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The Neoproterozoic Visingsd Group of southern Sweden: Litho-
logy, sequence stratigraphy and provenance of the Middle Form-
ation

VIKTOR AHRENSTEDT

Ahrenstedt, V., 2018: The Neoproterozoic Visingsdé Group of southern Sweden: Lithology, sequence stratigraphy
and provenance of the Middle Formation. Dissertations in Geology at Lund University, No. 551, 46 pp. 45 hp (45
ECTS credits).

Abstract: The depositional setting of the Neoproterozoic Visingsé Group has long been a subject of discussion.
This study aims to provide additional insights into the lithological composition and provenance of the sediments
and to provide a sequence stratigraphic framework in order to define the depositional setting. It focuses on rocks
belonging to the Middle Formation of the Visingsd Group located at the Nés locality, Visingsd, Sweden. The meth-
ods employed included descriptions of lithology, stratigraphic variations and identification of sedimentary patterns
through detailed facies logs. Furthermore LA-ICP-MS analyses of U/Pb ages on detrital zircons were performed to
determine their provenance. The sediments are characterized by an immature composition, short transport distance
and wave-dominated deposition. The sedimentary cycles are composed of coarsening-upwards intervals terminated
by short transgressive episodes. Identified detrital ages of zircons are largely composed of ages that can be found in
the region. The sequence stratigraphic framework is in accord with existing rift-basin models and showed that dep-
osition was controlled by tectonic activity that created the space necessary for the deposition of sediments. This
newly created space was filled in large parts by locally derived material with a smaller, more far-travelled, compo-
nent.
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Den sydsvenska neoproterozoiska Visingsogruppen: Litologi,
sekvensstratigrafi och provenans av den Mellersta formationen

VIKTOR AHRENSTEDT

Ahrenstedt, V., 2018: Den sydsvenska neoproterozoiska Visingsdgruppen: Litologi, sekvensstratigrafi och prove-
nans av den Mellersta formationen. Examensarbeten i geologi vid Lunds universitet, Nr. 551, 46 sid. 45 hp.

Sammanfattning: Det har ldnge pagatt diskussioner om hur Visingsdgruppen blev avsatt. Malet med den hér stu-
dien dr att f4 mer insikt i sedimentens litologiska sammansittning, provenans och genom att sitta upp ett sekvens-
stratigrafiskt ramverk kunna definiera depositionsprocesser. Studien fokuserade pa sediment som tillhér den Mel-
lersta formationen i Visingsdgruppen, beldgna vid Nés, Visingso, Sverige. Metoderna som anvénds inkluderar be-
skrivningar av litologi, stratigrafiska variationer och identifiering av sedimentdra monster genom detaljerade log-
gar. Vidare sa anvindes LA-ICP-MS analyser for U/Pb dateringar av detritala zirkoner for att bestimma deras pro-
venans. Sedimenten defineras av en omogen sammansittning, korta transportstrackor och vagdominerad avsittning.
De sedimentéra cyklerna dr sammansatta av intervall med kontinuerligt 6kande kornstorlek som avslutas med trans-
gressiva episoder. De detritala zirkonernas aldrar stimmer i hog grad med aldrar som kan hittas regionalt. Det se-
kvensstratigrafiska ramverket 6verensstimmer med existerande modeller for riftbassdnger och visar att avsittning-
en &r kontrollerad av tektonik som skapar det nodvéndiga utrymmet for att deposition ska kunna ske. Detta nyskap-
ade utrymme fylldes igen av lokalt material och en mindre komponent av ldngre transporterat material.

Nyckelord: Neoproterozoikum, Visingsdgruppen, sekvensstratigrafi, provenans, litologi.
Handledare: Mikael Calner
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1 Introduction

The Neoproterozoic Visingsé Group has been studied
for well over 100 years. Owing to poor exposure of the
successions, tectonic influence and lithological homo-
geneity few studies have touched on its depositional
history. This paper aims to summarise previous work
and provide additional insights into how these sedi-
mentary rocks were formed. It focuses on the outcrops
at Nis that exhibits the Middle Formation of the Vis-
ings6 Group and is located on the island of Visingsé in
Lake Vittern, south central Sweden.

This project aimed to produce centimetre scale
facies logs with detailed descriptions of the lithology
and stratigraphic variations of the outcrops at the Nis
locality. Sedimentary cycles and patterns were identi-
fied in order to define individual sequences. A se-
quence stratigraphical framework could then be pro-
duced in conjunction with existing sequence strati-
graphical models. These results were used to deter-
mine the depositional processes involved in the for-
mation of the rocks.

Furthermore the project aimed to provide in-
sights into the provenance of the sediments through
radiometric dating using LA-ICP-MS analyses of de-
trital zircons and comparisons of these ages to known
ages of potential source rocks.

2 Background

2.1 Previous work

The Visingsd Group is named after the Island of Vis-
ingso situated in the south-central parts of Lake Vit-
tern (Nathorst 1879a). The first time that the Visingso
Group was referred to as an independent sedimentary
succession was, according to Zenzén (1925), in a trav-
el-diary by J.A. Gyllenhaal in 1775 who distinguished
the Visingsd Group from the nearby Cambro-Silurian
sediments of the province of Ostergétland.

The Visingsé Group was discussed intensely in
the late 1800’s (e.g. Nathorst 1879a; Nathorst 1879b;
Linnarsson 1880a; Linnarsson 1880b). Many of these
early studies were concerned with determining the age
of the rocks: Holm (1885) suggested a Triassic age
based on the lithological similarity to the Triassic red-
beds of southern Sweden, Nathorst (1886) proposed a
Precambrian to early Cambrian age and Munthe &
Gavelin (1907) believed in a Triassic age. As more
evidences came to light, a Precambrian age became the
most likely scenario: a fact that was pointed out by
several authors (e.g. Rosén 1925; Brotzen 1941; Col-
lini 1951). Recently the Visingsé Group was con-
strained to the Tonian Period within the Neoproterozo-
ic era (Moczydlowska et al. 2017, see chapter 2.4).

The Visingsd Group have long been known to
contain microfossils. Many of the earliest studies con-
cerned the microfossil Chuaria (e.g. Linnarsson
1880b; Nathorst & Kramer 1884; Holm 1885; Brot-
zen 1941). Acritarchs were investigated by Ewetz
(1932; 1933) and Timofeev (1960). Stromatolites from

the Upper Formation were described by Vidal (1972).
The acritarchs continued to be studied intensively in
papers by Vidal (1974; Vidal 1976) and Knoll & Vidal
(1980), and more recently by Mus & Moczydlowska
(2000), Talyzina (2000), Loron & Moczydtowska
(2017) and Moczydtowska et al. (2017). Brocks et al.
(2016) described the biomarkers present in the Upper
Formation.

Much of the recent palaeontological focus has
concerned the so called vase-shaped microfossils and
their emergence as an important biostratigraphical tool
in the Neoproterozoic. Vase-shaped microfossils were
first described by (Ewetz 1932) when they were found
within phosphatic nodules of the Visingsé Group, and
they were imaginatively described as ‘single-celled
organism with shell’.

2.2 The Neoproterozoic
The Neoproterozoic Era ranges from 1000 Ma until
the start of the Cambrian Period at 541 Ma (Ogg et al.
2016). The era was preceded by the slow trudging evo-
lution of microbial life and the earth’s middle age; the
‘Boring Billion’ (Cawood & Hawkesworth 2014; But-
terfield 2015). These apparently stable geological con-
ditions and simple life forms were thrust into the tur-
moil of the Neoproterozoic and emerged on the other
side with the first complex life forms (Butterfield
2015). The Neoproterozoic featured the famous
‘Snowball-Earth’ glaciations (Harland & Rudwick
1964; Kirschvink 1992; Hoffman et al. 1998), possi-
bly the largest crustal-forming events ever (Rino et al.
2008), the formation of the Columbia and Rodinia
supercontinents (Rogers & Santosh 2002; Li et al.
2008) and some of the most spectacular geochemical
anomalies in Earth’s history (Halverson et al. 2010).
The marine realm was stratified with free oxygen gen-
erally only found in the photic zone and productivity
was largely confined to cyanobacteria (Butterfield
2015).

At the end of the Tonian Period (1000 - 720
Ma), the first signs of eukaryotes appear in the form of
biomarker-evidence (Butterfield 2015). At this point
there is a surge in evolution with the emergence of
testate amoebae and ‘scale microfossils’ (Butterfield
2015; Moczydtowska et al. 2017). The oceans re-
mained stratified through the Neoproterozoic with
rising oxygen levels and high isotopic carbon values
with distinct drops indicating a chaotic marine carbon
cycle (Halverson et al. 2010). The end of the Neopro-
terozoic is characterized by high average 5"°C values
(c. +5%o compared to Mesoproterozoic and Phanerozo-
ic values of ¢. 0 — 1%o ), glacially related negative 5"°C
excursions and negative 8'°C anomalies as of yet not
connected to any glacials (Halverson et al. 2010). A
substantial fractional burying of organic carbon is con-
sidered to cause the high average 3'°C (Hayes et al.



1999).

With the beginning of the Cryogenian (c. 720
Ma) the Neoproterozoic enter its hallmark icehouse
conditions with glaciations potentially reaching tropi-
cal low-latitudes (Shields-Zhou et al. 2012). The nega-
tive 8"°C excursions are related to the Neoproterozoic
glacials; the Sturtian (c. 715 — 680 Ma), Marinoan (c.
650 — 635 Ma) and Gaskiers (c. 579.63 — 579.88 Ma).
The Sturtian and Marinoan are defined by their dis-
tinctive terminations of warm-climate ‘cap-carbonates’
overlying glacial tillites (Arnaud et al. 2011). The Bit-
ter Springs anomaly is a distinct and globally correlat-
ed event that occurs at ¢. 810 Ma. It has been suggest-
ed to represent a change in organic carbon burial
caused by the breakup of Rodinia which occurred
around 850 Ma (Maloof et al. 2005; Li et al. 2008).

2.3 Formation and development of Baltica
Baltica (also known as the East European Craton) is

composed of three distinct blocks: Fennoscandia, Sar-
matia and Volga-Uralia (Bogdanova et al. 2008). They
consist of archaen and Proterozoic crust that collided
between 2.0 and 1.7 Ga (Gorbatschev & Bogdanova
1993). The Visingsé Group was deposited on the Bal-
tic shield which is an area of the Fennoscandian block
that roughly comprises present day Norway, Sweden
and Finland (Fig. 1A).

The western parts of Baltica faced subduction
zones (Rogers & Santosh 2002) as convergent tecton-
ics caused several orogens (Bogdanova et al. 2008).
These include the Gothian orogenic events (Gaal &
Gorbatschev  1987), the Danopolonian Orogeny
(Bogdanova 2001) and the Hallandian event (Hubbard
1975). After the Danopolonian orogeny and Hallandi-
an event at 1.4 Ga various parts of western Baltica
record extension and rifting in the form of within-plate
mafic and bimodal magmatism (Ahdll & Connelly
1998).

The Sveconorwegian belt (Fig. 1B) is a ca. 500
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Figure 1. A: Tectonic map with ages of crusts and orogenic events in the East European Craton (EEC). The two collisional belts
are Paleoproterozoic. Svecofennian and Sveconorwegian refer to corresponding domains. For the Sveconorwegian domain the
ages represent initial crustal ages before the c. 1.13 — 0.97 Ga reworking during the Sveconorwegian orogeny. Modified from
(Gee & Stephenson 2006; Bogdanova et al. 2008) B: Tectonic map of the Sveconorwegian orogeny. Fennoscandia foreland:
2.0-1.8 Ga (Moller & Andersson 2018). Transscandinavian Igneous Belt (TIB): 1.87-1.66 Ga (Moller & Andersson 2018).
Overprint of Sveconorwegian orogeny (Blue hues): 1.14-0.92 Ga (Méller & Andersson 2018). Western Sveconorwegian Ter-
ranes: <1.65 Ga, occurrences of 1.05-1.02 granites and 0.98-0.92 Ga gabbro-granite not depicted in the map (Méller & Anders-
son 2018). Dolerite dykes: 0.97-0.94 Ga (Méller & Andersson 2018). Caledonides: 0.48-0.38 Ga (Moller & Andersson 2018).
Oslo rift: 0.29-0.25 Ga (Larsen et al. 2008). Deposition of sedimentary groups: Almesakra Group >0.97 Ga (Moéller & Anders-
son 2018), Visingsd Group <0.88 Ga (Moczydlowska et al. 2017). Modified from Méller & Andersson (2018).



km wide belt of continental crust attached to the south-
western parts of Fennoscandia that was subject to re-
working during the Sveconorwegian orogeny between
1.13 — 0.97 Ga (Bingen et al. 2008). The Sveconorwe-
gian orogeny is generally reconstructed in the Meso-
and Neoproterozoic located adjacent to Laurentia as a
part of the larger Grenvillian orogeny (c. 1250-980
Ma). The Grenvillian orogeny is linked to the assem-
bly of the supercontinent Rodinia and today the rocks
span large parts of eastern North America (e.g. Gower
et al. 1990; Hoffman 1991; Torsvik et al. 1996;
Karlstrom et al. 2001; Cawood & Pisarevsky 2006;
Bogdanova et al. 2008; Cawood & Pisarevsky 2017;
Merdith et al. 2017). The Sveconorwegian orogeny has
been interpreted to either have formed through several
accretionary events (Coint et al. 2015) or a collisional
event (Bingen et al. 2008).

The Sveconorwegian belt consists of several
lithotectonic units: the Fennoscandia foreland, the
Eastern Segment and the Western Sveconorwegian
terranes (Bingen et al. 2008). The Fennoscandia fore-
land mainly consists of the granitoids and porphyries
of the Transcandinavian Igneous Belt (TIB) and Paleo-
proterozoic crust of the Svecokarelian (also known as
Svecofennian) belt (Gorbatschev & Bogdanova 1993).
The TIB was formed between 1850 Ma and 1660 Ma
and is intruded by several plutons and dolerites
(Bingen et al. 2008). The Eastern segment is the east-
ernmost unit affected by the Sveconorwegian orogeny.
It is composed of rocks of similar age and composition
as the TIB but with a gneissic overprint (Soderlund et
al. 1999; Soderlund et al. 2002; Hogdahl et al. 2004).
In progressing order from east to west are the remain-
ing western Sveconorwegian terranes that have been
transported relative to Fennoscandia: the Idefjorden
terrane, the Kongsberg terrane, the Bamble terrane and
the Telemarkia terrane (Bingen et al. 2008).

2.4 Age of the Visingsd Group
Magnusson (1960) conducted isotopic studies of detri-
tal mica from the Visingsd group and the K-Ar data
gave an age of 1060-985 Ma. Bonhomme & Welin
(1983) dated whole-rock samples from the Upper For-
mation and acquired an Rb-Sr age of c. 706 - 663 Ma.
They considered that this age represents a diagenetic
event taking place after deposition which would give a
minimum depositional age for the Upper Formation.
Microfossils and stromatolites from the Vis-
ingsé Group have been correlated with other geo-
chronologically better constrained sedimentary groups.
The age range based on these correlations falls be-
tween c. 800 — 700 Ma (Vidal & Moczydtowska 1995;
Mus & Moczydlowska 2000; Moczydtowska et al.
2017). These sedimentary groups are the Hedmark,
Vadse and Tanafjord groups of the Norwegian Caledo-
nides, the Thule and Eleonore Bay groups of Green-
land, the Chuar, Uinta Mountains and Pahrump groups
of western USA and the Little Dal, Mount Harper and
Fifteen mile groups of Canada (Vidal 1976; Vidal &

Ford 1985; Horodyski 1993; Vidal & Moczydlowska
-Vidal 1997; Porter & Knoll 2000; Porter 2006;
Nagy et al. 2009; Strauss et al. 2014; Moczydtowska
et al. 2017). Moczydlowska et al. (2017) proposed a
biostratigraphic minimum age of 740 Ma for the Vis-
ingsd Groups using acritarchs of the Cycliocyrillium
simplex assemblage. Furthermore Moczydlowska et al.
(2017) provided detrital zircon U-Pb ages from the
Lower Formation that yielded a maximum deposition-
al age for the Visingsd Group at 886 + 9Ma. The zir-
con data together with the biostratigraphical minimum
age placed the Visings6é Group within the age span 886
-740 Ma which corresponds to the Tonian Period
(Moczydtowska et al. 2017).

2.5 Precambrian basins

The ‘Jotnian’ sandstones are various siliciclastic for-
mations with ages spanning c. 1.6-0.9 Ga (Bingen et
al. 2011; Lundmark & Lamminen 2016). A sedimen-
tary group typically associated with the ‘Jotnian’ sand-
stones is the Almesékra Group, located in an area
southeast of Lake Vittern in the vicinity of the town
Niéssjo. The group consists of Middle Proterozoic sedi-
mentary rocks deposited in a fluvial setting (Rodhe
1987). The formation is dominated by feldspathic are-
nites with subordinate argillites and conglomerates
(Rodhe 1987). Dolerite magma intruded the rocks c.
1000 Ma (Patchett 1978; Soderlund et al. 2005). The
mode of cementation for quartz and hematite in parts
of the Almesékra Group indicate a warm, arid to semi-
arid palaeoclimate (Rodhe 1987). The group has seen
moderate burial depths indicated by a low metamor-
phic grade of the argillites as well as by the authigenic
mineralogy of the sandstones (Rodhe 1987). A frag-
ment of the Almesdkra Group found within a con-
glomerate of the Visingsd Group provided the first
evidence of the Visingsé Group being younger than
the Almesékra Group (Munthe & Gavelin 1907).

2.6 Lithology, stratigraphy and distribution
The rocks of the Visingsé Group are preserved as
down faulted remnants within the vicinity of the Lake
Vittern basin in south-central Sweden (Fig. 2A). The
group consists of at least 1000 m of sedimentary rocks
(Fig. 3B) and was subdivided into three major infor-
mal formations — the Upper, Middle and Lower for-
mation — by Collini (1951). The deposition of the
sediments is tied to the aftermath of the Sveconorwe-
gian orogeny when post-orogenic relaxation created
extensional tectonism that facilitated the creation of a
sedimentary basin (Larsen & Neorgaard-Pedersen
1988). The different informal formations are believed
to represent different stages of the development of a
rift basin (Larsen & Norgaard-Pedersen 1988).

The Lower Formation is a fluvial-deltaic suc-
cession dominated by quartz arenites with minor con-
stituents of mud and coarser sediments (Collini 1951;
Vidal 1974; Persson et al. 1985; Larsen & Nergaard-
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Pedersen 1988). The sandstones are medium- to coarse
grained and white, yellow or red coloured (Vidal
1974). The thickness of the unit was estimated to
145m by Collini (1951), however gravimetric data in
the southern parts of the Lake Vittern area points to an
at least local thickness of 400m (Lind 1972). Bore-
holes from the Huskvarna and Jonkdping areas gave
thicknesses of 176 m and in the Karlsborg area 195m
(Fig 2C; Vidal 1974). The formation is accessible in
outcrops in the Girabicken valley, southern Omberg,
Lemunda, small outcrops in the southwestern parts of
Lake Vittern and around the lakes of Mockeln and
Landsjon (Fig. 3A; Vidal 1974). The boundary be-
tween the Lower- and Middle Formation can be seen
in the Girabdcken valley where quartz arenite is over-
lain by a porous, red coloured silty sandstone and con-
glomerates (Vidal 1974).

The Middle Formation records the transition
into a half graben setting and contains shales, silt-
stones, sandstones, arkoses and conglomerates with
lithologies of a bimodal sedimentological origin. The
sediments have been inferred to be deposited as delta
lobes prograding into a shallow marine setting (Collini
1951; Vidal 1976; Persson et al. 1985; Larsen &
Norgaard-Pedersen 1988). The Middle Formation is
exposed in four areas; the Nas outcrops, Girabécken,
the Lemunda peninsula and on the small islands of
Jungfrun and a group of small islands called Fjuk in
northeastern Vittern (Fig. 3A; Larsen & Ngrgaard-
Pedersen 1988). Spectacular conglomerates, with boul-
ders measuring 12m x 8m x 10m, referred to as Lilla
Hals boulder beds outcrop in coastal exposures at Lilla
Hals as well as on Jungfrun and Fjuk (Fig. 3A; Vidal
& Bylund 1981). The conglomerates consist of
polymict boulders of gneissic, porphyritic and granit-
oid crystalline rocks. The matrix consists of coarse
feldspathic sand supported by limonitic cement. Vidal
& Bylund (1981) considered the Lilla Hals boulder
beds to be deposited through debris flows in a graben
setting.

Exposures of the Upper Formation can be
found in the central and eastern parts of the Vittern
basin such as on the island of Visingso, in the Gira-
backen valley and north and south along the coastline
in the vicinity of the town Grianna (Fig. 3A). The
boundary between the Middle and upper Upper For-
mations is said to be gradual but the exact relationship
is not yet determined. Collini (1951) placed the bound-
ary where mudstones began to be dominant in the out-
crops northeast of Nés on the island of Visingso. The
Upper Formation is dominated by dark silty mudstones
with dolomitic limestone and stromatolites. Beds of
conglomerates and sandstones are subordinate and the
depositional environment is thought to have been shal-
low marine with episodes of subaerial exposure and
storm/tidal activity (Vidal 1972; Vidal 1976; Persson
et al. 1985; Larsen & Nergaard-Pedersen 1988).

2.7 Diagenetic history

11

The Visings6 Group have been subjected to diagenesis
but very little metamorphism. According to Morad
(1983b) the diagenesis unfolded during three arbitrary
stages.

The early stage is related to shallow burial with
relative low pressure and temperature. Compaction
had begun and the position of the water table deter-
mined the reactions that were mainly oxidation and
reduction (Morad 1983b). Thermodynamically unsta-
ble particles were dissolved into cations or altered into
clay minerals with feldspars being a plausible source
for the cations (Morad 1983b). Chloritization and the
formation of pyrite occurred frequently, the latter
mainly in the Lower and Middle formations(Morad
1983b). Oxidation facilitated the development of hem-
atite in the sandstones of the Lower Formation and
lowest part of the Middle Formation and illite and leu-
coxene formed from altered biotite (Morad 1983b).
Early authigenic clay minerals included chlorites and
mixed-layer illite-montmorillonite (Morad 1983Db).
Arkoses and feldspathic sandstones from the Middle
and Upper formations were often cemented by authi-
genic coarsely crystalline calcite displaying a poikilo-
topic texture. This is considered as an indication of
loose packing of grains within an environment of shal-
low burial with high permeability and porosity (Morad
1983b). Precipitation in the pore space took place
through fine-grained chlorites and, whenever the envi-
ronment was acidic, kaolinite (Morad 1983b).

The intermediate stage saw an increase of buri-
al depth with resulting higher temperature and pressure
that led to closer packing of the grains (Morad 1983b).
A pseudo-matrix is thought to have formed in the
sandstones and arkoses of the Middle Formation
through plastic flow of softer particles (Morad 1983b).
Pressure-solution commenced and dissolved silica
formed authigenic overgrowths on detrital quartz. The
resulting cementation led to a loss of porosity and per-
meability (Morad 1983b). Calcite filled the remaining
pore space and replaced interstitial clay and some of
the quartz overgrowths (Morad 1983D).

The reactions of the late diagenetic stage re-
semble those of closed diagenetic systems. A loss of
porosity and permeability decreased the role of circu-
lating pore solutions and instead pressure and tempera-
ture were the main factors controlling diagenesis
(Morad 1983b). Hydromuscovite formed in remaining
interstitial space (Morad 1983b).

2.8  Tectonic setting

The orogen-parallel Sveconorwegian Front defines the
extent of Sveconorwegian reworking and acts as the
boundary between the Eastern Segment and the Fen-
noscandia Foreland (Fig. 1B). In the literature the
Sveconorwegian Front is also referred to as the Proto-
gine Zone and the Sveconorwegian Frontal Defor-
mation Zone, which defines the areas south and north
of Lake Vittern respectively (Andréasson & Rodhe
1990; Wahlgren et al. 1994). Ductile shear zones with-
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Figure 3. A: Tectonic model for the lake Vittern basin based on seismographic data. Modified from Axberg& Wadstein (1980)
B: Sedimentary and tectonic development of the lake Vittern Basin. Modified from Larsen & Nergaard-Pedersen (1988).

in the Sveconorwegian Front have been dated using
“Ar/°Ar plateau ages of muscovite. These indicate
activity between 964 £1 to 905 +£5 Ma (Andréasson &
Dallmeyer 1995; Page et al. 1996).

Bimodal magmatism is associated with crustal
thinning and rift settings (Brewer et al. 2004). Two
such pulses have been identified in association with
the Sveconorwegian Front and they were dated to c.
1220 and 1200 Ma, which indicates that the area has
been a zone of weakness since at least the Mesoprote-
rozoic (Soderlund & Ask 2006). Fennoscandia was
subject to many instances of rifting and failed conti-
nental breakups in the Tonian related to the instability
of Rodinia (Kumpulainen & Nystuen 1985). The crus-
tal instability created fractures trending north-
northwest, north and north-northeast on the craton
(Andreasson et al. 1987). Ductile shear zones within
the Lake Vittern area have a brittle deformational
overprint. This deformation is possibly related to tec-
tonic activity in the Permian and the tectonism within
the Lake Vittern area could therefore be analogous to
the Oslo rift (Agneta Mansson-Clausen, personal com-
munication)

The three formations of the Visingsé Group
likely reflect successive tectonic stages in the develop-
ment of an extensional basin (Fig. 3B). The first stage
included deposition of the Lower Formation in NE-
SW trending fracture lineaments on a Precambrian
peneplain (Martin 1939). The Lower Formation was
deposited on top of a weathered kaolinized basement
consisting of granitoids in an area larger than the pre-
sent day Vittern trench, evident by the presence of
rocks belonging to the Lower Formation around Lake
Mockeln and Skagern (Collini 1951). The Middle For-
mation was deposited in a half-graben setting with
syntectonic sedimentation of breccia’s and conglomer-
ates of the Lilla Hals boulder beds (Vidal & Bylund
1981; Larsen & Nergaard-Pedersen 1988). The Upper
Formation show few signs of syntectonic deposition
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implying that at least major tectonic changes had
ceased at the time (Collini 1951; Vidal 1976). Larsen
& Norgaard-Pedersen (1988) inferred that the Middle
Formation was deposited in a half graben-setting based
on the immaturity of the sediments coupled with the
geographical distribution of the different formations
(Fig. 3A). The rocks in the southern parts of the basin
belong to the Lower Formation, whereas the Middle
and Upper formations are preserved in the deeper east-
ern part (Norrman 1964). The NE-SW faulting is
thought to be the beginning of the major fault event
that resulted in the deposition of the Middle Formation
(Larsen & Norgaard-Pedersen 1988). The rock sec-
tions on the eastern side of Vittern, in the vicinity of
the town Grédnna, show a repeated fault pattern that
indicates that the half-graben was reactivated after
their deposition. This reactivation could possibly have
taken place in the tectonically active Permian or more
recently due to Quarternary uplift (Larsen & Norgaard
-Pedersen 1988)

2.9 Study area

The studied outcrops are located in the vicinity of the
12" century royal residence ‘Nis fortress’ which lies
at the southern tip of the island of Visingsé (Berg
1872). The island itself is located within the southern
parts of Lake Vittern which in turn lies centrally in the
southern parts of Sweden (Fig. 4). The outcrops follow
the shoreline east and northeast of the fortress and con-
sist of four individual outcrops that were divided into
three sections. Some parts of the shoreline can be ac-
cessed from the mainland relatively simply but in or-
der to investigate all of the sections one needs to wade,
climb the steep cliffs or use a boat. Section 1A + 1B
and the western parts of section 2 can be reached by a
descent at Nés fortress and then a hunched walk along
the artificial wave-breaker. The eastern parts of section
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Figure 4. Location of the studied oucrops and their corre-
sponding sections in the vicinity of ‘Nés fortress’ on the
southern tip of the Island of Visingsd in south-central Swe-
den and GPS coordinates for the sections.

2 and the most westerly parts of section 3 can be
reached by descending at the place of a lonesome juni-
per tree. Another descent is possible close to the most
westerly parts of section 3. In order to reach most of
section 3 one needs to brave the cold waters of Lake
Vittern or perform an assisted climb down the steep
cliffs.

The outcrops studied in this paper extends for
about 200 m along the coast and the measured sections
represents c. 28 m of sediments in total. The total lat-
eral extent of the outcrops on south eastern Visingso
measures ¢ 3.5 km aided by the fact that the sediments
have a dip of c. 5-10° ESE (Larsen & Neorgaard-
Pedersen 1988). The outcrops along the coastline rep-
resent a large part of the Middle Formation and the
lower part of the Upper Formation (not included in the
map), the sections studied herein only cover the Mid-
dle Formation. No contacts between the formations are
apparently exposed in the area (Larsen & Nergaard-
Pedersen 1988). The beds have a plane parallel appear-
ance, top layers can sometimes be disturbed by glacial
tectonics and some beds are in a few places disturbed
by the vertical faults running through the outcrops.
Several bedding planes are present with various fea-
tures such as microbially induced sedimentary struc-
tures, ripple marks and desiccation cracks.
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3 Material and methods
3.1 Stratigraphy and lithology

Fieldwork took place in several instances throughout
2017 and 2018. The stratigraphic log was produced by
centimetre scale measurements of the outcrops. Notes
were taken regarding the overall lithology, sedimen-
tary structures and colouration. Samples were taken
continuously throughout the sections from various
lithologies to produce petrographic thin sections and
for detrital zircon sampling. Samples of the different
lithologies were cut, polished and embedded in epoxy
in order to produce thin sections using a manual whet
machine.

3.2 Geochronological sample preparation
Three samples were chosen for detrital zircon analysis.
Sample #306 at 7.05 m in Section 3, Sample #308 at
7.5 m in Section 3and Sample #312 at 18.85 m in Sec-
tion 3. The samples were crushed and then ground in a
steel mill. Heavy minerals were separated using a
Wifley shaking-table using the techniques outlined in
Soderlund & Johansson (2002). Magnetic minerals
were removed with a handheld magnet and the zircons
were hand-picked under a binocular microscope. 150
grains was selected from each sample. Care was taken
to try and pick a wide array of morphologies and sizes
and hence 75 small zircons and 75 large zircons were
chosen from each sample..

The zircons were placed on double-sided tape
and cast into ~2.5 cm wide cylindrical epoxy mounts.
These mounts were polished to expose a cross-sections
of the zircon crystals in order to determine grain mor-
phology and placing spots for Laser-ablation analyses
both cathodoluminescense (CL) and backscattered
electron (BSE) images were produced. These were
made with the Tescan Mira3 High Resolution Schottky
FE-SEM located at the Department of Geology at
Lund University.

3.3 U/Pb isotope analyses
U-Pb isotope analyses were performed using the LA-
ICP-MS system available at Lund University (See
table 1.); this system uses a Teledyne Photon Ma-
chines G2 laser coupled to a Bruker Aurora Elite quad-
rupole ICP-MS. The instrument tuning uses NIST612
and aims to obtain high and stable signal counts on:
uranium and lead isotopes, low oxide production
P*UAPUM0 < 0.5 %) and TH/U ratios around 1.
Laser power was measured directly in the sam-
ple cell through the use of an energy meter. The ana-
lytical sessions ran automatically with standard-
sample-standard bracketing, using GJ1 (Jackson et al.
2004) as primary standard and with 91500 as second-
ary standard (Wiedenbeck et al. 1995). The analyses
used 300 shots at 10 Hz and fluency between 2.5 and 3
J/em®. Baseline compositions were measured for 30



Table 1. LA-Q-ICP-MS methodology Lund University

[Laser ablation system

Make, Model & type

Photon machines, Analyte G2 excimer laser

[Ablation cell & volume

HelEx 2 sample cell

Laser wavelength 193 nm

Pulse width <4 ns
Fluence 2.5t0 3 J/cm®
Repetition rate 10 Hz

Spot size 20x20 pm

Carrier gas

He as carrier gas. Ar and N2 make-up gas combined down-stream from sample
chamber using a Y-connector.

Background collection 30 seconds
Ablation duration 30 seconds
[Wash-out delay 3 seconds

Cell carrier gas flow

0.8 1/min He and 6.5 ml/min N2

[ICP-MS Instrument

Make, Model & type

Bruker Aurora Elite Quadrupole ICP-MS

Sample introduction

[Via conventional tubing with insert “squid”

RF power

Ca. 1300 W

Make-up gas flow

Ca. 1 I/min Ar

Detection system

Single collector discrete dynode electron multiplier or DDEM

Masses measured (dwell time in
milliseconds)

P2 Hg(10), **Pb(25), 2%°Pb(15), *’Pb(25), **Pb(10), ***Th(10), ***U(10)

Total scan time

120 milliseconds

|[Data Processing

Gas blank

20 second

Calibration strategy

GJ1 as primary standard reference, 91500 as secondary standard reference

Reference Material info

Jackson, S. et al. (2004). Chem. Geol. 211, 47-69.

[Wiedenbeck, M. et al. (1995). Geostandard Newsletter, 19, 1-23.

[Data processing

[olite software (Paton et al. (2011). G Cubed, 11, d0i:10.1029/2009GC002618)

seconds before each measurement and subtraction was

done with a step-forward approach.

Common Pb was monitored by measuring
22Hg and mass 204 (***Hg+***Pb). Mass 204 baseline
levels measured c. 1100 cps with a standard error (SE)
around 30 CPS (~2-3 %). The common Pb monitoring
was based on inspection of the raw counts during re-
duction of data and on baseline subtracted **°Pb/***Pb
CPS ratios. Data reduction was performed with the
software Iolite using the X U Pb Gerchron4 DSR
(Paton et al. 2010; Paton et al. 2011)

3.4 Zircon morphology

The collected zircons are of varied size, morphology
and internal structure with colours ranging in various
yellow hues from almost clear to dark yellow. The size
of the grains ranged between c¢. 50 — 150 um on their C
-axis. Based on their morphology the zircons were
divided into two groups: rounded and angular (Fig. SA
-E).

The rounded grains displayed morphologies
ranging from circular (Fig. 5A) to ovoid (Fig. 5B) and
oblong (Fig. 5C). They consistently showed signs of
homogenous inner structures or recrystallization.
Some outliers retained clearly discernible cores and
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50 um

Figure 5. Cathodoluminesence images of representative grains for morphological groups of Zircons identified within the Nés
sections. A: Rounded group circular morphology. B: Rounded group ovoid morphology. C: Rounded group oblong morphology.
D: Angular group prismatic crystal structure. E: Angular group pyramidal crystal structure.

oscillatory zoning. CL imaging revealed lighter rims
on the edges of many grains. Inclusions were common
and occasional xenocrystic cores and inclusions oc-
curred. Fractures appeared along both the length and
width of the grains. Furthermore the fractures often
appeared along borders between individual oscillatory
zonations and in particular along outer rim layers.

The angular grains displayed both prismatic
(Fig. 5D) and pyramidal crystal terminations (Fig.
5E) . The majority of the angular grains displayed
clear inner structures such as oscillatory zonation and
distinct cores in CL imaging. A few grains displayed
reworked oscillatory zoning. Fractures were common
and some of the grains hosted inclusions. Some frac-
tures protruded radially from distinct cores, as if the
grains were damaged by metamictization. Others went
straight through the grains without any clear orienta-
tion. Inclusions and xenocrystic cores occurred in
some of the grains.

4 Results

4.1 Lithofacies
4.1.1 Lithofacies M — Mudstone

The Mudstone lithofacies is distinguished by a lami-
nated dark grey mudstone containing clay, silt and fine
sand sized grain-fractions (Fig. 6A; 7¢). In some parts
the differing grain sizes constitute individual fine lami-
nae. The Mudstone lithofacies can be found in all stud-
ied sections and it occurs throughout them as well as
terminates several sections.

The Mudstone lithofacies occurs as a dark lami-
nated shale and with heterolithic structure indicative of
deposition within a depositional setting with differing
energy levels, inferably tidal currents. The sandy por-
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tions of the heterolithes differs in their compostion.
The majority belongs to a fine-grained, well-sorted,
rounded quartzitic sandstone. Overall the sand compo-
nents are poorly consolidated with virtually no cemen-
tation. Some intervals within lithofacies M have a dis-
tinct rust-coloured appearance.

Lithofacies M displays a variety of bedding
features such as lenticular, wavy and flaser bedding.
Wavy bedding is the dominating bedding feature with-
in the heterolithes. The sand lenses are predominantly
connected and a few centimetres thick.

4.1.2 Lithofacies S — Siltstone

Lithofacies S consists of clay, silt and fine sand with
silt being the dominant grain fraction. Lithofacies S is
the most common lithofacies within the studied inter-
val and it occurs throughout the four studied sections.
Individual beds vary in thickness from centimetre to
metre scale. The beds commonly have a blue-green-
greyish appearance (Fig. 6B). Distinct layers with red-
purple colouration occur throughout the sections. The
rocks commonly exhibit a varying amount of fissility
that is less well developed than the laminations of
lithofacies M.

Few sedimentary structures can be seen within
the Siltstone lithofacies. Some intervals contain faint
ripple-like structures and desiccation cracks and the
fissility sometimes takes on a wavy or undulating ap-
pearance. The siltstone often follows the mudstone as
a part of continuous increase in grain size. The bound-
aries towards mudstones are often sharp and towards
coarser sediments the boundaries are both gradual and
sharp.

4.1.3 Lithofacies QGW — Quartz greywacke
Lithofacies QGW consists of a greywacke with a ma-



Figure 6. Images of the identified lithofacies of the Nis sections with thin-sections where they were possible to produce. A:
Mudstone (Lithofacies: M) B: Siltstone (Lithofacies S) C: Quartz-Greywacke, note damage of thin section during preparation.
(Lithofacies: QGW) D: Arkosic-Greywacke (Lithofacies: AGW) E: Subarkosic-Sandstone. Note uneven abrasion of the thin
section. (Lithofacies: SST) F: Arkosic sandstone occurring within a fine grained matrix. (Lithofacies: AST).

trix of both clay and silt and the total matrix consti-
tutes between c. 60 - 90% of the rocks. The colour of
the rocks range between: green, blue and grey (Fig.
6C). Some intervals display red to purple colours. The
framework grains consist of well sorted quartz grains
and with subordinate feldspar grains, mainly in the
fine to medium size range. The roundness of the grains
range from being angular to well rounded. Some of the
rocks display a faint sorting of grain sizes but overall
the rocks display very few structures and appears mas-
sive.

The Quartz Greywacke occurs in all studied
sections and is often found in conjunction with the
siltstone lithofacies that it follows stratigraphically
with a transitional boundary. Very few sedimentary
structures have been found within Lithofacies QGW,
some poorly developed cross bedding and possible
ripple marks exist but overall the rocks have a massive
appearance with little indication of any dominant sort-
ing processes involved in the deposition.

4.1.4 Lithofacies AGW — Arkosic greywacke
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The matrix of the Arkosic Greywacke consists of clay
and silt that makes up c. 40% - 90% of the total
amount. The sand fractions range from fine to coarse
sand and are moderately to poorly sorted. The grains
range from rounded to angular and consist of quartz
and feldspar. The rocks vary in colour from a green —
grey — blueish variant to a red — purple (Fig. 6D).
Lithofacies AGW is a common occurrence in sections
2 and 3 but is absent from section 1. Some sedimen-
tary structures can be distinguished such as faint fore-
sets, wavy bedding, ripples and desiccation cracks. In
thin sections the arkosic greywacke lithofacies often
displays thin dark laminae resembling small ripple
structures. Some grain size sorting occur within the
rocks as some lamina contains more coarser feldspar
rich constituents.

4.1.5 Lithofacies SST— Subarkosic sandstone

The Subarkosic Sandstone is well cemented and domi-
nated by quartz with minor constituents of feldspar.
Weathered rocks display a yellow colour and freshly
cut they have a dark grey-green appearance (Fig. 6E;).
Lithofacies SST has virtually no matrix and the mod-




Figure 7. Prominent outcrop (c. 9m high) in section 3. B: Cyclic deposition of siltstone, greywackes and sandstones. Section 2.

C: Heterolithic mudstone, section 3. D: Tempestite from section 2 displaying clear horizontal lamination. E: Hummocky cross-
stratification of a sandstone in section 3. F: Possible Microbially induced sedimentary structure in the topmost part of section 1.
G + H: Well developed desiccation cracks in section 3. Photos: Ahrenstedt, Lindskog.

erately sorted grains range from fine to medium coarse
sand. The grains are very well compacted with signs of
pressure-dissolution and their morphology range from
sub-angular to rounded. Lithofacies SST is absent
from section 1 but occurs in sections 2 and 3. It is
moderately sparse compared to other Lithofacies but
increases in frequency higher towards the final stages
of section 3. The Subarkosic sandstone is the lithofa-
cies that displays the most abundant and well devel-
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oped sedimentary structures within the studied sec-
tions. These sandstones display laminated bedding
(Fig. 7D), trough-cross-bedding (Fig. 7E), desiccation
cracks (Fig. G-H), ripple structures and mud drapes.
Many beds have sharp lower and upper contacts indi-
cating an erosional deposition. They are often overly-
ing the greywackes and overlain by coarser more feld-
spar rich sediments. The Subarkosic Sandstones dis-
play either partial or entire sets of classical tempestite



structures such as parallel lamination, erosional surfac-
es or hummocky cross stratification (Brenchley 1989).

4.1.6 Lithofacies AST— Arkosic sandstone

The Arkosic Sandstone consists of fine to coarse
grained sandstone with sub-rounded to angular grains.
The beds often have a reddish appearance due to the
high amount of feldspar, this is coupled with an under-
lying green-blue matrix resembling that of the Subar-
kosic Sandstone and the greywackes (Fig. 6F). The
amount of feldspar varies from rocks being almost
completely built up of feldspars to rocks verging on
the border of being subarkosic. The total amount of
individual beds that are Arkosic Sandstone are few but
they do occur in all three sections and often within
other lithofacies: for instance the Arkosic Greywacke
is probably a product of intermingling between the
sediments making up the Quartzitic Greywacke and
the Arkosic Sandstones. The Arkosic Sandstone is
often found in conjunction with the Subarkosic Sand-
stone where it usually overlies the less feldspar rich
sandstones as part of a coarsening upward cycle. They
often terminate individual coarsening-upwards cycles
with centimetre thin feldspar layers of conglomerate-
like intervals containing abundant ripple structures
(Such as at 8.85 m in section 3). Sharp wavy contacts
towards underlying beds are a common feature for
lithofacies AST. Cross lamination occurs but most
often the sediments have a very massive appearance.

4.2 Cycles and depositional trends

The sedimentology of the Nés sections are defined by
coarsening-upwards cycles coupled with an increasing
feldspar content. These cycles consist of a lower part
with Mudstone- or Siltstone Lithofacies, followed by
Arkosic- and Quartz Greywacke Lithofacies, which in
turn is followed by the Subarkosic Sandstone Lithofa-
cies and the Arkosic Sandstone Lithofacies respective-
ly. The cycles are then terminated by sediments con-
taining bathymetric indicators of either tidal influence
or subaerial exposure.

Throughout Sections 1A+B, Section 2 and the
lower half of Section 3, these cycles are terminated by
the heterolithic mudstone of Lithofacies M and repre-
sents deposition in a foreshore/intertidal setting
(Martin 2000). Throughout the later parts of section 3
the coarsening-upwards cycles are terminated by mud-
drapes that are associated with tidal settings (Allen
1981) and deposition above the Fairweather wave-base
(FWWB). The desiccation cracks found throughout
Sections 1A+B and Section 2 imply subaerial exposure
and deposition above the FWWB (Corte & Higashi
1964). No evaporites have been found ruling out an
arid environment with significant evaporation
(Sonnenfeld 1984). The Subarkosic sandstone Litho-
facies were deposited as tempestites and indicate depo-
sition between the Storm Wave Base (SWB) and the
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FWWB (Harms 1975). The Siltstone Lithofacies rep-
resents deposition below or near above the SWB
(Tucker 2009).

Section 1A (Fig. 8) mainly consists of Siltstone
Lithofacies deposited below the Storm-wave base
(SWB). When simplified the section becomes one
coarsening upwards cycle with deposition above the
fair-weather wave base in the last metre of the section.
The only bathymetric indicators located within Section
1A are the desiccation cracks found close to the top of
the section. Minute structures possibly being of organ-
ic origin also occur at this level.  Section 1B (Fig. 8)
starts with what resembles a small coarsening-upwards
cycle that is terminated at about 0.1 m by heterolithic
structures. This is however not a typical heterolithic
mudstone but more resembles the surrounding grey-
wackes. The remainder of Section 1B belongs to one
complete coarsening-upwards cycle that terminates at
the end of the section. The first metre was mainly de-
posited below the SWB in the form of Siltstone before
moving into alternating with deposition above the
SWB with the greywackes and tempestites. The cycle
terminates with heterolithic mudstone deposited above
the FWWB in the last centimetres.

Section 2 (Fig. 9) starts with what appears to be
the later parts of a coarsening-upwards cycle from 0 —
c. 1.5 metres. This partial cycle consists of two smaller
individual coarsening-upwards cycles before a fining
upwards trend with greywackes and sandstones being
followed by siltstone and then terminating in a hetero-
lithic mudstone. The mudstone is followed by sand-
stone containing desiccation cracks that in turn is fol-
lowed by a coarsening- upwards sequence that occu-
pies the reminder of section 2 and terminates with sev-
eral layers containing desiccation cracks and a hetero-
lithic mudstone.

Section 3 (Fig. 9-12) begins with three coarsen-
ing-upwards cycles that are each terminated by hetero-
lithic mudstone. They are characterized by cyclic dep-
osition of siltstone, greywackes and tempestites. The
first cycle terminates at 3 metres, the second cycle
ranges from c. 3-5 metres and the last cycle ranges
from c. 5.5-7 metres (Fig. 9-11). The last cycle is dom-
inated by siltstone with coarse material in its later stag-
es. The remaining c. 13 metres of section 3 (Fig. 11,
12) see a change in the framework of the cycles as
they are terminated by mud drapes instead of hetero-
lithes. Throughout these 13 metres there are several
coarsening-upwards cycles and sandstones become
more common and individual beds becomes larger and
displays clear tempestite structures.

4.3 Detrital zircon U/PB-ages

Sample 306 yielded U/Pb ages with age peaks at: 1.84
Ga, 1.8 Ga, 1.75 Ga, 1.7 Ga, 1.65 Ga, 1.61 Ga, 1.48
and 1.04 Ga (Fig. 13). No weighted mean could be
produced to determine the maximum depositional age
for sample 306 as there was no youngest group of zir-
cons, only a single zircon with an age of 1048 + 5.7
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section 2 (0 — 5.55m) and section 3 (0 — 0.6m)
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Ma. The most prominent peaks are 1.8, 1.7 and 1.48
Ga. A majority of the peaks falls within the span of
1.61 — 1.85 Ga. A majority of the zircons in sample
306 belong to the rounded morphology group; angular
grains had ages of c. 1052 Ma, 1447 Ma and several
grains in the interval 1722-1831 Ma.

Sample 308 have age-peaks at: 2.0 Ga, 1.92 Ga,
1.81 Ga, 1.76 Ga, 1.68 Ga, 1.65 Ga, 1.62 Ga, 1.53 Ga,
1.47 Ga, 1.35 Ga, 1.3 Ga, 1.25 Ga, 1.21 Ga and 1.04
Ga (Fig. 13). A weighted mean of the three youngest
zircons equaled 1004 £ 10 (MSWD = 0.29, Probability
of fit = 0.75). The major age peaks are 1.68, 1.65 and

1.62 Ga. The peaks span a majority of the age spec-
trum, two gaps occur at 1.04 - 1.21 Ga and c. 1.85 and
1.92 Ga. Sample 308 was dominated by rounded
grains. Angular grains occurred in the interval 1086 -
1227 Ma, at 1531 Ma and 1760 — 1770 Ma interval.

Sample 312 contained age peaks at: 1.98 Ga,
1.8 Ga, 1.7 Ga, 1.59 Ga, 1.53 Ga, 1.47 Ga, 1.37 Ga,
1.34 Ga, 1.16 Ga and 0.99 Ga (Fig. 13). Similarily to
sample 306, sample 312 only contained one zircon in
its youngest group with an age of 997 = 11 Ma and the
next closest was 110 Ma older so no weighted mean
was produced for this sample. Major age peaks occur
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at 1.8, 1.7, 1.59 and 1.47 Ga. Again the rounded grains
dominated in sample 312 with individual angular
grains occurring at 1364 Ma, 1417 Ma, 1430 Ma, 1462
Ma, 1494 Ma and 1550-1554 Ma. Several angular
grains also occurred in the interval 1771-1851 Ma.

4.4 Detrital baddeleyite

In binocular microscope the grains appeared in various
brown hues. In the Scanning Electron Microscope the
tabular prismatic crystal habit were revealed in two of
the grains (Fig. 14). All grains displayed irregular frac-
tures, possibly caused during sorting and handpicking.
The grains range in size from c. 50-60 um on their a-
axis. Detrital Baddeleyite have previously only been
described from soils and rivers in proximity to igneous
and metamorphic rocks, ferro-manganese nodules
from the Indian Ocean and within the Triassic Smith
Bank formation in the North Sea (Nayak et al. 2011;
Wilkins et al. 2015).

5 Discussion
5.1 Lithology

The mudstone represents the most fine-grained facies
of the studied interval. The small grain size and undis-
turbed lamination indicates an environment with very
low energy levels and deposition through suspended
material (Tucker 2009). Mudstones are normally diag-
nostic for shelf areas but the many sandy channels and
lenses indicate a tidally influenced setting proximal to
the shoreline (Martin 2000). Therefore the relative
lack of coarser feldspar-rich material within the mud-
stones is likely caused by a starvation of sediment sup-
ply rather than the distance to the shoreline. The heter-
olithic textures indicate a setting with two dominating
energy levels: One that is low enough to deposit mud,
and one that is strong enough to deposit the sand frac-
tions. Most often such deposition is inferred to be tidal
which, based on the overall setting of the depositional

basin, is very likely to be the case for the heterolithes
of the investigated outcrops (cf. Collinson et al. 2006).
Note however that heterolithes could also be produced
in fluvial and glacial settings (Martin 2000) and the
heterolithes of the Middle Formation was described by
Larsen & Norgaard-Pedersen (1988) as the result of
wave-reworking of a predominantly mud based sedi-
ment provided with pulses of sandy material.

The Siltstone, Quartz Greywacke and Arkosic
Greywacke facies have a similar depositional history
with being deposited as mass flows and consisting of
mixed lithologies. The unsorted composition of the
facies points towards a fast mode of deposition as
there is little to no evidence of hydrodynamic sorting
(Tucker 2009). They are however problematic as they
are generally displaying few sedimentary structures.
Mass flows such as turbidites and sedimentary gravity
flows will display Bouma-sequences, various forms of
graded beds and water-escape structures (Bouma
1962; Middleton & Hampton 1973). Their massive
structure also becomes a problem due to the fact if this
should be interpreted as a sign of post-depositional
alteration of the sediments or if it represents an origi-
nal mode of deposition. Several studies have conclud-
ed that the matrix of the greywackes in the Middle
Formation have been diagenetically formed (Morad &
Al Dahan 1982; Morad 1983a; Morad 1984). Howev-
er Larsen & Nergaard-Pedersen (1988) pointed out
that these studies have been done on medium to coarse
-grained sandstones which does not conclude a diage-
netic formation of the matrix in more fine-grained
equivalents. Larsen & Nergaard-Pedersen (1988) also
stated that a part of the matrix was likely to represent
primary phyllosilicate minerals as the closely related
lithology of the various facies would not yield a varied
matrix content if they initially had the same composi-
tion. Furthermore Larsen& Norgaard-Pedersen (1988)
argued that the massive structure with outsize clasts
spread throughout the sediment indicates that the sedi-
ments had certain buoyancy at the time of deposition
which would indicate primary clay-water content.

Figure 14. Backscattered electron images of detrital baddeleyite grains found within the samples from the Nés locality.
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In this paper some Greywackes are labelled as
such despite their sometimes higher than 75% clay
content that would put them within the Mudstone
bracket following conventional definitions (Tucker
2009). This is done because parts of the matrix was
diagenetically formed and the original rocks likely had
a lower clay-content, coupled with the mode of for-
mation as instantaneous sediment-flows and their
overall similarity to Greywackes containing less than
75% clay content.

Larsen & Nergaard-Pedersen (1988) concluded
that the sediments were deposited as sheet flows of
coarse-grained sediments that continued as density
flows, or subaqueous debris flows that integrated mud
and water. They further strengthened their hypothesis
by the fact that acritarchs had been subject to rapid
burial within these sediments (Vidal 1976). Larsen &
Norgaard-Pedersen (1988) states that some beds re-
quire a different interpretation as they are more likely
to have been deposited as fine-grained debris flows
subject to weak reworking of wave-action and inter-
mittent suspension deposition. The evidence they ar-
gue are the many desiccation cracks and discontinuity
surfaces.

The views presented by Larsen & Nergaard-
Pedersen (1988) are supported in this paper. No evi-
dence to discredit their interpretation has been found
during the field work and their interpretation is con-
sistent with the sequence stratigraphic framework for
the formation (which is presented in chapter 5.2).

Siltstones requires very low energy levels in
order for it to be deposited so the environment in
which the siltstone settled must have been relatively
calm. . Siltstones in general are often deposited in con-
junction with deltas and close to the shoreline. Facies
S is interpreted to represent the first stage of pro-
grading delta lobes. An interval in section 3 between
11.3 — 11.9 m with plentiful ripples could possible
represent proximity to a beach rather than a delta-lobe.

The Quartz Greywacke is interpreted as the
next stage in a delta-lobe development as the environ-
ment becomes more proximal and sediment flows con-
taining larger grain fractions are being deposited. The
relatively low content of feldspars indicates that the
source of the sediment is mainly from material trans-
ported further away and less is supplied from the vi-
cinity of the basin.

The Arkose Geywacke is similar to the Quartz
Greywacke but with high content of feldspars that in-
dicates a bimodal sediment-source with the feldspars
(especially the more angular) likely deriving from the
vicinity of the rift margins. The varied composition
and small amount of grain size sorting indicates a lack
of processes that are able to sort the sediments. The
deposition itself was probably quick in some form of
sediment flow. Several dark laminae were observed in
thin section (Fig. 6D). If these are of organic origin it
could indicate that there were pauses in between depo-
sitional events that provided the organism with enough
time to develop. Another possibility is that the laminae
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are thin mud drapes that could similarly represent
pauses in which suspension deposition had time to
cover the underlying sediments.

The Subarkosic Sandstone consistently displays
hummocky cross-stratification (HCS). HCS is consid-
ered to be a constituent of tempestite deposits in the
shoreface to off-shore transition zone (Harms 1975).
However there is an ongoing debate regarding the ac-
tual origin of HCS and what hydrological process that
forms it (Quin 2011). HCS and structures similar to
HCS have been observed in a wide array of deposi-
tional environments from distal shelfs, lacustrine envi-
ronments, intertidal flats, estuarine settings and within
turbidites (Quin 2011). Nonetheless the HCS of the
studied interval are likely generated through storm
events as they also display laminated deposition and
erosional surfaces in accord with idealized models for
tempestites (Brenchley 1989).

Facies AS represents the episodic influx of im-
mature sediment derived from the rift margins of the
basin as feldspars as less likely to survive longer
transport distances (Dickinson & Suczek 1979). The
amount of arkosic sandstone seems to be tied to the
proximity of the shoreline: the more proximal the set-
ting, the more influx of arkosic sandstone. However
the arkosic sandstone is incorporated in nearly all of
the other facies to some degree. The deposition of thin
homogenous layers that is dominated by feldspars
could represent flows directly from talus cones into the
basin. However the prevailing depositional setting is
likely transport and depositon together with other sedi-
ments as some form of mass flow.

5.2 Sequence stratigraphy
The Visingsé Group, together with other Precambrian
sediments, suffer from the lack of body- and ichnofos-
sils as bathymetric indicators when making sequence
stratigraphic analyses (Christie-Blick et al. 1995). Fur-
thermore the few beds that contain carbonate in the
Nis section have been affected by diagenetic alteration
and thus another form of bathymetric indicator in the
form of stable isotope data is unavailable. Left is pro-
cess-sedimentology which is partly hindered by the
relative uniform grain-size distribution and the uncer-
tainty regarding how much diagenesis has altered the
original sediment composition. All of these factors
make it difficult to produce a sequence stratigraphical
framework using conventional models as it becomes
hard to identify typical sequences that define the vari-
ous system tracts. Therefore the proposed sequence
stratigraphic model for rift-basins, outlined in Martins-
Neto & Catuneanu (2012), is used in this paper.
Tectonism is the major factor that creates new
accommodation space within rift basins and a particu-
lar stratigraphic cyclicity develops within them
(Martins-Neto & Catuneanu 2012). Accommodation
space is created in short bursts of subsidence created
by extension of the rift or fault reactivation. These
short bursts are often followed by longer time periods



when tectonism is inactive and no new accommoda-
tion space is generated leading to sediments filling up
the basin and consuming all available accommodation
space (Martins-Neto & Catuneanu 2012). Rift basins
are therefore dominated by coarsening upwards se-
quences representing progradational depositional
trends that fill in the newly created accommodation
space. This is in turn followed by a short retrograda-
tional stage of a transgressive systems tract that devel-
ops due to the subsidence created by tectonic activity.
After this the progradational pattern repeats itself and
a complete cycle of sedimentation is completed when
the next tectonic pulse and subsequent transgression
occurs (Martins-Neto & Catuneanu 2012). This is a
pattern that that happens on several hierarchical levels
and several smaller sequences can often be discerned
within larger ones. However a rift sequence can be
disturbed by factors such as varying stretching rates of
the rift during its evolution and fluctuations in sea-
level due to climate (Martins-Neto & Catuneanu
2012).This type of repeated progradational patterns is
present in the sections at Nés in the form of the many
coarsening-upwards cycles terminating with bathymet-
rical indicators of very shallow conditions followed by
deposition of deep marine mudstone (Fig. 15).

The sequence boundaries in rift successions are
identified by the flooding surfaces created by the rapid
creation of accommodation space during a tectonic
event that results in a sudden transgression (Martins-
Neto & Catuneanu 2012). Typically a sequence in a
rift begins with deep water deposits on top of a flood-
ed surface. These are lain down after rapid subsidence
and the following transgression (Martins-Neto & Ca-
tuneanu 2012). Following this definition leads to the
placement of the sequence boundaries for the Nis sec-
tions within the intervals of Mudstone Lithofacies. As
seen in figure 7C the mudstones have a clear divide
between heterolithic intervals and deep marine mud-
stone shale and they should arguably be treated as two
distinct lithofacies contrary to this papers classification
of only one Mudstone facies. The sequence boundaries
are located at this divide where the deposition changes
from a shallow tidally influenced setting to deep ma-
rine sedimentation representing the transgressive inter-
val (Fig. 15).

The sediment supply often increases right after
a tectonic event when the relief between source area
and the basin changes (Martins-Neto & Catuneanu
2012). In some rift basins with limited accommodation
space there is an initial sandy layer beneath the flood-
ing surface that represents the onset of the rifting
(Prosser 1993).

A rift basin has three depositional conditions:
under-filled, filled and over-filled. The under-filled
consists of turbidite facies within finer grained succes-
sions that follows the first flooding surfaces (Martins-
Neto & Catuneanu 2012). This can be seen throughout
the sections at Nés with the deposition of the siltstones
and greywackes as mass flows with an analogous
mode of deposition to the turbidites outlined in the
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model for rift basins. However this interpretation can
not explain the occurances of desiccation cracks within
these lithofacies. The filled stage of a rift basin encom-
passes an upwards pro-gradation to shallow-water and
coastal systems (Martins-Neto & Catuneanu 2012)
which again can be seen within the Nés sections as the
coarsening-upwards cycles start displaying bathymet-
ric indicators that points towards deposition over the
FWWRB. The overfilled space is, in this model, repre-
sented by alluvial sediments (Martins-Neto & Catune-
anu 2012), whereas within the Nés section this stage is
represented by the heterolithic mudstone and the sedi-
ments containing desiccation cracks rather than true
alluvial sediments. A major difference between a rift
sequence and a basin in a tectonically stable area is the
asymmetrical base-level curve which is a function of
the long periods of tectonic quiescence in between
pulses of activity. This leads to an absence or poor
development of the low stand system tract (Martins-
Neto & Catuneanu 2012). A rift sequence is built up of
transgressive systems tracts and high stand system
tracts. The high stand systems tract is the major con-
stituent of the sequence and in turn consists of the pro-
gradational coarsening-upward successions that fol-
lows the maximum flooding surface (Martins-Neto &
Catuneanu 2012). The transgressive system tract is
represented by the retrogradational facies that are
formed by tectonic subsidence (Martins-Neto & Ca-
tuneanu 2012). Hence the vast majority of the sedi-
ments of the Nids sections belong to the high stand
systems tracts with the mudstone that follows the het-
erolithic intervals representing the transgressive sys-
tems tract (Fig. 15). Flooding surfaces and
sediments of the transgressive systems tracts are gen-
erally good marker beds for intra-basin correlations
within rift-basins. The same holds true for the mud-
stones of the Nis sections. They represent a deposi-
tional setting on a basin-wide scale and their distinct
lithologies compared to other sediments make them
easy to identify. Overall the cyclicities and
depositional trends are in accordance with the rift-
basin model and a depositional environment largely
controlled by tectonism. The trend of progradational —
retrogradational cycles, the types of deposition through
the various phases of infilling and the lithological
composition fits with the rift-basin model. The cycles
in the Nés sections are however terminated by tidal
sediments instead of true alluvial sediments outlined in
the model. The lack of sand layers beneath the flood-
ing surfaces indicate sufficient accommodation space
so is more likely that the sediment supply controlled
the deposition. A possible scenario is that large tidal-
flat areas developed in the overfilled basin as the sedi-
ment supply diminished.

5.3 Provenance

A tentative estimation of source areas for specific age
intervals was produced (Fig. 16) by defining specific
provenance regions that largely coincide with the
lithotectonic units of southern Sweden. The prove-
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. Sample locality . U/Pb age locality

Sedimentary Groups
|:| Visingsé Group
I:l Almesakra Group

Provenance Regions

Svecokarelian (SK)
Bergslagen Litho-
tectonic unit
1.91-1.80 Ga

Transscandinavian Igneous

Belt (TIB)

[ ] TB Granite 1.80 Ga

D Svecokarelian Ryolite and
Dacite >1.80 Ga

- Granite, Syenitoid 1.47-1.44
Ga

Blekinge-Bornholm orogen.
Granite, Syenite 1.7,
1.47-1.44 Ga

Eastern Segment (ES)

|:| Granitic Gneiss 1.7,0.9 Ga

- Torpa-Tjarnesjo Granite
1.37-1.35Ga

- Vargarda Granite 1.2 Ga

|:| Vaggeryd Syenite 1.2 Ga

Idefjorden Terrane (IF)

|:| Goteborg Batholith 1.6-1.5 Ga|
Stora Le - Marstrand
formation 1.6-1.5 Ga

- Kungsbacka bimodal suite
1.36-1.27 Ga

- Bohus-Granite 1.0-0.9 Ga

Figure 16. Map showing protolith ages for rocks in south-central Sweden. Red dot indicates sample locality for the data pre-
sented herein from the Nis sections at Visingsd. Blue dots are a selection of localities of dated Zircon in the vicinity of Lake
Vittern. Pie-charts represent a tentative estimation of the proportion of rocks that belongs to specific ages based on their present
day distribution. Based on maps, data and references in the Geochronological database provided by Swedish Geological Survey

(© Sveriges Geologiska Undersokning).

nance regions were named: The IF region (Idefjorden),
ES region (Eastern Segment), TIB region
(Transcandinavian Igneous belt) and SK region
(Svecokarelian) after the names commonly used to
denote these areas. Furthermore ages were linked to
specific rocks that could be the proto-source for the
sediments using the ages of previous zircon U/Pb anal-
yses conducted after the year 2000 within the mapped
area (Table. 2)

The principles outlined in Vermeesch (2004)
concludes that 117 grains should be dated in a prove-
nance study. This provides a 95% confidence that an
age-fraction compromising more than 5% of the total
amount has not been missed. Due to loss of zircon
grains during preparation and analyses the three sam-
ples yielded varying amounts of U/Pb dates. Sample
306, 308 and 312 supplied 42, 82 and 127 measure-
ments respectively. In effect only sample 312 contains
enough for a robust provenance assessment and cau-
tion should be taken not to draw conclusions on miss-
ing age groups within samples 306 and 308.

Furthermore before any discussion can be done
regarding the provenance of the sediments one has to
take into account that the present day distribution of
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rocks likely differs from the distribution in the Neo-
proterozoic. Subduction occurred on the present day
western side of Southern Sweden and rocks were dis-
placed towards the east. The present day boundary for
how far the ductile deformation of the Sveconorwe-
gian Orogeny affected the bedrock is the Sveconorwe-
gian Front. However the Almesékra Group (Fig. 16)
contains evidence that the effects of the orogeny
spanned even further east and crustal nappes likely
covered parts of the area (Rodhe 1987; Moller & An-
dersson 2018). This could for instance make the inter-
pretation of the IF region ages as a more far-travelled
westerly component incorrect as nappes consisting of
these rocks might very well have existed much farther
to the east.

The age assemblage in sample 306 (Fig. 17)
contains age peaks that can be traced to rocks in close
proximity to the present day Vittern Basin (Fig. 16).
Noteworthy is the complete lack of zircons in the span
between 1.04 - 1.48 Ga. That these ages are missing
could indicate a very close source for the zircons as
trocks with these ages are generally found further
away than the ones that are present in sample 306.
However any interpretation of missing age peaks with-



Table 2. Age peaks discerned through: relative probability diagrams from the Nés sections, which regions within the mapped
area in figure 16 where U/Pb analyses of zircon have confirmed these ages and references to the specific analyses.

Age peaks (Ga) Location of analysis

References

2.0,1.98 & 1.92 SK region

(Andersson et al. 2006; Johansson & Stephens
2017)

North-eastern TIB region, southern

(Soderlund et al. 1999; Ahall & Larson 2000;

1.84 . Wikstrom & Persson 2002; Kleinhanns et al.
SK region
2015)
(Andreasson et al. 1987; Appelquist et al. 2008;
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in sample 306 becomes speculative due to insufficient
amount of analyses. Furthermore the missing ages are
present in sample 308, 312 and all three samples from
the Lower- and Middle formations of the Visingso
Group shown in the study by Moczydlowska et al.
(2017). With the missing age peaks being prevalent
throughout other parts of the Visingsé Group it is un-
likely that they should be missing throughout the Nés
sections, especially as the 1.04 and 1.61 Ga age peaks
indicates that far travelled components could reach the
basin. It is therefore likely that their absence is due to
insufficient data.

Sample 308 (Fig. 17) contains the most diverse
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age assemblage of the three samples, it contains all of
the various ages found in the vicinity of the basin to-
gether with the Svecokarelian peaks 2.0 and 1.92 Ga
and the distinctively western IF region peak 1.53 Ga.
The IF- and SK region components suggest that sam-
ple 308 has an influx of sediments that have undergone
transport before being deposited. Sample 312 (Fig.
17) has the same dominant peaks as sample 306 (1.8,
1.7 and 1.47 Ga) coupled with a Svecokarelian compo-
nent as well as distinctively IF region age peaks at
1.59 and 1.54 Ga. The age peak 1.16 Ga does not oc-
cur within the mapped area of figure 16, however this
age can be linked to bimodal plutonism and volcanism




that occurred between 1169 — 1134 Ma in the Tele-
markia Terrane (Bingen & Solli 2009) in southern
Norway (Northwest of the mapped area in Fig 16).

Sample 306 consists of a Quartz Greywacke
which has been interpreted herein to be derived of ma-
terial that has been transported some distance before
being deposited because of the relatively few feldspar
grains that it contains. However the age assemblage
points to a local source area as the ages fits with many
rocks in the vicinity of Lake Vittern. The same pat-
tern can be discerned within sample 312 that consists
of a Subarkosic Sandstone where a large part is de-
rived in the immediate vicinity with a few minor, pre-
sumably, far travelled components. Sample 308 is the
most fine grained and most diverse in terms of age
peaks. Whilst many of the ages in sample 308 are still
from the vicinity of Lake Vittern the ages have a more
even distribution with less pronounced local peaks and
overall there are more ages that could hail from the IF
region.

A possible explanation why the most fine-
grained sample holds the most diverse assemblage of
zircon ages might be discerned with the sequence
stratigraphic interpretations provided in this paper. The
heterolithic mudstone of sample 308 is thought to have
been deposited during a time of tectonic quiescence;
this is in contrast to sample 306 and 312 that are
thought to be deposited in the aftermath of tectonic
activity that increased the amount of locally derived
sediments through active displacement of material and
increased the relief to surrounding areas and thus cre-
ating more material available for erosion. This influx
of local sediments could produce the distinct age peaks
within sample 306 and 312. Sample 308 in turn is like-
ly to contain more material that has been transported
further distances. However whilst an increase in
amount of locally derived sediments could produce the
distinct age peaks the amount of zircon in the sedi-
ments could also be due to various sampling biases
such as: the rocks inherently containing different
amount of zircon, failure to produce a representative
selection during the hand picking of zircons or that
certain age groups produced too small or poor quality
zircons that could not be analysed.

The presented age distributions (Fig. 17) are in
accord with the cumulative probability diagrams creat-
ed with rock samples from the easternmost parts of
Sveconorwegian orogeny and the Sveconorwegian
front (Bingen & Solli 2009). The presented age
groups published in Moczydtowska et al. (2017) from
a ‘quartz-arkosic sandstone’ of the Middle Formation
from the island of Visings6 are similar to the ones pre-
sented herein but do not contain the pronounced peaks
at 1.8 and 1.7 Ga found within the samples 306 and
312. Instead their age distribution resembles the herein
inferred tectonically calm sample 308. This could be
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Lithofacies: Subarkosic Sandstone
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Figure 17. Visualization of possible source areas for detrital
zircon from the Nés locality using relative probability dia-
grams presented elsewhere in this paper. Coloured bars indi-
cate possible provenance regions that could have yielded
these ages (Data presented elsewhere in this paper). Col-
oured bars does not indicate amounts of zircons.

due to a varying influx of sediments to different areas
of the basin, or the sediments were deposited at differ-
ent times with varied tectonic activity. A possibility
exist that the difference could be due to large areas of
TIB-aged rocks were covered by younger sediments
and hence more zircons with younger ages were pre-
dominantly being eroded. But since the stratigraphical
relationship between the localities is unknown it be-
comes speculative.

Moczydtowska et al. (2017) concluded that the
minimum depositional age increased the further up in
the stratigraphy they investigated (The lower for-



mation having a minimum depositional age of c. 886
Ma increasing to ¢ 990 and 1045 Ma in the Middle
Formation). This pattern cannot be discerned within
the samples from the Nias assemblage (which only
contains samples from the Middle Formation). Sample
306 has a youngest zircon age of 1041 + 21 Ma, pro-
gressing into 1000 & 62 in sample 308, and 994 + 48 in
sample 312. However only sample 308 provided a
group of young zircons so that a mean average could
be produced. This average of 1004 + 10 Ma is similar
to the ages presented in the Middle Formation samples
of Moczydlowska et al. (2017) and provide a rough
estimate of c. 990 — 1004 Ma as a minimum deposi-
tional age for the Middle Formation of the Visingso
Group.

The morphology of the zircon assemblages
from the Nés outcrops points to a varied origin of its
sediments. The rounded shapes indicate that a large
part of the assemblage have gone through metamor-
phism and/or transport (Corfu et al. 2003). The more
angular grains points to magmatic, and possibly vol-
canic, origins (Corfu et al. 2003). The fact that angular
grains seems to represent certain ages in the data pre-
sented herein, most notably the c. 1750-1850 Ma
range, is likely a result of a short transport distance
that would preserve original features. Rocks of these
ages are present in the immediate surrounding of the
present day basin (Fig. 16). The well preserved crystal
structures in grains indicate a consistently calm geo-
logic environment throughout the burial of the sedi-
ments, however, a local event, such as the hydrother-
mal alterations that was reported by Odman (1942)
from the Visingsoé Group, could be obscured due to the
low stratigraphic resolution of the zircon samples.

Overall the three samples contain a large por-
tion of zircons that derive from rocks that can be found
in the Lake Vittern area today. A smaller component
of material with a source of further transported materi-
al that is indicated to derive from IF- and ES region
sources and a small number from the north-eastern SK
region. This view is consistent with previous sedimen-
tological interpretations that determined that the sedi-
ments are of a bimodal composition with a locally de-
rived feldspar-rich and a further travelled quartz rich
component (Vidal 1976; Larsen & Nergaard-Pedersen
1988). That a large part of the zircons stem from the
TIB, ES and IF regions is consistent with palaeo-
current evidence suggesting a general flow towards the
northeast (Larsen & Nergaard-Pedersen 1988). How-
ever due to the insufficient amount of analyses it be-
comes highly speculative to draw conclusions about
how different aged rocks were distributed at the time
of deposition.
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Conclusions

6 distinct lithofacies were identified within the
Nés sections. The sediments are defined by:
immature mineralogy and composition, a short
transport distance and evidence of a wave-
influenced depositional setting. The deposition
of the Subarkosic Sandstones within the studied
outcrops is mainly related to storm events evi-
dent by sedimentary structures such as the hum-
mocky cross-stratification.

Parts of the sediment have undergone very little
transport evident by the presence of detrital
baddeleyite, prismatic zircons, and the abun-
dance of feldspar.

The sedimentary cycles and depositional trends
of the Nés outcrops are largely in accord with
existing rift-basin models. The sequence strati-
graphical framework points to a sediment-
supply that is driven by tectonic activity. A
tectonic event creates new accommodation
space and a transgressive episode occurs as the
mudstones of the transgressive systems tract are
deposited. The under filled basin is filled in by
the deposition of coarsening-upwards cycles
that corresponds to the highstand systems tract
until tectonic quiescence and an overfilled ba-
sin limits the available space and sediment sup-
ply. Thus enabling deposition of the heterolithic
mudstones. The cycle is then repeated with the
next tectonic event.

The provenance of the sediments indicates that
they are largely derived from rocks in the rela-
tive vicinity of the basin, again indicating a
short transport before deposition. The ages are
in accordance with previous studies from the
Middle Formation in other parts of the basin, as
well as for cumulative probability diagrams
generated for this area.

The age groups are present throughout the re-
gion and can be tied to Svecokarelian rocks (2.0
—1.75 Ga), the Transscandinavian igneous belt
(c. 1.86-1.66 Ga), the Gothian orogeny (1.66—
1.52 Ga), Hallandian event (1.47—1.38 Ga), the
Eastern Segment- and Idefjorden regions (1.21-
1.37 Ga) the Telemarkia Terrane (1.16 Ga) and
the Sveconorwegian orogeny (1.14-0.90 Ga).
The sequence stratigraphical framework and
geochronological data hints at a tectonically
driven shift of sediment-supply to the basin: A
background-sedimentation consisting of a mix
of local and further transported sediments dur-
ing calm episodes and an increase of local sedi-
ments from the vicinity of the basin during pe-
riods of tectonic activity.
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Table 3. LA-ICP-MS data for analyzed zircons from sample 306.

Morpholo-
Spot gy U (ppm) |Th (ppm) |238U/206Pb |+c 207Pb/206Pb _ |[+o Conc. % [207Pb/206Pb (Ma)|+c
L306-9 Pyramidal 221.1 192.7 5.643 0.054 0.0740 0.0008 101 1041 21
S306-6  Ovoid 154.8 275 4.630 0.073 0.0879 0.0012 91 1380 26
L306-28 308 923 4.075 0.073 0.0902 0.0016 99 1430 34
L306-11 Oblong 143 125.1 3.888 0.085 0.0905 0.0025 103 1436 53
L306-32 Oblong 205.1 117.7 3.956 0.078 0.0918 0.0013 99 1463 27
L306-48 Oblong 159.6 210.9 3.937 0.040 0.0922 0.0009 99 1472 18
L306-34 Oblong 288 633 3.897 0.039 0.0925 0.0008 100 1477 17
L306-5 Oblong 144.9 123.4 3.837 0.035 0.0929 0.0008 101 1485 17
L306-33 Pyramidal 551 274 3975 0.114 0.0930 0.0013 97 1488 26
S306-2 110.2 87 4.031 0.050 0.0937 0.0012 95 1502 24
S306-16 Circular 117.1 107.3 4384 0.054 0.0938 0.0013 88 1504 26
L306-45 Oblong 2255 290 3.833  0.048 0.0943 0.0014 99 1514 28
S306-18 48.3 107.9 3.970 0.093 0.0961 0.0023 93 1550 45
S306-5 Oblong 426 403.1 3.515 0.049 0.0989 0.0009 101 1603 17
L306-26 Ovoid 215 211 3.509 0.053 0.0998 0.0013 100 1620 24
L306-24 Oblong 233 158 3.668 0.067 0.1013 0.0014 94 1648 26
S306-17 Circular 269.7 285 3.473 0.039 0.1013 0.0010 99 1649 17
L306-39 Ovoid 185 116.5 3.530 0.075 0.1016 0.0017 97 1654 31
L306-10 Oblong 281 2434 3.320 0.026 0.1030 0.0007 101 1679 12
S306-15 Oblong 330 215 3.525 0.047 0.1035 0.0011 95 1688 20
S306-1 355 348 3.390 0.045 0.1039 0.0009 98 1696 17
L306-8 Oblong 666.6 592 3.300 0.051 0.1042 0.0011 100 1700 19
L306-38 Oblong 367 421 3.336 0.028 0.1043 0.0009 99 1702 15
S306-13 Ovoid 262.8 322 3.549 0.049 0.1043 0.0012 94 1702 21
L306-42 Oblong 632 302 3.360 0.056 0.1048 0.0013 98 1711 23
L306-47 Circular 166 112.2 2.976 0.186 0.1060 0.0020 108 1732 35
L306-12 Ovoid 169.8 173.9 3.286 0.027 0.1068 0.0009 98 1746 16
L306-35 Oblong 224 195 3.191 0.035 0.1081 0.0010 99 1768 17
L306-25 Oblong 728 519 2.872 0.053 0.1093 0.0010 108 1788 16
L306-4 Ovoid 471.3 402.7 3.067 0.062 0.1098 0.0017 101 1796 28
L306-3  Prismatic 279.9 142.4 3.068 0.043 0.1099 0.0010 101 1798 17
L306-30 238.8 218 3.000 0.040 0.1100 0.0012 103 1799 20
L306-15 Oblong 103.4 81 3.044 0.038 0.1103 0.0014 101 1804 23
L306-14 Prismatic 328 224 3.123  0.041 0.1107 0.0011 99 1811 18
L306-31 364 317 3.020 0.036 0.1116 0.0009 101 1826 14
S306-10 Prismatic 301.3 268 3.265 0.093 0.1124 0.0018 94 1839 29
L306-36 Prismatic 2335 117 3.044 0.032 0.1126  0.0010 99 1841 15
L306-6  Oblong 147.2 122.2 3.033 0.042 0.1128 0.0014 100 1845 22
L306-41 183.9 194 3.249 0.030 0.1134 0.0014 93 1855 22
L306-20 Prismatic 241 278 3.191 0.041 0.1173 0.0012 92 1915 18
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Table 4. LA-ICP-MS data for analyzed zircons from sample 308.

Spot  |Morphology |U (ppm) [Th (ppm) [238U/206Pb |+c  [207Pb/206Pb |6 |Conc. % [207Pb/206Pb (Ma) |o |
$308-11 Ovoid 538 0.634 5.952 0.181 0.0725 0.002 100 1000 62
L308-32 Ovoid 303 6.6 6.050 0.088 0.0740 0.001 95 1041 30
$308-47 Circular 22,9 231 5.935 0.201 0.0742 0.005 96 1047 ##
$308-54  Ovoid 399 1535 4748 0.079 0.0804 0.001 102 1206 22
L308-51 Ovoid 90 56.1 5.136 0.098 0.0804 0.002 95 1207 37
L308-39 Ovoid 232 163 5.045 0.092 0.0820 0.001 94 1246 33
$308-24  Prismatic 135 77.1 4.902 0.360 0.0821 0.003 96 1248 74
$308:9  Ovoid 136.3 409 4.831 0.084 0.0823 0.002 97 1253 45
L308-18 Prismatic 199 335 4771 0.066 0.0826 0.001 97 1260 31
L308-11 134.9 77.6 4.968 0.067 0.0841 0.001 91 1295 28
L308-13 Oblong 184.7 445 4.658 0.063 0.0845 0.002 96 1304 34
$308-25 60.3 72.1 4.826 0.077 0.0847 0.002 93 1309 37
$308-48 729 2507 4.403 0.056 0.0861 0.001 98 1340 31
$308-44 285.7 116 4386 0.058 0.0864 0.001 98 1347 27
L308-21 Oblong 144.8 83.3 4221 0.078 0.0868 0.002 101 1356 38
L308-6  Circular 1072 288.5 4.168 0.078 0.0870 0.001 102 1360 27
L308-25 124.2 170 4361 0.086 0.0876 0.002 97 1374 33
S308-8  Oblong 225 1815 4211 0.087 0.0887 0.002 98 1398 37
$308-14  Ovoid 230 67 4.695 0.079 0.0903 0.001 87 1432 30
L308-12 Ovoid 117 1399 4.433 0.071 0.0904 0.002 91 1434 34
L308-30 354.7 275 3.828 0.097 0.0904 0.002 104 1434 36
L308-2_2 Oblong 2343 142 3.926 0.089 0.0914 0.001 101 1455 25
L308-46 Oblong 174 1554 4.078 0.053 0.0919 0.001 96 1466 19
$308-46  Oblong 1163 1521 4.120 0.117 0.0924 0.002 95 1476 47
L308-23 304 2485 3.931 0.057 0.0925 0.001 99 1478 27
$308-35 459 108.7 3.935 0.059 0.0926 0.001 99 1480 25
L308-24 4182 252 3.660 0.058 0.0936 0.001 104 1500 24
L308-26 Oblong 100.1 88.7 3.867 0.057 0.0941 0.002 98 1510 30
L308-17 Ovoid 373 483 3.912 0.060 0.0946 0.002 97 1520 30
$308-40 Oblong 73.6 206 4221 0.084 0.0946 0.002 90 1520 48
$308-5  Oblong 104.1 250 3.834 0.106 0.0950 0.002 98 1528 46
$308-10 Oblong 1582 2255 3.960 0.114 0.0952 0.003 95 1532 49
$308-22  Oblong 217.1 484 4.182 0.054 0.0953 0.001 90 1534 18
L3089  Oblong 439 120 3.610 0.073 0.0960 0.001 102 1548 25
$308-38  Ovoid 313.2 241 3.664 0.094 0.0961 0.002 100 1550 31
$308-49  Ovoid 91.7 70.6 3.689 0.093 0.0975 0.002 98 1577 46
$308-1  Circular 2315 323 3.626 0.058 0.0981 0.001 99 1588 21
L308-2_1 Oblong 1927 1221 3.434 0.077 0.0984 0.002 103 1594 42
$308-6 1347 210 3.593 0.049 0.0990 0.001 99 1605 24
L308-40 Oblong 198.8 196 3.550 0.073 0.0991 0.002 100 1607 34
L3083  Ovoid 401.4 272 3.635 0.070 0.0994 0.001 97 1613 21
L308-44 Ovoid 433 409 3.771 0.060 0.0997 0.001 94 1618 22
$308-39  Prismatic 175 234 3.731 0.181 0.1000 0.003 94 1624 54
$308-41 Circular 1724 160.9 3.515 0.044 0.1002 0.001 99 1628 20
$308-13 Circular 1441 100.1 3.608 0.057 0.1008 0.002 96 1639 28
$308-30 167 92 4.125 0.088 0.1008 0.002 85 1639 31
L308-15 Ovoid 214 264 3.490 0.043 0.1013 0.001 99 1648 20
L308-10 Ovoid 506 255.8 3.592 0.044 0.1013 0.001 96 1648 18
L308-33 Circular 228 184 3.448 0.051 0.1017 0.001 99 1655 22
$308-37 Oblong 151.3 201 3.421 0.071 0.1017 0.002 100 1655 38
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Table 4 continued. LA-ICP-MS data for analyzed zircons from sample 308.

Spot  |Morphology |U (ppm) |Th (ppm) [238U/206Pb |t6  [207Pb/206Pb |t6  [Conc. % [207Pb/206Pb (Ma) |+o |
L308-41 Circular 1949  273.1 3577 0.049 0.1018  0.001 96 1657 24
L308-22 Ovoid 347 281 3.766  0.071 0.1022 0.002 91 1664 33
L308-35 313 185 3.596 0.085 0.1023  0.001 95 1666 20
L308-37 Ovoid 81 172 3.448 0238 0.1023  0.003 99 1666 52
S308-51 Ovoid 341 276 3.406 0.100 0.1024  0.002 99 1668 38
S308-42 183.9 251 3317 0.096 0.1025  0.002 102 1670 40
L308-38 Oblong 172.5 249 3482 0.057 0.1026 0.002 97 1672 29
L308-4  Circular 2152 2309 3274 0.041 0.1034  0.001 102 1686 20
L308-27 Ovoid 417 327 3275 0.056 0.1036 0.001 102 1690 21
L308-36 Circular 215 220 3511 0.052 0.1036 0.001 96 1690 25
L308-28 Oblong 274 235 3343 0.042 0.1037 0.001 100 1691 20
L308-7 Ovoid 238 145.7 3.427 0.042 0.1041 0.001 97 1698 21
S308-23  Ovoid 89.1 1262 3.659  0.055 0.1047 0.002 91 1709 30
L308-1 Oblong 516 405 3455 0.039 0.1051 0.001 95 1716 15
L308-47 Oblong 350 507 3202 0.034 0.1055  0.001 102 1724 17
S308-53  Oblong 217 2637 3211 0.064 0.1069 0.002 100 1747 29
L308-48 390 397 3252 0.061 0.1072 0.001 99 1752 22
S308-16 366 473 3324 0.056 0.1074  0.001 97 1756 19
S308-29 Oblong 258.5 257 3304 0.059 0.1080 0.002 97 1766 27
S308-15 Circular 273 272 3261 0.048 0.1090 0.001 97 1783 16
L308-29 Pyramidal 2709 1438 3.185  0.033 0.1101 0.001 98 1801 15
S308-12  Prismatic 174 159 3.166  0.034 0.1102  0.001 98 1803 16
S308-17 Oblong 205 2311 3370 0.068 0.1108  0.002 92 1813 31
S308-34 2266  199.8 3.159  0.087 0.1108  0.002 98 1813 31
S308-18 Circular 181 105 3216 0.046 0.1113  0.001 96 1821 20
L308-52 Ovoid 405 378 3153 0.042 0.1125 0.001 97 1839 15
L308-5 3463 2523 2.869 0.047 0.1174  0.002 101 1917 23
L308-49 192 154 2.966 0.049 0.1179  0.001 97 1925 20
$308-32 Circular 213 159 3.012 0.209 0.1229 0.004 92 1999 56
S$308-26 Prismatic 99 75 5453 0.220 0.1417 0.005 48 2248 59
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Table 5. LA-ICP-MS data for analyzed zircons from sample 312.
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ISpot  |[Morphology [U (ppm) [Th (ppm) [238U/206Pb [+c  [207Pb/206Pb [£5  [Cone. % [207Pb/206Pb (Ma) |to |
S312-33 Oblong 69.3 57.8 5.9700.086 0.072  0.002 100 994 48
S312-16 Ovoid 192.8 249 5.2910.087 0.077  0.001 99 1126 26
L312-90 Oblong 113.5 9223 4.9980.112 0.078  0.002 103 1142 43
S312-24 130.7 93.4 5.2800.081 0.078  0.001 97 1157 30
L312-88 Ovoid 2623 1408 4.9900.060 0.079  0.001 101 1169 20
L312-6  Ovoid 94.8 88.5 5.2940.064 0.080  0.001 93 1199 30
L312-50 185.8 81.9 4.7820.082 0.080  0.001 102 1204 34
L312-12 Oblong 356 249 4.6100.072 0.083  0.001 100 1265 26
L312-53 Circular 1524 108.4 4.4310.126 0.083  0.002 103 1276 40
L3129  Ovoid 98.1 60.9 4.8730.100 0.084  0.002 93 1295 37
S312-26 Oblong 98.1 77.2 4.6510.078 0.084  0.002 97 1295 39
L312-77 Oblong 228.1 369 4.4350.067 0.085  0.001 101 1304 25
L312-17 Oblong 254 224 4.2840.061 0.085  0.001 103 1314 20
L312-27 52.9 60.1 4.4440.061 0.085  0.002 99 1320 34
L312-42 Ovoid 1437 1024 4.4420.081 0.085  0.001 99 1322 27
L312-67 Ovoid 103 1668 4.4310.080 0.086  0.001 99 1327 32
L312-72 Oblong 8.1 1087 4.2680.078 0.086  0.002 102 1327 36
L312-84 Prismatic 85.6 58.2 4.2440.056 0.086  0.001 103 1327 29
L312-8  Ovoid 315 261 4.4640.064 0.086  0.001 97 1338 20
L312-87 Oblong 329 539 4.4230.086 0.086  0.002 98 1338 36
L312-44 Ovoid 338 299 4.2660.064 0.086  0.001 101 1339 21
L312-85 Prismatic 97 75.9 4.0670.081 0.086  0.001 106 1343 31
L312-52 Ovoid 197.6 381 4.5540.137 0.088  0.002 93 1374 44
S312-4  Oblong 22.8 35.9 4.4050.190 0.088  0.005 96 1374 ##
L312-62 Ovoid 404 438 4.5350.140 0.088  0.001 93 1376 29
S312-15 Circular 351 372 4.2640.095 0.088  0.001 98 1382 28
L312-40 Oblong 108 70.6 4.2140.076 0.088  0.001 99 1387 30
L312-38 Circular 105.5 46.8 4.2160.096 0.089  0.002 98 1393 33
S312-13 Ovoid 1975 114.9 4.2230.087 0.089  0.001 98 1400 30
L312-25 Ovoid 25.58 426 4.0110.080 0.090  0.002 101 1419 51
L312-23 65.2 85.5 3.9730.069 0.091  0.002 101 1436 32
S312-34 Oblong 869 1142 4.2020.049 0.091  0.002 96 1436 32
L312-18 Oblong 1448 1994 4.0100.076 0.091 0.001 100 1438 25
L312-63 Oblong 401 437 3.9560.075 0.091 0.001 101 1442 25
L312-33 Oblong 216 262 3.9050.073 0.091 0.001 102 1445 25
S312-11 251 2112 3.8870.069 0.091 0.001 102 1445 29
L312-31 Oblong 1965  173.1 4.1560.107 0.091  0.002 96 1447 40
S312-7  Oblong 1877 2347 4.0110.103 0.091  0.002 99 1447 36
L312-70 Ovoid 51.4 57 3.9730.090 0.091  0.002 100 1449 42
S312-14 Ovoid 134.8 9.5 4.1220.092 0.091  0.002 97 1449 40
S312-12 Prismatic 264 420 3.9280.096 0.091  0.002 100 1455 31
L312-49 Ovoid 2938 3193 3.8910.062 0.092  0.001 101 1459 23
L312-51 Circular 123.2 255 3.9860.079 0.092  0.002 99 1461 33
L312-74 175 1083 3.9120.064 0.092  0.001 100 1461 25
L312-83 Ovoid 98.7 167 3.9750.055 0.092  0.001 99 1461 29
S312-5  Oblong 47.1 459 4.1560.064 0.092  0.002 95 1461 48
L312-79 Ovoid 350 432 3.8600.064 0.092  0.001 101 1465 25
L312-13 Oblong 302 611 3.9940.070 0.092  0.001 98 1468 18
L312-16 Oblong 356 269 3.8540.046 0.092  0.001 101 1470 20
L312-65 Oblong 2492 2233 3.9540.103 0.092  0.002 98 1476 37



Table 5 continued. LA-ICP-MS data for analyzed zircons from sample 312.

Spot  |Morphology |U (ppm) [Th (ppm) [238U/206Pb |6 [207Pb/206Pb [£5  [Conc. % [207Pb/206Pb (Ma) |+o |
L312-26 Oblong 411 326 4.0750.056 0.092 0.001 96 1477 18
L312-7 Oblong 57.9 80.9 3.8490.039 0.093 0.001 101 1480 25
L312-10 Ovoid 516.3 645 4.146 0.096 0.093 0.002 94 1486 37
L312-66 Oblong 176.2 99.3 3.6500.064 0.093 0.001 105 1486 27
L312-75 Oblong 205 351 3.9870.076 0.093 0.002 97 1486 33
L312-76 Oblong 623 573 4.1430.079 0.093 0.001 94 1488 29
L312-61 Ovoid 347 328 5.0630.182 0.093 0.001 78 1488 26
L312-39 Circular 1494 1346 3.8180.061 0.093 0.001 101 1490 26
L312-69 Oblong 262 537 3.864 0.067 0.093 0.001 100 1490 28
L312-54 Oblong 334.3 151 3.7810.079 0.093 0.001 101 1492 26
L312-21 109.9 90.7 3.7810.059 0.094 0.001 101 1502 24
L312-37 Prismatic 491 275 3.6790.077 0.094 0.001 103 1508 24
$312-28  Ovoid 1594 2454 3.7820.054 0.095 0.002 100 1518 30
S$312-35 Oblong 101.7 253 3.8230.039 0.095 0.001 98 1522 26
L312-71 Ovoid 1388 1328 3.9290.074 0.096 0.002 95 1542 29
L312-78 Ovoid 314 2974 3.7000.053 0.096 0.001 100 1546 19
L312-30 Prismatic 1865 2262 3.6680.058 0.096 0.001 100 1548 22
L312-35 Circular 947 1897 3.7040.071 0.096 0.001 99 1556 27
L312-56 367 218 3.8680.120 0.097 0.002 95 1558 45
L3122 Oblong 1548  180.6 3.6970.044 0.097 0.001 99 1559 19
$312-30  Oblong 320.1 333 3.605 0.095 0.097 0.002 101 1569 42
$312-29 Ovoid 258.3 275 3.6470.063 0.098 0.001 98 1590 27
L3123 Ovoid 120.7 188 3.5510.039 0.098 0.001 100 1592 19
L312-14 Ovoid 366 453 3.6510.047 0.098 0.001 98 1592 17
L312-29 Ovoid 2434 1616 3.606 0.056 0.098 0.001 99 1594 23
L312-59 Ovoid 95.9  100.3 3.654 0.064 0.099 0.001 97 1600 26
L312-92 Ovoid 197 1376 3.3370.050 0.099 0.001 106 1600 25
S$312-3  Ovoid 2905 109.1 3.4490.095 0.099 0.002 103 1600 38
L312-73 Circular 327 471 3.5830.062 0.099 0.001 99 1605 24
$312-27 Ovoid 158 216.1 3.6180.054 0.099 0.001 98 1609 24
L312-36 Ovoid 197 201.8 3.4130.075 0.100 0.002 102 1624 30
L312-1  Ovoid 2965 2925 3.6320.051 0.101 0.001 96 1635 18
L312-82 Ovoid 204 1909 3.4550.050 0.101 0.001 100 1646 22
$312-22  Circular 200 1587 3.5570.086 0.101 0.002 97 1646 37
L312-46 Ovoid 1485  146.1 3.2070.056 0.102 0.001 106 1655 26
L312-41 Oblong 458 694 3.5420.087 0.102 0.002 97 1657 27
L312-15 Ovoid 280 459 3.2410.047 0.103 0.001 104 1673 20
L312-94 Ovoid 384 3096 3.1580.048 0.103 0.001 106 1675 18
$312-31 Ovoid 1533 1176 3.3760.041 0.103 0.001 100 1677 23
$312-2  Circular 1353 11438 3.2940.064 0.103 0.001 102 1682 25
S$312-19  Oblong 1654  157.6 3.2050.123 0.103 0.003 104 1682 52
$312-20 Ovoid 1202 1069 3.3390.058 0.103 0.002 100 1684 29
L312-58 Oblong 424 411 3.2590.055 0.104 0.001 102 1691 21
$312-10  Ovoid 193.6 247 3.2310.075 0.104 0.002 103 1691 34
L312-28 Ovoid 4347 4685 3.4090.070 0.104 0.001 98 1693 23
L312-60 Ovoid 267 233 3.2520.058 0.104 0.001 102 1700 21
S312-6  Oblong 2015 1876 3.3130.069 0.104 0.002 100 1700 27
L312-48 Ovoid 347 3046 3.2130.067 0.105 0.001 102 1706 25
L312-24 Oblong 51.6 46.8 3.3930.059 0.105 0.002 98 1707 32
L312-47 Ovoid 275 261 3.2510.067 0.105 0.002 101 1707 26
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Table 5 continued. LA-ICP-MS data for analyzed zircons from sample 312.

Spot| Morphology| U (ppm)| Th (ppm)] 238U/206Pb] o] 207Pb/206Pb]  =6| Conc.%| 207Pb/206Pb (Ma)] =]

L312-19 Circular 370 652 3.3230.051 0.105 0.001 99 1709 19
L312-22 7173 139 3.2230.054 0.105 0.002 102 1709 28
L312-89 Ovoid 216 233.7 3.0530.037 0.105 0.001 107 1711 19
L312-32 Oblong 443 519 3.2470.056 0.105 0.001 101 1713 21
S312-25 Oblong 411 520 3.2690.040 0.107 0.001 98 1753 16
L312-20 Ovoid 302 289 3.1330.050 0.109 0.001 100 1778 22
L312-68 Circular 334 366 3.1070.052 0.109 0.001 101 1778 17
L312-55 Oblong 351 161.3 3.0070.082 0.109 0.002 104 1783 33
S312-23  Prismatic 206.8 104 3.1640.038 0.109 0.001 99 1788 18
L312-80  Prismatic 417 1280 4.0260.146 0.109 0.001 80 1788 18
L312-91 Prismatic 147.1 106.4 3.0070.042 0.110 0.001 103 1793 22
L312-57  Pyramidal 257 264.9 3.1230.059 0.110 0.001 100 1794 22
L312-64 Ovoid 206.6 227 3.0600.080 0.110 0.002 102 1794 30
S312-21 Oblong 193 235 3.1070.035 0.110 0.001 100 1796 18
L312-86  Prismatic 379.7 634 3.4200.048 0.110 0.001 92 1798 18
L312-45  Pyramidal 113.2 106.9 3.036 0.049 0.110 0.001 102 1799 20
L312-11  Pyramidal 471 567 3.0730.051 0.110 0.001 101 1801 23

S312-8 Oblong 137.4 158.8 3.1140.051 0.110 0.001 100 1801 23
L312-43 Ovoid 153 103.4 3.0300.072 0.111 0.002 102 1808 31
S312-18  Prismatic 232 235 3.1440.046 0.111 0.001 98 1809 20
L312-93 Oblong 460 368 3.0070.044 0.111 0.001 102 1813 16

L312-4 Oblong 207.9 250.5 3.0870.032 0.111 0.001 100 1813 16
L312-81 Prismatic 598 1291 3.8330.075 0.111 0.001 82 1816 16

L312-5 Circular 159.8 129.2 2.8040.031 0.122  0.001 99 1983 15
L312-34 Oblong 89.9 82.7 1.9610.046 0.184 0.003 99 2690 25
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II.  Geochronology - principles and analy-
tical instruments.

The advent of Geochronology can be traced back to
when the relationship of Lead and Uranium was first
discussed in association with measurement of geologi-
cal time (Arthur Holmes 1911). Further investigations
into U-decay and U-Pb chemical geochronology con-
tributed to creating one of the most common and valu-
able isotopic dating methods today (Barrell 1917,
Holmes & Lawson 1927).

Lead occurs as four naturally stable isotopes:
204pp_ 205py 207ph and 2°®Pb. The last three of these
have a radiogenic component that is formed by decay
of 2*U, U and **Th respectively (Schoene 2014).
The popularity of the U-PB system is in part due to the
high amount of minerals that are rich in Uranium.
These minerals are in turn also often resistant to physi-
cal and chemical weathering and occur in a wide array
of different rocks (Schoene 2014). Common minerals
for U-Pb dating include allanite, apatite, baddeleyite,
monazite, perovskite, rutile, titanite, zircon and xeno-
time. With zircon being the most commonly used
(Corfu et al. 2003).

Three different decay chains exist within the U-Th-Pb
system:

. 28U—2%ph with a chronometer based on the
measurement of 2*°Pb/**U,

. 35U—2pPh with a chronometer based on the
measurement of 2Y’Pb/*°U

. 22Th—2%ph with a chronometer based on the

measurement of 2%Pb/*?U

They have a half-life of 4.47 Ga, 0.70 Ga and 14.01
Ga respectively (Gehrels 2014). Furthermore an age
can be calculated using *Pb/”*’’Pb when it’s assumed

that most crustal rocks have a constant **U/**>U ratio
of 137.82 (Hiess et al. 2012):

Equation 1:
(206Pb/238U)  (206Pb/207Pb)  (206Ph/207Ph)
(207Pb/235U) = (238U/235U) 137.82

The main isotopes measured for Zircon are **°Pb/**U,
206pp/27Ph and **°Pb/***Pb. Zircon has generally low
Th concentrations so **Pb/***Th is seldom used. Fur-
thermore the Pb/Th system could be detached from the
Pb/U system (Gehrels 2014). The **’Pb/%°U ratio is
not used since a more reliable calculation can be
gained using equation 1 (Gehrels 2014). 2°°Pb/***Pb is
measured in order to correct the **Pb/**U and
2%pp/27Ph ratios for Pb that was included when the
zircon crystallised. This is commonly referred to as
correcting for initial Pb (Gehrels 2014).

Using a mass spectrometer to measure the rati-
os of 2 Pb/*’Pb and **Pb/***Pb is fairly straightfor-
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ward as we’re only dealing with Pb. While measuring
296pp/28U a problem crops up because Pb and U frac-
tionate at different rates during an analysis (Gehrels
2014). Two different techniques are used to correct for
this fractionation: Isotope dilution that involves the
dissolution of the crystal and yields isotope ratios with
a high precision at around 0.1% (See Gehrels 2014 for
in-depth explanation) and standard-sample bracketing
that is used herein. Standard-sample bracketing deter-
mines the true amount of **Pb/***U using a correction
factor between measured “Pb/”*U and known
29pp/28U. This is done by continuously measuring the
2%pp/238U ratios of zircons (Called standards) with
known 2°Pb/***U ratios and comparing these to the
ratios obtained while measuring. The measurements
doesn’t require dissolution of zircons and yield preci-
sion and accuracy at about 1% (Gehrels 2014).

The most frequent way of visualising the two
chronometers is through the use of a concordia dia-
gram (Wetherill 1956). This diagram is designed to
display the decay systems of **U—>"Pb and *U
—2"pb as well as the critical ratios of 2°°Pb*/23%U,
27pp*/23U and **°Pb*/*’’Pb*, with asterisks denoting
correction for initial Pb (Gehrels 2014). When the
three ratios gives similar ages interpreting the age is
fairly simple, the analyses overlap the Concordia and
they are referred to as being concordant (Gehrels
2014). A discordant analysis occurs when the U-Pb
system has been disturbed and the three ratios yields
different dates, and in turn plot away from the concor-
dia (Gehrels 2014).

Disturbances of the U-Pb system can occur
through inheritance, where for instance several grains
of differing ages or zircon grains containing multiple
age domains are measured (Gehrels 2014). Further-
more discordance can occur due to Pb loss, where
some form of disturbance after crystallisation causes
the more mobile Pb to disappear in greater extent com-
pared to U (Gehrels 2014). The more discordant an
analysis becomes the greater the effect of inheritance
and Pb loss. For Pb loss this takes the form of the cal-
culated date becoming less accurate. For **°Pb*/*""Pb*
the effect of discordance on the accuracy is smaller
which makes it the most reliable for zircons over 1.2
Ga old. They are however always underestimates of
the true age (Gehrels 2014). **Pb*/**U dates are more
reliable when it comes to inheritance but they are al-
ways overestimates of the true age (Gehrels 2014).

When handling data important decisions needs
to be made regarding which chronometers to use (I.e
2%pp*/28¥ for concordant analyses of grains older
than 1.2 Ga) and whether to exclude discordant anal-
yses (Gehrels 2014). Usually discordant analyses are
not taken into consideration when detecting specific
age groups, however they can be used to determine
proportions of age groups within a sample (Gehrels
2014).

Dating of detrital zircons is especially useful
when dealing with sedimentary rocks that lack fossils
for biostratigraphy, a sedimentary unit cannot be older



than the youngest zircon grain present (Gehrels 2014).
Pb loss and the naturally occurring uncertainty of an
analysis can result in interpreted ages that are younger
than the actual one. In order to produce a reliable age
the youngest group of ages are often weighted to pro-
duce a mean age, or the age distributions of the anal-
yses are summed to create a peak age (Gehrels 2014).

A scanning electron microscope (SEM) is used
to determine optimal analytical spots for laser ablation
inductively coupled plasma mass spectrometer (LA-
ICP-MYS) analysis. This method utilizes back scattered
electron imaging (BSE) and/or cathodoluminescence
imaging (CL) (Schoene 2014).

A SEM fires a high-energy electron beam at a
sample causing many secondary features to appear
(Egerton 2005). With the microscope in BSE-mode
heavy elements (e.g. Uranium) appear brighter than
lighter elements and thus areas with greater concentra-
tions of heavy minerals can be determined and exam-
ined (Egerton 2005).

Cathodoluminescence induces a sample using a
focused beam of electrons causing it to emit light. This
light is collected by an optical instrument wherein the
components wavelengths are separated in a mono-
chromator elucidating sample element composition
(Nasdala et al. 2003).

A LA-ICP-MS ablates a sample with a laser
beam. The ablated particles are subsequently carried
by various gases into a mass spectrometer that anal-
yses their chemical composition (Schoene 2014). The
LA-ICP-MS is made up of two parts: The laser abla-
tion unit with the sample holder and the mass spec-
trometer containing the plasma. The lasers usually
uses short wavelengths (266 nm or less) and are of
either solid-state or gas-source type (Schoene 2014).

Determining the origin of sediments through
geochronology is done using the ages of detrital zir-
cons and comparing them with known ages for suites
of rocks that could be the possible proto-source
(Gehrels 2014). Ideally the zircons collected should
represent an unbiased representation of the sample, in
reality this is very hard to accomplish (Gehrels 2014).
A number of strategies exist to produce an unbiased
age distribution: The zircons should be picked in a
way that does not bias towards any group based on
size, morphology or chemistry whilst picking them in
a random fashion (Sircombe & Stern 2002; Gehrels
2014), the analytical methods should enable the study
of various sized zircons (Gehrels 2014), grains should
not be skipped completely and BSE/CL imaging
should be used to determine optimal analysis spots as
well as detecting signs of changes in ***Pb/***U during
analyses that could indicate complexities (Gehrels
2014), data should be displayed with a focus on the
most reliable characteristics like precision, lower dis-
cordance and belonging to clusters (Gehrels 2014),
sufficient data should be obtained to hold statistical
significance in order to distinguish between various
age components depending on the study in question
(Gehrels 2014).
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