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The late Middle and Late Pleistocene environmental and glaciation history of Northern
Ostrobothnia and Finnish Lapland

Tiina Eskola

University of Oulu Graduate School; University of Oulu, Faculty of Technology, Oulu
Mining School, Geosciences
P.O. Box 3000, FI-90014 University of Oulu, Finland

Abstract

The Scandinavian Ice Sheet (SIS) covered Fennoscandia numerous times during the
Pleistocene, but the exact number, extent of ice and precise time and duration of glacial and
non-glacial phases have not been fully established for the eastern flank of the SIS. At several
sites, only incomplete sedimentary records have been preserved owing to different rates of
erosion and glaciotectonic deformation during several glacial advances and the intervening
non-glacial phases. The most complete sediment successions have been found in northern and
west-central Finland, in an area that has escaped erosion due to the vicinity of the ice-divide
zone and frozen bed conditions.

The main objective of this thesis was to examine the paleoenvironment and glaciation history
of the Weichselian (MIS 5-2) and the late Saalian (MIS 6) stages in northern and west-central
Finland. This thesis specifically concentrates on pollen stratigraphy and its use in correlation
although other stratigraphical and geochronological tools have also been applied. Sediment
sequences from three different sites located in northern and central Finnish Lapland and
Northern Ostrobothnia, central western part of Finland, were studied using stratigraphical and
dating methods. Furthermore, a safer heavy liquid pollen preparation method for minerogenic
sediments was introduced and validated. Based on the results, it is suggested that the modified
LST Fastfloat method gives comparable results compared to the conventional hydrofluoric acid
(HF) method.

The thesis provides new geochronologically and biostratigraphically constrained data to
establish the more complete stratigraphy for northern and central Finland and beyond. Results
indicate that the ice sheet advanced further south than previously thought during the Early
Weichselian Herning stadial (MIS 5d). Results also strengthen the view that ice-free conditions
prevailed during the Middle Weichselian (MIS 3) stage. Moreover, results from the Kaarreoja
site from northern Finnish Lapland indicate that the climate was warmer than previously
suggested.

Keywords: Scandinavian Ice Sheet, Weichselian, Eemian, glaciation, OSL, paleoenvironment,
pollen, heavy liquid, biostratigraphy, lithostratigraphy



Mydhaisen Keski- ja Myohais-Pleistoseenin ymparisto- ja jaatikoitymishistoria Pohjois-
Pohjanmaalla ja Lapissa

Tiina Eskola

Oulun yliopiston tutkijakoulu, Oulun yliopisto, Teknillinen tiedekunta,
Kaivannaisalan yksikko, Geotieteet
PL 3000, FI-90014 Oulun yliopisto, Suomi

Tiivistelma

Skandinavian mannerjaatikko (SIS) peitti Fennoskandian useita kertoja Pleistoseenin aikana,
mutta jaatikoityneiden ja jaésta vapaiden jaksojen tarkkaa lukumaaréd, jadkentén laajuutta,
tdsmallistd aikaa ja kestoa ei ole voitu tdysin todentaa Skandinavian mannerjaatikon
itdisimmalle osalle. Monin paikoin on sdilynyt vain epétaydellisid sedimenttisarjoja johtuen
useiden jaatikoitymisjaksojen aiheuttamasta eroosiosta ja glasiotektonisesta deformaatiosta.
Kattavimmat sedimenttisarjat ovat 16ytyneet Pohjois-Suomesta ja Keski-Suomen lantisestéa
osasta, jossa eroosio oli hyvin vahdistd johtuen jaanjakajavyohykkeen laheisyydesta ja
kylmépohjaisesta jaatikosta.

Taman vaitoskirjatyon paatavoitteena oli tutkia Veikselin (MIS 5-2) ja myohais-Saalen (MIS
6) vaiheiden aikaista muinaista ympéristod ja jaatikoitymishistoriaa Pohjois-Suomen ja
lantisen  Keski-Suomen alueilla.  Tassa  vaitoskirjatyossa  keskitytddn  erityisesti
siitepdlystratigrafiaan ja sen kayttdon korrelaation valineend muiden stratigrafisten ja
geokronologisten tutkimusmenetelmien liséksi. Sedimenttisarjat kolmesta eri paikasta, jotka
sijaitsevat Suomen Lapin pohjois- ja keskiosissa sekda Pohjois-Pohjanmaalla, tutkittiin
stratigrafisilla menetelmilld ja erilaisilla ajoitusmenetelmilld. Liséksi tydssa esiteltiin
mineraaliainespitoisille  sedimenteille soveltuva, turvallisempi raskasneste-erotteluun
perustuva siitepdlyndytteiden valmistusmenetelmd. Tutkimustulosten perusteella voidaan
todeta muunnellun LST Fastfloat -menetelman antavan vertailukelpoisia tuloksia perinteiseen
fluorivetyhappomenetelmdaén (HF) verrattuna.

Tama vaitoskirjatyo tarjoaa uutta geokronologisesti ja biostratigrafisesti tuotettua tietoa, joka
auttaa muodostamaan kattavamman stratigrafisen kuvan Pohjois- ja Keski-Suomesta.
Tutkimustulokset osoittavat jadpeitteen edenneen aiemmin uskottua etelammaéksi varhais-
Veikselin Herning -stadiaalin (MIS 5d) aikana. Tulokset vahvistavat my0s kasitysta
jaattomasta keski-Veiksel -vaiheesta (MIS 3). Liséksi tulokset Kaarreojalta, Pohjois-Lapista,
osoittavat ilmaston olleen aiemmin oletettua lampimampi.

Keywords: Skandinavian mannerjaatikkd, Veiksel, Eem, jaatikoityminen, OSL,
paleoympaéristo, siitepolyt, raskasneste, biostratigrafia, litostratigrafia
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1. INTRODUCTION

The Scandinavian Ice Sheet (SIS) covered Fennoscandia several times during the Pleistocene
(e.g., Svendsen et al. 2004, Hughes et al. 2016 — Fig. 1). However, the exact number of the
glacial phases, the ice extent, and the time and duration of the ice cover over Fennoscandia is
not known since the existing sedimentary record is incomplete due to a different rate of erosion
at various glacial and non-glacial phases. The most complete Pleistocene sedimentary
sequences discovered in Finland occur in central Finnish Lapland and in Ostrobothnia, western
Finland (e.g., Hirvas 1991; Nenonen 1995; Johansson et al. 2011) (Fig. 1).

35° 46\ /4/5;/‘

N

Barents Sea
— N

== \

White Sea

)
R

[ Circle_ _

Fig. 1. Locations of study sites (stars; Petéjéselkd, Kaarreoja and Muhos) and the sites referred in the text, in order
of appearance. 1 = Sokli; 2 = Leveéniemi; 3 = Tepsankumpu; 4 = Paloseljanoja; 5 = Mertuanoja; 6 = Riipiharju;
7 = Oulainen; 8 = Marjamurto; 9 = Kauvonkangas; 10 = Ruunaa; 11 = Pilgrimstadt; 12 = Hitura; 13 = Ollala; 14
= Vesiperd; 15 = Viitala; 16 = Ukonkangas; 17 = Norinkyld; 18 = P8hja-Uhtju; 19 = Peski; 20 = Vimpeli; 21 =
Horonkyl&; 22 = Rautuvaara; 23 = Hannukainen; 24 = Rissejauratj; 25 = Veskoniemi.



It has been postulated that an ice divide zone (i.e., glacier centre with cold glacial base) located
in central Finnish Lapland several times during the Pleistocene and this was the main reasons
for weak erosion in that area. Similarly, frozen bed conditions also might explain weak glacial
erosion in Ostrobothnia (Hirvas 1991; Kleman & Hattestrand 1999; Kleman et al. 1997, 2008;
Stroeven et al. 2016).

Based on previous studies, the SIS covered western Finnish Lapland five times during the
Weichselian stage (ca. 11610 ka; e.g., Johansson et al. 2011); during the Early Weichselian
Herning (Marine Isotope Stage, MIS 5d; 113-103 ka) and Rederstall stadials (MIS 5b; 92-83
ka), in the beginning of the Middle Weichselian substage (MIS 4; ca. 72-60 ka) and at the end
of the Middle Weichselian substage (MIS 3; ca. 49-35 ka) and, also during the Late
Weichselian substage (MIS 2; ca. 25-10 ka) (Johansson et al. 2011; Lunkka et al. 2015; Howett
et al. 2015; Fig 2).
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Fig. 2. A suggested stratigraphical correlation of the Petdjaselkd, Kaarreoja and Muhos sections with the
northwestern European terrestrial stages and substages and the Marine Isotope Stages (MIS 6 — 2). Sedimentary
units in the sections are indicated with a capital letter “U” and an appropriate unit number. The time scale, global
benthic 818 stack and MIS stages on the left according to Lisiecki & Raymo (2005).
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So far, the most comprehensive sediment sequence studied by Helmens et al. (2000, 2007a) is
located at Sokli (no. 1 in Fig. 1), eastern Finnish Lapland. Sediments in the Sokli boreholes
represent the last interglacial — glacial cycle (MIS 5 — 2) suggesting that eastern Lapland was
ice free from the Eemian interglacial (MIS 5e) until the Rederstall stadial (MIS 5b) and during
several long, but still poorly understood and defined interstadial stages in the Middle
Weichselian (MIS 3). The entire eastern Finnish Lapland region became ice covered sometime
after c. 25 kyr (Putkinen et al. 2020). Lunkka et al. (2015) presented a tentative glaciation
curve from a transect from west to east across central Lapland where glacial and non-glacial
phases in time and space during the Weichselian were shown (see also Salonen et al. 2014).
Their main conclusion was that the SIS covered western central Lapland already during the
Herning stadial (MIS 5d) while the SIS entered to the Sokli area, eastern Lapland not until
Rederstall stadial (MIS 5b) (Lunkka et al. 2015). In addition, the ice free Middle Weichselian
(MIS 3) interstadial sediments were also discovered in central western Finnish Lapland
(Salonen et al. 2014; Howett et al. 2015) but their stratigraphical correlation to those at Sokli
could not be established. Lunkka et al. (2015) emphasised that there is a need to obtain more
absolute ages from subtill sediments in order to get a more precise picture on glaciation history

of northern Finland.

According to the present-day knowledge, southern Finland, from the Gulf of Bothnia to the
Gulf of Finland in the south and to the Russian border to the east has been glaciated only three
times during the Weichselian glaciation (e.g., Saarnisto & Salonen 1995; Saarnisto & Lunkka
2004; Lunkka et al. 2004; Johansson et al. 2011); twice during the Middle Weichselian (MIS
4; 72-60 ka and MIS 3; 49-35 ka) and once during the Late Weichselian (MIS 2; 25-11 ka).

However, the extent and precise ages and duration of glacial and non-glacial phases have not
been fully established for the eastern flank of the SIS. Therefore, the data presented in this
thesis which includes lithostratigraphical and biostratigraphical data together with Optically
Stimulated Luminesence (OSL) and radiocarbon (}*C) dating results from sites in Finnish
Lapland and western central Finland (Fig. 1) sheds light on the glaciation history of these areas
and provides new geochronologically and biostratigraphically constrained data to establish a

more complete stratigraphy for northern and central Finland and beyond.

Quaternary stratigraphy is ultimately a form of climatostratigraphy and based on the
recognition of climatic variations within the Quaternary strata. Conventionally, the

separation/classification between interglacial and interstadial phases in formerly glaciated
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terrains have been made by using pollen analysis. A vegetational succession of the cryocratic
to the telocratic vegetation indicates interglacial phases while the vegetational successions of
the cryocratic and protocratic vegetation normally indicates interstadials. As comprehensive
sediment records from active ice-flow areas are fragmentary, and the distance between the
stratigraphically important sites is usually large, and may lack robust dating, the spatial
correlation between interglacial and interstadial sediments e.g., from northern to southern
latitudes have turned out to be difficult. However, the present stratigraphical correlation
scheme for the eastern flank of the SIS outlined below lists the main stratigraphically important
interglacial and interstadial sites, their pollen characteristics and correlation to the north-

western European (and MIS) chronostratigraphical stages.

1.1 Eemian interglacial (~MIS 5e)

The best-preserved sediments correlative to the Eemian interglacial (MIS 5e) from northern
Fennoscandia have so far been found at Leveédniemi (no. 2 in Fig. 1), eastern Swedish Lapland
(Lundgvist 1971; Robertsson 1997), Tepsankumpu (no. 3 in Fig. 1), western Finnish Lapland
(Hirvas 1991; Saarnisto et al. 1999), Paloseljanoja (no. 4 in Fig. 1), central Finnish Lapland
(Hirvas 1991) and Sokli (no. 1 in Fig. 1), eastern part of Finnish Lapland (llvonen 1973,;
Helmens et al. 2000; 2007a). Overall, pollen assemblages at these sites show variation in pollen
composition presenting nearly the entire Eemian vegetational succession starting with the
dominance of pioneering Betula (Betula assemblage zone) in the Early Eemian phase, shifting
to the rise of Pinus and Alnus alongside Betula (Betula — Pinus assemblage zone in
Tepsankumpu and Pinus — Betula assemblage zone in Leve&niemi and Sokli) during the early-
temperate phase and followed by the increase of Picea percentage together with Pinus, Betula
and Alnus during the late-temperate phase. Gradually the succession ends with the dominance
of Betula due to the cooler climate. Temperate deciduous trees such as Quercus, Ulmus,
Corylus and Larix, except the latter in the Leve&niemi site, are present in minor proportions.
The Eemian succession is also well-preserved at Mertuanoja (no. 5 in Fig. 1), western central
Finland (Eriksson et al. 1999), and partially preserved in many sediment sections from southern
central Finland (Eriksson 1993). The Eemian pollen succession in central Finland is similar to
the succession in the northern key sites mentioned above, but with a greater proportion of

temperate deciduous trees.
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1.2 Early Weichselian interstadials (~ MIS 5¢c and MIS 5a)

The Early Weichselian interstadial sediments, Bregrup (MIS 5c¢) and Odderade (MIS 5a)
interstadial sediments, have been found at several sites across the northern Fennoscandia. Most
of the sites where the interstadial sediments are preserved show only one interstadial stage.
Therefore, it is often difficult to infer if the sediments were deposited during the Brarup (MIS
5¢), Odderade (MIS 5a) or during both interstadial stages (Lokrantz & Sohlenius 2006). Most
of these interstadial sediments are also fragmentary as well and may not be in situ. As the
pollen assemblages deposited during interstadial stages resemble each other, the importance of
the robust dating analyses and the acquisition of the suitable material is important. **C method
is commonly used to date organic sediments but the age range obtained within this method is
limited to ca. 45 ka (e.g. Donner 1995). Developments of different luminescence dating
methods during past decades have provided a relatively reliable dating tool which can be used
to date sediments deposited during the last glacial cycle (Murray and Olley 2002; Murray et
al. 2007; Wintle 2008). However, OSL technique may sometimes produce uncertain results
(e.g., Houmark-Nielsen 2008; Alexanderson & Murray 2012).

As the knowledge on stratigraphical timing of the Weichselian substages has become more
accurate, the re-evaluation of previous stratigraphical interpretations has emerged (e.g.,
Johansson et al. 2011). As the result, many of the previously suggested Early Weichselian
interstadials deposits have been reinterpreted as being of Middle Weichselian age (e.g.
Mékinen 2005; Sarala 2005; Johansson et al. 2011). However, there are still many alternative
correlation schemes where interstadial sediments at various sites are correlated within the Early
and the Middle Weichselian for example, at the Riipiharju site in northern Sweden (no. 6 in
Fig. 1) (Hattestrand & Robertsson 2010). So far, the most representative Early Weichselian
Brgrup interstadial sites are Sokli, (Helmens 2000, 2007a; Helmens et al. 2012), Oulainen (no.
7 in Fig. 1) (Forsstrom 1982, 1988; Jungner 1987; Nenonen 1995) and Marjamurto (no. 8 in
Fig. 1) (Peltoniemi et al. 1989; Lunkka et al. 2016) in western central Finland. At these sites
the beginning of the pollen assemblage is dominated by Betula tree and followed by Pinus -
dominated assemblage. At Sokli site, Pinus-dominated phase is followed by a short phase with
maximum peak of Picea and gradually the taxa change to Betula — dominated phase (Helmens
et al. 2012).

12



1.3 Middle Weichselian interstadial (~ MIS 3)

Ice-free conditions during the Middle Weichselian interstadials (MIS 3) have been extensively
studied during the past three decades. In the 1990’s Ukkonen et al. (1999) dated fossil
mammoth bones and teeth from several sites across central and southern Finland showing that
the land area south and east of the Bothnian Bay was ice free during ca. 36 to 26 ka years ago.
In addition, the OSL dates of sub-till sands at several sites in central western Finland (e.g.,
Nenonen 1995) and Finnish Karelia, eastern Finland (Lunkka et al. 2008) indicate perhaps

several ice-free phases during the MIS 3.

The prevailing concept up until ca. 2010 was that northern Fennoscandia was continuously
glaciated from Middle Weichselian (MIS 4) to Late Weichselian (MIS 2) substages (Kleman
et al. 2021). Several comprehensive litho- and biostratigraphical studies accompanied with 14C
and OSL dates from northern Fennoscandia, e.g., Kaarreoja (Sarala et al. 2016; Fig. 2),
Petdjaselka (Sarala & Eskola 2011; Fig. 2), Sokli (Helmens et al. 2007a; Helmens &
Engels 2010), and re-interpreted Kauvonkangas (no. 9 in Fig. 1) (Mdkinen 1979; 2005),
Ruunaa (no. 10 in Fig. 1) (Lunkka et al. 2008), Riipiharju (no. 6 in Fig. 1) (Héttestrand
& Robertsson 2010) and Pilgrimstad (no. 11 in Fig. 1) (Alexanderson et al. 2010; Wohlfarth
2010) (Fig. 1), have shown that ice free period(s) existed also in northern Fennoscandia
during the MIS 3 i.e., the latter part of the Middle Weichselian. However, the sites with
palynostratigraphic/ biostratigraphic information are scarce, but there are several sites dated by
14C, OSL and Thermo Luminescence (TL) methods to support this (e.g., Robertsson &
Ambrosiani 1988; Olsen et al. 1996; Olsen et al. 2001; Olsen & Hammar 2005; Makinen
2005; Sarala & Rossi 2006; Auri et al. 2008; Salonen et al. 2008; Sarala et al. 2010;
Ukkonen et al. 2011; Mdller et al. 2013; Salonen et al. 2014; Lunkka et al. 2015; Howett et
al. 2015). Overall, the pollen assemblages obtained from e.g., Sokli, Kauvonkangas and
Ruunaa are dominated by Betula tree. Pinus is well represented at Sokli and Ruunaa but the
value is low at Kauvonkangas. At Hitura (no. 12 in Fig. 1), Ostrobothnia, the pollen
assemblage obtained from fine-grained sediments resemble those at Sokli and Ruunaa
although the authors proposed that the pollen assemblage suggests redeposited
interstadial material (Salonen et al. 2008). Recent studies have shown that the climate
during the Middle Weichselian interstadial (MIS 3) was warmer than previously
suggested (Helmens 2014; Sarala et al. 2016; Alexanderson et al. 2021a).
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After the MIS 3 ice-free phase, the SIS covered eastern Fennoscandia after 25 ka ago and
gained its maximum extent in its eastern flank between 18 — 17 ka (e.g., Saarnisto & Lunkka
2004).

The area between northern and southern Finland lies in the Northern Ostrobothnia and Kainuu
regions, approximately between the latitude 64° and 65° north (Fig. 1). As indicated above,
previous studies have shown that the glacial history of northern and southern Finland in the
Weichselian stage is different (e.g., Lunkka et al. 2004; Johansson et al. 2011). Although there
is no consensus on detailed Weichselian ice sheet behaviour or dynamics neither in the northern
nor in southern parts of Finland, it seems most likely that while the SIS covered northern
Finland already in the Early Weichselian, southern Finland remained ice free during the entire
Early Weichselian. The overall aim of this thesis is to study glaciation history of the
Weichselian and the late Saalian (MIS 6) stages in northern and central Finland and to make a
stratigraphical correlation across the crucial boundary between northern (i.e., Finnish Lapland)
and southern Finland. This thesis specifically concentrates on pollen stratigraphy and its use in
correlation although other stratigraphical and geochronological tools have also been applied.

2. STUDY SITE LOCATIONS

Sediment sequences from three different sites located in Finnish Lapland and central western
part of Finland were studied using stratigraphical and dating methods (Fig. 1). Petéjaselka
study site (Paper 1) is located in central Finnish Lapland (67,83° N; 25,78° E, approximately
270 m above the present sea level (a.s.l)), around 140 km north of the Arctic Circle, close to
Tepsankumpu Eemian interglacial site (Hirvas 1991; Saarnisto et al. 1999). The drill core site

lies in a peat bog surrounded by relatively low-relief cover moraine composed of basal till.

The Kaarreoja study site (Paper I1) is located in the Lemmenjoki area, northern Finnish Lapland
(68,65° N; 25,63° E, approximately 350 m a.s.l) around 230 km north from the Arctic Circle.

The section studied is exposed in the valley side between fells.

The Muhos study site (Paper IV) is located in Northern Ostrobothnia, western central Finland
(64.81° N; 26.04° E, approximately 29 m a.s.l.), close to Montanlampi Holocene sections
studied by Gibbard (1979). The drill core site lies in the Oulu River Valley, around 30 km
southeast of the city of Oulu and the present shoreline of the Bothnian Bay, and around 200
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km south from the Arctic Circle. The sample material analysed in Paper I11 utilizes the samples
collected from the Muhos study site (Paper 1V).

3. METHODS

This study comprises numerous methods used in the field of paleoenvironmental research.
Pollen analysis is the main tool used in this thesis and it is used in all papers (I — V). Other
methods used in the articles in addition to pollen analysis are diatoms (Papers Il and 1V), plant
macrofossils (Paper Il) and lithofacies analysis (Papers I, 11 and 1V). 95% confidence intervals
were calculated for selected pollen and spores to assess the margin of error according to
Mosimann (1965) (Paper I1). Plant macrofossil analysis was used in Paper Il to create reliable
estimation of the paleoenvironment. Minerogenic samples were dated using Optically
Stimulated Luminescence (OSL) method (Papers I, Il and V) according to the SAR protocol
according to Murray & Wintle (2000, 2003) and organic material from bulk samples using
conventional radiocarbon (}4C) dating (Paper 1) and radiocarbon dating from organic pieces,
e.g., wood, using Accelerator Mass Spectrometer (**C AMS) (Papers Il and 1V).

3.1 Pollen analysis

This thesis is comprised of three different datasets of pollen. Pollen analysis carried out in
Paper | consist of organic (peaty) layer between till beds. The laboratory procedure follows
standard technique described in Berglund & Ralska-Jasiewiczowa (1986). Minerogenic
material removal was done in cold hydrofluoric acid (HF) for overnight followed by 10 min
boiling in 10% potassium hydroxide (KOH) and acetolysis. The samples were mounted and
stored in glycerine.

Pollen analysis described in Papers 1l — IV follows the same laboratory treatment. Sample
materials consist of organic gyttja to peat (Paper Il) and organic-bearing silt and clayey silt
(Papers 111 and V). Minerogenic material removal was carried out by using modified LST
Fastfloat heavy liquid method described in detail in Paper 111. Samples were treated with 10 %
KOH for 8 min followed by acetolysis. Comparative pollen samples discussed in Paper I1I

follow the conventional HF method, also described in detail in Paper I11.
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3.2 Diatom analysis

Diatom analyses were carried out in Papers Il and IV. Diatom samples were processed with a
standard technique described in Battarbee (1986 and 2001). The organic material removal was
processed with 40 % hydrogen peroxide (H202) and coarse mineral fraction was removed by
repeated decanting. The residual samples were mounted in Naphrax® and counted using light
microscopy with oil immersion object at x 1000 magnification. The identification and
taxonomy of diatoms were mainly based on Krammer and Lange-Bertalot (1991a; 1991b;
1997a; 1997b) and taxonomic nomenclature was updated using AlgaeBase (Guiry & Guiry
2019).

4. REVIEW OF THE ORIGINAL PUBLICATIONS

Paper | — Sarala, P. & Eskola, T. 2011. Middle Weichselian interstadial deposit at Petdjaselka,
Northern Finland. E & G Quaternary Science Journal 60 (4), 488-492.
https://doi.org/10.3285/e9.60.4.07

The first publication describes Middle Weichselian (MIS 3) sorted sediment layers with gravel,
sand and sandy peat beneath the basal till in Petdjéselkd, Central Finnish Lapland. The study
site is located in the center of the Scandinavian Ice Sheet (SIS) ice divide zone. The stratified
organic-bearing layer was found in 2005 as part of a percussion drilling program for
geochemical exploration in two sites and the re-sampling was performed in 2008. The focus of
the study was to broaden the view of the extent and timing of the ice-free Weichselian

interstadial stage.

The lithofacies description was performed from the sediment cores and the organic peat layer
was analysed for its pollen content. Organic layer was dated with **C method and the sands
below and above the organic layer were dated with OSL method. The ages showed consistent
chronology where the till units 1 and 2 have deposited during the Early Weichselian phase,
followed the Middle Weichselian sorted sediments and organic layer. The pollen content of the
organic layer was interpreted to represent open birch-dominated forest. However, the pollen
counted were somewhat worn and crumbled but still clearly identifiable, thus the transportation

and re-deposition of organic layer cannot be ignored.
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Paper Il —Sarala, P., Véliranta, M., Eskola, T. & Vaikutiené, G. 2016. First physical evidence
for forested environment in the Arctic during MIS 3. Scientific Reports 6, 29054.
https://doi.org/10.1038/srep29054

The second publication introduces a multiproxy study of inter-till organic peat layer covering
nearly entire Middle Weichselian interstadial (MIS 3) from Kaarreoja, Finnish Lapland. The
Kaarreoja section covers a continuous stadial-interstadial-stadial cycle from the Middle
Weichselian glaciation (MIS 4) to the Middle Weichselian interstadial (MIS 3) and to the
latest/most recent Late Weichselian glaciation (MIS 2). The Kaarreoja section is one of the rare
MIS 3 sediment sections preserved in glaciated areas in northern Fennoscandia and the
biostratigraphical data depict/represent the full vegetation succession of the ice-free phase MIS
3. The study is based on plant macrofossils, pollen and diatoms together with the lithofacies
description. The age of the sand beneath the peat layer was determined using the OSL method
and *C method was used to date one bulk peat sample and one piece of wood (AMS 4C)

below the bulk peat sample.

Based on the macrofossil and aquatic pollen data the July temperature reconstructions estimate
the July temperature at least 14.4 °C which is higher than the present-day July temperature at
the study site. The revealed data support the presence of pine and birch forest rather than open
environment and the fact that the glacial-interstadial-glacial cycle have been more dynamic

than previously thought.

Paper 111 - Eskola, T., Kontio, R. & Lunkka, J. P. 2021. Comparison between modified LST
Fastfloat and conventional HF methods for pollen preparation in highly minerogenic
sediments. Bulletin of the Geological Society of Finland 93, 5-18. https://doi.org/10.17741/
bgsf/93.1.001

The third paper is a methodological paper. The publication introduces an improved low-toxic
heavy liquid separation method (LST Fastfloat). Pollen analysis is one of the principal methods
to reconstruct the past vegetation and climate. Pollen analysis has been used over a century,
but the pollen preparation method has remained quite similar. Removal of minerogenic matter
from the sediments is one of the key components to improve pollen visibility and thus
identification as well as speed up the counting procedure. Many of the chemicals used in
mineral material removal are of very toxic or toxic to human health (and environment), and in
many countries the use of substitutes for toxic chemicals, if available, is set by legislation. This
publication introduces a modified step-by-step method in order to remove minerogenic matter

from silt and clay —rich sediments with low-toxic heavy liquid LST Fastfloat. The aim of the
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study is to clarify whether the results obtained with modified LST Fastfloat are in line with the

conventional hydrofluoric acid (HF) method.

This case study presents pollen results from five (5) paired samples. In each sample pair the
subsamples were treated both LST Fastfloat and conventional HF method in order to remove
the mineral material, otherwise the treatment was identical. At least 700 terrestrial vascular
pollen and spores were calculated under light microscope to achieve statistical robustness. The
95 % confidence intervals were calculated for the taxa reaching 5 or more percent at least in

one sample pair.

The study indicates that the LST Fastfloat and conventional HF results are comparable and
there are no systematic nor significant differences between the taxa with the exception of
Betula and Pinus. The percentages of Betula were systematically somewhat higher in LST
Fastfloat —processed samples and on the contrary, the Pinus percentages were somewhat lower
in LST Fastfloat —processed samples. The results were within the calculated 95 % confidence
intervals except in one sample pair, where the 95 % confidence interval difference between

LST Fastfloat and HF methods for Pinus was exceeded by only one hundredth of a percent.

Paper IV — Eskola, T. & Lunkka, J. P. (in press). Sediment sequence at Muhos, western
Finland — a window to the Pleistocene history of the Scandinavian Ice Sheet. Boreas.
http://doi.org/10.1111/bor.12560

The fourth publication introduces a 54 meters deep sediment core results from Muhos, northern
Ostrobothnia, representing tills interbedded with sorted sediments. The sediment core covers
sediments at least from the Saalian glaciation (MIS 6) to the Holocene sediments (MIS 1). The
sediment core was subjected to sedimentological, mainly sediment structure and texture, and
pollen and diatom analysis. The total recovery of the sediments retained was over 75 %. Four
current bedded sand samples were dated with OSL method and one wood twig with *C AMS
method. The sediment core represents a unique archive to shed light to the glacial history of

the area.

Altogether six lithostratigraphical units can be described comprising four till units interbedded
with sorted sediments. The grain size in the sorted sediments varies from gravelly sand to
clayey silt and organic-bearing silt. Pollen and diatom analysis were conducted from the

organic-bearing silt layer and clayey silt layer. The sediment record indicates that there was a
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freshwater basin in the Muhos area during the Late Eemian interglacial (MIS 5e). Sediments

suggesting the Brarup interstadial (MIS 5c¢) are also present.

The results of this study show that there were at least four glacial growth phases across the
Muhos area: One during the Saalian glaciation, one during the Early Weichselian Herning
stadial, one during the Middle Weichselian and the last during the Late Weichselian substages.
Based on these results, the estimation of the Early Weichselian Herning stadial (MIS 5d) extent

is more southern than previously suggested.

5. DISCUSSION

The overall purpose of this study is to shed light on the extent and timing of the glacial and
intervening non-glacial phases during the Late and Middle Pleistocene in the central part of the
SIS. As the outlines of the different substages of the Weichselian stage are known, details are
still missing from the pre-Late Weichselian (MIS 2) substage. In this thesis, a closer look on
the pollen analysis and the use of the biostratigraphical approach together with the
lithostratigraphical and absolute dating (**C and OSL) is made to unravel the complex

glaciation history of northern Fennoscandia.

Pollen analysis used as a stratigraphic tool is an important and widely used method when
correlating Quaternary deposits. It has traditionally been the primary method to distinguish
interglacial and interstadial deposits. Due to the limitations of the radiocarbon dating method,
(organic) sediment deposits older than the late Middle Weichselian age (ca. 40 ka *C years)
cannot be directly dated which highlights the importance of pollen analysis for
biostratigraphical correlation. However, correlation of the interstadial or interglacial sediment
sequences in formerly glaciated areas is further hampered by the fragmentary nature of the
sediment deposits which does not show the complete succession from the pioneering shrubs
and trees to the climatic optimum followed by a climatic deterioration (e.g., Donner 1995;
Armstrong & Brasier 2005). Moreover, the robust correlation of the sediment sequences
between southern and northern Finland is problematic because the climate and thus the
vegetation in these areas far apart are different. It should also be acknowledged that the
depositional environment influences the pollen source area and spatial resolution (Birks 2005).
Thus, correlation of pollen assemblages from e.g. local-scale peat deposit is not
straightforward compared to pollen assemblages obtained from e.g. regional-scale large water
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basins, and therefore it should be taken into consideration when correlating pollen assemblages
(e.g., Helmens et al. 2000; Birks 2005).

5.1 Reliability of the modified LST Fastfloat method

One objective of this work was to establish a robust pollen preparation method for minerogenic
sediments to substitute conventional HF preparation method, as the European legislation
obligates the substitution of hazardous chemicals to less hazardous or non-toxic chemicals.
Although different heavy liquids, both toxic and low-toxic, have been used several decades in
palynological studies, relatively few comparative pollen methodology studies have yet been
published. Bjorck et al. (1978) compared conventional HF method with zinc chloride (ZnCly)
with 16 paired samples composed of clay gyttja, clay and silty clay, and resulted good
correspondence although slight systematic but not significant difference within few taxa were
obtained. Nakagawa et al. (1998) tested HF against solution of cadmium iodide (Cdl,) and
potassium iodide (KI) in 11 paired gyttja clay, gyttja and peat samples. Their study showed
that the pollen percentage values differed by more than 5% within 4 taxa in 5 samples.
However, there was no systematic difference between methods showing that the two methods
were comparable. Lentfer and Boyd (2000) also compared HF and solution of Cdl, and Kl in
6 sample pairs from sand, clay and clay loam. Their study suggested comparable results for
most sediments tested, however, there was evidence for differential selection between pollen
taxa. Zabenskie (2006) compared HF and sodium polytungstate (SPT) methods in two paired
arctic lake sediment samples, and the X?-test suggested methods statistically comparable.
Campbell et al. (2016) also compared HF and SPT for 30 paired samples from organic-rich
silt, silt and clay, and their study revealed no significant differences between the two methods.
Leipe et al. (2019) tested HF, SPT and lithium heteropolytungstate (LST) from 5 paired peat,
silty clay and organic-rich clay and silt samples showing partly significant differences in the
most frequent pollen taxa. However, the differences obtained were not taxa-specific but rather

sample-specific.

The comparative test between LST Fastfloat and conventional HF methods with paired samples
showed that there is no systematic nor significant difference between pollen percentages or
concentrations studied. However, slight systematic discrepancy was found within two common
taxa. Given the fact that all sample pairs except one were within the 95 % confidence interval,
it can be concluded that the results between LST Fastfloat and conventional HF methods are

comparative. Therefore, the correlation of pollen assemblages obtained in this work can be
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reliably correlated with the pollen result of different sediment units presented in previous
studies from Fennoscandia. It should be kept in mind that the density of pollen and spores
increase during the time of deposition, thus the assumed age of the deposit should be

acknowledged in such a density-based separation method.

5.2 (Bio)stratigraphical correlation in Fennoscandia

5.2.1 Eemian interglacial (MIS 5e)

There are only a few sites in northern Fennoscandia where till unit/units occur underneath the
marine and/or terrestrial Eemian interglacial sediments. Till unit below the Eemian interglacial
sediments at Tepsankumpu (Saarnisto et al. 1999), Sokli (Helmens et al. 2000) and Mertuanoja
(Nenonen 1995), are the best examples where the late Saalian till is documented. In addition
to these “stratotype sites”, different stratigraphical and geochronological evidence show that
the Saalian glacial sediments are well-preserved throughout northern Fennoscandia (e.g.,
Hirvas 1991; Nenonen 1995; Donner 1995; Olsen 1998; Olsen et al. 2013). In this research,
the sediment sequence obtained from Muhos, the lowermost till complex (Unit 1, Fig. 2) is
interpreted to represent tills deposited during the Saalian glaciation (MIS 6). The overall 13 m
thick till unit varies in lithological and mineralogical composition (cf. Lunkka et al. 2013)
suggesting that parts of the Unit 1 may have deposited during earlier glacial phases that predate

the Late Saalian glaciation.

Although many of the interglacial and interstadial deposits found from northern Fennoscandia
are fragmentary, attempts to correlate the Eemian interglacial sediments to western and central
European Eemian interglacial pollen assemblages is not straightforward. As the Eemian
interglacial pollen assemblages in central and western Europe are typically defined by the
dominance of temperate deciduous trees (e.g. Zagwijn 1996), their occurrence declines towards

higher latitudes. This, in turn, hampers the correlation.

The Eemian pollen assemblage obtained from 9 m diatom gyttja at Sokli (no. 1 in Fig. 1) shows
nearly complete Eemian vegetation succession (Helmens et al. 2000; Helmens 2014; Helmens
et al. 2015). The Early Eemian phase begins with the dominance of Betula tree and Alnus
suggesting sub-arctic birch forest (pre-temperate phase), followed by Pinus-dominated forest
(early-temperate phase) and mixed boreal forest with Picea (< 10%) and Larix (late-temperate
phase). Eventually, towards the end of the Eemian interglacial, the boreal forest is replaced by

Betula-dominated sub-arctic birch forest (post-temperate phase) (Helmens et al. 2000;
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Helmens 2014; Helmens et al. 2015). Similar pollen assemblage and vegetation succession is
obtained from Levedniemi (no. 2 in Fig. 1), northern Sweden, except there are no findings of
Larix (Robertsson 1997; 2000).

At Tepsankumpu (no. 3 in Fig. 1), till-covered gyttja shows the Betula-dominated early Eemian
phase, followed by Pinus and Alnus and eventually Picea (Hirvas 1991; Saarnisto et al. 1999).
However, Betula tree dominates the entire sediment sequence, whereas at Paloseljanoja (no. 4
in Fig. 1), suggested to represent the late Eemian phase, shows indisputably a Pinus-dominated
phase followed by the Late Eemian Betula phase (Hirvas 1991; Saarnisto et al. 1999).

The Mertuanoja site (no. 5 in Fig. 1) represent the most complete Eemian sediment deposit
obtained from west-central Finland (Eriksson et al. 1999). Within Ostrobothnia, several
fragmented inter-till sites suggested as Eemian age with temperate deciduous trees have been
preserved, e.g. at Haapavesi (Ollala site, no. 13 in Fig. 1; Forsstrom et al. 1988 and Vesipera
site, no. 14 in Fig.1; Nenonen et al. 1991), Peréseinajoki (Viitala site, no. 15 in Fig. 1; Nenonen
et al. 1991), Karsamaki (Ukonkangas site, no. 16 in Fig. 1; Eriksson 1993) and Teuva
(Norinkyld, no. 17 in Fig. 1; Eriksson 1993). Based on these results, Eriksson (1993) correlated
and compiled the Eemian pollen assemblages for central Finland. The pollen assemblage from
till-covered minerogenic sediments at Mertuanoja (Eriksson et al. 1999) also represent the pre-
, early-, late- and post-temperate phases as obtained at Sokli, Tepsankumpu and Leveaniemi.
However, temperate deciduous trees such as Quercus, Ulmus, Fraxinus and Corylus are
explicitly present at Mertuanoja sequence after the Betula-dominated pre-temperate phase
(Eriksson et al. 1999). At more southern location, a nearly continuous Eemian sediment
sequence correlative to the Ostrobothnian pollen assemblages is obtained e.g. from P&hja-
Uhtju (no. 18 in Fig. 1), Estonia, and Peski (no. 19 in Fig. 1), Karelian Isthmus, although the
overall number of temperate deciduous trees at these sites are greater (Miettinen et al. 2002).

However, the Betula-dominated early Eemian phase is missing at Peski site.

Results from the Muhos sediment sequence (Paper V) indicate that the 8-cm-thick fine-
grained sediment interval from Unit 2 (Fig. 2) is suggested to represent either the Early Eemian
Betula-dominated pre-temperate phase or more likely, the Late Eemian post-temperate phase.
This conclusion is based on the pollen analysis supported by the OSL ages. The overall pollen
assemblage is dominated by Betula, but the pollen assemblage contradict correlation to the
early Eemian phase, as the pollen composition includes conifers in abundance (both well-
preserved Pinus and Picea) and grains of thermophilous trees and Osmunda rather than the

dominance of Betula tree, as shown in the Haapavesi (Vesiperd), Peraseingjoki (Viitala)
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(Nenonen et al. 1991) and Ylivieska (Mertuanoja) sequences (Eriksson et al. 1999). At these
sites the proportion of Picea is nearly nonexistent and Pinus is present with c. 10% although
the sites have southern locations. Thermophilous taxa are occasionally present at these sites
except for Corylus, which is constantly present with a few percentages. Correlation of the
Muhos Unit 2 pollen assemblage to Late Eemian pollen assemblage at Mertuanoja seems,

however, plausible.

At the time the Eemian interglacial sediments at Muhos were deposited, the area was covered
by a relatively deep freshwater basin based on the laminated silt rhythmites and mostly
planktonic freshwater diatom taxa. Based on the diatom assemblage, these sediments were
deposited during either the early Eemian freshwater phase or the late Eemian freshwater phase,
as suggested in Paper IV. Similar freshwater taxa have been described from several sites in
Ostrobothnia (Gronlund 1991; Nenonen et al. 1991; Eriksson et al. 1999). These authors
suggest that the freshwater deposits were deposited during the early Eemian interglacial stage,
as the freshwater taxa is substituted by marine taxa, i.e., the Eemian Sea phase. Also, a
freshwater phase following the Eemian sea phase has been registered in Ostrobothnia and
northwestern Russia, at Haapavesi (Ollala site) (Forsstrom et al. 1988; Gronlund 1988), Teuva
(Norinkyla B site) and Karsdmaki (Ukonkangas site) (Gronlund 1991), Ylivieska (Mertuanoja
site) (Eriksson et al. 1999) and the Karelian Isthmus (Peski site, no. 19 in Fig. 1) (Miettinen et
al. 2002). However, similar early Eemian freshwater diatom taxa have not been found from
central Sweden (Robertsson 2000), but a short freshwater phase prior to the Eemian Sea has
been observed in western Baltic Sea area based on dinoflagellates (Head 2007), ostracods
(Kristensen et al. 2000) and diatoms (Haila et al. 2006). Lambeck et al. (2006) suggested that
the possible early Eemian freshwater phase preceding the warmer marine phase was caused by

meltwaters from the residual ice sheets on the Kara-Barents shelves.

Overall, the organic and inorganic deposits overlying tills with interglacial-type pollen
assemblages have been correlated robustly with Eemian sediments. The pollen successions
through the sites discussed here show the cooler, Betula-dominated pre-temperate Eemian
phase and the freshwater phase preceding the Eemian Sea. During the Eemian Sea phase the
warm early and late temperate with Pinus and followed by broadleaved deciduous trees,
although reduced towards the north, and eventually Picea dominated the forests. Towards the
post-temperate phase and cooler climate, the dominance of Betula, Poaceae and Cyperaceae

increased.
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The actual end of the Eemian interglacial is not preserved in any of the previously studied sites,
as there is no complete sediment succession covering the entire Eemian interglacial in Finland
although at the Sokli site, where most of the Eemian might have been preserved (Helmens et
al. 2015; Salonen et al. 2018). Towards the Early Weichselian glaciation, the pollen
assemblages at Sokli and Tepsankumpu turn again to Betula-dominated taxa with increased
amount of Poaceae and Cyperaceae, indicating cooler climate (Saarnisto et al. 1999; Helmens
et al. 2019).

5.2.2 Early Weichselian (MIS 5)

By the time the first Early Weichselian glacial phase (Herning stadial; MIS 5d) had reached
Muhos area and beyond, as suggested in Paper 1V, there is, however, no clear indication of
such a glacial advance further south (Fig. 3). However, Pitkdranta et al. (2014) suggested that
possibly the Early Weichselian Herning stadial might have reached the eastern coastal area of
the Gulf of Bothnia. The reconstructions for glaciation during the Early Weichselian Herning
stadial suggest that southern and northeastern Finnish Lapland, including Sokli, were ice-free,
but western, central and northern Finnish Lapland were glaciated (Johnsen 2010; Olsen et al.
2013). Nearly entire Finland was ice-free during the Early Weichselian Brgrup interstadial
(MIS 5c¢) (e.g., Lunkka et al. 2004; Johansson et al. 2011; Johnsen 2010; Olsen et al. 2013;
Bachelor et al. 2019). Overall, the comparison of Early Weichselian interstadials is rather

tentative in many cases, as the absolute chronologies are still inadequate.
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Fig. 3. Hypothetical extensions of the Scandinavian Ice Sheet (SIS) during the different substages of the
Weichselian glaciation. Reconstruction is compiled from Bachelor et al. (2019), Olsen et al. (2013), Johnsen
(2010) and the results presented in this thesis. In the top left reconstruction (MIS 5d), the dashed lines indicate
the modification based on results presented in this thesis (Paper 1V) and the area adjacent to Gulf of Bothnia
according to Pitkéranta et al. (2014).
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The fine-grained and laminated sediment at the base of Muhos Unit 4 (Fig. 2) suggests that the
sediments were deposited in a relatively deep-water basin. The pollen assemblage of the fine-
grained sediment layer is dominated by Betula tree with Alnus, Pinus and a minor presence of
Picea, suggesting birch-dominating forested environment with alder and perhaps pines. High
AP (arboreal pollen; trees)/NAP (non-arboreal pollen; shrubs, dwarf shrubs and herbs) -ratio
reflects closed forest rather than an open environment. Due to the monotonous nature of the
pollen assemblage throughout the sediment interval, it is difficult to correlate solely the pollen
spectra alone to the other sub-till sediment pollen assemblages in the region. As there are no
remarkable changes in the pollen composition, the vegetation (and thus climate) has probably
remained rather stable. However, the pollen assemblage is suggested to represent the beginning
of an Early Weichselian interstadial, corresponding to the Brgrup interstadial. This
interpretation is supported by the OSL ages obtained from the horizontally and ripple-bedded
sands above the fine-grained sediments. Occasional grains of thermophilous trees such as
Carpinus, Quercus, Tilia and Ulmus are most likely redeposited or transported from a distance
rather than indicate their local presence. Overall, conifers (both pine and spruce) were intact

which suggest that redeposition is not likely.

Sediments correlative to one of the Early Weichselian interstadials have been preserved at
several sites within Ostrobothnia, e.g. at Marjamurto (Peltoniemi et al. 1989), Oulainen
(Forsstrom 1982; Donner 1988), Vimpeli | (Aalto et al. 1983; 1989) and Horonkyla (Nenonen
1995; Gronlund & lIkonen 1996). At Oulainen (no. 7 in Fig. 1), the sediment succession
constituting sand and sand with gyttja begins with a Betula-dominated phase with subordinate
Pinus (Forsstrom 1982). Picea is absent and Alnus occurs only occasionally.
Thermoluminescence ages of 96+10, 94+10, 97+10 and 94+9 ka were obtained from the sand
deposit above the gyttja deposit, and TL ages of 117+12, 119+12 and 128+13 ka for sand
deposit below the gyttja (Jungner 1987). At Horonkyla (no. 21 in Fig. 1), Teuva, the diatomite
unit between sand and gravel layers below and a sand bed and two till layers above shows a
Betula-dominated beginning with < 20 % Pinus (Nenonen 1995; Gronlund & lkonen 1996).
Alnus is present only in small guantities and Picea is absent. However, the pollen from the
diatomite were partly worn and thin-walled (Gronlund & lkonen 1996). The OSL age obtained
from the deformed sand overlying the diatomite yielded an age of 54+8 ka (Nenonen 2006)
suggesting that the diatomite might have deposited during the Early Weichselian if the till unit
above was deposited during the MIS 4 as assumed by Nenonen (1995).
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At Vimpeli | site (no. 20 in Fig. 1), a disturbed silt and peat layer beneath a till layer was
observed (Aalto et al. 1983), where the base is dominated by Betula and ca. 20-30% Pinus.
Alnus and Picea are present with low quantities. Several TL samples were taken from the
Vimpeli 11 site, 180 m apart from the Vimpeli | site, from sand above the disturbed peat layer.
The age range varied between 99 to 225 ka and as there is such a tremendous difference in age
scatter, the ages must be considered highly suspicious (Jungner 1987). However, at Marjamurto
(no. 8 in Fig. 1), where the sediment sequence consisting of fine sand covered by gyttja, the
Betula phase is missing (Peltoniemi et al. 1989). The thermoluminescence (TL) age of the
horizontal-bedded sand covering the gyttja deposit have yielded age of 107+15 ka which is in

good agreement with the correlation to Brgrup interstadial (Peltoniemi et al. 1989).

Overall, the sediment at Muhos Unit 4 cannot be directly correlated to the Oulainen, Vimpeli
and Horonkyla sites. Nevertheless, as the Muhos Unit 4 fine-grained sediments were deposited
in rather large water basin, thus representing regional pollen rain over a large area. At Oulainen,
the Betula-dominated sediment is suggested as glaciofluvial sand, and the pollen accumulated
are suggested to been leached from above and resulted to selective pollen deposition
(Forsstrom 1982). Although not presented in the pollen diagram, Forsstrom (1982) made an
attempt to separate Betula nana from Betula trees, and concluded that even though uncertain
identification, ca. 50-30 % of the total Betula grains were identified as B. nana. This even

hampers the correlation to Muhos Unit 4.

The most comprehensive Early Weichselian sediment sequence is obtained at Sokli (Helmens
et al. 2012; Helmens 2014). Laminated gyttja shows a similar pollen assemblage compared to
Muhos with high Betula tree (40 — 65%), low Pinus percentages (< 14%) and the constant
presence of Alnus (< 20%) in the beginning of the MIS 5c (Helmens et al. 2012). Picea is
present with low values except peak with 6% occurrence. The pollen assemblage in the early
MIS 5c is suggested to represent a sub-arctic birch forest with alder and possible conifers
present, followed by a boreal forest and finally the return to more open vegetation towards the
glacial advance (MIS 5b) (Helmens et al. 2012; Helmens 2014). Overall, the macrofossil
indicator plant species suggest that the minimum mean July temperatures during the warm
phase were several degrees higher than at present (Helmens et al. 2012; Helmens 2014). Two
OSL ages from sands covering the gyttja have yielded ages of 9416 and 94+19 ka, which
support the interpretation of the Early Weichselian Brgrup interstadial (Helmens et al. 2012).
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5.2.3 Middle Weichselian (MIS 4 - 3)

Preliminary results from the pollen samples obtained from the Muhos Unit 5b fine sand and
fine-grained sediments show sparse pollen content, if any. Some of the pollen found were worn
and thin-walled, which may suggest redeposition. The fine sand and fine-grained sediments in
Unit 5b has been suggested to represent Middle Weichselian interstadial (MIS 3), and the till
deposit below (Unit 5a) and above (Unit 5¢) the sorted sediments are suggested to present
Middle Weichselian (MIS 4) and Late Weichselian glaciation, respectively (Fig. 2).

The sediments from Kaarreoja shows nearly continuous interstadial sequence (Paper II).
Organic sediments from Kaarreoja (Paper Il) and Petéjaselkd (Paper 1) are interpreted as
Middle Weichselian (MIS 3) age (Fig. 2). }*C dating was performed at both sites (bulk samples
from both sites and wood piece from Kaarreoja) and OSL samples from sand below the peat at
Kaarreoja and Petédjéselka as well as above the peat at Petdjaselkd. The dating results clearly
suggest the ice-free conditions during Middle Weichselian (MIS 3); however, the duration of

the ice-free phase cannot be estimated.

Apart from the Late Weichselian, the Middle Weichselian sediments have the most
comprehensive age control, as the latter part of the Middle Weichselian (MIS 3) nearly covers
the 14C dating age range/limit. Only few sites with dated biostratigraphical data from central
and northern Finland and Sweden have been obtained representing Middle Weichselian
interstadial substage (MIS 3). Although numerous organic inter-till layers have been found
over the central areas of the glaciated terrain, many of these inter-till organic layers/ sites lack
reliable dating results. So far, the most comprehensive biostratigraphical analyses with dating
results besides the Kaarreoja (and Petdjaselkd) have been described in Sokli (Helmens et al.
2000; 2007a), Ruunaa (Lunkka et al. 2008), Riipiharju (Lagerbdck & Robertsson 1988;
Héttestrand 2008; Hattestrand & Robertsson 2010; Wohlfarth 2010) and Pilgrimstad
(Robertsson 1991; Alexanderson et al. 2010). At several sites there are either dated
sedimentology, e.g., at Hitura (Salonen et al. 2008) (no. 12 in Fig. 1), Rautuvaara (Lunkka et
al. 2015; Howett et al. 2015) (no. 22 in Fig. 1) and Hannukainen (Salonen et al. 2014) (no. 23
in Fig. 1) or pollen stratigraphy, e.g. at Rissejauratj (Hattestrand 2007) (no. 24 in Fig. 1).
Makinen (2005) has dated several sediment sequences from southwestern Finnish Lapland
using OSL, TL and **C -methods. Korpela (1969) studied pollen and macrofossil contents from
several sites from southern Finnish Lapland and dated them by using conventional *C -
method. Majority of these pollen assemblages were dominated by birch and named as

Perépohjola interstadial and suggested to represent ice-free Middle Weichselian substage. The
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Perépohjola interstadial was later correlated to Early Weichselian interstadial substage, either
Odderade or Bragrup (e.g. Hirvas & Nenonen 1985 and references therein; Nenonen 1995;
Sutinen & Middleton 2021), but the recent interpretations suggest that at least some of the
Perapohjola interstadial sediments are Middle Weichselian age (e.g. Mékinen 2005; Sarala
2005; Johansson et al. 2011; Helmens 2014; Kleman et al. 2021).

Previous studies from Finnish Lapland and southern and eastern Finland have shown that one
or two ice-free phases occurred during the Middle Weichselian (MIS 3). At western Finnish
Lapland, Rautuvaara and Hannukainen, there is evidence of two glacial advances during the
Middle Weichselian, during MIS 4 and 3 (Salonen et al. 2014; Lunkka et al. 2015; Howett et
al. 2015). However, none of these sites have organic sediments or pollen preserved. At
Petdjaselkd, Kaarreoja and Sokli, peat and gyttja and laminated clay-silt sediment show
forested pollen assemblage. At these sites, the interstadial sediment layer is situated between
till beds suggesting that the areas were glaciated during the early Middle Weichselian (MIS 4)
and during the Late Weichselian (MIS 2). At Sokli, a 2 m thick lacustrine, laminated clay-silt
sediment sequence dated as early MIS 3 sediments, have been analysed by its micro- and
macrofossil content (Bos et al. 2009; Helmens et al. 2007b). Based on pollen results, tree
percentage varies between 30 and 50 % where Betula (30-50%) and Pinus (15-20%) are the
dominant trees. Picea and Alnus are present with low values (Bos et al. 2009). The
reconstruction for the early MIS 3 (Tulppio interstadial) at Sokli was suggested as low-arctic
shrub tundra with possibly Betula trees present, although the mean July temperature
reconstructions suggest present-day temperatures, i.e. ca. 13 °C (Bos et al. 2009; Helmens et
al. 2007b; Helmens 2014).

Thus far, the Riipiharju Il core composed of mostly minerogenic sediment sequence obtained
from a kettle hole represents the most complete Weichselian sediment sequence from northern
Sweden (Lagerbdck & Robertsson 1988; Hattestrand & Robertsson 2010) (no. 6 in Fig. 1). The
pollen assemblage in LPAZ 2 is dominated by Betula tree (up to 50%). Pinus is constantly
present with maximum of 5 % and single spores of Picea, suggested to present long-distance
transport, occur throughout sediment record (Hattestrand & Robertsson 2010). The vegetation
was interpreted as subarctic birch forest or subarctic shrub tundra, with mean July temperatures
around 10 °C (Hattestrand & Robertsson 2010) and it is suggested to represent the early part
of the Middle Weichselian interstadial (MIS 3) (Hattestrand 2008; Héattestrand & Robertsson
2010; Wohlfarth 2010; Alexanderson et al. 2011). Recent results from Veiki moraine plateau

29



support the MIS 3 age (Alexanderson et al. 2021a). Alternative correlation options are also
discussed in Hattestrand & Robertsson (2010).

At Pilgrimstad (no. 11 in Fig. 1), central Sweden, minerogenic gyttja beneath a till layer with
multi-proxy investigations suggests ice-free conditions between c. 80 — 36 ka ago, i.e. from the
late Early Weichselian to the Middle Weichselian substages (Wohlfarth et al. 2011). The pollen
assemblage is dominated by Betula tree up to nearly 60% (Robertsson 1991). Pinus (maximum
over 10%) and Picea are constantly present (Robertsson 1991). The pollen taxa suggest open
sub-arctic vegetation shifting to sparce birch forest, interrupted by a cooler phase, and
continued with an open treeless environment with possibly Betula trees and Picea (Wohlfarth

et al. 2011 and references therein).

The inter-till sorted sediments was studied by Lunkka et al. (2008) at Ruunaa in eastern Finland
(no. 10 in Fig. 1). The pollen assemblage from the laminated fine-grained sediments is
dominated by Betula tree (ca. 40-63%) with Pinus (2-12%) and Alnus. Picea is present with
low values. The authors interpreted the climate conditions were relatively cold, possibly
periglacial, as many of the pollen counted were clearly worn and probably reworked (Lunkka
et al. 2008). The three OSL ages obtained indicate that the laminated and sorted sediments
were deposited during the Middle Weichselian (MIS 3) and the till beneath was deposited prior
ca. 50 kyr, thus indicating glacial advance during the early Middle Weichselian (MIS 4), and

the topmost till represent the Late Weichselian ice advance (MIS 2).

Overall, pollen and macrofossils dated to Middle Weichselian sediment archives are dominated
by Betula except sediment sequence (peat sample) at Petdjaselkd. The original interpretation
at Petdjaselka was changed to more boreal, pine and birch —dominated environment based on
plant macrofossils analysis (Valiranta et al. 2012). Data from Kaarreoja and Sokli suggest that
the climate was warmer than it is at present at those sites. Moreover, recent macrofossil results
from Veiki moraine zone, northern Sweden, suggest that the ice-free phase during 55-35 ka
(MIS 3) was as warm as it is at present (Alexanderson et al. 2021b). The difference in pollen
assemblages between the above-mentioned sites suggested as Middle Weichselian (MIS 3) age
may be due the natural processes, but it may also be result of the different time window as
proposed in Paper Il. Different ice sheet reconstructions from Fennoscandia also suggest that
there might have been more than one ice-free phase during the Middle Weichselian (MIS 3)
substage (e.g. Olsen et al. 2013; Batchelor et al. 2019 and references therein), and the ice sheet

dynamics may have been more diverse than earlier thought. Moreover, there are indications

30



that ice-free conditions could have lasted in the northernmost Fennoscandia much longer (up
to 21-24 ka ago in the Veskoniemi area; Sarala et al. 2010 (no. 25 in Fig. 1) than the models

and reconstructions show.

Korsakova (2021) published the compilation of litho- and biostratigraphical data from the Kola
Peninsula and Northern Karelia which have been previously published in Russian. However,
the study does not provide detailed pollen assemblages but the overall vegetation interpretation.
Based on the compilation, it is suggested that parts of the Kola Peninsula were glaciated during
the early Middle Weichselian (MIS 4) and the vegetation during the late Middle Weichselian
(MIS 3) represent forest-tundra with Betula tree and/or B. nana (Korsakova 2021 and
references therein). Duration of the Middle Weichselian ice free substages was reviewed and
assessed by Kleman et al. (2021). They compiled OSL, TL, **C, and cosmogenic nuclide dating
results from previously published sites from southern central Norway, west central and central
Sweden, central and northernmost Finland, and concluded that the central Scandinavia was ice

free between 55 and ca. 35 ka.

It can be concluded that after the extensive glaciation during Middle Weichselian MIS 4, the
SIS advanced second time to northwestern Finnish Lapland, as evidenced from Rautuvaara and
Hannukainen (Lunkka et al. 2015; Salonen et al. 2014, respectively), but the second advance
did not extend to Petajaselké area (Fig. 3). Results from Veiki moraine zone, northern Sweden,
suggest that it represent the SIS margin during at least one re-advance or still-stand during MIS
3 deglaciation, dated with OSL to 55-35 ka (Alexanderson et al. 2021b).

6. CONCLUSIONS

Following conclusions can be drawn based on this thesis:

- Modified LST Fastfloat method is a safe and reliable pollen preparation method and the
results are comparable to the conventional HF method (Paper I).

- Sediment succession obtained from Muhos shows long and nearly continuous sediment
succession spanning from the Saalian glaciation (MIS 6) to the Holocene time (MIS 1)
(Paper V).

- Pollen evidence combined with litho- and chronostratigraphic evidence from Muhos core
suggest sedimentation during the late Eemian interglacial (MIS 5e) and the Early

Weichselian Brgrup interstadial (MIS 5c) phases (Paper V).
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Results from the Muhos core suggest that the SIS advanced more south during the Early
Weichselian Herning stadial (MIS 5d) than previously estimated (Paper 1V).

Results from Petédjaselka and Kaarreoja support and strengthen the previous suggestion of
ice-free phase during the MIS 3 (Papers Il and 111). However, the exact duration cannot be
determined.

The nearly continuous stadial-interstadial-stadial cycle from Kaarreoja suggest that the
northermost part of Finnish Lapland experienced only one ice-free phase during the MIS 3
(Paper 111).

The pollen and macrofossil evidence from Kaarreoja suggest warmer than present

temperatures, thus warmer climate than previously inferred (Paper I11).
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