due to
contrasting compositions and ablation characteristics between
the PleSovice zircon and other standards (and unknowns).

Radiogenic isotope ratio and age error propagation for all
analyses includes uncertainty contributions from counting sta-
tistics and background subtraction. Errors without and with the
standard calibration uncertainty are shown in the data table. For
groups of analyses that are collectively interpreted from
a weighted mean date, a weighted mean date is first calculated
from equivalent dates (probability of fit >0.05) using Isoplot 3.0
(Ludwig 2003) with errors on individual dates that do not
include a standard calibration uncertainty. A standard calibra-
tion uncertainty is then propagated into the error on the date.
This uncertainty is the local standard deviation of the polyno-
mial fit to the interspersed primary standard measurements
versus time for the time-dependent, relatively larger U/Pb frac-
tionation factor, and the standard error of the mean of the
consistently time-invariant and smaller **’Pb/**°Pb fractiona-
tion factor. These uncertainties are 1.6% (20) for 2*°Pb/***U and
0.4% (20) for **’Pb/**°Pb. Errors on single analyses without the
standard calibration uncertainty are given below. Age interpre-
tations are based on **’Pb/*’°Pb dates for analyses with
297Pb/**°Pb and *?°Pb/>**U dates >1000 Ma. Otherwise, inter-
pretations are based on **°Pb/***U dates. Analyses with
2%pb/>*U dates >1000 Ma and >10% discordance are not
considered. Errors are at 20.
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Results
U-Pb geochronology

One hundred and forty zircon grains yielded LA-ICPMS dates
of 3331 + 27 to 569 + 19 Ma. All except one grain yielded dates
0f 953 + 51 Ma and older (Fig. 5; Supplementary Online Files 2
and 3). Peaks in the probability density plot are at 2690, 1760,
1200, and 1010 Ma (Fig. 5). The five youngest dates are from
a single grain (Supplementary Online File 2) and yield
a weighted mean of 584 + 13 Ma (mean squared weighted
deviation = 2.0, probability of fit = 0.09). This is the interpreted
maximum depositional age.

Microbially induced sedimentary structures
Elephant-skin texture (Fig. 6A)

Description

Microbial mat textures (wrinkle structures) preserved on the
surfaces of 2-4-cm-thick beds of indurated, homogenous, light
grey siltstones, some with medium-scale wavy undulations
(Fig. 6A). The wrinkle structures cover extensive flat surfaces
and individual textural elements are <1 mm high. The wrinkles
occur mainly as tufted and elongate mounds 2-3 mm wide,
separated by rounded troughs or pits 3-4 mm in diameter. The
crests are slightly flattened. Surfaces are locally coated by a thin
Fe-enriched film, probably representing pyritic or jarositic
veneers resulting in a yellowish-orange appearance.

Remarks

Microbially induced sedimentary structures (MISS) result
from biogenic (microbial) modification of sediments (via baf-
fling, trapping and binding grains) to produce distinctive tex-
tures and lamina surface features (Noffke 2014). Hence, by
definition, they can be considered both primary sedimentary
structures and microbial ichnofabrics (Noffke 2009; Lin et al.
2017). The examples from the Tornetrisk Formation have
morphologies consistent with elephant-skin type wrinkle
structures (Hagadorn & Bottjer 1997; Peterffy et al. 2016).
Kinneyia-type morphotypes were not observed. The latter
differ from the MISS of this study by forming flat-topped
winding crests separatedby mm-scale troughs (Porada &
Bouougri 2007). No convincing invertebrate trace fossils
were seen on the surfaces with wrinkle structures but we can
not exclude that stabilization and preservation of some of the
indented trails described below were aided by thin microbial
films. Rock surfaces with elephant skin textures are best repre-
sented in the “upper sandstone” interval of the Tornetrisk
Formation, several metres above the Vakkejokk Breccia, espe-
cially in the Orddajohka rivulet.

Microbial mat elephant-skin textures have been reported
typically from shallow marine to intertidal settings (Manten
1966; Runnegar & Fedonkin 1992; Hagadorn & Bottjer 1997;
Gehling 1999; Weber et al. 2012). However, this may partly
result from the greater number of studies of such palaeoenvir-
onments. Since cyanobacteria are typically involved in their
formation, such mats are normally restricted to the marine
photic zone, but they can extend into freshwaters, hypersaline



110 S. MCLOUGHLIN ET AL.

lakes, alkaline lakes and thermal springs (Stal & Caumette
1994; Heyl et al. 2010). Microbial mats generally establish
more readily on sediments with fine grain sizes (Stal et al.
1985), which is consistent with our observations. Studies of
modern ecosystems have also shown that some microbial mats
incorporate anaerobic lithotrophs, such as purple sulphur
bacteria, which metabolize sulphur (Brocks et al. 2005) and
proliferate during the winter at times of low primary produc-
tivity and low oxygen levels. Purple sulphur bacteria were
possibly present in the studied Cambrian ecosystems, evi-
denced by the sulphide/sulphate staining of the fossils.

Occurrence. - Moderately common in the upper part of the
coarsening-upward cycles of the “lower siltstone” interval and
the “upper sandstone” interval at all sites, but best represented
in the “upper sandstone” interval at Orddajohka rivulet, north
of Lake Tornetrisk (Fig. 3).

Systematic palaeontology

PHYLUM OCHROPHYTA Cavalier-Smith, 1995
CLASS PHAEOPHYCEAE Kjellman, 1891

“Vendotaenids” (Fig. 6B-F)

Description

Delicate (1-3 mm wide), dichotomously branched, cylindrical
or slender ribbon-like thalli with irregular (anisotomous)
bifurcations (5B-F). Preserved length up to 20 mm but the
thalli complex may cover areas of up to 20 x 20 cm of the
bedding surface. Thalli bifurcate at angles of c. 45° (Fig. 6F).
Surface morphology is mostly laevigate but some examples
bear longitudinal striae (Fig. 6B). Where the thallus is thick,
a rugulate pattern is locally preserved (Fig. 6C). Thalli occur as
matted overlapping aggregates on some slabs (Fig. 6D). These
fossils are generally yellowish-orange and contrast strongly
with the host sediments, but a few dark, organic-rich examples
are also present (Fig. 6E).

Remarks

Class Vendophyceae (vendotaenids) was erected by Gnilovskaya
et al. (1988) and includes Vendian and Cambrian macroalgae
(Gnilovskaya et al. 1988; Tewari 1999; Xiao & Dong 2006).
Although the affinity of vendotaenids has been disputed, with
some researchers considering them to be the remains of sulfide-
oxidizing organotrophic bacteria (Vidal 1989), the predominant
view is that they represent planktonic macroalgae (e.g., Bykova
et al. 2020; Wang et al. 2020; Xiao et al. 2020). We do not
discount that some forms included in vendotaenids may repre-
sent bacterial sheets; however, we consider the Tornetrisk speci-
mens to be macroalgae based on their relatively large maximum
width, true dichotomous branching and lack of “chess-board”
patterning on the thalli. Based on the lack of anchoring struc-
tures we agree with Xiao et al. (2020) that these algae might have
had a planktonic habit.

These thalli were possibly dendroid in original growth
form but appear to have been disarticulated and trans-
ported into matted accumulations of thalli segments. No
holdfasts or reproductive structures were identified. The

lack of diagnostic characters prevents assignment to any
specific taxon, but the studied specimens are broadly simi-
lar to various small, branched, ribbon-like, thalloid algae
described from the early Palaeozoic (see, e.g., LoDuca et al.
2017; Xiao et al. 2020). The striking orange colour of some
specimens (Fig. 6D) is possibly the result of post mortem
bacterial masking and mineralization during the decay pro-
cess, whereas the dark examples retain organic matter
(Fig. 6E) suggesting rapid burial.

Occurrence

Several specimens from the upper part of the lowermost coar-
sening-upward cycle of the “lower siltstone” interval at sites 1
and 2, Luobadkte.

PHYLUM ANNELIDA Lamarck, 1802
CLASS POLYCHAETA Grube, 1850
ORDER CANALIPALPATA (Rouse & Fauchald, 1997)
FAMILY SIBOGLINIDAE Caullery, 1914
Genus Sabellidites Yanichevsky, 1926

Sabellidites cambriensis Yanichevsky, 1926 (Fig. 6H, )

Description

The single available specimen consists of a straight
unbranched tube, c. 2 cm long and 1.5 mm wide, with parallel
sides. Thin, closely spaced transverse segments extend over the
entire length of the fossil. The fossil and host rock are yellow-
ish to dark grey; there is no sign of mineralization of the
organic remains.

Remarks

Sabellidites has generally been considered to represent the
remains of organic tube-dwelling annelids that appeared in
the late Ediacaran and persisted through the early Cambrian
(Urbanek & Mierzejewska 1983; Moczydlowska et al. 2014;
Hybertsen 2017). Sabellidites cambriensis has been reported
widely in lower Cambrian strata from Baltica (Systra &
Jensen 2006; Moczydlowska et al. 2014), Newfoundland
(Landing et al. 1989) and China (Yang et al. 2006).
Sabellidites cambriensis was reported previously from the
“lower siltstone” interval of the Tornetrdsk Formation at
Luobédkte by Jensen and Grant (1998). Moczydlowska et al.
(2014) provided strong evidence that, based on specimens
from terminal Ediacaran strata, the morphology, histology
and ultrastructure of such fossils, especially the wall architec-
ture of parallel chitinous fibers embedded in a proteinaceous
matrix within multilayered sheets, is consistent with affiliation
of Sabellidites to siboglinid polychaete worms. However,
Georgieva et al. (2019) argued that the ultrastructural charac-
ters remain inconclusive with regard to phylogenetic affinities.

Occurrence

The precise stratigraphic position of the isolated specimen is
uncertain; it probably derives from the “lower siltstone” inter-
val at Luobdkte based on the only previous record (Fig. 2).



Figure 6. Microbially induced sedimentary structures and algal remains from the Tornetrask Formation. A. Elephant-skin texture formed by a bacterial mat on bedding
surface; “upper sandstone interval” of Tornetrdsk Formation in the Orddajohka rivulet; X00010171a. B. Enlargement of longitudinally striate algal thallus; siltstone
under Vakkejokk Breccia, Orddajohka rivulet; X00010211. C. Wrinkled organic remains of algal thallus on dark siltstone; X00010211 (source as above). D. Matted strap-
shaped algal thalli; upper part of “middle siltstone” interval, section 1, Luobdkte; X00010223. E. Strap-shaped algal thalli from upper part of “lower siltstone” interval,
section 1, Luobakte; X00010233. F. Strap-shaped thallus with apparent equal bifurcations; X00010211 (source as above). G. cf. Platysolenites antiquissimus Eichwald,
1860, segmented or transversely striate, solid calcareous tube in reddish siltstone; “middle siltstone” interval, section 1, Luobdkte. H. Large, flexuous, transversely
striate, flattened, tubular Sabellidites cambriensis Yanichevsky, 1926; upper part of “lower siltstone” interval, section 1, Luobakte; X00010234. I. Prominent transverse
striae on basal part of Sabellidites cambriensis; X00010234 (source as above). Scale bars = 10 mm for A, D, H; 1 mm for B, G, E, F, G, I.

INCERTAE SEDIS
Genus Platysolenites Pander, 1851

cf. Platysolenites antiquissimus Eichwald, 1860 (Fig. 6G)

Description
Solid, cylindrical, smooth, calcareous tube, 11.5 mm long,
1.3 mm wide, divided into segments 0.8-1 mm long.

Remarks

Platysolenites antiquissimus is generally considered to repre-
sent very early tubular agglutinated foraminifera, but various
other biological affinities have also been postulated (Mcllroy

et al. 2001). The single available Tornetrask Formation speci-
men appears to have coarser and more regular segments than
typical Platysolenites antiquissimus and it might alternatively
represent the calcareous filling of a small worm tube or burrow
or even a slender cnidarian. Platysolenites antiquissimus is
widely recognized in lower Cambrian strata (Streng et al.
2005) and has been reported from several exposures of the
Dividal Group (Foyn & Glaessner 1979), including the “middle
siltstone” interval of the section at Luobdkte (Jensen & Grant
1998). Platysolenites antiquissimus is one of the oldest skeletal
fossils from Ediacaran-Cambrian boundary strata in Avalonia
and Baltica (Mcllroy et al. 2001) and is used as a zonal taxon in
parts of this region (the Platysolenites antiquissimus Zone
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defines the Lontova Stage = pre-trilobite part of the Cambrian
succession in Estonia: Mens & Pirrus 1997).

Occurrence

Precise stratigraphic position uncertain; probably from the
“middle siltstone” interval at Luobakte based on the lithology
of the isolated sample and the only previous record of the
taxon in this section (Fig. 2).

Ichnofossils

Ichnogenus Bergaueria Prantl, 1945
Bergaueria perata Prantl, 1945 (Fig. 7A-F)

Description

Short, vertical, tubular, sand-filled structures that extend up
to8 mm beyond the undersurface of sandstone beds to form
short cylindrical, plug- or button-like structures in siltstones
(Fig. 7A, B). The basal surface is generally rounded, but may
also be flat or have a central tubercle or depression (Fig. 7B, D).
These structures are typically 5-21 mm in diameter (Fig. 8A)
but there is also a range of smaller (2.5-5.5 mm in diameter),
less regular button-shaped objects that might represent
diminutive and ill-preserved specimens. Typical examples are
15-18 mm tall, either lacking an obvious lining, or having
a < 1 mm wide rim of mineral-stained, slightly finer grained
sandstone, with an outer surface that is smooth or having
a weakly concentric ornament (Fig. 7C). Laminae of the sur-
rounding sediment are drawn down slightly towards the mar-
gin of the burrow (Fig. 7C). The upper surface of the bedding is
slightly depressed around the dark-stained burrow entrance
(Fig. 7E). One example is transected by a sand-filled desicca-
tion crack (Fig. 7F).

Remarks

Bergaueria perata differs from B. hemispherica Crimes et al.,
1977 in having a central depression on the lower surface of the
burrow cast and being somewhat deeper than wide
(Pemberton et al. 1988). Bergaueria radiata Alpert, 1973 differs
from these species in having prominent radial ridges around
the central depression. Since the relative dimensions and sur-
face ornament are markedly variable in the examples from
Luobdkte (Figs. 6A-F, 7A) and other sites (Shitole et al.
2019), and the surface features can be easily obscured by
adhering sediment or weathering, we consider these ichnotaxa
to be probable synonyms - a status alluded to by Jensen (1997).
Moreover, Pemberton and Magwood (1990) illustrated exam-
ples of these taxa co-preserved in gregarious associations that
suggest these ichnospecies represent different preservational
states of a single population of trace producers. Although
a central depression is not evident in all cases, the examples
from Luobakte appear to be structurally consistent with
Bergaueria perata Prantl, 1945. Equivalent examples at the
larger end of the size range were illustrated from 18 m above
the base of the Tornetrask Formation at Luobakte by Jensen
and Grant (1998). Bergaueria has a long stratigraphic range (?
Ediacaran to Cenozoic), occurs in a broad range of bathy-
metric settings, and is generally interpreted to represent

a shallow dwelling burrow of an anemone-like organism
(Pemberton et al. 1988; Shitole et al. 2019).

Occurrence

Bergaueria perata is common in the heterolithic facies near the
top of the lower siltstone interval of the Tornetrisk Formation
at sites 1 and 2, Luobdkte, but occurs as scattered individuals
rather than in richly gregarious assemblages as documented in
some other Palaeozoic deposits (Pickerill 1998).

Bergaueria isp. (Fig. 7G, H)

Description

A single, sand-filled, circular structure (elevated in hyporelief)
at the base of a fine-grained sandstone block is available. It is
49 mm in diameter and its centre is raised above the surface of
the slab by c. 8 mm. A portion of the margin preserves ring-
like wrinkles, but the structure is otherwise featureless
(Fig. 7G). The counterpart is preserved as a shallow, feature-
less, hemispherical depression (Fig. 7H).

Remarks

The structure appears to be a short vertical tube or hemisphe-
rical (plug-like) fill of Bergaueria type, but is around 2.5-5
times the diameter of typical examples of B. perata from the
Tornetrask Formation (Fig. 8A). Bergaueria perata burrows of
similar size (up to45 mm diameter) were described from lower
Cambrian strata of Poland (Orlowski & Zylifiska 2002) and
Pemberton and Magwood (1990) recorded examples up to
55 mm wide from the lower Cambrian Gog Group of western
Canada. On this basis the described specimen (NRM
X00010184) could be assigned to B. perata but, based on its
markedly greater diameter (Fig. 8A), hemispherical shape,
absence of a central depression, and lack of forms in the
ichnoassemblages intermediate with typical B. perata, we
retain it as a separate informal ichnospecies. The Tornetrisk
specimen appears to intersect a large Treptichnus burrow
(Fig. 7G) but otherwise we do not detect any physical relation-
ship with this or other traces in the assemblage. In its size,
gross shape, and short tapering burrow form, it has similarities
with Guanshanichnus from Cambrian Series 2, Stage 4, strata
of Yunnan, China (Weber et al. 2012), but it lacks the surficial
concentric and radial patterning of that genus. It is likely that it
represents the sandy infill of the body position of a large
anemone-like organism anchored in the sediment.

Occurrence

Only recorded in the heterolithic facies near the top of the
lower coarsening-upward cycle of the “lower siltstone” interval
of the Tornetrdsk Formation at site 2, Luobakte.

Ichnogenus Laevicyclus Quenstedt, 1879
Laevicyclus isp. (Fig. 7I-L)

Description
Vertically orientated, cylindrical to funnel-shaped traces that
are either partially filled by sandy sediment or hollow with an



open funnel-shaped entrance and an iron- or manganese-
stained margin (Fig. 8K). Where filled, they typically retain
a shallow depression on the upper surface of the bed (Fig. 8L, ).
Weakly defined U-shaped infillings are evident in some bur-
rows (Fig. 8L). Funnel-shaped apertures are circular and reach
15 mm in diameter; burrow lengths are typically <20 mm.

Remarks

These short funnel-shaped burrows are similar to a broad
range of forms traditionally included in Monocraterion
Torell, 1870. However, several authors have pointed out that
the type material of that ichnogenus is characterized by surfi-
cial radiating burrows around the mouth of the vertical shaft
(Jensen 1997; Schlirf & Uchman 2005; Buatois et al. 2017).
Hence, many forms assigned previously to Monocraterion have
been transferred to Laevicyclus Quenstedt, 1879 (Knaust 2015).
Some examples of this trace fossil approach the morphology of
Skolithos, probably owing to the erosional removal of the flared
opening of the burrow. The form described here is markedly
broader than examples of Monocraterion (=Laevicyclus) from
the Cambro-Ordovician of southern Norway (Knaust 2004,
fig. 6.7) but is similar to examples from lower Cambrian strata
at Trolmen harbour, Vistergétland, Sweden, illustrated by
Jensen (1997, fig. 6C, D). Laevicyclus is interpreted to be
a dwelling burrow of surface- and/or suspension-feeding
invertebrates (Knaust 2015). It is a typical component of
the Skolithos ichnofacies (Knaust 2004) generally developed
in relatively energetic shallow marine and intertidal environ-
ments subjected to regularly shifting sand and episodic ero-
sion, although the examples illustrated herein are small and
restricted to just a few sandy beds.

Occurrence

Moderately common in a few thin sandstone beds of the
heterolithic facies near the top of the lower siltstone interval
of the Tornetrisk Formation at sites 1 and 2, Luobdkte.

Ichnogenus Rhizocorallium Zenker, 1836
cf. Rhizocorallium isp. (Fig. 7M)

Description

Fan-shaped flat or low-relief spreiten of one whorl on the under-
surface of a medium-grained sandstone slab (Fig. 7M). The spreite
consists of weakly developed arcuate ridges and grooves of vari-
able dimensions, the outermost ridge or burrow being slightly
more elevated. Gross dimensions are 20 x 14 mm, with individual
ridges c. 1 mm wide.

Remarks

Only a single example of this trace was recorded and its
preservation is not ideal. We illustrate the specimen to docu-
ment one of several rare traces that do not fall clearly within
the circumscription of the dominant ichnotaxa recognized
within the assemblage. Adhering siltstone and the lack of any
apparent burrow extending into the overlying sandstone sug-
gests that this trace was produced by sand casting of a trace
developed in the underlying silty sediments.
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We acknowledge that identification of this ill-preserved trace is
difficult, but we note similarities to Rhizocorallium in its small,
roughly U-shaped form, marginal ridge or tube and internal con-
centric markings. Rhizocorallium generally consists of a simple
U-shaped marginal tube with roughly parallel limbs enclosing an
area occupied by a spreite (Knaust 2013). The most common
species, recorded from lower Cambrian to Holocene strata
(Rhizocorallium commune Schmid 1876) is characterized by spor-
adically scratched marginal tubes, especially in Mesozoic examples,
and an actively filled spreite between the tubes (Knaust 2013). The
construction of the example from Luobdkte is difficult to resolve
from the single available specimen and it bears some similarities to
Zoophycos, Spirophyton and a few other ichnotaxa depending on
interpretation of its three-dimensional architecture. Rhizocorallium
generally differs from Zoophycos in having a more U-shaped form
and proportionately broader marginal tubes, and was probably
generated by several behaviours (feeding, gardening, resting and
excreting) of various vermiform groups, such as Sipunculida,
Echiurida and Polychaeta (Knaust 2013; Zhang et al. 2015a, b).

Occurrence
Only found in the heterolithic facies near the top of the lower
siltstone interval of the Tornetrask Formation at site 1, Luobakte.

Ichnogenus Teichichnus Seilacher, 1955
Teichichnus isp. (Fig. 9A)

Description

Single, large, isolated, sandstone exichnium, straight in plan view,
slightly arched in profile view, 123 mm long , 49 mm wide bearing
a roughly median major furrow and numerous finer parallel long-
itudinal striae potentially representing spreiten (Fig. 9A). The cast
is broken at each extremity, but appears to taper in width slightly
at one end.

Remarks

In its striate patterning and linear and gently curved course, this
trace resembles a somewhat smaller specimen from mid-
Cambrian strata of China attributed to part of an exichnium of
a Teichichnus spreite (Weber et al. 2012, fig. 4F). Orlowski (1989,
pl. 17) and Jensen (1997, fig. 61) illustrated additional forms of
similar size to the Tornetrdsk specimen from the lower
Cambrian of Poland and south central Sweden as Teichichnus
rectus Seilacher, 1955 and Teichichnus ovillus Legg, 1985, respec-
tively. Gedda (1993) illustrated an additional large, morpholo-
gically similar form from middle Cambrian strata of Oland.
However, many Teichichnus burrows are substantially smaller
(c. 9 mm: Lima & Netto 2012) and the arrangement of spreite
structures is not well defined on the available specimen so we
refrain from assigning it to a formal ichnospecies.

Occurrence

Jensen and Grant (1998) recorded Teichichnus from the “middle
siltstone” and “upper sandstone” intervals of the Tornetrisk
Formation. The single new specimen was found as a detached
block near the lower part of the studied section but may derive
from either the upper part of the “lower siltstone” or “middle
siltstone” intervals of the Tornetrdsk Formation at site 1,



Figure 7. Trace fossils from the “lower siltstone” interval of the Tornetrask Formation. A-F. Bergaueria perata Prantl, 1945; G, H. Bergaueria isp.; I-L. Laevicyclus sp.;
M. cf. Rhizocorallium isp. A. Three vertical burrows in positive hyporelief; X00010197. B. Several vertical burrows, one with a raised central knob; X00010183. C. Plug-like
tubular burrow in lateral view showing surrounding laminae drawn downwards; X00010197. D. Vertical burrow with central depression in positive hyporelief;
X00010221. E. Vertical burrow in epirelief showing dark-stained infill; X00010197. F. Burrow-fill transected by sand-filled desiccation crack; X00010226. G. Large vertical
burrow in positive hyporelief, transecting a horizontal sand-filled burrow; X00010184. H. Counterpart of X00010184; photographed in the field. I. Funnel-shaped
vertical burrow entrance; specimen photographed in the field. J. Burrow entrance with slightly raised rim; X00010162. K. Funnel-shaped, manganese-stained burrows
within thin sandstone bed in lateral view; X00010162. L. Lateral view of funnel-shaped burrow with weakly meniscate fill; X00010162. M. Horizontal, fan-shaped
burrow with low-relief spreiten in positive hyporelief with adhering dark siltstone; specimen photographed in the field. Scale bars = 10 mm.
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Figure 8. Histograms of burrow diameters for selected trace fossils from the “lower siltstone” interval of the Tornetrask Formation. A. Maximum burrow diameters of
Bergaueria perata (black bars: 24 specimens) and Bergaueria isp. (grey bar: 1 specimen). B. Maximum lobe diameters of Treptichnus pedum burrows for 136 specimens.

Luobdkte, based on the thick pale brown siltstone preserved
adhering to one surface of the structure.

Ichnogenus Phycodes Richter, 1850
Phycodes palmatus (Hall, 1852) (Fig. 9B)

Description

One specimen was identified consisting of divergent burrow
lobes, two of which appear to undergo a second rank of divi-
sion and radiation of lobes (Fig. 9B). The structure is large
(gross dimensions of 127 x 177 mm), with each increment of
radiating lobes measuring c. 45 x 81 mm. The lobes are slightly
raised (in hyporelief), are c. 9 mm wide individually, and are
infilled by sand that is not noticeably different from the sur-
rounding rock.

Remarks

The low relief of this specimen suggests that these were rela-
tively shallow excavations (fodinichnia) at the sand-silt inter-
face. The repeated branching is atypical for Phycodes palmatus,
but the addition of distal branches was illustrated for an
example of this ichnospecies from the upper Tornetrisk
Formation by Jensen and Grant (1998). The alternative inter-
pretation, that this specimen might represent multiple indivi-
dual burrow systems that intersected serendipitously, seems
less likely owing to the consistency in lobate form and acute
divergence angles distally.

Occurrence

Only found in the heterolithic facies near the top of the “lower
siltstone” interval of the Tornetrisk Formation at site 1,
Luobékte. Phycodes palmatus is, otherwise, a common ichno-
fossil in Scandinavian early Palaeozoic intertidal to shoreface
successions (Clausen & Vilhjalmsson 1986; Jensen 1997;
Jensen & Grant 1998; Knaust 2004).

Ichnogenus Planolites Nicholson, 1873
Planolites montanus Richter, 1937 (Fig. 9C-I)

Description

Straight to irregular unlined horizontal burrows, <2 mm wide,
5-40 mm long, filled with fine sand or silt that is slightly finer
than the surrounding sedimentary rock, preserved in hyporelief

on the base of sandstone beds in contact with siltstones
(Fig. 9D-I). Many of the burrows appear to initiate with a very
small (c. 3 x 8 mm), smooth, lacriform mound (in hyporelief;
Fig. 9C, F, H: arrowed).

Remarks

These traces are extremely common on the undersides of sandstone
beds in the heterolithic upper part of the “lower siltstone” interval of
the Tornetrask Formation, but they are easily overlooked owing to
their diminutive size, low relief, inconsistent shapes, and presence of
similar-sized crenulate structural deformation features at some
sites. Vermiform Planolites-type traces (straight to irregular,
roughly cylindrical unlined burrows, with mostly structureless fill
that is lithologically different from the host material: Pemberton &
Frey 1982) are common in marine strata throughout the
Phanerozoic but can be difficult to differentiate from various similar
simple burrows. For example, Jensen (1997) illustrated forms attrib-
uted to Cochlichnus isp. and Helminthoidichnites tenuis Fitch, 1850
that may overlap in form with the examples of P. montanus from
the Tornetrdsk Formation. Small traces assigned to Belorhaphe
from the lower Cambrian of Spain are also similar in size and
morphology (Simon Lépez-Villata 2019, fig. 4B). Banks (1970, pl.
1, figs A, B, D) illustrated equivalent unidentified forms (with
a lacriform mound extending into a parallel-sided burrow) from
lower Cambrian strata of Finnmark, Norway. Knaust (2004, figs.
6.3, 6.4) illustrated essentially identical examples from the Cambro-
Ordovician strata of southern Norway, assigning the small lacri-
form mounds to Lockeia amygdaloides (considered a cubichnion)
and the associated fine irregular burrows to Planolites montanus (a
repichnion/pascichnion burrow). Such traces may represent the
burrowing activities of vermiform animals (Pemberton & Frey
1982), very small bivalves (Bromley 1996) or similar organisms.

Occurrence

Common in the heterolithic facies near the top of the “lower
siltstone” interval of the Tornetrisk Formation at sites 1 and 2,
Luobdékte.

Ichnogenus Trichophycus Miller & Dyer, 1878
cf. Trichophycus venosus Miller, 1879 (Fig. 9J-K)

Description
Short, raised, straight burrows preserved in positive hyporelief
on the undersurfaces of fine-grained sandstone beds excavated
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into underlying siltstone laminae. The burrows are 42-55 mm
long, c. 17 mm wide, and c. 10 mm in maximum thickness but
dissipate into the bedding plane at either end. These burrows
are characterized by fine but distinctive, parallel, longitudinal
striae, 1-2 mm apart (Fig. 9], K).

Remarks

Although not well preserved, several of these traces in the
collection are similar in size and longitudinally striate floor
to Trichophycus venosus Miller, 1879 (see Jensen 1997, fig. 63B)
although they tend to be shorter than the lower Cambrian
examples illustrated from Vistergotland, central Sweden.
They are also generally shorter and more regularly striate
than forms attributed to Planolites or Halopoa Torell, 1870
(subsequently transferred to Palaeophycus Hall, 1847 by Jensen
1997), the latter of which is characterized by long, mostly
horizontal traces, bearing longitudinal irregular ridges or
wrinkles, consisting of several imperfectly overlapping cylind-
rical probes (Uchman 1998). Trichophycus venosus appears to
represent the excavation of an epifaunal to shallow infaunal
(i.e., semi-infaunal) sediment-feeding invertebrate, the subtle
longitudinal striae indicating some regularly disposed orna-
ment on the body surface. Lateral appendage marks or menis-
coid backfill structures are not evident.

Occurrence
Rare in the heterolithic facies near the top of the lower siltstone
interval of the Tornetriask Formation at sites 1 and 2, Luobdkte.

Ichnogenus Gyrolithes Saporta, 1884
Gyrolithes polonicus Fedonkin, 1981 (Fig. 9L)

Description

Short, coiled, sand-filled burrow of constant (6 mm) width
lacking obvious wall structure or ornamentation in positive
hyporelief. The entire whorl measures 20 x 29 mm (Fig. 9L).

Remarks

Only a single specimen was identified in the field, preserved in
positive hyporelief on the undersurface of a large slab of fine-
grained sandstone hosting numerous Treptichnus pedum
(Seilacher 1955) and cf. Palaeophycus tubularis Hall, 1847
burrows. The dense cover of extant lichen on the slab pre-
vented detection of any ornamentation on the burrows. This
ichnospecies is relatively common in Cambrian strata else-
where in Baltica (see Banks 1970; Jensen 1997; Hogstrom
et al. 2013 and references therein), but only single specimens
were detected in the Tornetrask Formation by Jensen & Grant
(1998) and in this study. Such traces are likely to have been
produced by polychaetes or arthropods as dwelling and/or
feeding burrows (Jensen 1997).

Occurrence

Only found in the heterolithic facies near the top of the lower
siltstone interval of the Tornetrisk Formation at site 2,
Luobakte.

Ichnogenus Treptichnus Miller, 1889
Treptichnus pedum (Seilacher, 1955) (Fig. T0A-M)

Description

Straight (Fig. 10F) to strongly curved (Fig. 10B, C), rarely
sinuous (Fig. 10H), or looped (Fig. 101, J), more-or-less hor-
izontal, sand-filled burrow systems comprising a linear beaded
burrow or, more commonly, a series of semi-regular segments
arranged at acute angles on one (Fig. 10A, B, E, K,) or both
sides (Fig. 10L) of the primary burrow direction. Burrows may
reach at least 180 mm long and lobes are 1-15 mm wide
(Fig. 8B), arranged at up to 40° to the main burrow direction
(Fig. 10C, L); individual lobes are typically <20 mm long and
have bluntly tapered termini. Burrows are roughly cylindrical
and typically infilled with finer (silty to very fine sandy) mate-
rial than the surrounding fine-grained sandy sediment
(Fig. 10M).

Remarks

Burrows of this type vary greatly in size and orientation, but
are distinguished by the short obliquely offset lateral burrow
extensions presumably caused by the tracemaker undertaking
regular probing of the sediments to one or both sides of the
main burrow orientation in search of food. On this basis,
Treptichnus pedum is typically interpreted as a fodinichnion
produced by a vermiform invertebrate (Buatois et al. 1998a;
Vannier et al. 2010). Kesidis et al. (2019a) recently identified
diagnostic transverse and longitudinal markings on T. pedum
from the Mickwitzia Sandstone Member of the File Haidar
Formation, southern Sweden, that confirm at least some
burrows of this type were produced by priapulid scalido-
phoran worms. The first occurrence of T. pedum has been
used as the primary criterion for defining the base of the
Cambrian System (Narbonne et al. 1987), although recent
work has shown that treptichnid burrows of similar form
also occur in assemblages containing typical upper
Ediacaran fossils (Jensen et al. 1998, 2000; Gehling et al.
2001; Jensen & Runnegar 2005; Seilacher et al. 2005;
Ragozina et al. 2008).

Occurrence

Abundant in the heterolithic facies near the top of the lower
siltstone interval of the Tornetrisk Formation at sites 1 and 2,
Luobékte.

cf. Treptichnus pedum (Seilacher, 1955) (Fig. 11A)

Description

Flabellate cluster of prominent finger-like lobes, each consist-
ing of a sand-filled, cylindrical to conical burrow with strongly
raised and rounded surface (in hyporelief); lobes 15-30 mm
long, 6-12 mm wide, tapering to a blunt apex (Fig. 11A).

Remarks

The single specimen attributable to this form occurs on the same
slab as typical Treptichnus pedum burrows, and the two forms
may have been generated by the same tracemaker. The flabellate



Figure 9. Trace fossils from the “lower siltstone” interval of the Tornetrask Formation. A. Teichichnus isp.; B. cf. Phycodes palmatus (Hall, 1852); C-I. Planolites montanus
Richter, 1937; J-K. cf. Trichophycus venosus Miller, 1879; L. Gyrolithes polonicus Fedonkin, 1981. A. Large, isolated, striate, sandstone exichnium; X00010190. B. Low-
relief burrows broadening, forking and diverging distally; specimen. C. Very small, smooth, lacriform mounds similar to Lockeia amygdaloides (Seilacher, 1953) (in
hyporelief: arrowed) feeding into slender straight to irregular, unlined, horizontal burrows filled with silt (Planolites), generally at contrasting orientations to the
diagonal streaming lineation; X00010169. D. Slender, straight, unlined, horizontal burrows filled with very fine grained sandstone; X00010182. E. Short, curved,
unlined, horizontal burrow filled with very fine grained sandstone; X00010170. F-l. Slender straight to irregular, unlined, horizontal burrows filled with silt (in
hyporelief) originating, in some cases, from diminutive lacriform mounds (arrowed); F, G = X00010179; H, | = X00010187. J. Short, longitudinally striate, fine-grained
sand-filled burrow with diffuse termini in positive hyporelief; X00010178. K. Short, longitudinally striate, silt-filled burrow in positive hyporelief; X00010182. L. Single
whorl of a short, coiled, sand-filled burrow in positive hyporelief; photographed in the field. Scale bars =
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Figure 10. A-M. Treptichnus pedum (Seilacher 1955) Jensen, 1997 from the “lower siltstone” interval of the Tornetrdsk Formation; A-L in positive hyporelief; M in cross-
section. A. Slightly curved burrow with weakly divergent segments; X00010192. B. Curved burrow with lobes arrayed on one side of the axis; X00010164. C. Disjointed
curved burrow with strongly divergent lateral lobes; X00010164. D. Segmented burrow of commonly aligned lobes; X00010164. E. Curved burrow of commonly aligned
lobes; X00010168. F. Broad straight burrow of obliquely oriented lobes; X00010183. G. Slender beaded burrow with a single divergent lateral lobe; X00010210.
H. Degraded burrow with irregular course and weakly divergent lateral lobes; X00010176. I. Very slender disjointed burrow forming a narrow loop; X00010186.
J. Broadly looped burrow with variably divergent lateral lobes; X00010191. K. Roughly straight burrow, expanding distally to a fan-like array of lobes; X00010189.
L. Burrow system of markedly divergent lateral lobes; X00010203. M. Roughly cylindrical silt-filled burrows preserved on the lower side of a thin sandstone bed;

X00010203. Scale bars = 10 mm.




example might represent an extremely condensed coil of
T. pedum lobes — a feature seen in some other atypical forms
of this ichnotaxon (e.g., Glaesner 1969, fig. 6C); Orlowski 1989,
fig. 4, pl. 15, fig. 4; Walter et al. 1989, fig. 9C; Seilacher et al. 2005,
fig. 6). Walter et al. (1989, fig. 17D) also illustrated a specimen
under open nomenclature as “Radial hyporelief” that is also
notably similar to the specimen of cf. Treptichnus pedum from
the Tornetrask Formation. Some forms of Dactyloidites,
Dactylophycus and Asterosoma also approach the morphology
of the cf. Treptichnus isp. specimen but tend to have a distinctive
vertical or oblique source burrow (Muiloz et al. 2019) or a more
prominently raised central burrow or plug (Joseph et al. 2012).
We retain this specimen as a separate informal ichnotaxon here,
since the trace is incomplete but the segments are relatively large
compared to typical T. pedum examples from the Tornetrisk
Formation, and it remains unclear whether the lobes were part
of a tight spiral horizontal trace or a series of radial excavations
surrounding a central vertical burrow.

Occurrence

Only found in the heterolithic facies near the top of the lower
siltstone interval of the Tornetrisk Formation at site 1,
Luobakte.

Ichnogenus Protovirgularia McCoy, 1850
cf. Protovirgularia isp. (Fig. 11B-D)

Description

Bilaterally symmetrical, straight, sand-filled burrows 42-
78 mm long, 16-18 mm wide, represented by a low rounded
ridge giving off chevronate to crescentic pairs of lobes at c. 20—
30° to the main axis (Fig. 11B-D). The lobes, c. 4 mm wide at
the central axis, have broadly rounded surfaces and taper to
bluntly rounded termini.

Remarks

Both available specimens, one preserved in positive hypore-
lief (Fig. 11D), the other represented in the collections by
a historical polymer mould (Fig. 11B, C), lack sufficient
details for unequivocal identification, but they appear to
have been produced by a bilaterally symmetrical organism
with lateral appendages or a probing forked foot (Carmona
et al. 2010), and may represent a repichnion or fodinichnion.
There is no indication of a physical obstacle on the specimens
that would produce inorganic chevronate current rills of
consistent size along the length of the trace. We acknowledge
that additional and better-preserved specimens will be
required to confirm affiliation with Protovirgularia, and that
some Treptichnus species also approach this morphology in
cases where the divergent lobes are tightly paired and sub-
dued in amplitude. Protovirgularia isp. from the lower
Cambrian Ocieseki Formation, Poland, is similar to the
Tornetrask Formation specimens in size and general form
(Ortowski & Zyliriska 2002). Such traces have been attributed
to the motion of cleft-foot molluscs (Seilacher & Seilacher
1994; Uchman et al. 2005).
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Occurrence

The stratigraphic source of the isolated blocks is uncertain but
they probably derive from the heterolithic facies near the top of
the lower siltstone interval of the Tornetrisk Formation at
Luobakte.

Ichnogenus Palaeophycus Hall, 1847
cf. Palaeophycus tubularis Hall, 1847 (Fig. 12A-F)

Description

Linear, curvilinear, sinuous or irregular, predominantly bed-
ding-parallel burrows of considerable length (>300 mm) and
consistent width (maximum 12 mm), filled by fine-grained
sand similar to the host rock, with an ill-defined lining of
slightly finer sand or silt (Fig. 12A, C, F). Burrows are cylind-
rical to ribbon-like, have a convex hyporelief at the base of
fine-grained sandstone beds, and are generally smooth but
a few bear weak longitudinal or oblique lobes or creases
(Fig. 12B), or contain weakly defined meniscoid backfill fea-
tures (Fig. 12C). Burrows branch very rarely (usually at a very
acute angle: Fig. 12C, D), but commonly intersect (Fig. 12E, F),
in some cases forming pervasively bioturbated bedding sur-
faces of ropey texture (Fig. 124, C).

Remarks

These are among the most common traces in the lower siltstone
unit of the Tornetrisk Formation and yet are among the most
difficult to assign to any ichnotaxon with consistency. Cambrian
examples from various regions that appear to share the mor-
phology of the Tornetrisk forms have been assigned previously
to such ichnogenera as Palaeophycus Hall, 1847 (Bryant &
Pickerill 1990; Mangano et al. 1996; Jensen 1997), Halopoa
Torell, 1870 (Ortowski & Zylifiska 2002; Knaust 2004),
Curvolithus Fritsch, 1908 (Seilacher et al. 2005; Mcllroy &
Brasier 2016), and Didymaulichnus Young, 1972 (Crimes &
Anderson 1985; Walter et al. 1989). However, the combination
of characters, such as the sporadically lobate base, thin wall
lining, weak and sporadic development of meniscate fill of
material equivalent to the surrounding matrix, rare branching,
and straight to irregular course, is not universally consistent
with any of these ichnogenera. The Tornetrdsk forms also
appear to be synonymous with what Jensen & Grant (1998,
fig. 5A) described informally as “winding horizontal burrows”
and with those described by Hogstrom et al. (2013, fig. 5E-G) as
“trace fossils with a trilobed surface”. These traces are variable in
occurrence from isolated trails to densely intersecting ropey
aggregations, and although most are parallel to bedding, the
hyporelief of some examples shows that they vary in their depth
of excavation—a feature illustrated for Palaeophycus tubularis
Hall, 1847 in some previous studies (e.g., Weber et al. 2012,
fig. 3E). The majority of such specimens from the Tornetrisk
Formation are consistent with the circumscription of
P. tubularis in lacking structured infill, ornamented surfaces,
and branching. However, a few with creased or lobed ornament
(Fig. 12B, E) approach Curvolithus isp. (see Buatois et al. 1998b,
fig. 8), Palaeophycus imbricatus (Torell 1870) (see Jensen 1997),
or the “Bure ichnocomplex” of Systra & Jensen (2006, fig. 3A, B)
in texture. Branching in P. tubularis is atypical but Shahkarami
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Figure 11. Trace fossils from the “lower siltstone” interval of the Tornetrask Formation. A. cf. Treptichnus isp.; B-D. Protovirgularia isp.; E. Imbricate-ridged structure; F-I.
Radiating and looped burrows. A. Flabellate cluster of horizontal, finger-like, sand-filled, burrow segments, in positive hyporelief; X00010186. B-C. Synthetic mould of
straight, bilaterally symmetrical burrow with paired chevron-shaped, lateral lobes; X00010206. D. Bilaterally symmetrical, straight, sand-filled burrow with tapered
lateral lobes; X00010212. E. Chevron-shaped array of low, rounded ridges separated by shallow troughs, dissipating into irregular knobs distally, in positive hyporelief;
X00010213. F-G. Burrow system in positive hyporelief with (depending on alternative interpretations) a central elevated vertical knob and radiating, branched,
recurved, lateral, sand-filled burrows, or serendipitously intersecting burrows; X00010228. H-I. Burrow system with serendipitously intersecting burrows or possibly
a central elevated vertical burrow plug with radiating irregularly orientated and sporadically branched horizontal sand-filled burrow arms; X00010230. Scale

bars = 10 mm.




et al. (2017) noted this character in at least a few examples from
the Cambrian of Iran. Apparently equivalent burrows have been
assigned alternatively to Planolites Nicholson, 1873 in some
previous studies of Cambrian ichnoassemblages (e.g., Webby
1984) but Palaeophycus differs from that ichnogenus by posses-
sion of a differentiated wall (Pemberton & Frey 1982), although
this feature can be very subtle and consistent separation of these
taxa remains a matter of continuing debate (Acefolaza & Yanev
2001). Beaconites Vialov, 1962 as emended by Keighly &
Pickerill (1994) is also similar to Palaeophycus in representing
unbranched, mostly horizontal, walled burrows, but the former
differs by having an infilling that contrasts with the surrounding
lithology and features more prominent meniscate fill (Knaust
2004; Gouramanis & McLoughlin 2016). We acknowledge that
any ichnotaxonomic placement of these burrows will be proble-
matic and we urge a comprehensive revision of the defining
characters of simple tubular to ribbon-like burrows.

Occurrence

Common in the heterolithic facies near the top of the lower
siltstone interval of the Tornetrisk Formation at sites 1 and 2,
Luobakte.

Palaeophycus isp. (Fig. 12G, H)

Description

Large (>250 mm long, 21-43 mm wide), consistently arcuate,
hypichnial burrows filled with sand equivalent to the sur-
rounding lithology and lined with a narrow wall of fine sand
to silt (Fig. 12G, H).

Remarks

These traces are essentially equivalent in structure and mor-
phology to cf. Palaeophycus tubularis described above but are
two to four times larger. They are beset with the same pro-
blems of ichnotaxonomic placement as outlined for cf.
Palaeophycus tubularis. Both trace types were probably pro-
duced by relatively large, vermiform, sediment-feeding inver-
tebrates. Only two, poorly preserved, specimens of
Palaeophycus isp. are available and, on this basis, we refrain
from segregating them as a formal new ichnospecies.

Occurrence

Rare; only found in the heterolithic facies near the top of the
lower siltstone interval of the Tornetrisk Formation at site 1,
Luobakte.

Ichnogenus Archaeonassa Fenton & Fenton, 1937
Archaeonassa isp. (Fig. 121-N)

Description

Curvilinear, sinuous or looped, horizontal, epichnial furrows
with continuous or slightly beaded raised margins (collectively
4-15 mm wide and exceeding 180 mm long: Fig. 12I-L). The
traces commonly intersect on the bedding plane (Fig. 12L).
The trace cross-section is typically V-shaped in smaller exam-
ples, but flatter (Fig. 12N) and, in a few cases, has a slightly
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raised median ridge in larger specimens. Weak oblique
(Fig. 12]) or meniscate striae (Fig. 12M) are evident on some
parts of the furrow wall.

Remarks

These traces are sparse to moderately common but have few
diagnostic features. Bryant and Pickerill (1990) assigned mor-
phological similar traces from the lower Cambrian of
Greenland and Norway to Palaeobullia. However, we note
that Palaeobullia is considered part of the Scolicia de
Quatrefages, 1849 complex that is generally considered to
have been produced by echinoids (Uchman 1995) and, thus,
is an untenable assignment for these early Cambrian traces.
Walter et al. (1989, fig. 8B) also assigned very similar winding
trails from the lower Cambrian of central Australia to Gordia
sp., although examples of that ichnogenus are supposed to be
characterized by massive infill (Fillion & Pickerill 1990; Wang
et al. 2009; Hammersburg et al. 2018). Psammichnites Torell,
1870, as emended by Mangano and Buatois (2002), is distin-
guished by more prominent transverse ornament and
a distinctive median ridge or series of mounds/pits. We
tentatively assign the Tornetrdsk specimens to Archaeonassa
Fenton & Fenton, 1937 based on their V-shaped cross-
sections, flanking ridges and weak oblique striae. Ediacaran
Archaeonassa trails from Australia and Russia (Jensen 2003),
and Carboniferous examples from Ireland (Buckman 1994)
are especially similar morphologically to the Tornetrask spe-
cimens. Kulling (1950, fig. 2) illustrated markedly larger but
otherwise similar levee-flanked trails from the “upper sand-
stone” interval of the Tornetrdsk Formation. Such trails were
potentially generated by a range of invertebrate grazers, but
small molluscs or mollusc-like animals are especially strong
candidates for producers of these traces (Jensen 2003).

Occurrence

Sparse to moderately common in the heterolithic facies near
the top of the lower siltstone interval of the Tornetrdsk
Formation at sites 1 and 2, Luobakte.

Ichnogenus Monomorphichnus Crimes, 1970
cf. Monomorphichnus isp. (Fig. 120).

Description

A single specimen consists of a series of subdued parallel striae,
c. 11 mm long, arranged obliquely on either side of an ill-
defined, 2-mm-wide, central ridge (Fig. 120). The striae are 1-
2 mm apart, separated by smooth, shallow troughs, and
arranged in slightly different orientations on either side of
the central ridge. The trace appears to be incomplete and the
lateral margins are diffuse.

Remarks

The origin of this ill-defined structure is ambiguous. It might
represent an example of weak streaming lineation or inorganic
tool marks, or is possibly indicative of lateral appendage marks
flanking a narrow central body trace. However, we note that the
low vparallel ridges in hyporelief are reminiscent of
Monomorphichnus Crimes, 1970, especially M. bilinearis



122 (&) S.MCLOUGHLIN ET AL.

Figure 12. Trace fossils from the “lower siltstone” interval of the Tornetrask Formation. A-F. cf. Palaeophycus tubularis Hall, 1847; G-H. Palaeophycus isp.; I-N.
Archaeonassa isp.; 0. cf. Monomorphichnus isp. A. Densely meshed sand-filled, silt-lined trails in positive hyporelief on the underside of a sandstone bed; X00010229.
B. Longitudinally creased portion of a burrow in positive hyporelief; X00010229. C. Markedly curved and apparently branched trails with irregularly ornamented surface
in positive hyporelief; X00010216. D. Burrow with acute apparent forking in positive hyporelief, X00010229. E. Longitudinally creased intersecting trails in positive
hyporelief; X00010210. F. Longitudinally creased cross-cutting trails in positive hyporelief; X00003532. G. Gently curved, broad, sand-filled trail in positive hyporelief;
X00010181. H. Strongly curved, broad, sand-filled trail in positive hyporelief; specimen photographed in the field. I. Slender grooved trail in epirelief; X00010219.
J. Deeply grooved trail with raised margins and weak oblique striae on walls; X00010172. K. Strongly curved trail with weakly raised margins in epirelief; X00010187.
L. Broadly curved intersecting trails in epirelief; X00010172. M. Synthetic mould of weakly curved trail with weak meniscate ornament; X00010204. N. Broad shallow trail

with weakly raised margins in epirelief; X00010164. O. Two sets of parallel ridges and intervening troughs separated by an intervening low ridge; X00010220. Scale
bars = 10 mm.




Crimes, 1970, which commonly has paired or fan-like ridges
(Walter et al. 1989, fig. 16 C, D; Mangano et al. 1996, fig. 12B;
Simon Lépez-Villata 2019, fig. 4B), M. lineatus Crimes et al., 1977,
which is represented by several parallel ridges (Bryant & Pickerill
1990), and M. multilineatus Alpert, 1976, occurring as sets of 4—
14 parallel ridges (Mangano et al. 1996, fig. 12C; Sharma et al.
2018, fig. 6). Assignment to any one of these ichnospecies is
hampered by poor preservation. Monomorphichnus is regarded
as stroke marks of a multidigitate appendage from sideways
skimming/raking arthropods (Fillion & Pickerill 1990; Jensen
1997). At least seven species have been established for this ichno-
genus but their consistent differentiation is difficult and the con-
trasting morphologies probably relate to the number and degree
of appendage drag in the sediment (Jensen 1997). Some may even
have an inorganic origin as lineations or tool marks in uniform-
flow environments.

Occurrence

The stratigraphic source of this isolated specimen is uncertain
but probably derives from the heterolithic facies near the top of
the lower siltstone interval of the Tornetrisk Formation at
Luobékte.

Ichnogenera uncertain
Imbricate-ridged trace (Fig. 11E)

Description

A single trace consisting of an imbricate array (63 mm long
and 11 mm wide) of low, rounded ridges, each c. 10 mm long
and 3 mm wide, separated by shallow troughs. Ridges dissipate
into irregular knobs in the distal part of the trace.

Remarks

The single available specimen is strongly weathered but is
included here for the sake of illustrating the full diversity of
trace fossils. In the presumed proximal part the trace, the
lateral ridges take on a chevron-like arrangement and
approach the morphology of cf. Protovirgularia isp. described
above, although the lobes are much narrower. There is no
indication of a physical obstacle that would generate leeward
divergent ridges abiotically by currents and scouring.

Occurrence

The stratigraphic source of this isolated specimen is uncertain
but probably derives from the heterolithic facies near the top of
the lower siltstone interval of the Tornetrdsk Formation at
Luobdkte.

Radiating and looped burrows (Fig. 11F-I)

Description

The description of these traces involves a degree of interpretation
that can be presented as two alternative morphologies. They
represent either sand-filled horizontal burrow systems (preserved
in positive hyporelief) consisting of either serendipitously inter-
secting parallel-sided to beaded, rarely branched, gently curved to
strongly recurved burrows; or they could be considered to
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incorporate a central elevated vertical burrow-fill or plug (6-
8 mm in diameter: Fig. 11G, I) from which the horizontal burrows
emanate (Fig. 11F, H). Each horizontal burrow reaches lengths of
up to at least 82 mm long and 46 mm wide. The rare cases of
apparent branching are at 80-110°. Burrow surfaces are generally
smooth and rounded (indicating a cylindrical form) and lack any
obvious meniscoid infill or wall lining.

Remarks

Individually, the horizontal burrows are broadly similar to the
form of some Treptichnus pedum and cf. Palaeophycus tubu-
laris Hall, 1847 burrows in the same assemblage but the forms
described here lack the offset lateral extensions of Treptichnus
or the longitudinal creases of cf. P. tubularis. Nevertheless,
Palaeophycus-type burrows occur abundantly on the same
slab as these radiating burrows and the intersecting and looped
forms described here may have been produced by the same
organism during more complex feeding behaviour. An alter-
native interpretation is that these represent genuine radiating
burrows originating from a short central vertical tube based on
what appears to be a slightly raised plug in the centre of the
burrow system and the recurvature of several radial burrows at
a consistent distance from the central plug in one specimen
(Fig. 11F). We draw attention to somewhat similar forms from
the lower Cambrian of southern Sweden assigned to
Scotolithus mirabilis Linnarsson, 1871 (Jensen 1997, fig.
58D). We note, however, that the Tornetrisk Formation
(Fig. 11F, H) examples differ by the curvature of the radiat-
ing/intersecting burrows. If the described forms consist of
burrows radiating from a central shaft, there are also simila-
rities to Radiichnus Karaszewski, 1973, but the latter is known
only from Jurassic offshore deposits of Poland. Muifioz et al.
(2019) recently summarized the diversity and spatio-temporal
distribution of radial to rosette-shaped trace fossils noting that
this group of ichnofossils occurs as low as the first stage of the
Cambrian where they are best represented in shallow to deep
shoreface settings.

Occurrence

Rare; found on isolated slabs presumably derived from the
heterolithic facies near the top of the lower siltstone interval
of the Tornetrask Formation at site 1, Luobakte.

Ambiguous structures and pseudofossils

Semi-concentric traces (Fig. 13A)

Description

Two structures on the same slab (an irregularly rippled upper
surface of fine-grained sandstone) consist of incomplete,
slightly raised, circular to semi-circular features 100-150 mm
in diameter incorporating successive rings of grooves and
ridges (Fig. 13A). The grooves and ridges vary in width (reach-
ing up to 15 mm wide) and some ridges are discontinuous,
wedging out against neighbouring grooves to produce a semi-
concentric pattern.
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Figure 13. Ambiguous structures and pseudofossils from the Tornetrdsk Formation. A. Semi-concentric traces of ridges and grooves on the underside of a fine-grained
sandstone bed; X00010187. B. Isolated large sandstone lobate structure with radiating grooves; X00010174. C. Latex cast of Kullingia concentrica Glaessner in Foyn &
Glaessner, 1979; cast of specimen SGU30940 held in NRM. D, E. Low-relief discoid structures preserved in ripple troughs on the upper surface of medium-grained ripple-
marked sandstone beds of the “lower sandstone” interval; outcrop photos. F. Straight to broadly curved sand-filled desiccation cracks on the underside of a sandstone
bed; specimen photographed in the field. G. Short, radiating, sand-filled synaeresis cracks on the underside of a medium-grained sandstone bed; outcrop photo.
H. Sand-filled, straight desiccation cracks in siltstone; X00010209. I. Large circular percussion structure with smaller crescentic percussion feature in indurated
tcrop photo. J. Mass of circular to crescentic percussion structures on bedding plane of indurated sandstone exposed below stream rapids; outcrop photo.

sandstone; o
Scale bars = 10 mm. A, B, Luobdkte site 1, “lower siltstone” interval; C, Luobdkte site 1, possibly “middle siltstone” interval; D, E, Luobakte site 2 “lower sandstone”

interval; F, H, Luobakte site 1, “lower siltstone” interval; G, Luobékte site 2, “lower siltstone” interval; 1, J, Orddajohka rivulet, “upper sandstone” interval.




Remarks

These structures are not as regularly concentric as Kullingia
concentrica (previously recorded from the same beds (Fig. 13C;
Foyn & Glaesner 1979; Jensen & Grant 1998) but share some
features (roughly circular organization, raised central point)
that suggest a similar origin. Kullingia concentrica Glaessner in
Foyn & Glaessner, 1979 was originally interpreted as
a probably medusoid cnidarian imprint but may represent
scratch marks caused by rotation of some anchored, strap-
like object or regularly ornamented tubular sabelliditid-like
organism on a soft-sediment surface, perhaps agitated by
storm or current action in submarine settings (Jensen et al.
2002). The discontinuity of some ridges argues against the
semi-concentric traces described here being very regular rota-
tional scratch features. Since neither specimen is complete and
a fully circular structure (in contrast to Kullingia) can not be
confirmed, these structure may, alternatively, represent small
flow or slump structures caused by inter-ripple currents during
tidal retreat. Similar semi-concentric structures are evident in
the troughs of some modern linguoid ripples on exposed tidal
flats (Chakrabarti 2005, fig. 18).

Occurrence

Rare in sandstone beds of the heterolithic facies near the top of the
lower siltstone interval of the Tornetrisk Formation at site 2,
Luobakte.

Large lobate grooved structure (Fig. 13B)

Description

This structure consists of an isolated, roughly elliptical, sand-
stone cast, with coarse (2-7 mm wide) grooves originating on
one side and radiating, forking, and shallowing to the opposite
margin (Fig. 13B). The structure is 117 mm long, 96 mm wide
and c. 20 mm thick. Indistinct longitudinal striae are evident
along some of the grooves.

Remarks

The single specimen of this type was collected from float but
likely derives from the thin sandstones in the upper part of the
lower siltstone interval. The structure is superficially similar to
an excavation mound adjacent to an infaunal burrow. Vaguely
similar structures in lower Cambrian strata of Spain have also
been attributed to a body fossil imprint of an organism similar
to a sand anemone (Simon Lépez-Villalta 2019). However,
a case could equally be made that this structure from the
Tornetrask Formation is a sandstone infilling of a linguoid or
lunate ripple trough with drainage rills at its base (compare
with, e.g., pl. 30 of Ricci Lucchi 1995).

Occurrence

Rare; isolated block presumably derived from a thin sandstone
bed near the top of the “lower siltstone” interval of the
Tornetrask Formation at site 1, Luobakte.
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Flattened elliptical structures (Fig. 13D, E)

Description

Elliptical to lobate flattened sand-filled structures within
troughs on the upper surfaces of ripple-marked medium- to
coarse-grained sandstone (Fig. 13D, E). The surfaces of these
structures stand about 5 mm above the surrounding bedding
plane. They are 75-110 mm long and 67-95 mm wide with
a rounded circumference and a margin that is gently curved
down to the bedding plane.

Remarks

These simple ill-defined elliptical structures are the only
potential trace fossils that we observed in the “lower sand-
stone” interval of the Tornetrdsk Formation. A dense cover
of extant lichen on both specimens precludes identification
of any fine surface features. Although they are superficially
similar to some Ediacaran discoid imprints, such as
Aspidella (Menon et al. 2013; Darroch et al. 2016), we
detected no central pit or tubercle, and these structures
might, alternatively, represent small-scale lobes of sediment
that collapsed into troughs from adjacent ripple crests.
A disc-shaped structure illustrated by Simén (2017, fig. 6)
from upper Ediacaran strata of Spain is also superficially
similar, though smaller (2 cm diameter), and likewise can
not be attributed with confidence to either a sedimentary
structure or body imprint.

Occurrence
Rare in the “lower sandstone” interval of the Tornetriask
Formation at site 2, Luobdkte.

Sand-filled cracks (Fig. 13F-H)

Description

These structures are typically represented by long, straight or
curvilinear, intersecting, sand-filled, raised ridges on the under-
surfaces of sandstone beds resting above siltstones (Fig. 13F, H).
The infillings have sharply defined margins, V-shaped profiles,
and typically form irregular polygons on the undersides of
sandstone beds. The structures lack backfill features, are of the
same composition as the overlying sandstone, are typicallyl-
6 mm wide, and are variable in length (some exceeding 20 cm).
A second category of sand-filled cracks consists of lenticular
infillings, 32-75 mm long, 7-15 mm wide, with U-shaped
profiles, occurring in isolation or stellate arrangements on the
undersurfaces of sandstone beds (Fig. 13G).

Remarks

The more slender, elongate, interconnected examples of
these ridges represent mostly sand-filled desiccation cracks
formed in subaerially exposed siltstone surfaces. A few that
enclose more elliptical polygons are similar to
Manchuriophycus, earlier considered to represent a body
or trace fossil, but now generally considered to constitute
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subaqueous to subaerial shrinkage cracks, particularly
formed in microbial mats (Plummer & Gostin 1981;
Eriksson et al. 2007; Lee et al. 2020). The second category
is more typical of broad, lenticular, synaeresis cracks that
are generated subaqueously by clay deflocculation and lat-
tice contraction caused by changes in the salinity of pore
waters (Burst 1965; Plummer & Gostin 1981; Jensen 1997;
Knaust 2004) or, in some cases, by seismically induced
dewatering (Pratt 1998). Forms similar to those described
here were illustrated from equivalent tidally influenced
shoreface deposits of the lower Cambrian Kloftelv
Formation (east Greenland) bearing Teichichnus isp.
(Jensen et al. 2015, fig. 6).

Occurrence

Both forms of sand-filled cracks are moderately common in
the heterolithic facies near the top of the lower siltstone inter-
val of the Tornetrisk Formation at sites 1 and 2, Luobdkte.

Percussion structures (Fig. 13I, J)

Description

Circular or crescentic structures up to 120 mm diameter pre-
served on bedding planes of indurated strata in active modern
stream channels. The structures are typically defined by
a narrow (c. 1 mm wide) marginal indentation in the rock
(Fig. 13]). In crescentic examples, the indentation is typically
in the upstream direction. In a few cases, additional circular
crescentic rings may be positioned concentrically within the
major ring structure (Fig. 13I).

Remarks

These structures are typically found on exposed bedding planes
of erosionally resistant (well-indurated) fine-grained sandstones
of the Tornetrisk Formation, especially immediately down-
stream of breaks in slope (waterfalls and cascades). Their loca-
tion, variability in size and shape, and the consistent orientation
of crescentic examples leads us to interpret these structures as
modern percussion marks on bedding planes caused by fluvial
transport of large boulders over waterfalls and rapids. We illus-
trate these structures here since some isolated examples are
somewhat reminiscent of medusoid imprints and might be
misinterpreted without careful inspection.

Occurrence

Moderately common to abundant on the exposed upper sur-
faces of indurated sandstone beds in Orddajohka rivulet, north
of Lake Tornetrésk.

Biotic diversity

Our reconnaissance survey of the lower part of the Tornetrésk
Formation reveals a greater diversity of ichnofossils than
reported in previous studies, albeit that many of the new
forms are represented by a few specimens of equivocal identity
(Table 1). We hope that the range of traces identified in this
study will inspire a broader-scale investigation of ichnofossil
diversity within this little-studied unit. We especially highlight

the presence of a multitude of small Planolites- and
Trichophycus-type burrows and various relatively complex
horizontal, Rhizocorallium- and Protovirgularia-like feeding
traces that, in association with probable macroalgae, inverte-
brate body fossils and bacterial mats, indicate a more complex
shallow-water ecosystem than previously documented. Owing
to limited time available in the field, the size of the slabs, and
because the outcrops are only accessible by hiking, we were
only able to obtain a modest collection of trace fossils from the
Tornetriask Formation. We encourage further high-resolution
sampling of this unit to clarify the successive appearances and
quantitative representation of ichnofossils through the forma-
tion. This should provide a clearer picture of the evolution of
biotic diversity and depositional environments through the
lower Cambrian succession on the northern margin of Baltica.

Despite its diverse trace fossil record, the Tornetrask
Formation is almost devoid of body fossils (Table 1), unlike
the overlying Grammajukku Formation (Skovsted et al. in
press [this volume]). The circular impression Kullingia, ori-
ginally described as a medusoid Ediacaran body fossil, was
later reinterpreted as a scratch-circle tool mark (Jensen et al.
2002). In addition, several tubular fossils were described by
Moberg (1908) and Kulling (1964). The reported specimens of
Hyolithus sp. and Volborthella tenuis were considered dubious
by Jensen and Grant (1998). Consequently, the problematic
tubular fossils Sabellidites described by Jensen and Grant
(1998) from the “lower siltstone” interval (together with an
example illustrated herein: Fig. 6H, I) and cf. Platysolenites
antiquissimus (Fig. 6G) from the overlying “middle siltstone”
interval remain the only credible body fossils (apart from the
macroalgae illustrated herein) from the Tornetrask Formation.

Palaeoenvironments

The interbedded sandstones and siltstones near the top of the
“lower siltstone” interval of the Tornetrisk Formation contain
a mix of dwelling and foraging traces and, combined with algal
remains, wrinkle structures, and a suite of ripple, synaeresis and
desiccation structures, suggest deposition in low-relief and low-
energy, shallow subtidal to intertidal settings, which Thelander
(1982) attributed to shallowing lagoonal or interdistributary bay
environments. Apart from a few thin sandstone beds containing
Laevicyclus, there is no evidence of trace fossils typical of high-
energy shoreface/foreshore assemblages (e.g., the Skolithos ich-
nofacies). Assessment of the variation in depositional settings
expressed in the Tornetrisk Formation must await a future
analysis of the vertical and lateral distribution of litho- and bio-
facies represented in multiple sections through the unit.

Biomats are inferred to have been common through the
Tornetriask Formation based on the presence of wrinkle struc-
tures, generally good preservation of traces unaltered by cur-
rent or wave action, scarcity of surficial trails and tracks, and
abundance of presumed shallow under-mat burrowing and
dwelling structures (cf. Gehling 1999; Gingras et al. 2011).
Deep and complex burrowing structures are essentially absent
from the ichnoassemblage.

Most of the identifiable traces have cosmopolitan distribu-
tions, but a few may have palaeogeographic significance. Of



these, Mangano and Buatois (2011) argued that the
Trichophycus ichnofacies is represented earlier in Baltica and
Laurentia compared with Gondwana. Jensen and Grant (1998)
found only one specimen of the distinctive spiral trace
Gyrolithes in the Tornetrask Formation and we also found
just a single specimen. Gyrolithes is a common element in
lower Cambrian ichnoassemblages across central and northern
Europe (Baltica) and extending into Newfoundland (Systra &
Jensen 2006). Its scarcity in the Tornetrdsk Formation might
be indicative of the fringe of its geographic range in Baltica or
accumulation of unfavourable sedimentary facies in this area.
There is, otherwise, little evidence of palaeolatitudinal differ-
entiation of lower Cambrian ichnofossil assemblages, consis-
tent with the findings of Jensen et al. (2013).

Age implications

Geochronological results from detrital zircons are broadly
consisted with data obtained by Andresen et al. (2014) from
the Dividal Group exposed at various sites along the
Scandinavian Caledonides. All but one of the 140 zircon grains
in our study yielded LA-ICPMS dates of 953 + 51 Ma or older,
ranging from 3331 + 27 to 569 + 19 Ma. These provide various
constraints on the provenance of sedimentary grains contri-
buting to the Tornetrisk Formation. The single young grain
sets the maximum depositional age of the lower Tornetrisk
Formation to 584 + 13 Ma (mid-Ediacaran). Peaks in the age
profile of detrital zircon grains occur at 2690, 1760, 1200, and
1010 Ma. The oldest population of the detrital zircons prob-
ably derives from the oldest rock suite known on the Baltic
Shield—the Archaean Pudasjirvi Complex located in Finnish
Lapland. These rocks form the Pudasjérvi Granulite Belt (PGB;
sensu Nironen et al. 2002) and geochronology has revealed
that a trondhjemite gneiss from Siurua, Pudasjdrvi, “is the
oldest primary crustal rock on the Fennoscandian Shield
with a minimum conventional U-Pb zircon age of 3.3 Ga”
(Mutanen & Huhma 2003).

The source of the detrital zircons dated to c. 2.69 Ga is
ambiguous. However, a series of roughly coeval Naavala-type
grey orthogneisses (dated at 2.69-2.65 Ga) are known to inter-
sect the Kivijarvi gneisses of eastern Baltica (Martin 1989) and
granitoids of this age occur in the West Troms basement
complex (Andresen et al. 2014). The detrital zircons yielding
an age centred around 1.8 Ga correspond largely to ages avail-
able for crystalline complexes formed during the Svecofennian
Orogeny (Paleoproterozoic, 2000-1800 Ma; Andersson &
Ohlander 2004; Andresen et al. 2014). The zircon assemblage
yielding ages between 1810 and 1650 Ma are probably derived
from the Trans-Scandinavian Igneous Belt represented by
a series of batholiths extending from northern to southern
Sweden (Hogdahl et al. 2004). Andresen et al. (2014) identified
a broad suite of detrital zircons from the Dividal Group with
ages similar to the younger populations of detrital grains that
we dated to c. 1.2-1.0 Ga. These possibly relate to the
Sveconorwegian Orogeny dated to 1140-960 Ma (Andersson
et al. 2008).

The provenance of the youngest grain, yielding an age of
584 + 13 Ma, is less certain. A similar small zircon population
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dated to 570 Ma was reported from the Dividal Group by
Andresen et al. (2014). These dates are similar to the age of the
Aln6 igneous complex of the Sundsvall region dated to
584 + 7 Ma (Meert et al. 2007). However, the zircon dates more
likely relate to the Pre-Uralide-Timanide Orogeny, which took
place during the Ediacaran-Cambrian transition as a result of the
collision between the Timan-Varanger margin of Baltica and
parts of the East European Platform (Orlov et al. 2011). The
crystalline rocks formed during this orogeny have yielded ages
of ¢. 730-510 Ma (Kuznetsov et al. 2007, 2010; Orlov et al. 2011).

The ichnoassemblages from the “lower siltstone” interval of
the Tornetrdsk Formation contain various taxa that are shared
with a range of early Cambrian assemblages from Baltica
(Banks 1970; Jensen 1997; Orlowski & Zyliﬁska 2002; Systra
& Jensen 2006; Hogstrom et al. 2013), and with areas further
south in modern Europe (Crimes et al. 1977) and to the west in
Greenland (Bryant & Pickerill 1990). Some forms, such as
Protovirgularia, are notable for making their first appearance
in the early Cambrian (Crimes 1992).

We found no evidence of body or trace fossils from the
“lower sandstone” interval of the Tornetrdsk Formation. On
this basis we can not ascribe a definitive age to this part of the
formation. It is at least as old as early Cambrian based on fossil
assemblages from overlying strata. Foyn and Glaessner (1979)
used the occurrence of Kullingia concentrica in the middle
portion of the Tornetrisk Formation to argue that these beds
were Ediacaran in age. However, if such structures represent
tool marks, as suggested by Jensen et al. (2002) and herein,
then they are not age diagnostic.

Nielsen & Schovsbo (2011) used sequence stratigraphy to
suggest that the base of the Tornetrisk Formation is of
Dominopolian age (Cambrian Stage 3) and, thus, roughly
coeval with the appearance of the first trilobites in southern
Sweden and Bornholm. However, this inferred age is at odds
with the fossil data, particularly the occurrence of Sabellidites
and Platysolenites, which have been used to infer an older
Rovnian or Lontovan (Terreneuvian) age for sedimentary
sequences in Baltica and Avalonia (Mens & Pirrus 1997;
Jensen & Grant 1998; Mcllroy et al. 2001; Moczydlowska
et al. 2014). The notable absence of deep arthropod traces
(Rusophycus and Cruziana) in the Tornetrask Formation offers
another line of evidence suggesting an older age for the unit, as
noted by Jensen & Grant (1998).

Although Rusophycus and Cruziana (that probably represent
morphological end-members of deep resting and locomotion/
grazing traces: Kesidis et al. 2019b) are often referred to the activity
of trilobites, their first appearance in the fossil record predates the
first trilobite body fossils and the earliest forms were presumably
produced by other sclerotized but non-mineralized arthropods
(Jensen et al. 2013; Kesidis et al. 2019b). The first occurrences of
Rusophycus are in the Fortunian of Avalonia, China and Laurentia
(Jensen et al. 2013). In Baltica, the first occurrence of Rusophycus is
in the pre-trilobitic (Lontovan, Cambrian Stage 2) lower Breidvika
Formation of Finnmark (Banks 1970; Hogstrom et al. 2013). In
southern Scandinavia, Rusophycus is used to define the
R. parallelum Zone, which probably correlates with the first
appearance of trilobites globally (Jensen et al. 2013). In light of
the diverse and well-preserved trace fossil assemblage recorded
from the “lower siltstone” interval by Jensen & Grant (1998) and
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Table 1. Body fossils, trace fossils and microbially induced sedimentary structures (MISS) recorded from the Tornetrésk Formation near Tornetrask by various authors.

Moberg Kulling 1950, 1960,  Thelander Mens et al. Jensen & This
Taxon 1908 1964, 1972 1982 1990 Grant 1998 study
“elephant-skin texture” (MISS) LS, US
vendotaenids LS LS
Sabellidites cambriensis LS LS
cf. Platysolenites antiquissimus MS MS MS ’MS
?Volbortella tenuis MS
Bergaueria perata LS (fig. 7) LS LS
Bergaueria isp. LS
Skolithos linearis (“Scolithus errans”) LS (upper

part)
Laevicyclus isp. MS MS, US LS
cf. Rhizocorallium isp. LS
Teichichnus isp. MS, US LS or
MS
Phycodes palmatus us LS
Planolites montanus LS
cf. Trichophycus venosus LS
Gyrolithes polonicus uUs LS, US LS
Treptichnus isp./Treptichnus pedum LS, MS LS
cf. Treptichnus pedum. LS
cf. Curvolithus isp. LS
cf. Protovirgularia isp. LS
cf. Palaeophycus tubularis (encompassing variants attributable to LS (fig. 7) LS LS
Helminthoidichnites and Torrowangea)

Palaeophycus isp. LS LS
Psammichnites group MS, US
Archaeonassa isp. us US (fig. 15) LS
cf. Monomorphichnus isp. LS
“Kullingia concentrica” LS (upper part) LS (upper part)
Scolicia isp. us
Spirodesmos isp. us
Indeterminate trace fossils LS, MS, US
“Imbricate-ridged trace” LS
“Radiating and looped burrows” LS

Presence of a taxon within the Tornetrdsk Formation is denoted by its stratigraphic occurrence: LS = “lower siltstone” interval; MS = “middle siltstone” interval;
US = “upper sandstone” interval. Question mark indicates uncertain identity or stratigraphic source (material collected from float).

herein, the absence of Rusophycus and Cruziana, and the presence
of the tubular Platysolenites, the collective fossil evidence is con-
sistent with at least the lower parts of the Tornetrask Formation
being older than inferred by Nielsen & Schovsbo (2011). The
Tornetrdsk Formation would thus be of very early Cambrian
age, presumably pre-dating the appearance of trilobites (in
Cambrian Series 2, Stage 3) and possibly pre-dating the appear-
ance of arthropods (in Terreneuvian, Stage 2). These results are
consistent with the conclusions of Jensen & Grant (1998) con-
cerning the Terreneuvian (Fortunian or possibly Stage 2) age of
the “lower siltstone” interval. Consequently, the “lower siltstone”
interval of the Tornetrask Formation can presumably be corre-
lated with the lower Breidvika Formation of Digermul (Finnmark)
rather than the upper Breidvika Formation as suggested by
Nielsen & Schovsbo (2011). Correlation of the middle and upper
parts of the Tornetrdsk Formation remains equivocal in the
absence of additional biostratigraphic controls; hence, the biozone
correlations inferred for this portion of the unit by Axheimer et al.
(2007; fig. 2) should be considered tentative interpretations.
Trilobites, brachiopods and Small Shelly Fossils from the
overlying Grammajukku Formation indicate a Vergalian-
Rausvian (Cambrian Stage 4) age (Axheimer et al. 2007;
Skovsted et al. in press [this volume]). Although the upper
part of the Tornetrdsk Formation (“upper sandstone” inter-
val) has yielded no age-diagnostic fossils, the age discre-
pancy between the possible Terreneuvian age of the “lower
siltstone” interval and the much younger Grammajukku
Formation, suggests that the phosphorite-bearing

conglomerate at the base of the latter defines a significant
depositional hiatus.

Conclusions

This reconnaissance survey of the fossil biota of the Tornetrask
Formation reveals a greater diversity of both body and trace
fossils than recorded previously from this unit. We highlight this
unit as a potential source of additional lower Cambrian fossils
that could provide insights into the biotic evolution and varia-
tion of depositional settings in northern Baltica during the ear-
liest Cambrian. Owing to an absence of trace or body fossils, we
can not exclude an Ediacaran age for the basal sandstone-
dominated interval of the Tornetrdsk Formation. These beds
have a minimum age of early Cambrian based on trace- and
body-fossil suites in overlying strata. The lower siltstone interval
of the Tornetrask Formation contains a broad suite of mostly
simple pascichnia, fodinichnia and domichnia burrows and trails
but lacks deep arthropod trackways. Furthermore, cyanobacterial
mats occur throughout the succession, indicating an age prior to
or during the development of early invertebrate grazing com-
munities. This, together with maximum geochronological con-
straints of 584 + 13 Ma from LA-ICPMS-dating of a detrital
zircon, favours a very early Terreneuvian, possibly Fortunian,
Cambrian age for the “lower siltstone” interval of the Tornetrésk
Formation. The trace fossil assemblages of this interval are
generally indicative of low-energy, shallow shoreface to intertidal



settings. The upper part of the Tornetrisk Formation contains
only a few invertebrate trace and body fossils that are not
strongly age diagnostic. The coarser nature of the sedimentary
facies in this interval suggests deposition in moderate-energy
shoreface settings.
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