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Introduction 

Motivation  

The Last Interglacial (LIG, Mikulino, Eemian) was climatically similar to the present Holocene 

period. It approximately correlates with marine isotope stage (MIS) 5e (LIGA Members, 1991; CAPE-

LIP Members, 2006), which lasted from 130 to 115 ka ago (Shackleton et al., 2002; Lisiecki and Raymo, 

2005), though its precise age bounds have been a subject of discussions (Govin et al., 2015). The LIG 

paleogeography has implications for the ongoing global natural processes, especially important in view 

of the current global warming. Already at present, the global mean annual ground surface temperature 

is 1℃ above that of the pre-industrial era, and the excess may reach 1.5 to 5 ℃ by the end of the 21st 

century, according to different scenarios (IPCC, 2022). In this respect, the global climate will be ever 

more similar to that of the LIG, when the mean annual temperature during the optimum was 1–2 ℃ 

higher than it is now (CAPE-LIP Members, 2006; Turney and Jones, 2010). 

The onset of the LIG was marked by extremely rapid eustatic sealevel rise, up to ~6 m above the 

present stand (Murray-Wallace and Woodroffe, 2014). The interglacial transgression deposits in the 

northwestern East European Plain belong to the Mga Formation (Malakhovsky et al., 1989), the thickest 

(≥30 m) within the Neva Lowland (Znamenskaya and Cheremisinova, 1962). The Mga Fm. in the Neva 

Lowland consists of clay and silt with marine mollusc fauna and the clay is of industrial value as raw 

material for production of bricks. The Mga marine deposits have easily recognizable Mikulino pollen 

spectra (Znamenskaya, 1959; Lavrova and Grichuk, 1960), which makes them a reliable stratigraphic 

marker for the Pleistocene division of Northwestern European Russia. Furthermore, the deposits of the 

Mga (Boreal, Eemian) transgression can be used as reference for inter-regional stratigraphic correlations.    

The present study is based on data collected from the Mga deposits cropping out in the quarry of 

the Etalon (formerly Sverdlov) brick factory located in the central Neva Lowland. This is the only section 

in Northwestern European Russia where the Mga Fm., together with the underlying and overlying 

sediments, is exposed in outcrops and thus can provide age and stratigraphic constraints for the formation 

itself, as well as  for the evolution stages of the Mga Sea and pre- and post-Mga continental paleobasins. 

The large thickness of the interglacial deposits allows tracing in detail the depth-dependent paleographic 

changes in the area. 

The level of development of the subject 

A significant contribution to the study of the problem of chronology and  deposition conditions 

of the Mga marine interglacial formation in the Neva Lowland was made by N. V. Potulova, M. A. 

Lavrova, O. M. Znamenskaya, E. A. Cheremisinova, M. P. Grichuk, D. B Malakhovsky, E. S. 

Pleshivtseva and A. N. Molodkov. 
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The Mga Fm. in the Neva Lowland and surrounding territories has undergone extensive research. 

Spore-pollen and diatom analyses successfully determined the Mikulino age of the Mga Fm. and 

identified the main phases of the Mga Sea evolution during the LIG. However, some paleogeographic 

methods, such as geochemical analysis, were not applied to deposits. The chronology of the Mga Fm. 

deposition has been studied insufficiently. Four ESR ages based on mollusc shells have been obtained 

but fail to constrain its chronostratigraphic volume. 

Chocolate varved clay of the Late Moscow age, formed in a glacial lake during two stadials 

separated by the Kasplya Interstadial, underlie the Mga deposits in the territory of the Neva Lowland. 

Brackish diatoms identified in interstadial sediments mark the first inflow of seawater into the Mga 

Basin. Although the presence  of varve deposits under the Mga Fm. has been recognized since long ago, 

varve chronological studies are yet to be conducted. 

The Mga deposits displays limited species and poor quantitative diversity of marine molluscs 

compared to the coeval deposits of the Boreal and Eemian transgressions. Anoxic conditions were 

widespread in the bottom waters of the Mga Sea, but  no data are currently available on the anoxia 

chronology in the Mga Basin. 

The lack of knowledge about the chronology and deposition conditions of the Mga marine 

interglacial formation in the Neva Lowland determined the main focus, goal, and objectives of the study. 

The studies were performed using clay, silt, and sand samples from the sequence between two 

major moraines in the Neva Lowland.  

The main focus of the research was on geochronology and stratigraphy of sediments, as well as 

on paleogeography of their deposition basins.  

Principal goal and objectives 

The main goal of the research consisted in constraining the chronological volume of the Mga 

Fm. in the territory of the Neva Lowland, reconstructing the deposition conditions and main evolution 

phases of the Mga Sea. 

The principal objectives accomplished in order to achieve the goal included:  

1. Inventory of the available published data and archived geological and technical reports on the 

conditions and time of the Mga Fm. deposition. 

2. Field work in the Etalon quarry for documenting local geology and sampling for further 

analytical work. 

3. Reconstructing the vegetation history in the Neva Lowland during the Mikulino Interglacial 

and Moscow Late Glacial on the basis of pollen analysis. 

4. Optically stimulated luminescence (OSL) dating of intermorainic sediments sampled from the 

quarry. 
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5. Diatom analysis for reconstructing main events in the evolution of the Mga Sea.  

6. Elucidating sedimentation patterns in the Neva basin of the Mga Sea from grain size data. 

7. Updating the history of the Neva basin of the Mga Sea and reconstructing the near-bottom 

deposition conditions on the basis of geochemical analytical data.  

8. Correlating the phases of the LIG vegetation history within the Baltic and Onego-Ladoga 

regions. 

Methodology and methods 

The dissertation research objectives were conducted using geological and paleogeographic 

methods. These included lithological (facial and grain size analyses), paleontological (pollen and diatom 

analyses), geochronometric (OSL dating and varve chronology), and geochemical (X-ray fluorescence 

and CN analyses) methods. 

Novelty  

In the course of the work, the following achievements were performed for the first time: 

− Several methods were used jointly to study the Mga marine interglacial deposits of the 

Mikulino regional stage, as well as sediments above and below the Mga Fm.: analyses of sedimentary 

facies, spore and pollen spectra, contents of chemical elements, particle sizes and diatom taxonomy, as 

well as OSL dating and varve chronology; 

− The relative salinity and oxygenation of water in the Mga Sea and the basin history were 

reconstructed using geochemical analyses of samples;  

− The age of the Mikulino Interglacial was constrained by means of Bayesian age-depth 

modeling based on the OSL ages of the Mga Fm. samples;  

− The boundary between the brackish and marine phases in the evolution of the Baltic and Mga 

Seas was proven to be isochronous during the LIG throughout the area and was used for reference to 

estimate the lag of vegetation evolution phases behind the respective phases in Central Europe, in 

northern and northeastern directions. 

Theoretical and practical significance 

The presented study shed more light on the duration and intensity of climate events in the 

northwestern East European Plain during the Moscow Late Glacial and Mikulino Interglacial. Good 

agreement between geochemical and diatom data indicates that element contents can be a reliable proxy 

of deposition conditions, along with such classical proxies as pollen spectra and diatom taxonomy. The 

integrated approach of using jointly the spore-pollen analysis, OSL dating, and Bayesian modeling has 

demonstrated high efficiency in estimating the age bounds of Late Pleistocene climate-stratigraphic 

units. The boundary between the brackish and marine phases in the evolution of the Baltic and Mga 
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Seas, inferred to be isochronous throughout the area, provides ties for precise correlation of Eemian 

(Mikulino) sections within the Baltic and Onego-Ladoga regions.  

Contribution of the author  

Maksim Ruchkin, the author, organized and conducted field campaigns of 2020 and 2021 at the 

quarry of the Etalon (Sverdlov) Brick Factory. The field work included clearing and photographing 

sediment exposures, detailed lithological description of the exposed sediments, sampling for 

palynological, diatom, geochemical, grain-size, and macrofossil analyses and OSL dating. OSL ages 

were obtained for thirty three samples of soft sediments; additionally, seventy seven samples were 

analyzed for geochemistry (XRF and CN methods) and particle-size distribution. M. Ruchkin studied 

varve chronology of the Upper Moscow sediments, interpreted all analytical results, designed the 

structure of the thesis, and formulated main postulates and conclusions. 

The reliability of the results is due to the extensive factual material obtained by the author on 

marine interglacial deposits of the Neva Lowland. The main scientific principles and conclusions are 

based on geochronological data (OSL dating), as well as data from pollen, diatom, geochemical, and 

grain size analyses obtained in accredited laboratories. 

Testing  

 The data and results of the study were reported and discussed at meetings of the Geomorphology 

Department of the St. Petersburg State University, as well as at domestic and international conferences, 

including "Geochronology of the Quaternary Period: Instrumental Dating Methods of Recent Deposits" 

dedicated to the 90th anniversary of L. D. Sulerzhitsky (All-Russian Conference with International 

Participation, Moscow, 2019); “The Markov Readings in 2020 Year”, on the 115th Anniversary of 

Academician K. K. Markov (All-Russian Conference with International Participation, Moscow, 2020); 

Trends in Evolution Geography (All-Russian Scientific Conference in Memory of Professor A. A. 

Velichko, Moscow, 2021); "Geochronology of the Quaternary Period: Instrumental Dating Methods of 

Recent Deposits " (2nd All-Russian Conference with International Participation), Moscow, 2022); 

Methods of Absolute Chronology (14th International Conference, Gliwice, 2023). 

Publications  

The results of the study were reported in 23 publications: 9 papers (3 papers from the list of the 

State Commission for Academic Degrees and Titles and 6 papers in Scopus rated peer reviewed journals 

and) and 14 publications in proceeding volumes of conferences. Two more papers have been submitted 

to Scopus rated peer reviewed journals. 

 Content and scope of work 

The thesis consists of Introduction, seven Chapters, Conclusion, and a list of references (398 

references, among which 264 in foreign languages and 16 archived geological and technical reports). 
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The main text is in 155 pages (original text in Russian) and contains 50 figures and 9 tables; the reference 

list is in 33 pages. 

Main scientific results 

As part of the dissertation work, the author’s methodological developments for dating 

Quaternary deposits of various genesis using the optically stimulated luminescence (OSL) were applied, 

including: 

− dating LIG marine sediments using quartz and K-feldspars aliquots; 

− dating poorly bleached glaciofluvial and glaciolacustrine deposits using aliquots and single 

grains of quartz and K-feldspar; 

− dating deposits of different origins using quartz aliquots with high (> 200 Gy) equivalent 

doses. 

These developments have been presented in a number of publications: 

1) Zaretskaya N.E., Taldenkova Е.Е., Ovsepyan Ya.S., Ruchkin M.V., Baranov D.V., Rudenko 

O.V., Stepanova A.Yu. First Data on the Paleogeographical Settings and Chronology of the Last 

Interglacial on the Zimnii Coast of the White Sea // Doklady Earth Sciences. 2023. Vol. 512. P. 1059–

1064 (pp. 1060-1061).  

2) Novikov I.S., Nazarov D.V., Mikharevich M.V., Gladysheva A.S., Ruchkin M.V., Prudnikov 

S.G. The Azas ice sheet and its role in the formation of Late Pleistocene ice-dammed lakes in southern 

Siberia: case study of Upper Kharal paleolake // Geology and Geophysics. 2023. Vol. 64, No. 5. P. 

595–606 (pp. 597–598). 

3) Zaretskaya N.E., Baranov D.V., Ruchkin M.V., Lugovoy N.N. The Southeastern White Sea 

Coast in the Late Pleistocene // Izvestiya RAN (Akad. Nauk SSSR). Seriya Geograficheskaya. 2022. 

Vol. 86, No. 6. P. 898–913 (in Russian, pp. 900–901).  

4) Nazarov D.V., Nikolskaia O.A., Gladysheva A.S., Zhigmanovskiy I.V., Ruchkin M.V., 

Merkuljev A.V., Thomsen K.J. Evidence for the intrusion of marine Atlantic waters into the West Siberian 

Arctic during the Middle Pleistocene // Boreas. 2022. Vol. 51, No. 2. P. 402–425 (pp. 406–412). 

5) Nazarov D.V., Nikolskaia O.A., Zhigmanovskiy I.V., Ruchkin M.V., Cherezova A.A. Lake 

Yamal, an ice-dammed megalake in the West Siberian Arctic during the Late Pleistocene, ∼60–35 ka // 

Quaternary Science Reviews. 2022. Vol. 289. 107614 (p. 5). 

6) Zaretskaya N.E., Korsakova O., Molodkov A.N., Ruchkin M.V., Baranov D.V., Rybalko A., 

Lugovoy N.N., Merkuljev A.V. Early Middle Weichselian in the White Sea and adjacent areas: 

Chronology, stratigraphy and palaeoenvironments // Quaternary International. 2022. Vol. 632. P. 65–78 

(pp. 68–69). 
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7) Shvarev S.V., Zaretskaya N.E., Ruchkin M.V., Lugovoy N.N., Zazovskaya E.P., Subetto D.A. 

Cross-OSL and 14C Dating of Young Subaerial Deposits in the Sambia (Kaliningrad) Peninsula // 

Doklady Earth Sciences. 2021. Vol. 499, No. 2. P. 639–642 (p. 641). 

8) Panin P.G., Filippova K.G., Bukhonov A.V., Karpukhina N.V., Kalinin P.I., Ruchkin M.V. 

High-resolution analysis of the Likhvin loess-paleosol sequence (the central part of the East European 

Plain, Russia) // Catena. 2021. Vol. 205. 105445 (p. 5). 

Main defended postulates 

1. The Mga marine interglacial deposition in the territory of the Neva Lowland lasted within a 

period corresponding to Mikulino pollen zones M2–M8, from 133±8 to 109±7 ka ago. The beginning of 

the Mikulino Stage in the Neva Lowland coincides roughly with the top of the Sverdlov varved clay. 

2. The evolution of the Mga Sea comprised four main phases of glaciomarine (pollen zones Ms3–

Ms1), brackish (M2–M3), marine (M4–M6), and regressive (M6–M8) environments. Seawater penetrated 

into the Late Moscow periglacial basin in the territory of the present Neva Lowland no later than ~1100 

years before the Mikulino Interglacial. Between ~1030 and ~350 years before the LIG, the Mga Sea 

became much less saline (or freshwater), but then the connection with the ocean resumed. 

3. The bottom water of the Mga Sea became anoxic in the beginning of pollen zone M5, and these 

conditions lasted till the end of zone M8. The lack of oxygen in the bottom water accounts for low 

numbers and poor diversity of molluscs in the Mga sediments. 
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Chapter 1. Local geology and geomorphology 

The Neva Lowland located in the drainage basin of the Neva River between the Neva Bay (Gulf 

of Finland, Baltic Sea) and Lake Ladoga is a part of the Fore-Klint Lowland (Fig. 1.1). It borders the 

Baltic Klint in the south and the Lembolovo-Toksovo hilly (kame) area and the Central Upland of the 

Karelian Isthmus in the north. The Neva Lowland is a terraced plain distinctly expressed in the surface 

topography, with elevations from 0 to 40 m above the sea level (asl) and outliers reaching locally 78 m 

asl. The lowland area belongs to the pre-Quaternary topographic low at the junction between the 

Fennoscandian shield and the sedimentary cover of the East European Craton. The lowland developed 

upon ~400 m thick Vendian-Cambrian sediments lying almost horizontally above a basement dipping 

 

Fig. 1.1. Digital elevation model of the Neva Lowland and its surroundings (SRTM 1 Arc-Second). A–
B and C–D are approximate locations of profiles corresponding to cross sections shown in Figs 1.2 and 
1.3, respectively. 
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southward (Selivanova, 1962; Verbitsky et al., 2012). The pre-Quaternary rocks are overlain by 

Quaternary sediments reaching a thickness of 110 m or more (Nasonova et al., 1995; Auslender and 

Pleshivtseva, 2011). 

The Quaternary sediments in the area of the Neva Lowland (Figs 1.2, 1.3) consist of three 

moraines, two inter-moraine beds, as well as Late Glacial and Holocene sediments over the upper 

moraine (Yakovlev, 1926; Auslender and Pleshivtseva, 2011). The upper (Ostashkov) and lower 

(Moscow) moraines extend almost throughout the area, except for a few eroded zones, whereas the lower 

moraine is of sporadic occurrence restricted to pre-glacial topographic lows and pre-Quaternary valleys 

(Auslender, 1998). The lower moraine is most often assigned to the Vologda (Dnieper) Stage of the 

regional stratigraphy, though there is no enough data for its reliable correlation (Auslender and 

Pleshivtseva, 2011). The sediments over the Vologda moraine are mainly coarse-grained fluvioglacial 

facies (Auslender and Pleshivtseva, 2011). The intermorainic Moscow-Valdai sequence is composed of 

the Upper Moscow glaciolacustrine and glaciomarine, Mga marine, as well as Lower and Middle Valdai 

lacustrine and alluvial facies. The Mga marine unit of the Mikulino Stage is an essential marker for the 

stratigraphic division of Pleistocene sediments. No intermorainic marine deposits of other ages have 

been found in the area of the Neva Lowland. The Pleistocene sequence is topped by late-glacial 

fluvioglacial sediments and glaciolacustrine deposits of the Baltic Ice Lake. They, in turn, lay under 

Holocene marine deposits of the Littorina and modern Baltic Seas in the Neva Delta and Neva Bay coast, 

respectively, deposits of the Ladoga transgression in the Neva headwaters, alluvium in river valleys and 

organic-bearing lacustrine-boggy facies. 

The Neva Lowland is an area of smooth topography sloping gently toward the Gulf of Finland 

and Lake Ladoga. It consists of several terraced steps composed of the Baltic Ice Lake, Littorina Sea, 

modern Baltic Sea, and Lake Ladoga deposits. In addition, the topographic pattern includes beaches, 

sand pits, and sand ridges that record the stages of water level fall in the local lakes and seas. The highest 

elevated zones of the area are remnant topographic highs composed of the Upper Valdai kame (Koltushi 

and Rumbolovo) and moraine (Scheglovo, Irinovka, Vaganovo, Sinyavino, Kelkolovo, Gory) deposits 

(Fig. 1.1). The elongate zone along the Baltic Klint bears signatures of thrust-like glacial deformation 

(Nasonova et al., 1995).  

The Neva River valley is a key topographic element of the Neva Lowland. It is 74 km long, 400 

to 1250 m wide, up to 24 m deep, with steep sides, 6–9 m of average height (Nezhikhovsky, 1981). 

Unlike the classical plainland river valleys, the Neva valley lacks terraces and meanders. Near the Neva 

mouth, it splays into numerous arms forming a broad delta produced by erosion rather than by deposition. 

The river arms are incised into marine and glaciolacustrine deposits forming an incision delta (Nasonova  
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Fig. 1.2. Cross section of Quaternary sediments, western Neva Lowland (A–B, Figure 1.1), modified after Auslender and Pleshivtseva (2011). 
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Fig. 1.3. Cross section of Quaternary sediments, eastern Neva Lowland (A–B, Figure 1.1), modified after Nasonova et al. (1995). 
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et al., 1995). The particular morphology of the Neva River valley shaped up about 3350 cal BP 

(Saarnisto, 2012) when waters broke through the watershed in the area of the modern Ivanovskie Rapids 

during the Ladoga transgression (Ailio, 1915, cited from Dudanova et al., 2020). Alternatively, the Neva 

may have existed already in the earliest Holocene (Verzilin et al., 1997; Dudanova et al., 2020). 
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Chapter 2. Last Interglacial deposits in the Neva Lowland: historic background 

2.1. Mga section and Mga Formation 

The studies of the LIG deposits in the Neva Lowland (Fig. 2.1) began in 1921, when black layered 

clay with marine mollusc fossils was discovered in the course of geological survey in an outcrop on the 

left bank of the Mga River, downstream of the Voitolovka mouth in the vicinity of Petrograd (St. 

Petersburg) (Fig. 2.2) (Potulova, 1921). The marine sediments were first interpreted as deposits of the 

Yoldia Sea, as no overlying moraine was found then (Potulova, 1921), but more detailed later studies 

showed that the Mga Formation (Fm.) was sandwiched between two moraines (Potulova, 1922). The 

Mga marine clay contained mollusc shell remnants of Tellina (Macoma) calcarea, Yoldia (Portlandia) 

arctica, Mytilus edulis (identified by N. Knipovich) and Littorina littorea (found by E. Abakumova) 

 

Fig. 2.1. Location map of the Mga interglacial deposits in the Neva Lowland and surrounding areas. 
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(Potulova, 1922; 1924). The Mga Fm. bearing marine fauna were timed as pre-glacial from the data of 

geological surveys in 1923 performed for 10 verst mapping of European Russia (Yanishevsky, 1924). 

However, Yakovlev (Jakowleff, 1923; Yakovlev, 1926) placed the Mga deposits between the Danish 

Glacial (15–11.5 ka ago) and an earlier glaciation of an uncertain age represented, respectively, by the 

middle and lower moraines of Leningrad and its vicinities. The position of the Mga Fm. between the 

middle and lower moraines was supported in another model (Potulova, 1924, 1932) attributing the 

marine clay to the Mindel-Riss interglacial and correlating the Mga Fm. with the deposits of the Boreal 

transgression in northern Russia, as well as with the interglacial marine sediments of Europe.  

The Mga Fm. was first unambiguously correlated with the Riss-Würm interglacial by 

Yanishevsky (1931) who also described brown varved clay under the marine sediments in a borehole 

drilled by P. Kumpan in 1925 on the right side of the Mga River, 300 m downstream of the railway 

bridge. That interpretation was favored by data from a large collection of fossils from the Mga clay 

(Skorokhod, 1932), which included Yoldia arctica aestuariorum (Portlandia aestuariorum), Yoldia 

 
Fig. 2.2. The Mga interglacial deposits containing mollusc shells in the stratotype section located on the 
left bank of the Mga River, near the “45 km” railway station, 30 m downstream of the footbridge 
(photograph by M. Ruchkin). 
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arctica siliqua (Portlandia siliqua), Cardium ciliatum (Ciliatocardium ciliatum ciliatum) and Cardium 

(Cerastoderma) edule molluscs besides the previously identified species, as well as bones of Cyprinidae 

fishes (identified by V. Shtylko), remnants of Cyperaceae leaves, and a branch of a Pinaceae tree 

(identified by A. Krishtofovich). The observed depth-dependent variations in the taxonomic composition 

of molluscs recorded changes from a freshened shallow gulf to a gradually shoaling sea (Skorokhod, 

1932). The mollusc collection of Skorokhod (1932) was supplemented by the discovery of Anomia 

(Heteranomia) squamula, as described by Lavrova (1939). The Riss-Würm timing of the Mga Fm. was 

largely supported at that time (Lavrova, 1939; Gerasimov and Markov, 1939; Goretsky, 1949). 

The first pollen spectra for the Mga clay (Pokrovskaya, 1936) revealed several phases in the 

vegetation history different from those in other known interglacial deposits of the Leningrad region. The 

pollen data and the presence of cold-water mollusc and diatom assemblages enabled Pokrovskaya to 

conclude that the marine sediments had an interstadial origin, a view supported by other researchers 

(Zemlyakov, 1936; Sukachev, 1936; Hyyppä, 1937).  

V. Zans (1936) and G. Brander (Brander, 1937a,b) posited that the interglacial transgression 

consisted of two phases: the Eemian and the “Portlandia”. In accordance with their views, the Eemian 

transgression took place during the earlierwarmer half of the interglacial period (pollen zones c–i, Jessen 

and Milthers, 1928), while the Portlandia transgression occurred during the later cooler half (pollen 

zones l–m, Jessen and Milthers, 1928). The Mga clay sequence is considered to have formed during the 

Portlandia transgression. Additionally, V. Zans hypothesized the presence of a connection between the 

Baltic and White Seas during the Portlandia interglacial transgression. The idea of a two-stage 

transgression was later disproved though, but the hypothesis of the Baltic-White Sea connection in the 

LIG was justified and developed in later studies (Cleve-Euler, 1940, cited from Cheremisinova, 1959; 

Lavrova, 1946; 1948; Goretsky, 1949).   

The studies of diatoms in the Mga section began in the 1930-1940s by Zans, Brander, and 

Anisimova (Zans, 1936; Brander, 1937a; Sheshukova, 1949). The more complete lists of Brander and 

Anisimova included 100 species; the diatoms identified by Anisimova were mainly diverse fresh- and 

brackish species, with fewer marine taxa (Sheshukova, 1949). 

A new model of glaciations and northern transgressions in the Russian Plain suggested in the 

1940s by Yakovlev (1947; 1956) comprised four glacial and four interglacial events in the Late 

Pleistocene. According to his ideas, the Mga deposits were formed during the “4th New Interglacial,” 

which existed approximately 20 thousand years ago. Similar ideas were put forward by Pokrovskaya 

(1954) and Apukhtin (Apukhtin et al., 1960, cited from Lavrova, 1962). The age of the Mga clay was 

further constrained by two radiocarbon dates for humus (36.5±1.0 ka BP) and mollusc shell (47.4±1.4 

ka BP) samples (Starik et al., 1964). The dates were considered as the upper bound for high probability 
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of contamination with modern carbon, but were used as reliable reference (Apukhtin and Ekman, 1967) 

to correlate the Mga Fm. with the Mologa-Sheksna Interglacial of Moskvitin (1947) or Yakovlev’s 

(1947) 3th Interglacial, corresponding to the 50–30 ka ago interval; the same timing for the Mga Fm. 

was suggested by Moskvitin (1965). 

In 1947, Znamenskaya (1959) conducted a comprehensive study of the Mga section. Her findings 

from borehole (BH) 3 on the right bank of the Mga River and outcrop No. 4 on the left bank, located 

below the railway bridge, were used to create a composite geological model. In BH 3, the marine 

interglacial deposits are underlain by varved clay and sand more than 9 m thick. The Mga Fm. consists 

of marine mollusc shells and fragments of Zostera marina grass. Its thickness measures ~10 metres, and 

it can be found at 0-10 m asl. 

Cheremisinova (1952; 1959; 1960) performed diatom analysis on samples taken from 

Znamenskaya’s section. The diatom flora of the Mga section is highly diverse comprising over 200 

species. Data on diatom assemblages along the section, allowed Cheremisinova to identify four 

evolutionphases of the Mga Sea.  

Phase I corresponds to the initial penetration of seawater into the glacial lake. It was identified 

in varved deposits and named the glaciomarine phase by Cheremisinova (1952). The diatom assemblage 

of the glaciomarine phase comprises freshwater, cold-water, and multiple marine species. The 

domination of benthic diatoms indicates that the basin was shallow, around 20 meters.  

Phase II is characterised by the condition of a freshened sea lagoon, with a depth of at least 30–

40 meters and predominance of species that thrive at a water temperature of 1–3℃ and a salinity of 4–

8‰. The phase was called the lagoon phase (Znamenskaya and Cheremisinova, 1962), or the lower 

lagoon phase (Malakhovsky et al., 1969a).  

Phase III encompasses strata where marine planktonic neritic and littoral diatoms are prevalent, 

whereas the brackish and euryhaline diatoms are absent. This assemblage indicates that the Mga Sea had 

a high salinity level (25–30‰) and a minimum depth of 50–75 m. This phase corresponds to the 

highstand of the Mga Sea (Cheremisinova, 1959) and is otherwise known as the marine phase 

(Malakhovsky et al., 1969a).  

During Phase IV, several species of planktonic marine diatoms vanished while the percentages 

of freshwater, brackish and euryhaline species increased. The change in diatom assemblages indicates 

the regression of the Mga Sea, which commenced during the interglacial climatic optimum (Lavrova, 

1948; Cheremisinova, 1952). This evolution stage of the Mga Basin is referred to as the onset of sea 

regression (Cheremisinova, 1959), or the upper lagoon phase (Cheremisinova, 1960).  

The determinations of foraminiferal shells within the core of BH 3 (Nedesheva, 1972) confirm 

the conclusions derived from diatom analysis. 



21 
 

 
 

Pollen analysis by E. Malyasova (Cheremisinova, 1952) showed that varved clay and sand, as 

well as the Mga sediments cored in BH 3, were deposited within interglacial pollen zones b–g (Jessen 

and Milthers, 1928). However, the Mikulino (Eemian) age of the Mga Fm. was mainly inferred from the 

pollen diagram of M. Grichuk (Znamenskaya, 1959). The vegetation history reconstructed from the Mga 

sediments suggests similarities with the LIG pollen zones identified in Denmark and North Germany 

(Jessen and Milthers, 1928). Furthermore, the pollen diagram of the Mga section was correlated with 

those for continental lacustrine-boggy deposits of the Dnieper-Valdai (Mikulino) Interglacial in the 

Russian Plain (Znamenskaya, 1959). 

Synthesis of data available by the end of 1950s for marine interglacial sediments in the northern 

Europe and USSR territories (Lavrova, 1961) showed that the deposits of the Boreal, Mga, and Eemian 

transgression events made up a single geological unit. Lavrova (1961) was the first to infer that the Mga 

basin became saline during the Moscow (Saalian) Late Glacial, while no Saalian Late Glacial marine 

sediments were known from Poland and North Germany. Lavrova (1962) posited that during the Late 

Glacial, seawater apparently entered the Baltic Basin via the tectonically formed Vänern and Vättern 

lakes in Central Sweden. During the LIG, the Baltic and North Sea basins became connected via the 

Danish Straits as a result of glacioisostatic uplift in Central Sweden and a global rise in sea level. 

The review of the Mga sections by Znamenskaya and Cheremisinova (1962) highlighted an 

abrupt change of diatom ecosystems in the beginning of the regression event, possibly, caused by greater 

isolation of the Mga Sea upon rapid uplift of the western Gulf of Finland (Prangli Island area). More 

data came from outcrop 976 in the right bank of the Mga River, 4.3 km west of the Mga railway station 

(Nedrigailova et al., 1965), sampled as part of 1:200 000 geological and hydrogeological surveys (sheet 

O-36-II). The spore-pollen spectra of the samples included pollen zones М6–М8 (after Grichuk, 1961) 

of the Mikulino Interglacial (identified by Р. Bichurina), while diatom data (E. Cheremisinova and M. 

Travina) showed a lagoonal deposition environment. 

A new collection of data was obtained from reference Quaternary sections drilled by the 

Leningrad Geological Survey in 1981–1982 before the XI INQUA Congress. Those data included 

geological and paleo-phytological evidence from the core samples of boreholes 6a and 6 (Pleshivtseva 

et al., 1984; 2011a) located on the floodplain terrace in the left bank of the Mga River near the 45 km 

railway station, 1.5 km downstream of the railway bridge (BH 6a) and 500 m farther to the north on the 

high terrace of the Mga River (BH 6). The two boreholes complemented each other and made up a 

composite section of the Quaternary strata. The Mga clay and clayey silt, with a smell of hydrogen 

sulfide, bearing valves of Portlandia arctica and plant remnants, were stripped at -3 to -11 m asl 

elevations. This interval comprises a complete sequence of regional pollen zones М1–М8 of the Mikulino 

Interglacial (palynologists G. Abakumenko and E. Pleshivtseva). The Mga Beds lying over ~13 m of 
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brown varved clay with pollen of zones Ms1–Ms3 corresponded to the Moscow Late Glacial 

(Malakhovsky et al., 1969a). Diatom analysis (S. Gorshkova) allowed an inference that the varved clay 

were deposited in a cold freshwater basin that shoaled in the beginning of zone М1. Interglacial 

deposition occurred in the Mga Sea in lagoonal, marine, and regression conditions. 

Different age estimates for the samples of Mga Fm. range from ~71 ka to ~157 ka: ~71 ka 

thermoluminescence (TL) age obtained in 1980 by Punning (Malakhovsky et al., 1989); 135.3±12.5 ka 

and 137.6±12.7 ka electron spin resonance (ESR) ages for Portlandia arctica shells (Molodkov and 

Krasnov, 1998); and 156.6±13.1 ka ESR age for marine mollusc shells from an outcrop on the Mga 

River, determined by A. Molodkov (Bolshiyanov et al., 2016). Shells of five marine and four freshwater 

mollusc species (Arctica islandica, Cerastoderma glaucum, Musculus niger, Modiolus modiolus, 

Macoma balthica and Margaritifera margaritifera, Pisidium amnicum, Corbicula fluminalis, 

Sphaericum solidum, respectively) were discovered in the Mga clay by A. Krylov (Bolshiyanov et al., 

2016). 

The data on the Mga Fm. synthesized by Malakhovsky et al. (1969a; 1989) included the results 

of particle size distribution and mineralogical studies by Е. Rukhina (Malakhovsky et al., 1989) for the 

Rybatskoye, Sinyavino, White Lake (Apukhtin and Sammet, 1967) and some other sections. The 

sediments showed a homogeneous composition, without prominent size peaks and a <1% average yield 

of the heavy fraction, mainly composed of metallic minerals (~86%). The heavy fraction of the lower 

strata included 74–76% of siderite; hornblende decreased upward, to the contents 5–9% lower on 

average. The light fraction mainly consisted of quartz, feldspar, hydromica phases and carbonates. 

The review of sections with the Mikulino marine deposits in the northwestern East European 

Plain (Ikonen and Ekman, 2001) included results of diatom and spore-pollen (palynologist Ya. 

Elovicheva) analyses of interglacial deposits in the Petrozavodsk area indicating that the Baltic and 

White Seas were connected during the interval of pollen zones M2–M3 (Pinus-Betula) till the beginning 

of zone M7 (Picea-Pinus).  

According to the review of hydrography and mollusc fauna of the Baltic Sea, Baltic-White Sea 

connection, and White Sea (Funder et al., 2002), only eight species of marine molluscs were identified 

in LIG marine deposits (without those found by A. Krylov): arctic Ciliatocardium ciliatum, Portlandia 

arctica and Portlandia aestuariorum, subarctic Heteranomia squamula and Mytilus edulis, boreal 

Cerastoderma glaucum and Littorina littorea and ubiquitous Macoma calcarea. The poor taxonomy of 

molluscs during that interval, unlike the rich Eemian and Boreal fauna of the area with ~200 species, as 

well as the localization of molluscs within banks, high contents of organic carbon in the sediments, and 

scarcity of benthic and attached diatom species, provide evidence of frequent anoxic episodes 

intermittent with oxic excursions in the bottom water of the Mga Sea. The mollusc shell identified 
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previously as Cardium (Cerastoderma) edule (Skorokhod, 1932) was re-identified as Cerastoderma 

glaucum (Funder et al., 2002). Furthermore, the Baltic-White Sea connection was inferred (Funder et 

al., 2002) to have existed from the beginning of zone М3 to the end of zone М4 (palynologist Ya. 

Elovicheva), or ~2.5 ka according to the chronology of the Bispingen section in Germany (Müller, 1974). 

The lifespan estimate for the Baltic-White Sea strait by Funder et al. (2002) differed from that by Ikonen 

and Ekman (2001) because the two studies were based on different data sources: molluscs and diatoms, 

respectively.  

Relatively recent studies of Pleshivtseva (2007; 2011b) provided an informative historic 

background for the Mga sediments and revealed several regional features of their spore-pollen spectra 

(Pleshivtseva, 2011a). Namely, the palynological data were reported to record 

(1) a well-defined, though low and long, Picea maximum in the lower part of the section, with 

Picea obovata, Picea abies and Abies in the northwestern Leningrad Oblast; 

(2) optimum of the Mikulino Interglacial corresponding to pollen zones М4-5 and М6, with 

Quereus, Ulmus, Corylus and Alnus culminating in zone М4-5, at low percentages of Tilia, a considerable 

contribution of Picea in zone М6 in the northwestern Leningrad Oblast, second maximum of Carpinus 

coinciding with zone М7 but resulting from redeposition of zone М6 pollen during regression; 

(3) Picea maximum in the upper part of the section, especially prominent in the eastern and 

northeastern Leningrad Oblast as a record of conifer taiga vegetation including Picea obovata, often 

overlapping with the Carpinus zone (М6-7) in the northwest; 

(4) halophytic pollen of sea coast in the beginning of the interglacial (zones М1–М3): Salsola 

kali, Salicornia herbaceae and Suaeda maritime; 

(5) hypo-arctic taxa, including within the optimum: Betula nana, Alnus fruticosus, Polygonum 

viviparum etc.; 

(6) Siberian species Pinus sibirica, Athyrium crenatum, Lonicera palassii, Cystopteris sudetica 

etc. 

2.2. Key Mga sections in the Neva Lowland 

2.2.1. Osinovets 

In the first half of the 1930s, thirty four boreholes (Fig. 2.1) were drilled from ice in Lake Ladoga 

along a line 3 km eastward from the Osinovets lighthouse (Krasnov and Reineke, 1936). Some boreholes 

stripped up to 3 m thick bituminous clay, with vivianite concretions, shells of sea molluscs, and marine 

diatoms, wherefrom some gas occurrences were inferred to originate. Up to 99% of diatoms from the 

Mga sediments from two boreholes were planktonic species indicating interglacial deposition in the 

neritic zone (Cheremisinova, 1952, 1957). The predominant species of diatoms and silicoflagellates were 

cold-loving.  
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2.2.2. Sablino 

Intermorainic marine clay with the top at 32 m asl were found (Ansberg and Znamenskaya, 1941) 

in the vicinities of Sablino (Ulyanovka) Village, south of the Baltic Klint (Fig. 2.1). The clay sequence 

was studied in boreholes 42 and 43 on the Tosna-Sablinka watershed between Maloye Gertovo and 

Kozlovka Villages, slightly upstream of the latter. The core samples contained Portlandia sp., Yoldia 

(Portlandia) arctica and Tellina (Macoma) calcarea molluscs (identified by M. Lavrova) and very 

poorly preserved diatoms of 27 species, mostly (93%) marine (Sheshukova, 1949), which recorded 

deposition in a shelf zone. The Mga Fm. stripped in the Sablino section was attributed to a glacial outlier, 

proceeding from the high hypsometric position (Malakhovsky et al., 1969a). 

2.2.3. Otradnoye  

One poorly known section of the Mga Fm. was sampled in 1956 as part of an engineering 

geological campaign at Otradnoye Village, on the left bank of the Neva River (Rzhonsnitskaya and 

Kurochkina, 1959), where BH 700 tapped 19 m thick marine sediments at -12 to 7 m asl. (Fig. 2.1). 

Spore-pollen analysis (by L. Korotkevich) showed that the Mga sediments were deposited during pollen 

zones d–i (Jessen and Milthers, 1928), while diatom analysis (by I. Kuptsova) revealed the lagoonal, 

marine, and regressive phases in the deposition history.  

2.2.4. Kelkolovo 

The Mga deposits were also stripped by BH 976 at the base of the Kelkolovo Heights (Fig. 2.1) 

as part of 1:50 000 comprehensive engineering-geological surveys in 1958 (Sokolova et al., 1959). The 

section included dark grey and black clay at -15 to -2 m asl, with vivianite concretions and shells of 

Portlandia arctica and Mytilus edulis (identified by M. Lavrova). The spore-pollen spectra recorded a 

succession of plant communities (identified by E. Malyasova): conifer (pine) forests → conifer-

deciduous forests → conifer forests. The diatom assemblage was dominated by marine and brackish 

marine species (identified by M. Chizhikova). 

More detailed evidence of the Mga sediments in the Kelkolovo site was obtained from a sand 

quarry for production of silica bricks (Krasnov et al., 1995). Bituminous clay with vivianite concretions 

and shells of Portlandia arctica occurred in the section as glacial layers and outliers (Fig. 2.3). The 

spore-pollen spectra of the Mikulino Interglacial (zones М6–М8) were studied in a cut of one such glacial 

layer (palynologist E. Pleshivtseva). According to diatom analysis (by V. Fyodorova), the Mga 

sediments were deposited in freshened water during a regression. Portlandia arctica shells from the 

section gave a 137.2±15.6 ka ESR age (Molodkov and Krasnov, 1998). 
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2.2.5. Morozov Settlement 

One more section of the Mga Fm. (Fig. 2.1) was stripped in BH 977 in Morozov Settlement 

during the comprehensive 1:50 000 engineering-geological surveys (Sokolova et al., 1959; Sokolova 

and Mokrienko, 1960). The core samples were composed of clay containing shells of Yoldia (Portlandia) 

arctica and Mytilus sp. molluscs (identified by S. Troitsky) and carbonized plant remnants at -24 to -16 

m asl. The Mga deposits were observed to overlie 3.5 m of chocolate-brown varved clay. The spore-

pollen spectra recorded three phases in the local vegetation history (identified by E. Malyasova), from 

bottom to top: (1) Picea maximum; (2) deciduous taxa (Quereus subphase); (3) mixed Pinus-Betula 

forests. 

2.2.6. Rybatskoye 

A classical section of the Mga Fm. (Fig. 2.1) was studied near Rybatskoye Village (Lavrova and 

Grichuk, 1960), where BH 47 penetrated all Quaternary strata till Cambrian clay. The ~33 m thick Mga 

deposits in the Rybatskoye section were stripped at -36 to -3 m asl (Lavrova and Grichuk, 1960; 

Malakhovsky et al., 1969a) over ~2 m thick varved clay. The Mga Fm. mainly consisted of clay with 

vivianite concretions and shells of Portlandia arctica, Tellina (Macoma) calcarea and Mytilus edulis 

molluscs, grass Zostera and algae. Diatom analysis (by E. Cheremisinova) revealed the lagoonal, marine, 

lagoonal, and littoral phases (bottom to top) of the sea history (Znamenskaya and Cheremisinova, 1962). 

Spore-pollen analysis of samples from BH 47 (by M. Grichuk) showed spectra typical of the Mikulino 

 
Fig. 2.3. The Mga marine interglacial deposits in the Kelkolovo quarry (photograph by M. Ruchkin). 
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Interglacial (Lavrova and Grichuk, 1960), zones М2–М8 (after Grichuk, 1961). Together with the pollen 

data from the Mga section, the spectra from the Rybatskoye section were critical for the final timing of 

the Mga Fm. The results from BH 47 generally agreed with the pollen and diatom data from BH 1 drilled 

in the right bank of the Neva River near Rybatskoye Village (Sokolova et al., 1959; Malyasova, 1960). 

2.2.7. Sinyavino 2 

The Mga Fm. composed of layered clayey silt with Portlandia sp., Mytilus edulis and Macoma 

sp. molluscs (identified by M. Lavrova) was also encountered at -32 to -30 m asl in BH 3361 in Sinyavino 

2 Village (Fig. 2.1) during the comprehensive 1:50 000 engineering-geological surveys of 1962–1963 

(Mokrienko et al., 1963). 

2.2.8. Lake Sinyavino 

Another BH 3365 as part of the comprehensive 1:50 000 engineering-geological surveys of 

1962–1963 (Mokrienko et al., 1963) was drilled 2 km east of Lake Sinyavino (Fig.. 2.1) and stripped the 

Mga bituminous clayey silt with shells of marine molluscs Portlandia arctica, Mytilus edulis, Astarte 

borealis and Macoma calcarea (identified by M. Lavrova) at 5–11 m asl. It was the first finding of 

Astarte borealis in the Mga sediments. 

2.2.9. Volodarsky Bridge 

BH 1470 (Fig. 2.1) stripped the Mga greenish-grey humus-bearing clayey silt with vivianite 

concretions and Mytilus edulis, Portlandia arctica, and Macoma calcarеа mollusc shells (identified by 

M. Lavrova) near Volodarsky Bridge in Leningrad (St. Petersburg), at -24 to -20 m asl (Usikova and 

Malyasova, 1965; Malakhovsky et al., 1969а). The diatom assemblage found in the sediments consisted 

of 78 species, including marine and brackish varieties. The Mga Fm. in the BH overlaid 2.5 m thick 

glaciolacustrine sediments with predominant periglacial pollen species, whereas the pollen spectra of 

marine deposits contained a phase of Pinus-Picea forests with some percentages of Betula and Alnus 

(identified by E. Malyasova). The sediments in the section were most likely deposited in the beginning 

of the Mikulino Interglacial (zone М1). 

2.2.10. Petrokrepost’ 

The Mga deposits were also sampled from BH 7 (Fig. 2.1) during the 1:200 000 geological and 

hydrogeological surveys (sheet O-36-II), east of Shlisselburg (Petrokrepost’), 3 km north of Sinyavino 

2 Village (Nedrigailova et al., 1965). The BH stripped silty clay with vivianite concretions, plant 

remnants and Portlandia arctica shells at -26 to -20 m asl. All pollen zones of the Mikulino Interglacial 

(M1–M8) were distinguished (by R. Bichurina) in that section (Pleshivtseva, 2011b). No diatoms were 

found though, possibly, because the frustules were dissolved during deposition, as hypothesized by E. 

Cheremisinova.  

2.2.11. Sinyavino 
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The Mga Fm. under 55 m of the Valdai sediments was described (Malakhovsky et al., 1969а) in 

BH 7 drilled on the Sinyavino Heights near the upper edge of an abrasion terrace near abandoned 

Sinyavino Village, south of a peat mining site (Fig. 2.1). According to spore-pollen analysis (by V. 

Grichuk), marine clay with plant remnants, vivianite concretions, shells Portlandia arctica, Mytilus 

edulis and Macoma calcarea molluscs (identified by M. Lavrova), and prints of Zostera marina grass in 

the interval from -29 to -11 m asl were deposited during the interval of pollen zones М2–М8 in the 

Mikulino Interglacial. The interglacial sediments lying over the Moscow Late Glacial deposits 

corresponded to pollen zones Ms1–Ms3 (top to bottom). In that model, zone Ms3 represents birch open 

woods with elements of periglacial plant communities. Zone Ms2 corresponds to the Kasplya Interstadial 

(Buslovich et al., 1969) and comprises three subzones (bottom to top) of birch-pine (a), spruce-pine (b), 

and pine-birch (c). Zone Ms1, with predominant birch and periglacial plants in the pollen spectra, records 

cold climate conditions. Diatoms in the core samples (identified by E. Cheremisinova) showed the lower 

lagoon (1), marine (2), and upper lagoon (3) phases in the Mga Sea history, with a glaciomarine subphase 

in the lagoon phase (1). Marine molluscs and diatoms appeared for the first time in the Kasplya 

Interstadial deposits. 

2.2.12. Yukki  

BH 27a in the Yukki Heights north of the Neva Lowland (Fig. 2.1) stripped the Mga marine 

clayey silt and silt, with shells of Portlandia arctica and Macoma calcarea molluscs (identified by M. 

Lavrova) and prints of Zostera grass at elevations of 1–14 m asl (Malakhovsky et al., 1969a; 

Vishnevskaya et al., 1973) lying over ~6 m of varved clayey silt. The spore-pollen spectra recorded 

deposition during pollen zones M3–M8 (palynologist E. Malyasova). Diatom analysis (E. Vishnevskaya) 

revealed the glaciomarine, maximum transgression and lagoon deposition phases.  

2.2.13. Sverdlov Factory 

In the early 1980s, several boreholes were drilled through all Pleistocene strata in the area for 

exploration of the Cambrian Siverskaya clay lying under the Quaternary at the Sverdlov Factory site 

(Fig. 2.1). Core samples from three boreholes (2, 8, 10) were studied for spore-pollen spectra and 

diatoms (Pleshivtseva et al., 1984; Pleshivtseva, 2023). The most complete section (BH 10) stripped a 

glacial unit of the Moscow age including a till and overlying Late Moscow varved clay, ~10 m thick, 

over the bedrock. Up the section, at -21 to -5 m asl, there followed the Mga marine clay of the Mikulino 

Interglacial, the Ostashkov till and the glaciolacustrine deposits of the Baltic Ice Lake on the top. The 

varved clay was deposited during the Moscow Late Glacial (pollen zones Ms1–Ms3), while the Mga Fm. 

displayed a complete record of all regional Mikulino pollen zones M1–M8 (palynologist E. Pleshivtseva). 

The diatom analysis (by S. Gorshkova) showed that inputs of saline seawater into the glacial lake began 

during the Kasplya Interstadial (Ms2). The taxonomic changes of diatom assemblages allowed 
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reconstructing the complete sequence of the glaciomarine, lagoonal, marine, and regressive phases of 

the Mga Sea evolution.  

Later the Mga sediments were stripped in a quarry at Sverdlov Settlement (Malakhovsky et al., 

2000) and, together with the underlying varved clay, were sampled in a quarry outcrop for spore-pollen 

spectra (Borisova and Novenko, 2014). The spectra of the Mga deposits encompassed pollen zones М1–

М4, while the Moscow Late Glacial deposits were correlated with the Zeifen-Kattegat climate oscillation 

of Western Europe (Borisova and Novenko, 2014). The mollusc fauna found in the quarry included eight 

marine species, identified by A. Krylov (Bolshiyanov et al., 2016): Arctica islandica, Cerastoderma 

glaucum, Clinocardium ciliatum (Ciliatocardium ciliatum ciliatum), Macoma balthica, Macoma 

calcarea, Mytilus edulis, Portlandia aestuariorum, Portlandia siliqua, as well as one freshwater species 

(Corbicula fluminalis). Shells sampled at -11 m asl gave an ESR age of 109.8±9.4 ka (dated by A. 

Molodkov).  

A record of the Blake geomagnetic excursion was found in the upper strata of the Mga Fm. 

exposed in the quarry (Dudanova et al., in press), with syngenetic greigite produced by metabolism of 

magnetoactive bacteria as a carrier of the characteristic remanent magnetization (ChRM) component in 

the marine interglacial deposits. The Blake excursion lasted for 3 to 6 ka: it began within pollen zones 

М6-7 and coincided with the transgression maximum followed by the onset of regression of the Mga Sea 

(Dudanova, 2023).  

2.2.14. Lake Tokhkolodskoye 

BH 124 in the southeastern side of Lake Tokhkolodskoye (Fig. 2.1) was drilled in 1981–1982 to 

prepare reference Quaternary sections before the XI INQUA Congress (Pleshivtseva et al., 1984). It 

stripped clayey silt and silt with marine molluscs at 3.5 to 19.5 m asl lying over 5 m of varved clay. The 

Mga interval comprised regional pollen zones М1–М8 of the Mikulino Interglacial (palynologist E. 

Pleshivtseva). The diatom analysis (by S. Gorshkova) revealed the marine and regressive phases of the 

Mga Sea. Diatoms found in sand beds over the Mga Fm. were of freshwater origin.  

2.2.15. Izhora Factory 

More than a thousand engineering-geological boreholes were drilled in different years in the 

territory of the Izhora Factory in Kolpino (Fig. 2.1). BH 619-bis stripped the Mga Fm. with mollusc 

shells at -24 to -7 m (Auslender et al., 2001) and with pollen spectra corresponding to zones М3–М6 

(palynologist E. Pleshivtseva). 

2.2.16. Pontonnaya 

BH 87-bis drilled south of the Pontonnaya railway station in the left bank of the Malaya Izhorka 

River (Fig. 2.1) stripped coarse to fine silty sand with marine shell detritus at depths 31.5–25 m asl 

(Auslender et al., 2001). The Mga Fm. contained 111 species of diatoms (identified by S. Gorshkova), 
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including 80 marine and 25 freshwater species. The sedimentary record displayed all main phases of the 

Mga Sea evolution. The spore-pollen spectra encompassed pollen zones М3–М8 (palynologist E. 

Pleshivtseva). 
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Chapter 3. Methods 

Lithological, paleontological, geochronological, and geochemical analytical methods were used 

to constrain the time span of the Mga deposition in the Neva Lowland and to reconstruct the history of 

the Mga Sea.  

3.1. Lithological methods 

3.1.1. Facies analysis 

The Quaternary stratigraphy was studied from the sedimentary architecture, structure, and texture 

features in the quarry of the Sverdlov (Etalon) Brick Factory. The exposed section was documented, 

photographed, and sampled in stepped cut walls to determine the orientation of the cuts, color and 

moisture contents of sediments, particle sizes, bedding patterns, inclusions, and secondary alteration 

signatures. Special focus was made on elevations of bed contacts and related possible deposition gaps. 

Structural measurements were applied to document the directions and lengths of faults and folds that 

disturb the primary sedimentary bedding.  

3.1.2. Grain size analysis 

Grain sizes were measured in 77 samples from intermorainic deposits at elevations from -21.9 to 

-1.5 m asl in the Sverdlov Factory quarry. The measurements were performed by the author under 

supervision of S. Opitz at the University of Cologne (Germany), using a Beckman Coulter LS 13320 

Laser Particle Analyzer (<2 mm; Brea, CA, USA). Prior to analysis, the samples were treated with H2O2 

(30%) to remove organic carbon and in 0.5N Na4P2O7 (55.7 g/l) in order to disperse aggregates. 

The parameters of the particle size distribution were calculated in GRADISTAT v9.1 (Blott and 

Pye, 2001). The particles were classified using a modified size classification of Udden (2014) and 

Wentworth (1922). The statistics (mean values, sorting, skewness, and kurtosis) were estimated 

following Folk and Ward (1957). 

3.2. Paleontological methods 

3.2.1. Pollen analysis  

3.2.1.1. Method 

Pollen analysis of samples from intermorainic deposits in the Sverdlov Factory quarry was 

carried out at A.P. Karpinsky Russian Geological Research Institute (VSEGEI, St. Petersburg, Russia), 

by analyst E. Nosevich. The samples were preconditioned following the enhanced technique of V. 

Grichuk (Grichuk and Zaklinskaya, 1948). Carbonate-free sediments, from 80 g to 150 g, were treated 

with sodium pyrophosphate, centrifuged in heavy liquid (2.28-2.30 g/cm3), examined under an Olympus 

CX31P microscope, and photographed using a Zeiss 105 Axiocam color camera. The interpretation was 

based on published pollen identification guides (Pokrovskaya, 1950; Kupriyanova and Alyoshina, 1972; 

1978; Moore et al., 1994). Spore-pollen diagrams were plotted in TILIA v3.7 (E. Grimm). 
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3.2.1.2. Trans-regional correlation of vegetation history 

The LIG vegetation history followed the same trends in East, Central, and West Europe: birch 

(Betula) and conifer forests in the beginning of the period, then mixed and deciduous forests with 

domination of oak (Quercus), elm (Ulmus), hazel (Corylus), alder (Alnus), and hornbeam (Carpinus) 

during the optimum, and finally taiga vegetation in the end of the LIG. The stages of taxonomically 

similar predominant species are distinguished as pollen zones. The first chart of LIG pollen zones was 

based on data from Jutland and northwestern Germany (Jessen and Milthers, 1928); later such charts 

were compiled for many other regions of Europe (Grichuk, 1961; Zagwijn, 1961; Selle, 1962; 

Devyatova, 1982; Menke and Tunni, 1984; Mamakova, 1988; Liivrand, 1991; Eriksson, 1993). 

The identified pollen zones are well pronounced in regional spore-pollen diagrams and can be 

correlated with zones from other regions (Table 3.1). However, the correlation may be disturbed by local 

features of vegetation patterns. For instance, the Picea zone was present in the East European Plain of 

the earliest interglacial time (Grichuk, 1961) but was absent in West Europe, i.e., the spruce vegetation 

had limited westward extent. Other examples are from West and Central Europe: a small peak of 

Juniperus in southern West Europe in the beginning of the interglacial (Woillard, 1978; Menke and 

Tunni, 1984) and high percentages of Taxus and Abies in the interglacial forest communities of West 

and Central Europe, as far eastward as the Polish Plain and the Eastern Carpathians (Grichuk, 1982; 

Menke and Tunni, 1984). 

Note that the correlation of pollen zones in Table 3.1 is approximate as the boundaries are 

asynchronous, especially in the first half of the interglacial period (Chepurnaya, 2009a,b), depending on 

climate gradient and distance to refugium. The vegetation phases in the East European Plain in the early-

middle interglacial lagged behind those of other European areas in the NE direction, while the difference 

in the life span of broad-leaved forests between southwestern and northeastern areas of the East 

European Plain could reach 2 to 4 ka (Chepurnaya, 2009a,b). 

3.2.2. Diatom analysis 

Diatom analysis of 77 samples from intermorainic deposits in the Sverdlov Factory quarry was 

carried out at VSEGEI, St. Petersburg (analyst Z. Pushina). The samples were preconditioned following 

the standard technique (Zhuze et al., 1974) and the permanent preparations were mounted in the 

Elyashev medium (n = 1.67–1.68) and analyzed under a biological microscope at a magnification of 

×1500. 
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Table 3.1. Correlation of Eemian (Mikulino) pollen zones across Europe (after Menke and Tunni, 1984; Liivrand, 1991; Zagwijn, 1996; Kristensen et 
al., 2000; Velichko et al., 2005; Head et al., 2005). 

Netherlands 
(Zagwijn, 1961) 

Denmark 
(Jessen and Milthers, 

1928; 
Andersen, 1975) 

Northwestern 
Germany 

(Selle, 1962) 

Western and 
Central Europe 

(Menke and Tunni, 
1984) 

Poland 
(Mamakova, 1988; 

1989) 

Estonia 
(Liivrand, 

1991) 

East European Plain 
(Grichuk, 1961; 

Velichko et al., 2005) 

E6b Pinus E7 (i) Pinus VI Pinus E7 Pinus E7 Pinus E8 Pinus M8 Pinus-Picea-Betula  
E6a Picea E6 (h) Picea-Pinus-

Alnus 
Vb Pinus-Picea- 
Abies 

E6 Pinus-Picea-
Abies 

E6 Picea- Abies-Alnus E7 Picea M7 Picea 

Va Pinus-Picea- 
Carpinus 

E5 Carpinus E5 (g) Picea-
Carpinus-Alnus 

IV Carpinus E5 Carpinus-Picea E5 Carpinus-Corylus-
Alnus 

E6 Carpinus M6 Carpinus 
  

E4b Taxus E4 (f) Quercus-
Corylus-Alnus 

IIIc Tilia-Ulmus-
Corylus 

E4b Corylus-
Taxus-Tilia 

E4 Corylus-Quercus- 
Tilia 

E5 Tilia M5 Tilia-Quercus-Ulmus 
(second half of Corylus 
maximum) 

E4a Corylus IIIb Corylus E4a Quercetum 
mixtum-Corylus 

E4 Quercus-
Ulmus 

M4 Quercus-Ulmus 
(first half of Corylus 
maximum) 

E3b Quercus-
Corylus 

IIIa Corylus- 
Quercetum mixtum 

E3a Quercus E3 (e) Quercus-
Fraxinus 

IIb Pinus- 
Quercetum 
mixtum 

E3 Pinus-
Quercetum 
mixtum 

E3 Quercus-Fraxinus-
Ulmus 

E3 Pinus-
Betula-
Quercus-
Ulmus  

E2b Pinus-
Quercus 

E2a Pinus-Ulmus E2 (d) Betula-Pinus-
Ulmus 

IIa Pinus-Betula E2 Pinus-Betula E2 Pinus-Betula-
Ulmus 

E2 Pinus- 
Betula  

M3 Pinus-Betula 
(Quercus-Ulmus-
Corylus) E1 Pinus-Betula 

E1 Betula-Pinus E1 (c) Betula I Betula E1 Betula E1 Betula-
Pinus  

M2 Betula 

      M1 Picea 
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3.3. Geochronometry  

3.3.1. Optically stimulated luminescence dating 

3.3.1.1. Physical background 

Optically stimulated luminescence (OSL) is a dating technique that uses minerals as natural 

dosimeters which can absorb radiation dose and thus show how long ago mineral grains were last 

exposed to sunlight or heating. Other techniques of dosimetric dating include electron spin resonance 

(ESR), thermoluminescence (TL), radiofluorescence (RF), and photoluminescence (PL) methods. The 

minerals that are measured in OSL dating are usually quartz or K-feldspar, though dating may be applied 

to other minerals as well: plagioclase (Krause et al., 1997; Barré and Lamothe, 2010; Sohbati et al., 

2013), zircon (Smith, 1988), calcite (Liritzis, 1994; Liritzis et al., 1997), etc. 

 The luminescence ability of quartz and K-feldspar is explained in terms of the band theory of 

solids implying the existence of discrete energy levels (bands) in the radiation spectra of electrons in 

solids. Electrons can have any energy within allowed bands separated by forbidden intervals, and each 

band can accommodate a finite number of electrons. The most important energy bands in solids are 

valence bands filled with electrons, conduction bands free from electrons, and forbidden bands 

corresponding to the energy gap between the two bands in semiconductors and dielectrics. The valence 

and conduction bands in conductors overlap and make up a single shared zone half-filled with electrons 

that can move freely within its limits. The forbidden band is narrow in semiconductors (<2 eV) and 

wider (> 2 eV) in dielectrics, i.e., higher-energy electrons can easily penetrate into the conduction band 

 
Fig. 3.1. Sketch of OSL mechanism in crystal phosphors (e.g., quartz and feldspar crystals), modified 
after Aitken (1985). 
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in the former case but cannot in dielectrics, unless having sufficient energy at higher temperatures 

(Ashkroft and Mermin, 1976). 

Quartz and feldspar are dielectrics, with ~11.7 eV (Lysakov, 2003) and ~7.7 eV (Jain and 

Ankjærgaard, 2011) widths of the forbidden band, respectively. The low-energy electrons can cross the 

forbidden band only if they gain energy from α-, β- and γ-radiation, which is accompanied by ionization, 

Compton recoil, and other exothermic effects. These effects produce pairs of negatively charged 

electrons and positively charged holes left by liberated electrons; the charges can move freely over the 

crystal lattice (Wagner, 1998). 

Natural radiation comes from 238U, 232Th, 235U and their progeny, as well as 40K, 87Rb and from 

cosmic rays. The radionuclides are present in different amounts in any rocks; 40K and 87Rb (Rb 

isomorphically substitutes for K) exist in the feldspar structure, and their decay energy is absorbed 

internally in the crystals. 

Natural minerals can have lattice defects formed either during or after the crystal growth 

(Ashkroft and Mermin, 1976), especially vacancies (vacant lattice nodes) and interstitial atoms (extra 

ions between nodes). The structure defects lack positive or negative charges and become traps for freely 

moving charges (Fig. 3.1): the holes are captured by negatively charged hole traps while the electrons 

that gain energy from radiation and can penetrate into the conduction band across the forbidden band 

fall into positively charged electron traps (Wagner, 1998) (Fig. 3.1). The trap depth varies proportionally 

to the energy of electrons required for being entrapped and is equivalent to the distance to the conduction 

(valence) band in the OSL model for crystal phosphors (Fig. 3.1). The deeper the trap the more stable 

the entrapped electron because escaping requires significant energy from heating or insolation. The 

electrons that escape from traps return to the conduction band, while some reach recombination centres 

where they recombine with holes and then move back to the valence band. Recombination (Fig. 3.1) is 

accompanied by heat and/or light emission (Aitken, 1985). Recombination centres where light is emitted 

are called luminescence centres. 

 The OSL signals of quartz and feldspar used for dating correspond to anti-Stokes luminescence 

(according to the law of Stokes (1852), the emission wavelengths are always longer that those of 

absorption). For quartz, blue, at ~465 nm (Bøtter-Jensen et al., 1999), or green, at ~520 nm (Huntley et 

al., 1985), excitation wave lengths are most often used while the luminescence intensity is the highest in 

the UV (~365 nm) region (Huntley et al., 1991). In the case of K-feldspar, it is infrared excitation at 

~850 nm (Hütt et al., 1988) and violet emission is measured at ~410 nm (Huntley et al., 1991). The 

emitted signals are recorded by a photomultiplier tube (PMT) equipped with optical light filters, at a 

narrow transmission band to prevent penetration of the exciting photons. The measured signals are fitted 



35 
 

 
 

to laboratory dose response curves, and projection of natural signals onto these curves yields the total 

absorbed radiation dose, or equivalent dose.  

The emitted signals are initially accumulated in mineral grains after crystallization from a 

magmatic melt (Fig. 3.2). Mineral grains released from eroded igneous rocks can be exposed to sunlight, 

which leads to signal bleaching. The mineral grains liberated by erosion can be redeposited, and the 

accumulation of luminescence resumes. Each grain can undergo several erosion-deposition cycles, but 

the accumulated signal is bleached upon each subsequent daylight exposure, i.e., the OSL method 

records the latest exposure events. The total absorbed radiation dose and the respective equivalent dose 

are used to estimate the age of the sample as 

𝐴 =
𝐷𝑒

𝐷𝑟
,                                                                                     (3.1) 

where A is the OSL age in ka; De is the equivalent dose in Gy; Dr is the dose rate, Gy/ka. 

3.3.1.2. OSL dating procedure  

3.3.1.2.1. Sampling, laboratory preparation, and instruments 

Sediments for OSL dating were sampled from intermorainic deposits at the Sverdlov Factory 

quarry by two methods. Some samples were placed in 30 cm long opaque plastic or steel tubes, 5 cm in 

diameter, while others were collected as 15×10 cm clayey-silty monoliths and packed in opaque black 

bags. The samples were unpacked under red LED light in the OSL Laboratory at VSEGEI (St. 

Petersburg, Russia). The 3–5 cm portions of sediments from tube ends and 1–2 cm outer layers of 

monoliths, which could be bleached while sampling, were used for measuring water contents and for 

 
Fig. 3.2. a – increase of potential OSL signal in a bedrock mineral exposed to radiation; b – bleaching 
of OSL signal as the mineral grain is transported from eroded bedrock under sunlight; c – repeated 
increase of OSL signal upon deposition; d – repeated erosion-induced bleaching; e – repeated increase 
of OSL signal during the last deposition episode; f – time elapsed after the last exposure to sunlight, 
calculated in samples from sediments as an equivalent dose/dose rate ratio (after Mellet, 2014).  
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gamma spectrometry, whereas the inner parts of the samples were used for luminescence analysis after 

sieving, chemical treatment, and heavy-liquid separation.  

The samples were sieved to grain-size fractions from 63 to 250 μm, treated by 10% HCl to 

remove carbonates and 10% H2O2 to dissolve any reactive organic material (e.g., Murray et al., 2021). 

Then the samples were etched with 10% HF for 15 min (Porat et al., 2015) to clean the grain surfaces 

and remove an α-irradiated outer layer from K-feldspar grains. Coarse K-feldspar grains were separated 

in HPS-W heavy liquid (heteropolyoxotungstates) with a density of 2.58 g/cm3 (Mejdahl, 1985). The 

quartz heavy (> 2.58 g/cm3) fraction was etched with 40% HF for 40–60 min without stirring to remove 

plagioclase and an α-irradiated outer layer (Fleming, 1969, cited from Duval et al., 2018). Finally, the 

separated K-feldspar and quartz coarse fractions were treated with 10% HCl to remove fluorides (e.g., 

Murray et al., 2021), dried at 50℃ and sieved again. The 4–11 μm fraction of polymineral grains was 

prepared from three samples, following the procedure of Frechen et al. (1996). 

 The luminescence measurements were performed in the Cologne Luminescence Laboratory 

(CLL) at the University of Cologne (Cologne, Germany) and in the Nordic Laboratory for Luminescence 

Dating (NLL) (then part of Aarhus University, now the Technical University of Denmark, DTU Risø 

Campus, Denmark). All analyses were carried out using Risø TL/OSL readers, with blue stimulation 

(λ=470 nm, 35–100 mW/cm2) and photon detection through a 7.5-mm Hoya U-340 glass filters for 

quartz (340±40 nm) and infrared stimulation (λ=870–875 nm, 135–180 mW/cm2) and photon detection 

through a Schott BG39/BG3 filter combination (2 and 3mm, respectively), with a transmission band of 

400±70 nm filters for K-rich feldspar (Bøtter-Jensen et al., 2000; 2003; 2010; Lapp et al., 2015). In the 

CLL, an AT405/30X filter with a 405±30 nm transmission band was used for K-rich feldspar instead. 

The signals were recorded using an ET EMD-9107 detector providing high performance in the 160–630 

nm range. All aliquots (1–2 mm K-rich feldspar and 2–8 mm quartz) mm were measured on stainless 

steel discs or in cups. Laboratory irradiation was with 90Sr/90Y beta sources calibrated for both discs and 

cups using 180–250 mm Risø calibration quartz (Autzen et al., 2022).  

The 100–200 g samples for gamma spectrometry were dried, packed in plastic double dishes (10 

× 1.5 cm), sealed with wax to prevent radon leakage and stored for at least 20 days to ensure radioactive 

equilibrium between 226Ra and its daughter isotopes. The measurements were conducted in the OSL 

Laboratory at VSEGEI on a high-resolution gamma spectrometer with a high-purity germanium (HPGe) 

radiation detector (Canberra BE3825).   

3.3.1.2.2. Dosimetry 

The specific activities of the natural radionuclides were measured on a gamma spectrometer for 

24 hours, assuming equivalence between 238U and 234Th activities. The 226Ra activity was computed as 

the weighted average of the 214Pb and 214Bi activities. The 232Th activities were calculated as the 
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weighted average of the 228Ac, 212Pb, 212Bi, and 208Tl activities considering the 212Bi branching 

coefficient. The presence or absence of 222Rn exhalation during the interment period was ascertained by 

utilizing the ratio of 210Pb and 226Ra activities. Dose rates were calculated on the basis of the Dose Rate 

and Age Calculator (DRAC) (Durcan et al., 2015) using the disintegration energies given by Liritzis et 

al. (2013) and Cresswell et al. (2018). The grain size dependent beta dose attenuation factors were taken 

from Cunningham et al. (2022), assuming an etch depth of 10 μm. The internal beta dose rates in K-rich 

feldspar were calculated based on K concentrations of 12.5±0.5% (Huntley and Baril, 1997) and Rb 

concentrations of 400±100 ppm (Huntley and Hancock, 2001). Internal alpha dose rates were 0.10±0.05 

Gy ka-1 in K-rich feldspar (Mejdahl, 1987) and 0.010±0.002 Gy ka-1 in quartz (Vandenberghe et al., 

2008). The attenuation factors depending on water content were in accordance with Zimmerman (1971) 

and Cunningham et al. (2022). To calculate the contribution of α-radiation to total dose rates for fine-

grain polymineral grains, we employed a-values of 0.08±0.02 (Rees-Jones, 1995) and 0.11±0.02 

 
Fig. 3.3. Comparison of clay, total organic carbon (TOC), and modern water (WC) contents in the 
Sverdlov glaciomarine/glacolacustrine, Mga marine, Mikulino/Lower Valdai lacustrine, and Leningrad 
alluvial/lacustrine deposits. 

 
 



38 
 

 
 

(Kreutzer et al., 2014) for the IR50 and pIRIR225 signals respectively. An uncertainty of 5% was applied 

to the assumed water contents. The contribution from cosmic rays to the dose rates was calculated 

according to Prescott and Hutton (1994). 

For the sandy Leningrad sediments, we assumed an average burial water content of 75% of 

saturation. The saturation water content was measured using the syringe method (Murray et al. 2021).  

For silty and clayey deposits, another approach was applied. Modern water content in the Sverdlov and 

Mga clayey-silty deposits positively correlates with TOC and clay content (Fig. 3.3). It means that water 

content reflects real hydrogeologic conditions, i.e. the outcrops studied were quite fresh and saved the 

original moisture. At the same time, the Sverdlov and Mga deposits probably lost some percentage of 

porosity and, correspondingly, water content during the Scandinavian Ice Sheet expansion in the Late 

Valdai because of the compaction process. To accommodate this effect, we added 10% to the modern 

water content values and used the new values for dose rate calculations. 

3.3.1.2.3. Quartz luminescence 

Quartz OSL measurements were conducted using the single-aliquot regenerative-dose (SAR) 

protocol (Murray and Wintle, 2000; 2003) (Table 3.1). Before measurement, we checked quartz purity 

in three aliquots per sample applying the OSL IR depletion ratio (Duller, 2003). If an OSL IR depletion 

ratio was inconsistent with unity (at two standard deviations, Jacobs et al., 2003), a sample was 

additionally etched with 40% HF. In cases when it was not possible to achieve a satisfactory OSL IR 

depletion ratio with etching, the post-IR OSL SAR protocol (Banerjee et al., 2001) (Table 3.1) was used 

to minimize the effects of any feldspar contamination. Fig. 3.4 demonstrates that despite the fact that 

some aliquots showed poor OSL IR depletion ratios there is no correlation of De with the OSL IR 

depletion ratio. 

 

Table 3.1. The single-aliquot regenerative-dose (SAR) protocol (Murray and Wintle, 2000; 2003) and 
the post-IR OSL SAR protocol (Banerjee et al., 2001) applied for quartz grains dating. 

SAR post-IR OSL SAR 

Step Procedure Step Procedure 
1 
2 
3 
4 
5 
6 
7 
8 

Give dose (natural or regenerated) 
Preheat (260℃, 10 s) 
OSL (125℃, 40 s) → Li  
Give test dose 
Cutheat (220℃, 10 s) 
OSL (125℃, 40 s) → Ti 
OSL (280℃, 40 s) 
Return to step 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Give dose (natural or regenerated) 
Preheat (260℃, 10 s) 
IRSL (125℃, 40 s) 
OSL (125℃, 40 s) → Li  
Give test dose 
Cutheat (220℃, 10 s) 
IRSL (125℃, 40 s) 
OSL (125℃, 40 s) → Ti 
OSL (280℃, 40 s) 
Return to step 1 
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Fig. 3.4. Dependence of the ratio of individual aliquot De to sample average De on the OSL IR depletion 
ratio and Kernel density estimation of the ratios.

Fig. 3.5. Preheat plateau test results for sample 2103-28. A plateau between 180℃ and 280℃ indicates 
thermal stability of OSL in this range of preheat temperatures.
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Preheat plateau tests (Huntley et al., 1985; Aitken, 1994) were performed to choose acceptable 

preheat and cutheat temperatures (Fig. 3.5). Twenty one aliquots from each of five samples from 

different sedimentary formations were divided into seven groups of three aliquots. De values were 

measured in each group applying different preheat temperatures from 180℃ to 300℃, at a step of 20℃. 

Cutheat temperatures were always 40℃ lower than preheat temperatures. As a result, a preheat 

temperature of 260℃ and a cutheat temperature of 220℃ were chosen for all quartz De measurements.  

Dose recovery tests (Folz and Mercier, 1999; Murray and Wintle, 2003) were undertaken for five 

samples. Given doses varied from 50 to 355 Gy. Before giving a dose, quartz was bleached twice at 

room temperature by blue LEDs for 40 s each time with a 10 000 s pause between stimulations (Murray 

and Wintle, 2003). The given doses were regenerated using the SAR protocol and dose recovery ratios 

were calculated. Fig. 3.6 demonstrates that dose recovery ratios are consistent with unity within 10% in 

a range 50–355 Gy, i.e. our SAR protocol successfully measures the doses given before any prior thermal 

treatment over this dose range. 

The preliminary analysis of OSL data was done using the Analyst software package v4.57 

(Duller, 2015). Quartz dose-response curves were fitted by a sum of two exponential functions or an 

exponential function with a linear component (Fig. 3.7). In Fig. 3.7 we compare OSL decay curves of 

 
Fig. 3.6. Results of dose recovery test for five quartz samples. Dose recovery ratios and numbers of 
aliquots measured are shown. 
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Sverdlov Factory quartz and Risø calibration quartz (Hansen et al., 2015), measured on the same reader 

with the same stimulation power, to show that the fast component (Bailey et al., 1997; Jain et al., 2003) 

dominates in our quartz. It is known that more than 99% of the Risø calibration quartz OSL signal is 

derived from the fast component (Hansen et al., 2015). Although the fast component dominates the OSL 

signals from Sverdlov Factory quartz, a contribution of the unwanted medium and slow components 

(Tsukamoto et al., 2003; Li and Li, 2006) is visible (Fig. 3.7). To maximize the fast component 

contribution to the quartz OSL, the initial signal was summed over the first 0.32 s and the background 

was summed over the subsequent 0.8 s (early background subtraction, EBG) (Ballarini et al., 2007; 

Cunningham and Wallinga, 2010). Moreover, six OSL decay curves of Risø calibration quartz were 

fitted by an exponentially decaying function (Bailey et al., 1997) to find the average detrapping 

probability. Then, twelve OSL decay curves of Sverdlov Factory quartz were fitted by a sum of three 

exponentially decaying components, and the detrapping probability found earlier was used as a constant 

for the fast component. This modelling showed that the fast component contributes an average of 89±3% 

(n=12) to the OSL signal within the above integration intervals.  Additionally, we found that the shape 

of natural OSL decay curve does not depend on the natural De value and that there is no significant 

 
Fig. 3.7. Comparison of averaged OSL decay curves of Sverdlov Factory quartz (n=12) and Risø 
calibration quartz (n=6) measured on the same reader with the same blue-LEDs stimulation power. OSL 
signals are normalized and background is subtracted. The inset shows a typical quartz dose-response 
curve for sample 2103-28. The white marker is a recycling point and the red marker is a purity check 
point. 



42 
 

 
 

difference in decay shape between individual natural and corresponding regenerated OSL signals (Fig. 

3.8). 

3.3.1.2.4. K-rich feldspar luminescence 

K-rich feldspar luminescence measurements were carried out using post-IR IR225SL SAR 

(pIRIR225) (Table 3.2) (Buylaert et al., 2009) and post-IR IR290SL SAR (pIRIR290) (Table 2) (Thiel et 

al., 2011) protocols. Dose recovery tests were performed using a Hönle SOL2 solar simulator for 

bleaching. Six aliquots from each of six samples were bleached for 24 or 48 hours and then residual 

doses were measured in three aliquots per sample. The remaining aliquots were irradiated with β-doses 

in the range 359–1076 Gy, and then the doses were measured using the pIRIR225 and pIRIR290 protocols. 

Residual doses (4–29 Gy) were subtracted from the measured doses, and dose recovery ratios were 

calculated. The results are summarized in Fig. 3.9, which shows that the dose recovery ratios for all 

signals (pIRIR225, IR50,225, pIRIR290, IR50,290) decrease as the given dose increases. The pIRIR225, IR50,225 

and pIRIR290 signals satisfactorily recover low given doses but not higher than 500 Gy. The IR50,290 

signal fails to provide a satisfactory dose recovery at any dose. 

 

 
Fig. 3.8. Comparison of normalized and background subtracted natural OSL decay curves from 
individual aliquots of different samples with De values in a range 14–450 Gy. The inset shows 
comparison of normalized and background subtracted natural and regenerated OSL decay curves from 
a typical aliquot of sample 2103-12. Regenerated signals are obtained after artificial irradiation of the 
aliquot by doses in a range 36–857 Gy. 
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K-rich feldspar dose-response curves were fitted by a sum of two exponential functions. An 

initial signal was summed over the first 0.8 s of OSL and a signal averaged over the last 10 s was 

subtracted as background. The measurements were conducted using test doses approximate to 40% of 

the De (Yi et al., 2016). We measured anomalous fading of the signals pIRIR225, IR50,225, pIRIR290, 

IR50,290 in several samples and calculated average g2days values (Table 3.3). The determinations were 

 
Fig. 3.9. Dose recovery test results for six K-rich feldspar (KF) coarse-grained samples bleached in a 
Hönle SOL2 solar simulator for 24h before measurements. The measured doses were computed using 
the signals pIRIR225, IR50,225, pIRIR290 and IR50,290, and the respective residual doses were subtracted. 
Each marker corresponds to the average of three aliquots. 

Table 3.2. The post-IR IR225SL SAR (Buylaert et al., 2009) and the post-IR IR290SL SAR (Thiel et 
al., 2011) protocols applied for K-rich feldspar and polymineral single-aliquot dating. 

post-IR IR225SL SAR post-IR IR290SL SAR 

Step Procedure Step Procedure 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Give dose (natural or regenerated) 
Preheat (250℃, 60 s) 
IRSL (50℃, 200 s)  → Ln 
IRSL (225℃, 200 s) → Li  
Give test dose 
Cutheat (250℃, 60 s) 
IRSL (50℃, 200 s)   → Tn 
IRSL (225℃, 200 s) → Ti 
IRSL (270℃, 40 s) 
Return to step 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Give dose (natural or regenerated) 
Preheat (320℃, 60 s) 
IRSL (50℃, 200 s)  → Ln 
IRSL (290℃, 200 s) → Li  
Give test dose 
Cutheat (250℃, 60 s) 
IRSL (50℃, 200 s)   → Tn 
IRSL (290℃, 200 s) → Ti 
IRSL (325℃, 40 s) 
Return to step 1 
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performed using three prompt measurements and three delayed measurements (⁓50 min, ⁓8 h and ⁓33 

h after irradiation). The g2days values were computed in Analyst v4.57. 

3.3.1.2.5. Luminescence of polymineral fine (4–11 μm) grains  

Equivalent doses in polymineral fine grains were measured using the pIRIR225 protocol (Table 

3.2). Dose recovery tests were carried out in the same manner as for K-rich feldspar coarse grains (Fig. 

3.10). The dose recovery ratios are stable but low in a range of given doses 448–1076 Gy; 0.841±0.008  

(n=9 aliquots) and 0.851±0.002 (n=9 aliquots) for pIRIR225 and pIRIR50,225 signals respectively. The 

Table 3.3. Anomalous fading rates (g2days) of the signals pIRIR225, IR50,225, pIRIR290, IR50,290 from K-
rich feldspar coarse-grained and polymineral fine-grained aliquots 

Mineral Grain size 
(μm) Protocol Signal g2days 

(%/decade) n 

K-rich feldspar Coarse 
(63–250) 

post-IR IR290SL SAR 
pIRIR290 0.55±0.33 3 
IR50,290 1.55±0.34 3 

post-IR IR225SL SAR 
pIRIR225 1.46±0.10 21 
IR50,225 3.04±0.15 22 

Polymineral Fine 
(4–11) post-IR IR225SL SAR 

pIRIR225 1.63±0.07 8 
IR50,225 2.85±0.05 8 

 
 
 

 
Fig. 3.10. Dose recovery test results for three polymineral fine-grained samples bleached in a Hönle 
SOL2 solar simulator for 24h before measurements. The measured doses were computed using the 
signals pIRIR225, IR50,225 and the respective residual doses were subtracted. Each marker corresponds to 
the average of three aliquots. 
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g2days values in polymineral samples for all signals were measured in the same manner as in K-rich 

feldspar samples (Table 3.3). 

3.3.1.2.6. Criteria for selection of aliquots 

Equivalent dose values in aliquots were selected in two steps. First (in Analyst v4.57), aliquots 

were rejected if the signal was absent, reached the saturation limit or did not increase with given dose. 

At the next step, the  rejection criteria (applied in Microsoft Excel) were: >20% relative error of test dose 

signal in the first cycle of the SAR protocol (Feathers, 2003); >5% recuperation (Murray and Olley, 

2002); >2σ deviation from unity in recycling ratio (Thomsen, 2004); >30% relative error in individual 

De (Feathers, 2003); >2σ deviation from unity in OSL reduction after infrared excitation (Jacobs et al., 

2003); <20 fast ratio  (Durcan and Duller, 2011); individual De outside the (Q1-1.5IQR; Q3+1.5IQR) 

range, where Q1 and Q3 are, respectively, the 1st and 3rd quartiles, and IQR is the interquartile range 

(Tukey, 1977). The latter criterion was applied to all samples, while the others were used only if they 

could provide >1σ change in average De or improve its accuracy. The fast ratio criterion was not applied 

to K-feldspar aliquots. 

3.3.2. Varve chronology  

Varves in varved clay were calculated in the field in cut quarry walls and then recalculated in 

laboratory from photographs. Each varve was assumed to consist of two layers deposited in summer and 

winter seasons: a light-color coarse-grained layer below and a dark-color fine-grained one above 

respectively. 

3.4. Geochemical methods 

3.4.1. X-ray fluorescence analysis 

Non-destructive X-ray fluorescence (XRF) spectrometry was used to determine element 

concentrations in 77 samples. The measurements were performed by the author at the Institute of 

Geography, University of Cologne (Germany), under supervision of S. Opitz. The samples selected for 

measurements were dried, homogenized, mixed with a wax binder (CEREOX Licowax at a ratio of 4 to 

1) and pressed into 32-mm pellets. All measurements were performed on an Energy-Dispersive 

Polarisation XRF (EDPXRF) SPECTRO XEPOS (SPECTRO Analytical Instruments Ltd.) analyzer in 

a helium gas atmosphere, simultaneously for 60 elements and Fe2O3. 

3.4.2. Measurement of carbon and nitrogen concentrations 

Total organic carbon (TOC) and total nitrogen (TN) were measured in 77 samples on a C/N 

element analyzer (Elementar vario EL Cube; Elementar UK Limited, Stockport, UK), by the author at 

the Institute of Geography, University of Cologne (Germany), under supervision of S. Opitz. The TOC 

was determined in samples treated with HCl while heating to 90℃ to eliminate inorganic carbon. 
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Chapter 4. Results and interpretation 

4.1. Stratigraphy 

The section stripped in the Scerdlov Factory quarry comprises seven lithostratigraphic units, 

described from bottom to top (Figs. 4.1, 4.2). 

Unit 1  

Description  

Alternated glaciolacustrine dark brown silty clay and light grey silt varves in the lower part of 

the quarry, ~6.2 m of visible thickness, were documented in cuts 7 and 9 (Figs. 4.1, 4.2, 4.3, 4.4). 

Sediments at the bottom of the unit enclose abundant bedrock and mudrock gravel, pebble and boulders 

up to 0.5 m in size (Figs. 4.4C, 4.5D), as well as disc-shaped carbonate concretions (so-called Imatra 

stones), 1-3 cm thick and up to 10 cm in diameter (Fig. 4.5C); the boulders may be dropstones judging 

by typical downwarping of the sedimentary layers (Fig. 4.5E). The varves are the thickest (10 cm) in the 

lower part of cut 6 (Fig. 4.5A) but become thinner up the section, to a few mm near the unit top (Fig. 

4.5B). Some varves are folded (Fig. 4.4B) and some silt layers bear current ripples, up to ~2 cm high 

and ~35 cm long (Fig. 4.4E). The top of the varved unit lies at -10.0 m asl in cut 9 and at -15.7 m asl in 

cut 7. The unit grades smoothly into unit 2 where sediments acquire bluish and blackish hues, while the 

varved bedding disappears (Figs. 4.4B, 4.5B). 

Interpretation  

The unit can be correlated to the Moscow Stage of the regional stratigraphy (Table 4.1). The 

varved bedding, along with ice rafted debris (dropstones) and Imatra stones (Tarr, 1935; Salmi, 1959; 

Astakhov et al., 2005), is evidence of deposition in a glacial basin. Diatom data (Pleshivtseva et al., 

1984) reveal two episodes of saline water influx to the lake. The gradual upward thinning of the varves 

indicates ice retreat. The Upper Moscow glaciomarine/glaciolacustrine deposits were identified by the 

author as the Sverdlov Fm. The Sverdlov Factory quarry is the only place where the formation is exposed 

and can be documented in detail. The Sverdlov deposits are prevalent in the Neva Lowland and 

surrounding areas. The deposits exhibit a distinctive appearance and comprise brown (chocolate) varved 

clay and silt (e.g., Yanishevsky, 1931; Sokolova et al., 1959; Lavrova and Grichuk, 1960; Malakhovsky 

et al., 1966; Nedrigailova et al., 1971; Pleshivtseva et al., 1984). These deposits are typically underlain 

by the Moscow till and overlain by the Mga interglacial deposits. 

Unit 2  

Description  

The unit, up to 16 m thick, is composed of laminated clayey silt (Fig. 4.6C, D) looking bluish 

black in fresh sections (Fig. 4.6). In cut 9 (Figs. 4.1, 4.3), the bluish hue also appears in varves, 30 cm 

below the lithological boundary revealed from the disappearance of varve bedding (Fig. 4.4C). Clayey 
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silt contains numerous bivalve shells at 2–3 levels (Fig. 4.6A, B), but rare visible shells were observed 

between the levels (Fig. 4.6C, D). Two levels with bivalves in cut 7 (Figs. 4.1, 4.3) lie in the depth 

intervals -10 m to -9 m asl and -6 m to -5 m asl. Most of the shells are deformed and crumbly (Fig. 4.6B). 

Only few specimens of Portlandia arctica could be identified (by A. Merkuliev, Zoological Institute, 

St. Petersburg) in the poorly preserved shells from cut 8 at -5 m asl. Other fossils found in the unit were 

right foreleg bones (Figs. 4.6E, 4.7) of an adult individual Cervus elaphus (identified by P.A. Kosintsev, 

Institute of Plant and Animal Ecology, IPAE, Ekaterinburg). Furthermore, clay silt encloses a wood 

fragment, about 30 cm long. The section of cut 9 bears signatures of sediment deformation and an 

unconformity at -7 to -6 m asl (Fig. 4.6A). Clayey silt is folded near the unit top in cut 4 (Figs. 4.1, 4.3). 

The upper >1.5 m of the unit stripped in cut 5 (Figs. 4.1, 4.8D) are composed of diamicton (gravel and 

pebble debris in massive black clayey silt). The top of the unit lies at -3 m to 0 m asl. 

Interpretation  

The appearance and stratigraphy of the unit, along with the found marine fossils, allow reliable 

correlation with the Mga Fm.. deposited during the Mikulino interglacial (Table 4.1). The Mikulino age 

of the unit is supported by palynological (see section 3.2.1) and OSL (see section 3.3.1) data. 

Unit 3  

Table 4.1. Correlation of sedimentary formations described in this paper with marine isotope stages 
(MIS) (Lisiecki and Raymo, 2005) officially approved in Russia: North-West Russian Stages 
(Resolutions…, 2002) and North-West European Stages (Mangerud, 1991). The Middle/Late 
Pleistocene and the Pleistocene/Holocene boundaries are  after Head et al. (2021). 

Subseries Age 
(ka) MIS Age  

(ka) 

Sedimentary 
formations in this 

work 

North-West Russian 
Stages (Zhamoida, 

2002) 

North-West European 
Stages (Mangerud, 

1991) 
Holocene  

11.7 
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Description  

The unit, ~0.5 m of true thickness, is exposed only in cut outcrop 4 (Figs. 4.1, 4.3, 4.5A) between 

-2.4 m and -0.7 m asl. It consists of grey parallel-bedded clayey silt folded concordantly with 

deformation in the upper part of unit 2. 

Interpretation  

Sedimentary structure, texture, absence of marine fossils (present in unit 2), as well as 

geochemical composition of deposits (see section 3.4), indicate that the unit was deposited in a 

freshwater lake. According to OSL ages (see section 3.2.1), the lacustrine deposition occurred during 

the latest Mikulino Interglacial or the earliest Early Valdai (Table 4.1). 

Unit 4  

Description  

The unit is exposed in cut outcrops 4 and 8 (Figs. 4.1, 4.3), with its top at -1.9 m to 0.4 m asl. It 

is composed of parallel-bedded light brown sand with plant detritus (Figs. 4.8A, B). The primary 

sedimentary structure is disturbed by folds and faults. The maximum visible thickness is 1.5 m.  

Interpretation  

Grain size and sedimentary structure and texture indicate lacustrine or alluvial origin of the 

sediments. According to stratigraphy and OSL dating (see section 3.2.1), the unit correlates with the 

Leningrad Stage of regional stratigraphy (Table 4.1). 

Unit 5 

Description  

The unit is exposed only in cut outcrop 5 (Figs. 4.1, 4.3, 4.8D) and consists of parallel-bedded 

light gray fine sand and dark gray silt, within 0.4 m thick, deformed by faulting. 

Interpretation  

The unit was deposited in a lake, judging by parallel bedding and grain sizes of the sediments. It 

was previously assigned to the Ostashkov Stage (Ruchkin e t al., 2021) and interpreted as an intra-glacial 

unit proceeding from the presence of diamicton of uncertain origin below the base. However, later OSL 

data (see section 3.2.1) rather support correlation with the Leningrad Stage. 

Unit 6  

Description  

The grey-brown clayey silt and sandy silt diamicton of the unit, 3 to 10 m thick, with pebbles 

and boulders up to 1.5 m, is widespread throughout the quarry (Figs. 4.1, 4.7A, C). The elevations vary 

from 1 to 5–6 m asl. The sediments are laminated in the lower part of the unit in cut 5 (Figs. 4.1, 4.3, 

4.6C) but are massive at higher levels.  

Interpretation  
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The rocks in cut 5 show a typical succession grading upward into subglacial till (Banham, 1977; 

Hart and Boulton, 1991; Bennett and Glasser, 2009): (1) undeformed Mga clayey silt; (2) folded marine 

and lacustrine/alluvial sediments; (3) diamicton with tectonic lamination; (4) homogeneous diamicton. 

Judging by the structure and texture of rocks, as well as the stratigraphy of diamicton, the unit represents 

the subglacial till of the Ostashkov Stage(Table 4.1). 

 

 

 
Fig. 4.1. Stratigraphy of the Sverdlov Factory quarry. 
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Fig. 4.2. Sverdlov (Etalon) Factory quarry: general view. A – Eastern and northeastern walls. B – Western and northwestern walls. Photographs by 
V. Dudanova. 
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Fig. 4.3. Location of cut outcrops in Sverdlov quarry (Fig. 4.1), based on a Google Earth image (Image 
© 2023 Airbus, shot on 08.05.2023). 
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Fig. 4.4. A – General view of the Sverdlov glaciomarine/glaciolacustrine varved sediments in cut 9 (Figs. 4.1, 4.3). B – The lower part of the Sverdlov 
formation in cut 9 (Fig. 4.1, 4.3). C – The boundary between the Sverdlov glaciomarine/glaciolacustrine and Mga marine interglacial formations. D 
– Ice rafted debris in the Sverdlov glaciomarine/glaciolacustrine varves. E – Current ripples in the Sverdlov deposits. 
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Fig. 4.5. A – The lower part of the Sverdlov formation in cut 7 (Figs. 4.1, 4.3). B – The upper part of the Sverdlov formation in cut 7 (Fig. 10, 14). C 
– Imatra stone in the Sverdlov varves. D – Giant dropstone in the Sverdlov formation. E – Buckling of varves under the giant dropstone. 
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Fig. 4.6. A – General view of the Mga marine clayey silt in cut 9 (Fig. 4.1, 4.3). B – Squashed Bivalvia shells in the Mga deposits. C, D – Thin lamination 
of the Mga clayey silt. E – A bone of the off fore leg of an adult specimen Cervus elaphus (defined by P. Kosintsev, IPAE, Ekaterinburg). 
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Fig. 4.7. Right foreleg bones of an adult Cervus elaphus individual (identified by P. Kosintsev, IPAE, Ekaterinburg). 
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Fig. 4.8. A – General view of the succession in cut 4 (Figs. 4.1, 4.3). B – The deformed Leningrad sand sandwiched between the Mikulino/Lower Valdai 
clayey silt and Ostashkov till. C – The Ostashkov subglacial till with sandy-silty matrix, tectonic lamination and boulders of crystalline rocks. D – A lens 
of the Leningrad sand and silt sandwiched between the Mga deposits and Ostashkov till in cut 5 (Figs. 4.1, 4.3). 
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Fig. 4.9. The base of the Baltic formation in cut 4 (Figs. 4.1, 4.3). B – Varves of the Baltic Ice Lake in cut 3 (Figs. 4.1, 4.3). C, D – Lenticular bedding in 
the Baltic formation in cuts 3 and 2 respectively (Figs. 4.1, 4.3). E – The top of the Baltic varves in cut 1 (Figs. 4.1, 4.3). 
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Unit 7

Description

The varved sand and gray silt of the unit are widespread throughout the quarry (Figs. 4.1, 4.9). 

Winter layers at the base are bluish (Fig. 4.9A). The unit includes a bed of bedrock and mudrock pebbles 

and gravel. The varved sediments, 6.5 m to 11 m thick, build a terrace at 12–13 m asl. Varves vary in 

thickness from ~10 cm at the base to 1–2 cm at the top of the section (Fig. 4.9B, E). The sediments show 

lenticular bedding in some parts of the quarry (Fig. 4.9C, D). At the top, there are vertical traces of iron 

staining along plant roots (Fig. 4.9E). 

Interpretation

According to the stratigraphy and sedimentary structure and texture, the unit was deposited in 

the Baltic Ice Lake (Table 4.1). This interpretation is consistent with results of OSL dating (see section 

3.2.1). Coarse material at the base likely results from ice rafting. The upward thinning of varves records 

gradual ice retreat.

4.2. Varve chronology

Annual varves were counted in cuts 7 and 9 (Figs. 4.1, 4.3). The visible part of the Sverdlov Fm. 

includes at least ~1100 varves in cut 7, where it is 6.2 m thick, and ~1050 varves in cut 9, over 4.0 m 

thick. This is the minimum varve count as some varves are too thin (~1 mm) to be visually 

distinguishable, and a special study is required for more exact estimates.

4.3. OSL chronology

4.3.1. Dosimetry

Fig. 4.10. Correlated 238U and 226Ra activities in different facies from the Sverdlov Factory quarry.
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Activities of 238U, 226Ra, 232Th and 40K radionuclides were measured in 33 samples by high-

resolution gamma spectrometry (Table 4.2). The clay-silt sediments of Sverdlov, Mga, and 

Mikulino/Lower Valdai Fms. are highly radioactive, with dose rates from 3.59 to 4.68 Gy/ka in quartz 

(Table 4.3). The dose rates are lower in the Baltic Ice Lake deposits (3.45–3.52 Gy/ka, quartz) and the 

lowest in the Leningrad sand (1.39–2.45 Gy/ka). 

The gamma spectrometry data were confirmed by XRF results for the Sverdlov, Mga, and 

Mikulino/Lower Valdai deposits (Fig. 4.11). The K depth profiles obtained by the two methods are 

almost identical. The curves for U and Th differ slightly, possibly because the gamma spectrometry and 

XRF measurements were applied to different groups of samples: rocks for OSL dating were sampled at 

every 1 m, and samples for XRF were collected separately at every 0.2 to 0.5 m. XRF gave slightly 

 
Fig. 4.11. Depth profiles of K, U, and Th concentrations measured by gamma spectrometry and XRF 
analysis in samples from the Sverdlov Factory quarry. 
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lower U and higher Th concentrations than gamma spectrometry, but the difference was commonly 

within 15% and the values balanced one another in the dose rate calculations. 

 

Table 4.2. Activity of natural radionuclides in samples from Sverdlov Factory quarry 

No Sample Depth 
(m) 

Water 
content 

(%) 

Specific activity (Bq/kg) 
238U 226Ra 232Th 40K 

1 Etalon 3 0.7 18±5 36±6 35.2±0.7 39.1±0.6 810±38 
2 Etalon 2 2.5 30±5 36±6 35.4±0.7 45.6±0.7 898±41 
3 2105-23 15 20±5 21±3 19.0±0.4 19.6±0.4 650±30 
4 2105-22 15 23±5 18±3 18.1±0.4 18.1±0.4 632±29 
5 2105-21 15 21±5 17±3 16.5±0.4 16.0±0.3 607±28 
6 2104-14 12.5 17±5 12±2 13.6±0.3 11.2±0.3 414±20 
7 2104-13 13 17±5 11±2 12.1±0.3 10.5±0.2 438±21 
8 2024-81 13.5 20±5 12±2 10.2±0.2 9.5±0.2 385±21 
9 2024-79 13.8 20±5 9±2 9.3±0.2 8.3±0.2 429±20 
10 2024-82 14 27±5 42±7 37.2±0.7 46.1±0.7 954±44 
11 2103-29 17.1 45±5 71±11 61.7±1.1 54.8±0.9 1080±50 
12 2103-19 17.7 45±5 72±12 60.3±1.0 55.3±0.8 1090±51 
13 2103-27 18.7 46±5 81±13 75.3±1.3 55.2±0.9 1120±52 
14 2103-28 19.6 46±5 85±14 66.6±1.1 53.3±0.8 1090±51 
15 2103-21 20 43±5 89±14 74.3±1.3 51.9±0.8 1056±49 
16 2103-25 21 38±5 63±10 56.2±1.0 53.7±0.8 1086±50 
17 2103-26 22.2 38±5 61±10 55.3±0.9 48.6±0.7 979±45 
18 2103-17 25.4 30±5 64±10 53.1±1.0 59.4±0.9 1238±57 
19 2103-12 26.1 31±5 56±9 55.9±1.0 56.5±0.8 1207±56 
20 2103-18 26.4 32±5 55±9 61.6±1.1 55.2±0.8 1210±56 
21 2102-9 27.5 29±5 69±11 60.8±1.0 53.8±0.8 1161±54 
22 2021-77 17.5 47±5 80±13 67.7±1.2 55.9±0.8 1115±51 
23 2021-76 19 35±5 72±12 58.5±1.1 61.5±0.9 1250±57 
24 2021-75 20.5 31±5 58±9 49.1±0.9 59.4±0.9 1263±58 
25 2102-20 28.6 26±5 50±8 56.0±1.0 53.8±0.8 1090±50 
26 2102-11 31.5 41±5 76±12 72.2±1.2 76.6±1.1 1110±51 
27 2102-8 31.7 39±5 74±12 76.6±1.3 79.5±1.1 1130±52 
28 2102-10 32.4 39±5 54±9 61.2±1.0 74.2±1.1 1101±51 
29 2102-6 33.2 36±5 54±9 51.4±0.9 56.9±0.8 1060±50 
30 2021-71 23 29±5 70±11 57.8±1.0 57.9±0.9 1147±52 
31 2021-70 24 29±5 80±13 61.5±1.1 65.6±1.0 1117±51 
32 2021-69 26 37±5 80±13 61.8±1.1 74.6±1.2 1100±52 
33 2103-24 22.8 36±5 57±9 53.2±0.9 55.8±0.8 1194±56 
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Table 4.3. Optically stimulated luminescence (OSL) summary for quartz (Q) K-rich feldspar (KF) and polymineral (PM) extracts. Depth is the current burial depth 
and n is the number of accepted (a) and rejected (r) aliquots. The K-rich feldspar and polymineral pIRIR225 and pIRIR290 ages are corrected for anomalous fading 
according to Huntley and Lamothe (2001). All uncertainties are given at 1σ (~ 68% confidence interval). 
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1 Etalon 3 RGI-813 
C-L5323 0.7 18±5 

90-180 3.52±0.14 Q post-IR OSL 20/7 59±5 16.9±1.6 – ? 

90-180 4.23±0.22 KF pIRIR225 3/0 328±25 78±7 – 4.62±0.56 
IR50,225 3/0 225±39 53±10 – 3.14±0.64 

2 Etalon 2 RGI-814 
C-L5324 2.5 30±5 

90-180 3.45±0.13 Q post-IR OSL 18/0 54±3 15.7±1.0 – ? 

90-180 4.17±0.22 KF pIRIR225 3/0 210±13 50±4 – 3.18±0.29 
IR50,225 3/0 129±11 31±3 – 1.97±0.21 

Le
ni
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e 3 2105-23 RGI-863 

C-L5327 15 17±5 
90-180 2.45±0.11 Q post-IR OSL 25/9 95±7 39±3 – ? 

90-180 3.16±0.21 KF pIRIR225 3/0 259±29 82±11 – 2.10±0.31 
IR50,225 3/0 176±14 56±6 – 1.44±0.18 

4 2105-22 RGI-863 
C-L5327 15 17±5 

90-180 2.35±0.10 Q post-IR OSL 27/0 91±5 39±3 – ✔ 

90-180 3.06±0.20 KF pIRIR225 3/0 194±22 63±8 – 1.62±0.23 
IR50,225 3/0 126±12 41±5 – 1.05±0.14 

5 2105-21 RGI-863 
C-L5327 15 20±5 

90-180 2.17±0.09 Q post-IR OSL 27/10 84±7 39±4 – ✔ 

90-180 2.88±0.20 KF pIRIR225 3/0 237±11 82±7 – 2.10±0.26 
IR50,225 3/0 163±35 57±13 – 1.46±0.36 

Le
ni

ng
ra

d 
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al
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cu
st

rin
e 6 2104-14 RGI-866 

C-L5325 12.5 23±5 
180-250 1.46±0.06 Q post-IR OSL 15/3 68±5 47±4 – ✔✔ 

180-250 2.49±0.16 KF pIRIR225 3/0 155±23 62±10 – 1.32±0.23 
IR50,225 3/0 87±11 35±5 – 0.74±0.12 

7 2104-13 RGI-866 
C-L5325 13 21±5 

90-180 1.55±0.07 Q post-IR OSL 16/2 64±6 41±4 – ✔✔ 

180-250 2.54±0.16 KF pIRIR225 3/0 132±8 52±4 – 1.27±0.14 
IR50,225 3/0 92±7 36±3 – 0.88±0.10 

8 2024-81 RGI-868  
Risø 202595 13.5 20±5 

90-180 1.39±0.06 Q OSL 16/1 74±4 53±4 – ✔✔ 

180-250 2.39±0.16 KF pIRIR290 3/0 164±12 69±7 – 1.30±0.15 
IR50,290 3/0 110±4 46±3 – 0.87±0.08 

9 2024-79 RGI-868  
Risø 202593 13.8 20±5 180-250 1.43±0.06 Q OSL 17/2 89±5 62±4 – – 
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10 2024-82 RGI-870 
Risø 202596 14 27±5 63-90 4.16±0.16 KF 

pIRIR290 6/0 469±19 113±6 119±7 – 

IR50,290 5/1 281±10 68±4 – – 

M
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in
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M
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 m
ar

in
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11 2103-29 RGI-871 
C-L5330 17.1 45±5 90-150 4.50±0.18 KF 

pIRIR225 6/1 504±41 112±10 129±12 – 
IR50,225 5/2 444±55 99±13 – – 

12 2103-19 RGI-873 
C-L5331 17.7 45±5 150-250 4.74±0.23 KF 

pIRIR225 5/0 537±30 113±8 130±9 – 
IR50,225 4/1 404±21 85±6 – – 

13 2103-27 RGI-874 
C-L5332 18.7 46±5 

90-250 3.99±0.15 Q post-IR OSL 12/0 381±30 95±8 – – 

90-180 4.75±0.22 KF 
pIRIR225 5/6 417±22 87±6 100±7 – 
IR50,225 8/3 306±21 65±5 – – 

14 2103-28 RGI-876 
C-L5333 19.6 46±5 

63-250 3.87±0.15 Q post-IR OSL 23/1 278±18 72±5 – – 

90-150 4.57±0.18 KF 
pIRIR225 4/2 468±23 102±6 117±7 – 

IR50,225 4/2 436±33 96±8 – – 

4-11 
5.68±0.28 

PM 
pIRIR225 6/0 535±19 94±6 110±7 – 

5.28±0.26 IR50,225 6/0 389±14 74±5 – – 

15 2103-21 RGI-877 
C-L5334 20 43±5 

90-250 3.93±0.14 Q post-IR OSL 13/2 295±23 75±6 – – 

150-250 4.87±0.24 KF 
pIRIR225 5/0 495±66 102±14 117±16 – 

IR50,225 3/2 287±10 59±4 – – 

16 2103-25 RGI-879 
C-L5335 21 38±5 

90-150 4.62±0.19 KF 
pIRIR225 5/1 444±28 96±7 110±8 – 

IR50,225 6/0 319±54 69±12 – – 

4-11 
5.64±0.26 

PM 
pIRIR225 6/0 556±20 99±6 115±7 – 

5.26±0.25 IR50,225 5/1 401±15 76±5   – 



 

 
 

63 

Su
bs

er
ie

s 

St
ag

e 

Fo
rm

at
io

n 
No Field code Lab. code Depth 

(m) 

Water 
content 

(%) 

Grain 
size (μm) 

Dose rate 
(Gy/ka) Mineral Signal n 

(a/r) 

Equivalent 
dose 

uncorrected 
(Gy) 

OSL age 
uncorrected 

(ka) 

OSL age 
corrected 

(ka) 

Quartz is 
reset? 
and 

KF/Q  

U
pp

er
 P

le
iso

ce
ne

 

M
ik

ul
in

o 

M
ga

 m
ar

in
e 

17 2103-26 RGI-880 
C-L5336 22.2 38±5 

90-250 3.59±0.14 Q post-IR OSL 16/1 242±25 67±7 – – 

63-90 4.16±0.15 KF 
pIRIR225 6/0 585±27 141±8 162±9 – 

IR50,225 6/0 408±15 98±5 – – 

18 2103-17 RGI-882 
C-L5338 25.4 30±5 63-250 4.61±0.19 Q post-IR OSL 13/2 276±33 60±7 – – 

19 2103-12  RGI-883 
C-L5339 26.1 31±5 

90-250 4.43±0.18 Q post-IR OSL 12/0 486±52 110±12 – – 

90-180 5.19±0.24 KF 
pIRIR225 6/0 798±78 154±17 177±20 – 

IR50,225 6/0 500±32 96±8 – – 

20 2103-18 RGI-884 
C-L5340 26.4 32±5 

90-250 4.43±0.18 Q post-IR OSL 3/0 348±70 78±16 – – 

90-250 5.29±0.35 KF 
pIRIR225 9/2 645±42 122±11 140±13 – 

IR50,225 10/1 540±55 102±12 – – 

21 2102-9 RGI-888 
C-L5341 27.5 29±5 90-180 5.21±0.24 KF 

pIRIR225 5/1 568±37 109±9 125±10 – 

IR50,225 6/0 635±129 122±25 – – 

22 2021-77 RGI-872 
Risø 202592 17.5 47±5 90-180 4.65±0.22 KF 

pIRIR290 5/1 510±18 110±6 116±7 – 

IR50,290 6/0 326±12 70±4 – – 

23 2021-76 RGI-875 
Risø 202591 19 35±5 90-180 5.31±0.24 KF 

pIRIR290 6/0 524±25 99±6 104±7 – 

IR50,290 6/0 354±12 67±4 – – 

24 2021-75 RGI-878 
Risø 202590 20.5 31±5 90-180 5.31±0.25 KF 

pIRIR290 4/2 727±22 137±8 144±10 – 

IR50,290 4/2 438±14 83±5 – – 



 

 
 

64 

Su
bs

er
ie

s 

St
ag

e 

Fo
rm

at
io

n 
No Field code Lab. code Depth 

(m) 

Water 
content 

(%) 

Grain 
size (μm) 

Dose rate 
(Gy/ka) Mineral Signal n 

(a/r) 

Equivalent 
dose 

uncorrected 
(Gy) 

OSL age 
uncorrected 

(ka) 

OSL age 
corrected 

(ka) 

Quartz is 
reset? 
and 

KF/Q  

M
id

dl
e 

Pl
ei

st
oc

en
e 

M
os

co
w

 

Sv
er

dl
ov

 g
la

ci
om

ar
in

e/
gl

ac
io

la
cu

st
rin

e 

25 2102-20 RGI-889 
C-L5342 28.6 26±5 90-180 5.03±0.24 KF 

pIRIR225 6/0 838±80 167±18 192±21 – 

IR50,225 6/0 674±70 134±15 – – 

26 2102-11 RGI-890 
C-L5344  31.5 39±5 

90-250 5.23±0.34 KF 
pIRIR225 5/1 1234±87 236±23 272±27 – 

IR50,225 5/1 893±44 170±14 – – 

4-11 
6.56±0.32 

PM 
pIRIR225 6/0 1196±44 182±11 213±13 – 

6.07±0.30 IR50,225 5/1 735±27 121±7 – – 

27 2102-8 RGI-891 
C-L5343 31.7 41±5 90-150 5.14±0.19 KF 

pIRIR225 7/0 1178±119 229±25 264±29 – 

IR50,225 7/0 914±92 178±19 – – 

28 2102-10  RGI-892 
C-L5345 32.4 39±5 63-250 4.14±0.16 Q post-IR OSL 3/0 264±24 64±6 – – 

29 2102-6 RGI-893 
C-L5346 33.2 36±5 150-250 4.79±0.24 KF 

pIRIR225 6/0 1104±119 230±27 265±32 – 

IR50,225 5/1 834±43 174±13 – – 

30 2021-71 RGI-885 
Risø 202589 23 29±5 

63-90 4.59±0.16 Q OSL 8/4 443±23 95±6 – – 

63-180 5.18±0.28 KF 
pIRIR290 3/0 923±101 178±22 187±24 – 

IR50,290 3/0 403±19 78±6 – – 

31 2021-70 RGI-886 
Risø 202588 24 29±5 

63-90 4.68±0.17 Q OSL 7/0 386±41 82±9 – – 

63-180 5.28±0.28 KF 
pIRIR290 6/0 832±51 158±13 166±15 – 

IR50,290 6/0 375±17 71±5 – – 

32 2021-69 RGI-887 
Risø 202587 26 37±5 

90-180 4.39±0.15 Q OSL 4/13 578±110 132±26 – – 

90-180 5.10±0.23 KF 
pIRIR290 3/0 1286±63 252±17 265±20 – 

IR50,290 3/0 699±24 137±8 – – 
Probability of quartz reset prior to burial: 

? – unknown ✔ – probably poorly reset ✔✔ – probably well reset 
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Errors in dose rates may result from the lack of equilibrium in the 238U decay chain (Krbetschek 

et al., 1994; Olley et al., 1996). The equilibrium in the 238U series was checked by the 226Ra /238U ratios 

(Fig. 4.10), which varied from 0.77 to 1.13 but approached unity within two standard deviations. 

Equilibrium was observed in the Leningrad (1.00±0.05, n=7) and Baltic (0.98±0.03, n=2) samples, while 
238U excess appeared in the Sverdlov varves (0.94±0.06, n=8) and the Mga sediments showed the highest 

disequilibrium (0.89±0.04, n=15). 

4.3.2. Quartz OSL age of the Sverdlov and Mga deposits 

Results  

The ages of the Sverdlov and Mga deposits were constrained by ten OSL dates on quartz, all 

calculated with De above 200 Gy. Most of the ages turned out to be younger than expected: from 132 to 

60 ka (Table 4.3), except for two dates of 132±26 ka for sample 2021-69 from the Sverdlov Fm. and 

110±12 ka for sample 2103-12 from the Mga Fm. 

Interpretation  

The quartz age is often underestimated at a high equivalent dose (De) above 200 Gy, (e.g., 

Buylaert et al., 2007; Murray et al., 2007; Moska et al., 2012) due to signal saturation. This effect is 

especially prominent in “infinity old” sediments with paleodoses above 2000 Gy. The OSL signal in 

such sediments should achieve saturation, but some published dates (Buylaert et al., 2007; Timar-Gabor 

et al., 2012; Zander and Hilgers, 2013; Anechitei-Deacu et al., 2018; Lowick and Valla, 2018) were 

much younger than expected. On the other hand, OSL dates for the coarse fraction (63–180 μm) of quartz 

were reported in many cases to agree with independent estimates at De from 200 to 600 Gy (Murray et 

al., 2002, 2008; Watanuki et al., 2005; Astakhov and Nazarov, 2010; Pawley et al., 2010; Nazarov, 2011; 

Constantin et al., 2014; Schielein et al., 2015; Panin et al., 2021; Nazarov et al., 2022)  

To identify potential age underestimation in quartz dating, Chapot et al. (2012) suggested the 

concept of a natural DRC that illustrates the relationship between sensitivity corrected OSL and expected 

natural De. They found out that in contrast to the laboratory-generated DRCs which are often best fitted 

by a sum of two exponential functions, the natural DRC can be well described by a single exponential 

function with lower saturation. Based on this observation, they concluded that the upper limit for quartz 

OSL measurements at Luochuan section (Chinese Loess Plateau) is ⁓150 Gy and higher De obtained are 

likely underestimations.  

Natural DRCs were plotted for samples from the Sverdlov Factory quarry in order to check the 

saturation of the OSL signal. The age of the Baltic Ice Lake deposits was estimated to be ~13 ka (Gromig 

et al., 2019), while the expected age of the Mga deposits was based on the chronology of the Eemian 

pollen zones (Müller, 1974; Lambeck et al., 2006). The quartz ages of the Leningrad sediments were 

expected to be reliable proceeding from their agreement with published radiocarbon dates for the 
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Leningrad deposits in the Leningrad Oblast (Malakhovsky et al., 1969b; Arslanov et al., 1981; Krasnov 

et al., 1995). The natural DRC for samples from the Sverdlov Factory quarry was approximated by a 

single saturating exponential function (R2 = 0.85), as well as by a double saturating exponential function 

(R2 = 0.86) (Fig. 4.12). Both curves saturate at sensitivity corrected OSL ~3.3, while the laboratory curve 

is growing further. Therefore,  the quartz OSL signals from the Sverdlov and Mga samples  are 

apparently in saturation and the respective OSL ages may underestimate the true geological ages of the 

sediments. 

4.3.3. Quartz OSL age of the Leningrad and Baltic deposits 

Results  

The Leningrad deposits from the Sverdlov Factory quarry comprise two visibly different units: 

light brown sand with layers of plant detritus (Figs. 4.1, 4.8A, B) and grey interbedded fine sand and silt 

without organic matter (Figs. 4.1, 4.8D). The light brown unit was characterized by four quartz OSL of 

of 62±4, 53±4, 47±4 and 41±4 ka (Table 4.3). Two first ages may be overestimated because of 

underestimated dose rates, as the samples were collected from a ~0.3 m sand bed sandwiched between 

two more radioactive beds. The grey unit was dated from three OSL quartz ages of 39±4, 39±3 and 39±3 

ka (Table 4.3). The deposits of Baltic Ice Lake received two OSL quartz ages: 16.9±1.6 and 15.7±1.0 ka 

BP (Table 4.3). 

Interpretation  

 
Fig. 4.12. A natural DRC for measured quartz samples fitted with both a single saturating exponential 
(SSE) function and a double saturating exponential (DSE) function as well as examples of laboratory-
constructed DRCs. 
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Bleaching of quartz grains was estimated using the method of Murray et al. (2012) based on 

bleaching rate difference between OSL signal in quartz and IRSL signal in K-feldspar, as quartz is 

bleached much faster by both natural sunlight (Godfrey-Smith et al., 1988; Sanderson et al., 2007) and 

artificial light (Thomsen et al., 2008; Buylaert et al., 2012; Murray et al., 2012). K-feldspar grains are 

commonly bleached incompletely before deposition and often yield older ages than quartz, especially at 

fast burial, as in the case of fluvioglacial and glaciolacustrine deposits (e.g., Alexanderson and Murray, 

2012; Murray et al., 2012; Möller and Murray, 2015; Novikov et al., 2023). Thus, similar K-feldspar 

and quartz ages indicate that both were bleached completely before deposition (Murray et al., 2012), 

whereas the K-feldspar ages notably older than the quartz ages evidence for incomplete bleaching of 

feldspar grains and, possibly, also the grains of quartz. Möller and Murray (2015) suggested that quartz 

should be considered ‘well-reset’ if the ratio of a feldspar pIRIR225 age to the corresponding quartz age 

is lower than unity or approaches it within 2σ. When this condition is not fulfilled, but nevertheless the 

ratio of a feldspar IR50 age to the quartz age is lower than unity or consistent with it within 2σ, the quartz 

signal should be considered as ‘probably well-reset’. Should neither condition be fulfilled, the degree of 

bleaching of the quartz at deposition is unknown. The two levels of confidence in quartz bleaching are 

based on the observation that pIRIR signals are bleached more slowly than the IR50 signal (Li and Li, 

2011; Buylaert et al., 2012, Murray et al., 2012). However, one should bear in mind that the IR50 signal 

in feldspar usually suffers from significant anomalous fading (Spooner, 1992; 1994), and the well-

bleached feldspar IR50 ages not corrected for fading are usually ⁓30% younger than the respectivequartz 

ages (Möller and Murray, 2015). 

The KF/Q age ratios (Table 4.3) were calculated for eight samples collected from the Leningrad 

and Baltic deposits. The approach was not applied to older samples given their underestimated quartz 

OSL ages. Judging by the resulting ratios, quartz was most likely completely bleached before deposition 

in the Leningrad deposits but the bleaching was incomplete in the Baltic Fm. The latter inference is 

consistent with data for Lake Ladoga (Gromig et al., 2019) indicating the onset of deposition at 13 

910±140 cal. a BP. Therefore, the quartz OSL ages from the Baltic glaciolacustrine sediments of 

16.9±1.6 and 15.7±1.0 ka (Table 4.3) are probably overestimated. 

4.3.4. OSL ages of Sverdlov, Mga, and Mikulino/Lower Valdai deposits: K-feldspar and 

polymineral fractions 

The time of the Sverdlov, Mga and Mikulino/Lower Vladai deposition was constrained by 

sixteen OSL ages for coarse-grained K-feldspar (pIRIR225 protocol), seven OSL ages for coarse F-

feldspar grains (pIRIR290 protocol), and three OSL ages for fine-grained polymineral fraction (Table 

4.3). All ages were corrected for anomalous fading (Huntley and Lamothe, 2001), using the 

calc_FadingCorr function from the R package Luminescence software (Kreutzer, 2022). In addition, 
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two other techniques of fading correction were tested (Lamothe et al., 2003; Kars et al., 2008), but the 

results yielded overestimated ages and were not included into Table 4.3 to avoid overcharging. 

The Sverdlov Fm. deposition was timed from nine ages between 272 and 166 ka. They all must 

be older than the true ages, for several reasons. First, the dated portion of the Sverdlov Fm. is composed 

of varved clay, with about 1100 annual layers. Second, varved sediments grade into the Mga Fm. marine 

clayey silt without visible deposition gaps. Therefore, the Sverdlov deposition occurred during the latest 

Moscow cryochron, at the transition to interglacial, ~132–131 ka ago (Lambeck et al., 2006). Third, 

OSL K-feldspar ages for fluvioglacial deposits are often overestimated (e.g., Alexanderson and Murray, 

2012; Murray et al., 2012; Möller and Murray, 2015; Novikov et al., 2023). Finally, K-rich feldspar 

pIRIR225 ages of 78±7 and 50±4 ka obtained from the deposits of the Baltic Ice Lake is evidence that the 

residual dose in K-feldspar from glaciolacustrine deposits in this area can be as high as 250 Gy. 

Other obtained dates are fifteen ages from 177 to 100 kyr BP (123±10 ka, 2σ, on average) for the 

Mga Fm. and one 119±7 ka ka for the Mikulino/Lower Vladai deposits. 

4.3.5. Age-depth model of the Mga deposits 

The duration of the Mga Fm. deposition was estimated from an age-depth model based on data 

from the Sverdlov Factory quarry, with the R package rbacon v2.5.8 software using the Bayesian 

 
Fig. 4.13. Bayesian age-depth model of the Mga Fm. at Sverdlov Factory based on K-rich feldspar and 
polymineral post-IR IRSL ages. 
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statistics (Blaauw and Christen, 2011; Blaauw et al., 2022). For modelling, K-rich feldspar and 

polymineral post-IR IRSL ages from cuts 4 and 6 (Fig. 4.1, 4.3, 4.11) corrected for anomalous fading 

according to Huntley and Lamothe (2001) were used. Uncertainties in the age-depth model correspond 

to the 68% confidence interval. Shared errors (Rhodes et al., 2003) were excluded from age uncertainties 

before modeling and recombined after the analysis. They include errors associated with conversion 

factors, beta source calibration, gamma spectrometer calibration, and TL/OSL reader reproducibility and 

are typically ~5%. A mean accumulation rate of 2 ka/m was applied, following the value suggested by 

the software. The combination of the age-depth model with pollen zones allowed us to estimate the 

duration of the Mikulino Interglacial (Fig. 4.13), from the boundary between regional pollen zones M1 

and M2 to the end of zone M8 (after Grichuk, 1961).  Therefore, the Mga clayey silt accumulation and 

Mikulino Interglacial began 133±8 ka ago and ended 109±7 ka ago. At least two ages from the Mga Fm. 

(177±20 and 162±9 ka) are significantly overestimated presumably due to incomplete bleaching. They, 

however, were not excluded from the model to avoid  subjectivity in the age estimation. 

4.4. Pollen analysis 

 The palynological data for samples from cut outcrops 9 and 6, 7 (Figs. 4.1, 4.3) in the Sverdlov 

Factory quarry were presented in two pollen diagrams. Local pollen zones (LPZ) were distinguished and 

described by E. Nosevich (VSEGEI, St. Petersburg). 

4.4.1. Pollen diagram 1 

 Diagram 1 was obtained for 32 samples from cut 9 (Figs. 4.1, 4.3) and comprised two local pollen 

zones (Figs. 4.14, 4.15). 

  LPZ1 (-14.5 to -10.0 m asl) 

 Description  

The upper limit of local pollen zone (LPZ) 1 coincides with the boundary between the Sverdlov 

Fm. and Mga Fm. Generally, the spore-pollen spectra represent well preserved grains. Tree taxa 

predominate everywhere (up to 80.1% of the spore+pollen total), with up to 53.2% Picea. The zone 

includes three subzones: 

Subzone 1a (-14.5 to -12.6 m asl), about 350 annual varves: within 26.4% Pinus, 11.4% Betula 

and 9.7% Betula nana, as well as few Alnus glutinosa and Alnus incana pollen grains. Herbs (≤16.8%) 

are within 7.5% Poaceae and 8.4% Artemisia. No thermophilic flora was found. Spores belong to 

Lycopodium complanatum (≤4.7%).  

Subzone 1b (-12.6 to -11.2 m asl), about 400 varves: 27.3% Pinus, 9.8% Alnus glutinosa and 

Alnus incana (in total); few grains of Corylus. Among the grass species, Artemisia reduced to 4.1%, 

while Asteraceae increased to 7.4%; Cyperaceae decreased from 7.1% in subzone 1a to few percent in 

1b, Salix disappears from the spectra in the same way.  
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Subzone 1c (-11.2 to -10.0 m asl), about 200 varves: no Corylus, within 2.1% Alnus, 16.9% 

Pinus, up to 47.6% Picea; Salix (≤2.8%), and Cyperaceae (≤3.1%) reappear; Artemisia is up to 6.8%; 

Sphagnum spores reach 8.8%.  

 Interpretation  

The LPZ records climate change from cold and relatively wet to slightly warmer and drier and 

back to harsher conditions. Subzone 1a may be correlated with regional pollen zone (RPZ) Ms3 

(Malakhovsky et al., 1969a), subzone 1b with regional palynozone Ms2 (Malakhovsky et al., 1969a) and 

the Kasplya Interstadial (Buslovich et al., 1969). Subzone 1c corresponds to RPZ Ms1 (Malakhovsky et 

al., 1969a) and to the Kattegat Stadial (Seidenkrantz, 1993). The whole LPZ1 also fits the lower zone of 

highest Picea percentages (M1) (after Grichuk, 1961). The correlation of the Kasplya Interstadial and 

the Kattegat Stadial with zone M1 was reported earlier from Prangli (Liivrand, 1987) and Nizhnyaya 

Boyarschina (Novenko, 2016) sections.  

 LPZ2 (-10.0 to -8.1 m asl) 

 Description  

Tree species predominate (up to 77.4 %), with lower percentages of Picea (12.3%) and higher 

Pinus (44.5%) than in LPZ1; up to 10.9% Betula and 2.7% Betula nana; few grains of Corylus pollen; 

The grass communities (up to 20.1%) include mainly Poaceae (up to 10.2%) and diverse boreal species; 

rare spores belong to Selaginella. 

 Interpretation  

The spore-pollen spectra record a climate milder than in LPZ1. The high percentages of Pinus 

and Betula, along with few Corylus grains, allow correlating the zone with Grichuk’s (1961) regional 

zone M2-3. 

4.4.2. Pollen diagram 2 

 The diagram encompasses four local pollen zones (Figs. 4.16, 4.17). 

LPZ1 (-21.3 to -15.9 m asl)  

Description  

The pollen spectra mainly consist of tree taxa (up to 77.9% of spore+pollen total), with high 

percentages of Picea (28.6%), Pinus (≤19.6%), and Betula (≤19.1%), within 11.2% Betula nana and few 

grains of Siberian conifers: Abies, Pinus sibirica, Picea omorica, Picea obovata and Larix. Herbs 

(≤28.8% of spore+pollen total) are mainly Poaceae (4.6– 8.0%) and some Artemisia (≤4.5%); 

Cyperaceae are no higher than 4.0%. No thermophilic species were observed, while Polemonium was  
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Fig. 4.14. Pollen diagram for the Sverdlov and Mga Fms. sampled in cut 9 (Figs. 4.1, 4.3). Tree and shrubs pollen. Percentages are quoted relative to 
sum of pollen and spores. For lithology legend see Fig. 4.1. 
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Fig. 4.15. Pollen diagram for the Serdlov and Mga Fms. sampled in cut 9 (Figs. 4.1, 4.3). Herbs pollen and spores. Percentages are quoted relative to sum of 
pollen and spores. For lithology legend  see Fig. 4.1. 
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Fig. 4.16. Pollen diagram of the Sverdlov and Mga Fms. sampled in cuts 6 and 7 (Figs. 4.1, 4.3). Tree and shrubs pollen. Percentages are quoted 
relative to sum of pollen and spores. For lithology legend  see Fig. 4.1. 
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Fig. 4.17. Pollen diagram of the Sverdlov and Mga Fms. sampled in cuts 6 and 7 (Figs. 4.1, 4.3). Dwarf shrubs and herbs pollen pollen and spores. Percentages are 
quoted relative to the sum of pollen and spores. For lithology legend  see Fig. 4.1. 
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encountered. The spores represent Botrychium, Sphagnum, and Lycopodium annotium species. 

Palynomorphs include few fungi spores and fine coal particles.  

Interpretation 

The spectra characterize conifer plant communities that lack thermophilic taxa. According to 

combined palynological and geological data, the LPZ2 interval can be correlated with the end of the 

Moscow Glacial and the lower zone of maximum Picea percentages, M1 zone of Grichuk (1961). 

LPZ2 (-15.9 to -11.5 m asl)  

Description  

The percentages of tree pollen reach 90.2%, while Pinus and Picea are up to 40.6% and 24.6%, 

respectively; Betula nana reduces to 3.7% and Betula is ≤20.8%. Pollen of broad-leaved species (mainly 

Tilia and Ulmus) is present throughout the zone, especially in its upper part; some Abies and Larix pollen 

species were encountered as well. The grass communities (≤18.1% of spore+pollen total) include 

Poaceae (≤5.3%) and diverse Boreal species; Artemisia appears as few grains. Spores represent Bryales 

and Sphagnum. Other forms found in the zone are phytoliths, stomata of conifers (Pinus and Picea), 

cysts of colonial algae, and fungi spores.  

Interpretation  

The spectra confirm the trend toward a milder climate. The high percentages of Pinus and Betula, 

along with the presence of broad-leaved species, allow correlating the zone with regional zone M2-3 

(Grichuk, 1961). 

LPZ3 (-11.5 to -6.5 m asl)  

Description  

The zone comprises three subzones. Pollen and spores show the highest counts (up to 553 grains). 

Palynomorphs include abundant phytoliths, stomata of conifers, diverse fauna fragments, algae cysts, 

and few poorly preserved dinoflagellates. Tree pollen reaches 94.0% of the spore+pollen total, including 

up to 39.9% Pinus and 40.6% Picea, 13.1% Betula and minor percentages of Pinus sibirica, Picea 

omorica (≤2.5%) and Picea obovata. Subzones were distinguished according to successively changing 

peaks of Quercus (subzone 3a, -11.5 to -9.5 m asl, up to 3.8%), Ulmus (subzone 3b, -9.5 to -8.0 m, up 

to 3.5%) and Carpinus (subzone 3c, -8.0 to -6.5 m, up to 3.9%). Corylus and Tilia are ubiquitous. The 

total percentage of broad-leaved pollen exceeds 10%. Herbs (6.0–15.0%) are mainly Poaceae (up to 

9.0%) and small percentages of Malvaceae and other Mediterranean taxa. The percentages of spores are 

within 4.7%, including Lycopodium annotium and Osmunda.  

Interpretation  

The spectra correspond to warm and dry conditions unusual for the Neva Lowland, which were 

crucial for penetration of thermophilic and drought-tolerant plant taxa. The successive peaks of Quercus, 
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Ulmus and Carpinus provide reliable evidence of the Mikulino Interglacial. Subzones 3а, 3b and 3c can 

be correlated, respectively, with regional pollen zones M4, M5 and M6-7 (Grichuk, 1961). Note that Ulmus 

has a peak in zone M5 while Tillia is evenly distributed over the climate optimum and shows no peaks. 

The correlation of Carpinus (M6) and upper zone of maximum Picea percentages (M7) is common to 

marine deposits in the Leningrad Oblast (Pleshivtseva, 2007; 2011a). 

LPZ4 (-6.5 to -4.5 m asl)  

Description  

The samples from the zone contain less abundant and less diverse pollen and spores than in the 

lower zones and fewer palynomorphs, with few coarse coal particles and phytoliths. Tree pollen (up to 

85.7%) is dominated by Pinus (up to 44.5%), Picea reduces to 9.6–16.6%, Betula reaches 26.9%; Picea 

omorica appears in the lower part of the zone, while broad-leaved species disappear from the upper 

strata and are limited to few grains of Corylus; meanwhile, Betula nana increases. Grass communities 

(up to 20.0%) include Ericaceae (up to 4.1%), Poaceae (≤4.1%), and Cyperaceae (≤2.4%). Spores 

represent Sphagnum. 

Interpretation  

The spectra record a cooling after the climate optimum. The zone can be correlated with regional 

zone M8 (Grichuk, 1961) on the basis of widespread pine and birch.  

4.4.3. Correlation of the pollen diagrams 

The Sverdlov Fm. has a chronological volume of ~1050 years in diagram 1 and encompasses 

three RPZ (Ms3, Ms2 and Ms1), while diagram 2 comprises ~1100 annual varves. The varves underlie 

the Mga Fm. in both cuts and lack visible discordant boundaries. Diagram 2 likewise presumably 

corresponds to three Late Moscow regional zones. The monotonic patterns in diagram 2 may be due to 

lower sampling density: at every 0.5 m in cut 7 but at 0.2 m in cut 9 (Figs. 4.1, 4.3). The two pollen 

diagrams were cross correlated on the basis of lithology and varve chronology, in order to make the Late 

Moscow palynozones comparable with other data obtained for cut 7 only. According to the correlation, 

the Ms3/Ms2, and Ms2/Ms1 boundaries should be in cut 7 at -18.0 and -17.2 m  asl respectively. 

4.5. Grain size analysis 

Grain size data for the intermorainic deposits sampled in cut outcrops 7, 6 and 4 at the Sverdlov 

Factory site  were plotted as depth profiles of sizes and statistical parameters (mean, sorting, skewness, 

and kurtosis) (Fig. 4.18). The section comprises five grain size zones (GSZ).  

GSZ1 (-21.9 to -21.0 m asl)  

Description 
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The zone corresponds to the bottom of the visible Sverdlov Fm. section (Fig. 4.3A) composed 

mainly of silt (58–67%) and clay (18–25%). It differs from sediments above in a high percentage of sand 

(15–17%), bimodal distribution of grain sizes, with peaks at ~3 and ~11 μm in the clay-silt fraction (Fig. 

4.19), and poor sorting, with σ1 = 2.5–2.7 (Folk and Ward, 1957). Varves within the zone are 3–10 cm 

thick and become thinner upsection. The sediments near the zone top enclose a ~0.5 m dropstone (Fig. 

4.5D). The total number of varves within the zone is 20. 

Interpretation  

 
Fig. 4.18. Particle size distribution of intermorainic deposits sampled in the Sverdlov Factory quarry in cuts 4, 
6 and 7 (Figs. 4.1, 4.3). For lithology legend  see Fig. 4.1. 
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The sediments of the zone were deposited in a glacial basin. High sand percentages, the presence 

of dropstones, and poor sorting indicate active ice rafting. The interval may be correlated with 11th 

Heinrich event (Heinrich, 1988; McManus et al., 1998). 

GSZ2 (-21.0 to -17.5 m asl) 

Description  

The zone is mainly composed of silt (39–68%), with higher percentages of clay (32–61%) and 

lower percentages of sand (0–1.8%) particles than in GSZ1. It comprises about 730 varves that enclose 

 
Fig. 4.19. Typical particle size distribution histogram for each zone. 
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gravel and pebbles. The varve thickness decreases upsection from 2 to 0.2 cm. The particle sizes show 

unimodal distribution, with a peak at ~3 μm (Fig. 4.19) and poor sorting (σ1 = 1.3–1.7). 

Interpretation  

The deposition was in a glacial basin. 

GSZ3 (-17.5 to -2.1 m asl) 

Description  

The zone begins in the upper part of the Sverdlov Fm., 1.8 m below the lithological boundary 

and includes the whole Mga Fm. composed of 74–80% silt, 16–23% clay, and 0–8% sand. The upper 

strata of the Sverdlov Fm. comprise ~350 varves. The particle sizes show bimodal distribution with 

peaks at ~11 and ~30 μm (Fig. 4.19) and poor to very poor sorting (σ1 = 1.8–2.1). 

Interpretation  

The Mga Fm. has a uniform distribution of particle sizes over its entire thickness of 13.7 m. The 

deposition environment typical of the Mga Sea set in ~350 years before the interglacial.  

GSZ4 (-2.1 to -1.8 m asl) 

Description 

The zone corresponds to the Mikulino/Lower Valdai lacustrine deposition. Most of the particles 

are of silt sizes 78–83%, clay percentages are 11–12%, while sand reaches 5–11%. The sediments show 

poor sorting (σ1 = 1.9–2.0). 

GSZ5 (-1.8 to -1.4 m asl) 

Description 

The zone falls within the Leningrad alluvial/lacustrine deposits and consists mostly of sand (94–

95%), especially of finegrain sizes (125–250 μm), which reaches 82–83%. Silt particles are as low as 4–

5% and clay is only 1.2–1.3%. The unimodal grain size distribution peaks at ~200 μm (Fig. 4.19). Sorting 

is moderate (σ1 = 0.9). 

4.6. Geochemistry and magnetic susceptibility 

4.6.1. Water salinity and organic matter origin 

4.6.1.1. Geochemical indicators 

4.6.1.1.1. Total organic carbon (TOC) and C/N ratio 

 Total organic carbon (TOC) contents show the amount of organic matter (OM) in sediments, 

while the TOC/N ratio is an indicator of the OM origin. The ratio is expressed in atomic units equivalent 

to the respective weight ratio multiplied by 1.167 (Meyers and Teranes, 2001). The C/N <10 values are 

typical of organic matter mostly derived from plankton while C/N ratios above 20 represent OM 

originated from terrestrial vascular plants (Meyers and Teranes, 2001); intermediate values from 10 to 

20 indicate a mixed origin.  
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4.6.1.1.2. Br/TOC ratio 

 Bromine in sediments is associated with plant detritus (Vinogradov, 1939, cited from Price et al., 

1970; Shishkina, 1972; Malcolm and Price, 1984), but marine plants assimilate Br much better than the 

terrestrial taxa (Neufeld, 1936). Thus, the Br/TOC ratio may be another indicator of the OM origin 

(Mayer et al., 1981, 2007; Malcolm and Price, 1984). The Br/TOC ratio is 0.34–0.47 mg/g in plant 

detritus from alluvium and reaches 6.6–8.8 mg/g in shelf sediments deposited far from the continental 

provenance of clastic material (Mayer et al., 2007). The percentages of marine organic matter relative 

to the total amount (%-MAR) can be found using average Br/TOC values for terrestrial plant detritus 

and marine organic matter as end members, as suggested by Mayer et al. (2007): 

% − MAR = 100 ×

𝐵𝑟
𝑇𝑂𝐶 − 0.43

7.7 − 0.43
,                                                 (4.1) 

where Br/TOC is the ratio of Br to TOC in a sample (mg/g); 0.43 and 7.7 are Br/TOC values in terrestrial 

and marine OM, respectively.  

4.6.1.1.3. TOC/S ratio 

Most of sulphur in organic-rich marine sediments resides in pyrite (e.g., Volkov, 1984). The 

percentages of diagenetic pyrite are lower in sediments deposited in freshwater conditions than in marine 

facies with similar TOC contents (Berner and Raiswell, 1984). The reason is that the formation of pyrite 

requires SO42- which reaches 28 mmol/L in seawater and <1 mmol/L in fresh water. Correspondingly, 

the TOC/S ratio can be used to discriminate between marine (0.5 to 5 g/g), brackish (5–10 g/g), and 

freshwater (>10 g/g) deposition environments (Berner and Raiswell, 1984).  

4.6.1.1. Zones of water salinity and organic matter origin 

The above indicators were used to distinguish eight zones in the intermorainic deposits from the 

Sverdlov Factory quarry (Fig. 4.20). 

SOZ1 (-21.9 to -19.5 m asl) 

Description  

The zone corresponds to the basal part of the visible Sverdlov Fm. section which includes about 

70 varves. The TOC contents are moderate (0.34–0.50%) and the TOC/N ratio is 5.1–7.9 a/a; %-MAR 

is 3.0–7.4%; TOC/S = 2.6–6.6 g/g (5.0 g/g on average).  

Interpretation  

Organic matter in SOZ1 is mainly derived from phytoplankton, while the contribution of 

terrestrial vascular plants is minor (TOC/N < 10 a/a). The low contents of marine OM and TOC/S about 

5 g/g indicate deposition in brackish water, i.e., seawater penetrated into the Late Moscow glacial lake 

already ~1100 years before the onset of the interglacial. The use of TOC/S ratio as an indicator of salinity 

for the lower basin strata requires caution though, as TOC is <1 % while the method works  
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Fig. 4.20. Geochemical indicators of water salinity and organic matter origin in intermorainic deposits from the Sverdlov Factory quarry. For lithology 
legend see Fig. 4.1. 
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well only at TOC above 1 % (Berner and Raiswell, 1984). However, the inference is supported by the 

presence of marine OM up to 7.4%. 

SOZ2 (-19.5 to -17.5 m asl) 

Description  

The zone corresponds to the middle portion of the visible Sverdlov Fm. section, with ~680 

varves. TOC is low but slightly higher than in zone 1 (0.43–0.62%); TOC/N ranges from 4.7 to 6.5 a/a; 

%-MAR is 0.9–4.8%. The zone is distinguished on the basis of high TOC/S values of 9.2 to 20.3 g/g. 

Interpretation  

Judging by high TOC/S values (>10 g/g) and low marine OM contents, the sediments were 

deposited in freshwater conditions, at least a part of the time. A brief freshwater episode was also 

revealed by diatom analysis in the Upper Moscow sediments from BH 10 (Pleshivtseva et al., 1984). 

OM within the zone is mainly composed of phytoplankton (TOC/N < 10 a/a). 

SOZ3 (-17.5 – -15.5 m asl) 

Description  

The zone encompasses the upper part of the Sverdlov Fm., with ~350 varves and the base of the 

Mga Fm. The TOC content is 0.36–0.50%; TOC/N is similar to that in zones 1 and 2 (5.2–5.5 a/a); %-

MAR is 1.2–4.0%; TOC/S = 5.8–8.3 g/g (7.0 g/g on average). 

Interpretation  

The TOC/S ratio ranging from 5.8 to 8.3 g/g, along with the presence of marine OM, indicates 

brackish deposition conditions. OM is mostly derived from phytoplankton (TOC/N <10 a/a). 

SOZ4 (-15.5 to -10.4 m asl) 

Description  

The zone corresponds to the lower portion of the Mga Fm. (pollen zones M2-3–M4). TOC ranges 

from 0.37 to 0.79%, increasing gradually up the section. TOC/N = 4.3–7.1 a/a; marine OM reaches 

11.7% at the base of the zone but decreases gradually to 1.8% in the upper part. TOC/S varies from 4.4 

g/g at the base to 9.1 g/g near the top.  

Interpretation  

Higher contents of marine OM and lower TOC/S ratios in the beginning of the zone may indicate 

higher salinity of the Mga basin which was gradually decreasing judging by progressively lower marine 

OM and higher TOC/S up the section. Moderate TOC/N values (<10) show predominant phytoplankton 

contribution to OM. Most likely, the time span of the zone correlated with the lagoonal phase of the Mga 

Sea history (Cheremisinova, 1960). 

SOZ5 (-10.4 to -7.3 m asl) 

Description  
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The zone covers the middle portion of the Mga Fm. (pollen zones M4–M6-7). TOC increases from 

0.6 % at the base to 2.2% at the top. The TOC/N increases as well, though more slowly, from 5.4 to 8.6 

a/a. Marine OM changes dramatically in the middle of the zone from 8.6% at -10.5 m asl to 35.9% at -

10.3 m asl. The TOC/S is stable around 2 g/g after a slightly lower value at the base. 

Interpretation  

The slowly increasing TOC/N ratio indicates that organic matter consists mainly of 

phytoplankton. The onset of TOC growth in pollen zone M4 records an increasing amount of 

phytoplankton in the Mga Sea. The sea apparently became deeper and more saline very rapidly, which 

is evident in many sections from diatom data (e.g., Cheremisinova, 1959; Malakhovsky et al., 1969a; 

Pleshivtseva et al., 1984) and accounts for the markedly higher  marine OM percentage. The stable low 

TOC/S ratios averaging around 2.1 g/g within the zone provide more evidence for high water salinity in 

the basin. Marine sediments commonly have an average TOC/S ratio of 2.8±1.5 g/g but salinity 

variations above 18‰ are poorly resolvable by the estimation method (Berner and Raiswell, 1984). 

Therefore, the seawater salinity during the middle Mga deposition was at least 18‰. The zone can be 

correlated with the marine phase of the basin evolution (Cheremisinova, 1960). 

SOZ6 (-7.3 to -2.1 m asl) 

Description  

The zone falls within the upper part of the Mga Fm. (pollen zones M6-7–M8). The TOC values 

reach a maximum of 2.41% at -5.9 m asl and then decrease gradually to 1.13% at the top. The TOC/N 

ratio varies in the range 8.0–11.0 a/a. The contribution of marine OM decreases upsection from 40.3 % 

to 11.3 %, while TOC/S averages about the level of zone 5 (1.1–3.2 g/g). 

Interpretation  

The relative content of marine OM decreases gradually above -7.3 m asl (pollen zone M6-7), 

possibly, as a result of beginning regression evident in many sections within zone M6 (Cheremisinova, 

1959; Malakhovsky et al., 1969a; Pleshivtseva et al., 1984). Nevertheless, it remains relatively high at 

the top of the zone (11.3%), i.e., the sediments were deposited in marine conditions during the whole 

time span of the zone. This inference agrees with the TOC/S values. The TOC/N ratio indicates that 

organic matter in the Mga Fm. is derived mainly from phytoplankton.  

SOZ7 (-2.1 to -1.8 m asl) 

Description  

The zone was distinguished in the Mikulino/Lower Valdai deposits. The contents of organic 

carbon (0.71–0.91%) are slightly lower than at the top of the Mga Fm. (1.13%). The TOC/N ratio (9.2–

10.6 a/a) remains about the same level as in SOZ6. The %-MAR value within the zone is negative (-
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2.0%) as the Br/TOC ratio (0.28 mg/g) is lower than the plant detritus value in equation 4.1. The TOC/S 

ratio reaches 9.6 to 14.7 g/g.  

Interpretation  

The TOC/N ratio indicates predominance of phytoplankton as a source of OM. The negative %-

MAR values, along with high TOC/S values (>10 g/g), record freshwater conditions of deposition. 

SOZ8 (-1.8 to -1.4 m asl) 

Description  

The interval of the zone fits the Leningrad sand. The TOC content reaches 1.63%. The TOC/N 

ratio is up to 22.9–34.6 a/a, which is much higher than in zone 7. Marine OM is likewise negative, 

because the Br/TOC ratio is as low as 0.08–0.10 mg/g. The TOC/S ratio ranges from 17.9 to 20.1 g/g. 

Interpretation  

The high TOC/N ratio exceeding 20 a/a shows that the plant detritus in sediments belongs to 

terrestrial vascular plants. The absence of marine OM and TOC/S values above 10 g/g confirm the 

limnic/alluvial origin of the Leningrad sand. Note that the TOC/S indicator was successfully applied to 

sand, though Berner and Raiswell (1984) limited its applicability to clay and silt sediments.     

4.6.2. Redox conditions 

4.6.2.1. Indicators 

4.6.2.1.1. Sulphur and magnetic susceptibility  

Sulphur in marine deposits is associated with OM (e.g., Volkov, 1984). Reducing diagenetic 

alteration in sediments begins at TOC = 0.5% and sediments lack active oxygen (compounds of Mn4+) 

in mud water at higher TOC values (Volkov, 1984). High S contents in marine sediments record anoxic 

conditions in bottom water, with precipitation of diagenetic pyrite FeS2 (e.g., Blanchett et al., 2007; 

Harff et al., 2011). Pyrite forms in the upper part of the anoxic zone by a reaction of iron-bearing minerals 

with hydrogen sulphide (H2S) resulting from anaerobic bacterial reduction of SO42-. The process 

involves OM as a reducing agent and an energy source (Berner, 1984) and produces greigite (Fe3S4) as 

an intermediate component (Berner, 1970; Wilkin and Barnes, 1997). Pyrite is a paramagnetic mineral 

with magnetic susceptibility 11.30×10−9 to 70.36×10−9 m3/kg (Tang et al., 1995, cited from Wu et al., 

2016), while greigite is ferromagnetic with a higher magnetic susceptibility of 3.2×10−4 m3/kg (Roberts 

et al., 2011). At insufficient sulphur contents, pyritization is incomplete and stops at the stage of greigite 

formation (Volkov, 1961, cited from Berner, 1967; Wilkin and Barnes, 1997). Thus, low magnetic 

susceptibility in organic-rich (>0.5%) marine sediments is evidence for the presence of diagenetic pyrite 

and, correspondingly, anoxic conditions in bottom water. 

4.6.2.1.2. Molybdenum 
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Molybdenum is another indicator of anoxic conditions: it is the highest in anoxic basins and much 

lower in the presence of oxygen (Calvert and Pedersen, 2007). At high concentrations of H2S in water, 

Mo becomes immobilized in sediments (Calvert and Pedersen, 2007), largely in diagenetic pyrite 

(Huerta-Diaz and Morse, 1992). 

4.6.2.1.3. Iodine  

Iodine, like bromine, is associated with OM (Shishkina and Pavlova, 1965, cited from Price and 

Calvert, 1977; Price et al., 1970). The I and Br contents are proportional to TOC in oxic basins (Price 

and Calvert, 1977; Pedersen and Price, 1980; Malcolm and Price, 1984), but I is lower in anoxic 

conditions (Price and Calvert, 1973; 1977). Thus, low I/TOC values in sediments at an increasing or 

gradually decreasing Br/TOC ratio represent anoxic bottom water conditions. 

4.6.2.1.4. Manganese  

Relatively high Mn/Fe values in the bottom sediments of the Baltic Sea were shown (Neumann 

et al., 1997) to record large inputs of oxygenated water from the North Sea. Three episodes of such influx 

occurred in the 20th century and were confirmed by hydrographic data (Neumann et al., 1997). In 

stagnant conditions, Fe is bound in iron sulphides of bottom sediments while Mn accumulates in water 

as Mn2+. Influx of oxygenated water leads to Mn2+ oxidation to Mn4+ and precipitation of pyrolusite 

(MnO2), which degrades as Mn2+ migrates to pore water when bottom water becomes anoxic again. At 

the same time, mineralization of OM provides higher pH levels and allows precipitation of Ca-rich 

rhodochrosite (Mn(Ca)CO3), which is stable in anoxic environments, at the water-sediment boundary. 

Thus, sedimentary layers with notable percentages of rhodochrosite record influx of oxygenated water 

into the basin which led to additional Mn accumulation in sediments. The Mn/Fe ratio can be used as an 

indicator of such layers and a tracer of Mn excess relative to iron. 

4.6.5.5. Factor analysis 

To amalgamate all indicators of redox conditions, factor analysis was conducted using the 

principal component method. The subsequent factors were determined from the following indicators: 

TOC (%), S (%), Mo (ppm), Mn/Fe (g/g), χ/Fe (10-8×m3/g), Ca (%), average grain size (μm), Si (%), Zr 

(ppm), K (%), Ti (%) and Rb (ppm). Principal components were analysed using the R packages 

FactoMineR (Lê et al., 2008; Husson et al., 2022), factoextra (Kassambara, 2017; Kassambara and 

Mundt, 2022) and missMDA (Josse and Husson, 2016; Husson and Josse, 2022). Two principal 

components account for ~75% of variance, while the first one refers to particle sizes and explains 45.2% 

of variance (Figs. 4.21, 4.22). Relatively high Si and Zr values represent sand and coarse silt fractions, 

while K, Ti, and Rb concentrations correlate with the contents of clay and fine silt (e.g., Cuven et al., 

2010; Kylander et al., 2011). The second principal component refers to redox conditions and is 

responsible for 29.5% of variance. Ca correlates with Mn, possibly, because they co-precipitated in 
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rhodochrosite when oxygen-rich water penetrated into the stagnant basin. Other components were not 

considered.  

 
Fig. 4.21. Percentage of explained variance for principal components. 

 
Fig. 4.22. Correlation circle of variables for the first and second components. 
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4.6.2.2. Redox zones 

 The interglacial sediments in the Sverdlov Factory section comprise three redox zones 

distinguished on the basis of indicators that record different redox conditions during deposition, with 

reference to factor analysis results (Fig. 4.23). 

RZ1 (-21.9 to - 9.3 m asl) 

Description 

The interval encompasses the visible portion of the Sverdlov Fm. and the lower half of the Mga 

Fm. to the beginning of pollen zone M5. The ТОС content within the zone fluctuates about 0.5% and 

reaches 1.25% only in its upper part. Sulphur contents are likewise moderate: 0.1% on average and 0.7% 

in the upper strata. The concentration of Mo averages about 1 ppm and increases to 2–3 ppm near the 

top. The Mn/Fe ratio ranges from 9.0 to 24.1 mg/g and peaks between -10.3 and -10.1 m asl, with more 

than two-fold increase. The χ/Fe ratio varies about 0.5×10-8 m3/g but increases rapidly to 2.1×10-8 m3/g 

between -12.5 and -10.3 m asl. 

Interpretation  

 Low TOC, S, and Mo contents suggest that sediments within the identified zone accumulated at 

sufficient oxygen availability, which is consistent with the results of factor analysis (Fig. 4.23, score of 

principal component 2). The Mn/Fe values in the lower part of the Mga Fm. may mark inputs of 

oxygenated water into the Mga Sea. The highest Mn/Fe peak correlates with the onset of rapid increase 

in marine OM at the beginning of SOZ5 (Fig. 4.20), which provides another argument for large inputs 

of saline oxic water into the Mga Basin in the middle of pollen zone M4. Furthermore, the sediments 

within the -10 to -9 m asl interval also contain most abundant marine mollusc fossils and show times 

higher magnetic susceptibility than in other layers. High magnetic susceptibility may be due to 

incomplete pyritization with formation of greigite as an intermediate phase, as complete pyritization was 

impeded by deficit of sulfur (Volkov, 1961 cited from Berner, 1967; Wilkin and Barnes, 1997). The 

presence of diagenetic greigite at this level is confirmed by data of Dudanova (2023). 

RZ2 (- 9.3 to - 2.1 m asl) 

Description  

The zone corresponds to the upper half of the Mga Fm. (pollen zones М5–М8). TOC in the zone 

is 1.13 to 2.41% and sulphur is 0.4 to 1.4%. The concentration of Mo is markedly higher in the lower 

half of the zone, reaches 10.6 ppm at -7.7 m asl and then decreases to 2–3 ppm. The Mn/Fe ratio is lower 

than in RZ1 and varies slightly around 9.5 mg/g. The χ/Fe ratio is likewise stable over the zone 

approaching 0.2×10-8 m3/g, though increasing to 0.4×10-8 m3/g at the top. The I/TOC ratio starts 

decreasing in the beginning of the zone, after an increasing trend in the zone below. 
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Fig. 4.23. Indicators of redox conditions in sediments from the Sverdlov Factory quarry correlated with grain size and regional pollen zones as well as zones of salinity 
and organic matter origin. Magnetic susceptibility (χ) data are borrowed from Dudanova et al. (2021). For lithology legend  see Fig. 4.1. 
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 Interpretation  

The base of the zone is marked by rapid I/TOC decrease, while the Br/TOC ratio decreases 

slowly, which is evidence of anoxic conditions in the bottom water (Price and Calvert, 1973, 1977). This 

inference is supported by the Br vs TOC and I vs TOC plots (Fig. 4.24): the Br vs TOC relationship fits 

the linear function (R2=0.85) at all TOC values, whereas I increases linearly only as far as TOC 

reaches1.25% but decreases upon its further growth. The I/TOC ratio remains low all over the zone, thus 

indicating, together with high TOC, that low oxygen contents persisted in the basin till the end of the 

Mga Sea lifespan. Reducing diagenetic processes begin acting at TOC = 0.5% (Volkov, 1984), while its 

value is much higher in the zone. Low values of the Mn/Fe ratio throughout the zone show limited inputs 

of oxygen-rich water into the basin. High S concentration and low magnetic susceptibility evidence for 

precipitation of pyrite as a result of reducing diagenetic reactions. The onset of anoxia within the zone 

is consistent with the PC2 score changes from negative to positive at -9.4 m asl according to factor 

analysis (Fig. 4.23).  

RZ3 (- 2.1 to - 1.4 m asl) 

Description  

The zone encompasses the Mikulino/Lower Valdai and Leningrad Fm. sediments. The 

concentrations of S and Mo decrease markedly to 0.04–0.08% and 0.2–0.6%, respectively, while the 

Mn/Fe ratio reaches as high as 21.4–28.2 mg/g. At the same time, the Mikulino/Lower Valdai rocks 

 
Fig. 4.24. Br vs TOC and I vs TOC plots for intermorainic sediments from the Sverdlov Factory quarry. 
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show much higher Ca enrichment than the sediments of zones 1 and 2. The χ/Fe ratio is slightly higher 

than before. The TOC content in the Mikulino/Lower Valdai lacustrine facies is lower than in the 

Leningrad Fm. (0.71–0.91% against 0.79–1.63%). 

Interpretation  

Markedly lower S and Mo, along with higher Mn/Fe ratios, represent oxic bottom waters. The 

TOC content is higher in the Leningrad sand, but its organic matter consists of coarse plant detritus 

rather than the colloidal OM observed in the sediments below, and the criteria for interpretation of 

deposition environments are inapplicable in this case. 

4.7. Diatom analysis 

The diatom analysis (by Z. Pushina, VSEGEI, St. Petersburg) revealed 72 species of diatoms and 

two species of silicoflagellates (Dictyocha fibula and Dictyocha speculum) in ten samples of 

intermorainic deposits from the Sverdlov Factory quarry (Fig. 4.25). The diatom flora consists of several 

successive assemblages that belong to three diatom zones. The results of the analysis are reported below. 

The depth interval between 32.8 and 26.7 m (-20.8 to -14.7 m asl) is free from diatoms. 

DZ1 (-11.1 to -10.4 m asl) 

Sediments at the depth 23.1 m (-11.1 m asl) contain an assemblage with modest abundances and 

poor diversity of diatoms, mostly of marine benthic (Diploneis smithii, Cocconeis scutellum) and 

freshwater (Epithemia turgida, etc.) taxa, as well as few species that live in fresh cold water and relict 

species Cocconeis disculus and Diploneis domblittensis. Benthic cosmopolitan species predominate in 

the assemblage. The diatom flora records deposition in shallow water of low-salinity, during the lagoonal 

stage of the basin evolution (Cheremisinova, 1960). 

DZ2 (-10.4 – -5.5 m asl) 

Unlike the previous interval, the diatom flora at depths from 22.4 to 17.5 m (-10.4 to -5.5 m asl 

interval) is rich. The diatom assemblage from the 22.3 m depth (-10.3 m asl) includes brackish benthic 

species Hyalodiscus scoticus (48% of assemblage total), as well as marine species Grammatophora 

oceanica (14%) and Grammatophora macilenta (8%). The diatoms coexist with marine sublittoral 

epiphyte Achnanthes groenlandica (0.3%), brackish to marine Diploneis didyma (3%), Diploneis smithii 

(3%) and other species. Among other findings, there are a few skeletons of Dictyocha fibula 

silicoflagellate, an inhabitant of warm water. The taxonomic composition of the assemblage records 

deposition in water of medium salinity in the marine intertidal or possibly subtidal zone.  

The diatom assemblage from the 21.3 m depth (-9.3 m asl) consists of predominant planktonic 

neritic species Chaetoceros sp. (33%) and lower percentages of other taxa: Thalassiosira gravida (11%);  
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Fig. 4.25. Diatom analysis of interglacial deposits from Sverdlov Factory quarry (by Z. Pushina, VSEGEI). For lithology legend  see Fig. 4.1. 
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brackish to marine benthic species Hyalodiscus scoticus (7%); five species of marine Grammatophora 

genus, especially Grammatophora oceanica (9%) and Grammatophora angulosa (3%) found in this 

assemblage only. The taxonomy corresponds to deposition in marine neritic conditions, at larger sea 

depths and in more saline water than the sediments of the -10.3 m level. 

The diatom assemblage from the 17.5 m depth (-5.5 m asl) contains almost equal percentages of 

predominant Chaetoceros sp. (21%), Thalаssionema nitzschioides (22%), and Thalassiosira gravida 

(24%) species. Less abundant taxa include sublittoral species of Thalassiosira hyperborea (5%), 

Cocconeis costata (3%), etc. The diatoms coexist with associate benthic plants: marine epiphyte  

Caloneis brevis, brackish to marine Diploneis didyma, Diploneis smithii, brackish Tabularia fasciculatа, 

epiphyte Cocconeis placentula typical of fresh and brackish water, etc. The assemblage represents 

sediments deposited in marine neritic conditions, in quite saline water, which correspond to the marine 

phase according to Cheremisinova (1960). Note that this assemblage is very similar to the one described 

previously from sample 1/9 (Bolshiyanov et al., 2016). 

DZ3 (-2.7 to -2.1 m asl) 

Sediments at the 14.1 m depth (-2.1 m asl) contain dominant brackish planktonic species 

Thalassiosira baltica (59%) and two subdominant species of brackish water diatoms: Actinocyclus 

ehrenbergii var. сrassa (17%) and Thalassiosira hyperborea (11%). The associate taxa are marine 

Grammatophora marina, brackish Tabularia fasciculatа, sublittoral epiphyte Cocconeis placentula that 

grows in brackish water, and others. The diatom assemblage records shallow-marine deposition in low-

salinity water during regression (Cheremisinova, 1960). 

No diatoms were found in the 14.0–13.8 m interval (-1.8 to -2.0 m asl). 

Thus, the salinity and sea depth patterns of the Mga basin, as inferred from diatom analysis, 

changed in the course of its history. The conditions of shallow moderate-salinity water (lagoon phase) 

changed to a marine neritic environment (marine phase) and then to a phase of regression, with shallow 

and low-salinity water. 
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Chapter 5. Duration of the Mikulino (Eemian) Interglacial 

The LIG is correlated with the Eemian in Central and Western Europe and Mikulino Interglacial 

in the East European Plain. The division of the LIG in northwestern Europe is based on pollen 

assemblages (Fig. 3.1). At present it is generally accepted that the LIG correlates with MIS5e (e.g., 

LIGA Members, 1991; CAPE-LIP Members, 2006) as first suggested by Shackleton (1969) who divided 

MIS 5 into five substages. In that interpretation, the Eemian is considered as  a single climatic cycle, 

from extremely cold to cold and a spell warmer than at present (Shackleton, 1969).  Thus, the Eemian 

cannot be correlated with the entire MIS5 which comprises three climatic cycles. Shackelton (1969) 

estimated the duration of the Eemian at about 11 ka.  Müller (1974) confirmed this conclusion by 

comparison of annual lamination counts with a pollen record from the Bispingen section in Northern 

Germany. Later, similar estimations were made for two other sections in Northern Germany: 

Quakenbrück (Hahne et al., 1994) and Gross Todtshorn (Caspers, 1997), which supported the results 

from Bispingen. The reliability of these estimations is limited to absence of varves in the final phases of 

the Eemian at these sites. Therefore, the duration of several pollen zones was determined using 

extrapolation. The correlation of the Eemian with MIS5e was also discussed by Mangerud (1989). 

The MIS5/6 and MIS 5e/d transitions were timed as ~130 ka (Lisiecki and Raymo, 2005) and  

~115 ka (Shackleton et al., 2002). Direct comparison of pollen spectra and the δ18O isotope curve in core 

MD952042 sampled in the Atlantic Ocean ~130 km southwest of Lisbon revealed misfit between the 

MIS5/6 transition and the onset of the Eemian (Sánchez Goñi et al., 1999; Shackleton et al., 2003). 

Correspondingly, the interglacial conditions in the Iberian Peninsula were established approximately 6 

ka later than the MIS6 termination, and the interglacial flora appeared in the Iberian Peninsula ~2 ka 

after the interglacial sealevel had reached the present stand. However, this conclusion contradicts  a 

wealth of data on  Eemian marine deposits from Northern Europe (Beets et al., 2006) placing the LIG 

high stand within the climatic optimum defined by pollen spectra (e.g., Zagwijn, 1983; 1996; Streif, 

1990). Sier et al. (2011; 2015) concluded that the Eemian in Northern Europe began at ~121 ka, based 

on the correlation between terrigenous deposits and oceanic cores with respect to the paleomagnetic 

excursion Blake, and thus  the beginning of the Eemian was marked by the sealevel fall. However, this 

interpretation is  inconsistent with the results discussed above. The misfit between the isotopic and pollen 

data in core MD952042 may be due to the warming influence of the North Atlantic Deep Water (NADW) 

on the bottom waters, which caused a shift of the δ18O record down the section. The discrepancy between 

the δ18O plateau inception and the Holocene high stand in the North Atlantic is 3.7±1.1 ka (Waelbroeck 

et al., 2008). 

Funder et al. (2002) timed the  LIG  high stand at 128±1 ka from the U/Th ages of corals, or  

~500 years after the beginning of the Carpinus pollen zone, and dated the Eemian onset at 132.5 ka 
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using the Bispingen pollen zone chronology (Müller, 1974). Corrections for isostatic and tectonic effects 

made it possible to obtain a more precise estimate of 131 ka (Lambeck et al., 2006). A similar assessment 

of the LIG onset 131.2±2.0 (2σ) ka was made by Waelbroeck et al. (2008) based on the U/Th dating of 

corals. According to their data, the LIG inception was marked by sharp increase of the methane content 

in the Antarctic ice core and the sea level  rose at 126.0±1.7 (2σ) ka. An alternatively, Hearty et al. 

(2007) concluded that the sea achieved the high stand 130±2 ka ago. 

Correspondence between the endpoints of the Eemian and MIS5e was challenged by Kukla et al. 

(1997, 2002), Tzedakis (2003), Brauer et al. (2007), Allen and Huntley (2009). They demonstrated that 

interglacial conditions in southern Europe lasted until the second half of MIS 5d (111–107 ka ago). 

Tzedakis (2003) concluded that the difference in duration of the LIG in southern and northern Europe 

can be explained by divergence in timing of forest existence. Kukla et al. (2002) proposed to use the 

concept of "Last Interglacial sensu stricto" as a warm period identified in northwestern Europe and the 

concept of "Last Interglacial sensu lato" as the period of existence of temperate forests in southern 

Europe, which lasted throughout MIS5e and a part of MIS5d. They also suggested that “Eemian 

Interglacial” should be considered synonymous with the Last Interglacial sensu stricto. According to 

other scholars (Brigham-Grette, 2001; Helmens, 2014), the Last Interglacial, including the Eemian and 

Early Weichselian, encompasses the entire MIS5. However, this interpretation contradicts the author’s 

view since MIS5d-a was characterized by significant expansion of glaciation (Otvos, 2015). N. 

Bolikhovskaya and A. Molodkov (Bolikhovskaya and Molodkov, 2002; Molodkov and Bolikhovskaya, 

2009; Molodkov, 2020) suggested that the Mikulino Interglacial, defined as the Last Interglacial sensu 

stricto according to J. Kukla (2002), lasted throughout MIS5 (145-70 thousand years ago), based on ESR 

dating of molluscs from northern Eurasian sediments. This viewpoint, though being refuted by the 

presence of significant ice sheets in northern Eurasia during MIS5d-a (e.g. Svendsen et al., 2004), as 

well as  by  varve chronology (Müller, 1974; Hahne et al., 1994; Caspers, 1997) and instrumental dating 

(Table 5.1). 

Correlation of the Eemian with MIS 5e has not been confirmed by direct instrumental dating of 

palynologically constrained sections. Even though separate pollen zones were dated, the results do not 

allow an univocal conclusion on the LIG duration and its possible correlation with MIS5e (Table 5.1; 

Fig. 5.1). Ages from the same regional pollen zones expectedly vary  from section to section as age 

uncertainties are often comparable with the LIG duration. Furthermore, the boundaries between 

successive vegetation phases within northern Europe were asynchronous:  main LIG broadleaved species 

in the central and northwestern  East European Plain emerged later than in Central Europe (Chepurnaya, 

2009a,b).
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Table 5.1. Summary of Uranium-Thorium (U/Th), Electron Spin Resonance (ESR), Optically Stimulated Luminescence (OSL), Infrared Stimulated Luminescence 
(IRSL) and Infrared Radiofluorescence (IR-RF) ages obtained for the LIG regional pollen zones in Northern Europe. When several ages are reported for an interval 
their weighted average  is calculated. Ages and uncertainties are rounded to whole numbers. Asymmetric uncertainties are replaced by average symmetric 
uncertainties. 

Site Method 

Age (ka) Reference 
Saalian E1 E2a E2b E3a E3b E4a E4b E5 E6a E6b Zagwijn, 1961 
Saalian I IIa IIb IIIa IIIb IIIc IVa IVb Va Vb VI Selle, 1962 
Saalian I II III IVa IVb V VI VII Menke and Tunni, 1984 

M1 M2 M3 M4 M5 M6 M7 M8 Grichuk, 1961 
Cheremoshnik U/Th 122±6             Rusakov et al., 2019; Maksimov et al., 2020 
Nizhnyaya 
Boyarschina 

U/Th 128±2             Maksimov et al., 2022 
Banzin U/Th 119±7    Bӧrner et al., 2015; Maksimov et al., 2021 
Beckentin U/Th 116±4    Rother et al., 2019; Maksimov et al., 2021 
Fili U/Th  105±3       Maksimov and Kuznetsov, 2010;  

Kuznetsov and Maksimov, 2012 
Neumark-Nord 2 IR-RF   122±13           Strahl et al., 2010 
Netiesos ESR   112±10           Baltrūnas et al., 2013 
Cheremoshnik U/Th   115±8       Rusakov et al., 2015; Maksimov et al., 2020 
Kileshino U/Th    115±3       Maksimov et al., preprint 
Jonionys ESR    110±2       Gaigalas and Molodkov, 1998 
Sverdlov Factory ESR    110±9       Bolshiyanov et al., 2016 
Netiesos ESR/IRSL    96±7       Baltrūnas et al., 2013 
Zaton ESR    112±5      Molodkov and Raukas, 1988; Molodkov, 2020 
Roer Valley Graben OSL     114±12        Schokker et al., 2004 
Rutten IRSL       109±6      Sier et al., 2015 
Dagebüll U/Th/ESR        131±1      Hoffman et al., 1999; Winn et al., 2000 
Nizhnyaya 
Boyarschina 

U/Th        109±2      Maksimov et al., 2022 
Zaton ESR        89±3      Molodkov and Raukas, 1988; Molodkov, 2020 
Neubrandenburg-
Hinterste Mühle 

U/Th        116±12    Bӧrner et al., 2018; Maksimov et al., 2021 

Nizhnyaya 
Boyarschina 

U/Th         99±3    Maksimov et al., 2022 

Mikulino U/Th         110±5  Maksimov and Kuznetsov, 2010;  
Maksimov et al., 2021 

Murava U/Th         103±5  Maksimov and Kuznetsov, 2010;  
Kuznetsov and Maksimov, 2012 

Kelkolovo ESR         137±16 Molodkov and Krasnov, 1998 
Dagebüll ESR          127±15    Hoffman et al., 1999 
Snaigupėlė U/Th           129±12  Baltrūnas et al., 2015 
Rutten IRSL           112±11 Sier et al., 2015 
Plyos IR-RF             124±12 Degering and Krbetschek, 2007;  

Boettger et al., 2009  
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The sequence of OSL ages the author obtained from the Mga Fm. at Sverdlov Factory covers all 

Mikulino pollen zones and thus can be used to estimate the Mikulino duration. Our Bayesian model 

gives ages of the Mikulino onset and termination at 133±8 and 109±7, respectively. These estimates 

(taking into account measurement uncertanities) do not contradict the Eemian duration determined 

before from varve chronology (9.5–11 ka) (Müller, 1974; Hahne et al., 1994; Caspers, 1997). Moreover, 

they are consistent with correlation between the Mikulino Interglacial and MIS5e (130–115 ka, 

Shackleton et al., 2002; Lisiecki and Raymo, 2005). 

It is important to note that the obtained results contradict those of Molodkov and Bolikhovskaya 

(2022) for the Voka section in Estonia. They reported IRSL ages in a range from ~94 to ~70 ka for 

Mikulino pollen zones M6–M8. However, correlation of these deposits with the Mikulino is questionable. 

A cross-section of the Vasavere ancient buried valley is exposed in the Voka outcrop (Raukas et al., 

2007). From the classical point of view (Raukas, 1978; Tavast and Raukas 1982; Miidel 2003; Raukas 

et al., 2007), the Vasavere valley is filled with glaciofluvial and glaciolacustrine sediments accumulated 

during the retreat of the last glaciation. However, first attempts to date them gave ambiguous results. 

 
Fig. 5.1. Locations of dated palynologically characterized sections of terrestrial and marine Mikulino 
(Eemian) deposits (Table 5.1). Based on ETOPO1digital elevation model . 
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Raukas (2004) obtained five feldspar IRSL ages in the range of 75–9.8 ka for the Pannjärve section.  

Raukas and Stankowski (2005) obtained two quartz OSL ages of 12.5 (18.5) ka and 25 ka at the Voka 

section. Raukas with coauthors believe that the youngest ages are the most accurate, and the sediments 

were mainly accumulated in the end of last glaciation.  

Later a series of feldspar IRSL dates from ~94 to ~8 ka (Molodkov et al., 2007; Molodkov, 2007; 

Molodkov and Bolikhovskaya, 2022) for the Voka section was published. Scientists divided the section 

into two units and correlated the lower unit with Mikulino pollen zones M6–M8 and MIS4 and the upper 

one  with the Middle Valdai and Holocene. However, the author considers the correlation of the lower 

unit with the Mikulino doubtful; the pollen spectra differ from the spectra of key interglacial sections 

around the Gulf of Finland, including the Mga (Znamenskaya, 1959; Pleshivtseva et al., 1984; 

Pleshivtseva, 2011a), Rybatskoye (Lavrova and Grichuk, 1960), Prangli (Liivrand and Valt, 1966), 

Sinyavino (Malakhovsky et al., 1969a), Krasnoselskoye (Sokolova et al., 1972), Yukki (Vishnevskaya 

et al., 1973), Röngu (Raukas, 1978), and several others. Firstly, the low content of tree pollen within the 

interglacial climatic optimum (zone M6) is noteworthy: 40–65% at Voka against 80–95% in all  Mikulino 

sections of the region. . Secondly, pollen of Artemisia and Chenopodiaceae is present throughout the 

unit at Voka identified as the Mikulino optimum, whereas it is absent or occurs only sporadically in 

typical Mikulino sections. It should be noted that Artemisia and Chenopodiaceae pollen are characteristic 

of periglacial landscapes in Eastern Europe during the Valdai Stage (Grichuk and Grichuk, 1960; 

Novenko, 2016). Thirdly, a key diagnostic sign of the Mikulino deposits is a sequence of culminations 

Quercus-Ulmus-Corylus-Tilia-Carpinus (Malakhovsky et al., 1969a). In the Voka section, pollen of 

broad-leaved species was found, but the sequence of culminations was not observed. Many Valdai 

(Weichselian) sections typically contain pollen of broad-leaved trees redeposited from older Mikulino 

(Eemian) sediments(Andersen, 1957; 1961; Malakhovsky et al., 1969b; Liivrand, 1976; 1982). For 

example, at Sinyavino (Malakhovsky et al., 1969b), pollen of broad-leaved species occurs throughout 

the 55-m Valdai deposits overlying the Mikulino sediments. Therefore, correlation of the lower unit at 

Voka with the Mikulino has not been proven. More probably, it correlates with the Lower Valdai or Late 

Glacial, as it was proposed earlier by Miidel (2003) and Raukas et al. (2007). 
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Chapter 6. Evolution of the Mga Sea: evidence from the Sverdlov Factory quarry 

In this study, the history of the Mga Sea is assumed to comprise four main events distinguished 

according to geochemical and diatom data, following the previous interpretation (Cheremisinova, 1960; 

Znamenskayaa and Cheremisinova, 1962; Malakhovsky et al., 1969a): glaciomarine, lagoonal (after 

Cheremisinova) or brackish, marine, and regressive phases (Fig. 6.1). The names of the phases reflect 

the most prominent features characterising each stage of Mga Sea evolution. The glaciomarine phase 

corresponds to the start of transgression and the penetration of sea waters into the Late Moscow glacial 

basin. The brackish phase occurs at the beginning of the Mikulino Interglacial and is characterised by 

low salinity. The marine phase corresponds to the peak of the marine transgression, during which the 

Mga Sea had a maximum salinity, similar to that of normal marine salinity. The regressive phase 

corresponds to the retreat of the Mga Sea, accompanied by a gradual decrease in salinity. 

6.1. Glaciomarine phase 

The chemical compositions and varve chronology of sediments from the Sverdlov Factory quarry 

indicate that seawater first penetrated into the Late Moscow glacial basin no later than ~1100 years 

before the onset of the Mikulino Interglacial (subphase a of the glaciomarine phase, Fig. 6.1). Varved 

deposits of that period contain abundant ice-rafted debris (IRD) and thus may correlate with the 11th 

Heinrich event (Heinrich, 1988; McManus et al., 1998). In the model of Beets et al. (2006), the 11th 

Heinrich event correlates rather with the Kattegat Stadial, but the interval corresponding to the Kattegat 

Stadial in the Sverdlov Factory section lacks signatures of ice rafting. There is some probability that the 

level of IRD in the Sverdlov varved clay represents changes in local conditions at the glacier front and 

has no relation to the 11th Heinrich event. 

In the end of the Moscow cryochron, the coast of the Mga Sea was mainly grown with pine and 

spruce communities that included periglacial flora elements. The ice-rafting activity stopped about 970 

years before the onset of the interglacial, when the connection of the Mga Sea with the ocean apparently 

became impeded. This inference agrees with data on water salinity: the sea water salinity decreased 

markedly ~1030 years before the interglacial, i.e., the connection with the ocean may have interrupted 

for some time (subphase b of the glaciomarine phase, Fig. 6.1). However, the salinity decrease was 

reconstructed from a single parameter of the TOC/S ratio, at TOC in the sediments as low as <1%. Thus, 

the TOC/S ratio alone is not very reliable evidence (Berner and Reiswell, 1984), and the existence of the 

event remains insufficiently proven. A brief spell of low salinity was also inferred from diatom analysis 

for the Upper Moscow strata in BH 10 (Pleshivtseva et al., 1984), but it was timed at the latest Kasplya 

Interstadial (pollen zone Ms2). According to the results from the Sverdlov Factory quarry, the 
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Fig. 6.1. Synthesized data on intermorainic deposits from the Sverdlov Factory quarry. For lithology legend  see Fig. 4.1. 
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desalination period lasted about 680 years and ended ~350 years before the LIG. Interestingly, the age 

bounds of the  presumed freshwater subphase almost perfectly match the boundaries of the grain size 

zone GSZ2 (Fig. 6.1), where the varved sediments have higher clay contents and the varves are thinner 

than in other intervals. 

 About 700 years before the LIG, the climate began to warm, probably correlating with the 

Kasplya Interstadial. The plant communities of the warmer climate contained lower percentages of Picea 

and periglacial flora elements but had greater percentages of Pinus and Alnus and also included Corylus. 

The Kasplya Interstadial lasted about 400 years, though the duration of its equivalent Zeifen Interstadial 

in Anholt Island (Denmark) was estimated as ~1000 years (Seidenkrantz, 1993). The Kasplya 

Interstadial was named by V. Grichuk after the Kasplya River in the Smolensk Oblast (Malakhovsky et 

al., 1966; Buslovich et al., 1969) and distinguished by Malakhovsky et al., (1966, 1969a) in several 

sections: Nizhnyaya Boyarschina (Chebotaryova, 1954; Grichuk and Grichuk, 1960) on the Kasplya 

River, Petrokrepost’ (Nedrigailova et al., 1965; Pleshivtseva, 2011a), Sinyavino (Malakhovsky et al., 

1969a) in the Leningrad Oblast, and Felitsianova (Krukle et al., 1963) in Latvia. The interstadial 

warming in the latest Saalian Glacial of West Europe was called Zeifen after a locality in Bavaria (Jung 

et al., 1972). The name was suggested by Woillard (1978) who discovered signatures of similar warming 

in the deposits of the Grand Pile section in northeastern France. 

About 350 years prior to the LIG, the water salinity in the Mga Sea again reached the brackish 

level (subphase c of the glaciomarine phase, Fig. 6.1). At that time, the grain size distribution changed 

toward smaller percentages of clay and larger amounts of silt particles.  

The Kasplya Interstadial was followed by the Kattegat Stadial, quite a short (300 years) cooling 

spell. A similar estimate for the duration of the cold event that preceded the Eemian interglacial (250 

year) was based on varve chronology of the Lago Grande di Monticchio section in southern Italy (Brauer 

et al., 2007). On the other hand, the Kattegat Interstadial recorded in the Island Anholt (Denmark) data 

lasted ~1200 years (Seidenkrantz, 1993). The plant communities in the Mga Sea coast during the 

Kattegat Stadial were again dominated by Picea, while the contribution of Pinus reduced and periglacial 

flora increased slightly. 

6.2. Brackish (lagoon) phase 

The brackish phase of the Mga Sea roughly coincided with the onset of the Mikulino Interglacial. 

Pollen data show greater percentages of Pinus and smaller contributions of Picea, Betula nana, and 

Artemisia to the earliest interglacial plant communities. Lithologically, the onset of the interglacial was 

marked by the absence of rhythmic bedding and by color changes of clay and silt sediments to black 

(bluish). In terms of fauna, marine molluscs appeared at the respective level in the section. The brackish 

phase continued till the middle of pollen zone M4. At that time, mixed forests of coniferous and 
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broadleaved trees were present on the coast of the Mga Sea. Diatom data for the beginning of pollen 

zone M4 record shallow-marine deposition at low salinity. The diatom assemblage of the latest brackish 

phase included typical inhabitants of brackish (Diploneis smithii, Cocconeis scutellum) and fresh 

(Epithemia turgida, Cocconeis disculus and Diploneis domblittensis) waters. The low salinity of the 

basin also shows up in geochemical data. 

6.3. Marine phase 

The onset of the marine phase is easily detectable from geochemical and diatom evidence which 

records abrupt increase in salinity and sea depth at the -10.4 m asl level. The diatom assemblage at the -

10.3 m level corresponds to deposition in marine (possibly, subtidal) conditions, at moderate salinity. 

The sediments at -9.3 m asl were deposited in marine neritic conditions of salinity and sea depths greater 

than at the -10.3 m asl level. The diatoms are mainly of marine and brackish species: Hyalodiscus 

scoticus, Chaetoceros sp., Grammatophora oceanica, Thalassiosira gravida and Grammatophora 

macilenta. Geohemical data indicate large inputs of saline oxygenated water into the Mga Sea in the 

beginning of the marine phase. TOC/S ratio values of about 2.1 g/g within the marine and subsequent 

regressive phases indicate a salinity of at least 18‰. The Mga sediments deposited during the early 

marine phase contain abundant shells of molluscs, which proliferated in oxic near-bottom water, but the 

mollusc fauna is poor in the overlying strata deposited in anoxic conditions. The oxygen contents 

reduced, possibly, when the basin became stagnant. The marine phase lasted till the middle of pollen 

zone M6-7 and thus corresponded to the climate optimum of the Mikulino Interglacial. The plant 

communities of that time included broad-leaved species and Picea. Pollen zone M6-7 approximately 

correlates with the Blake geomagnetic excursion (Dudanova, 2023). 

6.4. Regressive phase 

The onset of regression can be reconstructed from decrease in marine organic matter in the 

middle of pollen zone M6/7 at -7.7 m asl. The OM contents decrease gradually till the top of the Mga 

Fm. Diatom data from the -5.5 m asl level record moderate-salinity neritic marine conditions, but the 

top of the Mga Fm. was already deposited in a notably less saline shallow basin. This inference is based 

on the taxonomy of diatoms with predominant brackish species in the end of the regression phase: 

Thalassiosira baltica, Actinocyclus ehrenbergii var. сrassa and Thalassiosira hyperborea. According to 

geochemical data, the bottom-water conditions in the Mga Sea were anoxic and thus unfavorable for 

mollusc fauna, during the whole regression event. 

6.5. Lacustrine phase 

The water of the Mga basin became fresh in the end of pollen zone M8, or in the beginning of the 

Early Valdai, judging by the TOC/S ratio (9.6–14.7) and the absence of the marine OM component (Fig. 

4.20). The TOC/N ratio indicates that organic matter in lacustrine sediments mainly consists of 
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phytoplankton (Fig. 4.20). Low S and Mo, together with higher Mn/Fe ratios, provide evidence for oxic 

bottom-water conditions in the freshwater basin. Freshwater conditions are also inferred for pollen zone 

M8 in the Krasnoselskoye (Sokolova et al., 1972), Yukki (Vishnevskaya et al., 1973) and Peski 

(Miettinen et al., 2014) sections of the Karelia Isthmus. 

6.6. Concluding remarks 

The obtained geochemical and diatom data from the Sverdlov Factory section have revealed four 

evolution phases of the Mga Sea: glaciomarine, brackish (lagoonal), marine, and regressive. The input 

of saline waters into the glacial basin during the Moscow Late Glacial occurred up to ~1100 years prior 

to the onset of the Mikulino Interglacial. Between ~1030 and 350 years prior to the LIG, the Mga Sea 

experienced substantial desalination, followed by the restoration of its connection to the ocean. The 

Sverdlov deposits in the Sverdlov Factory section provided reference for identification of three RPZ: 

Ms3, Ms2 (Kaslya Interstadial) and Ms1 (Kattegat Stadial). According to varve chronology, the Kasplya 

Interstadial lasted approximately 400 years (~700-300 years prior to the onset of the LIG) whilst the 

duration of the Kattegat Stadial was around 300 years. 

Furthermore, the glaciomarine phase of the Mga Sea evolution continued until the start of the 

Mikulino Interglacial before the transition to the brackish (lagoonal) phase characterized by slightly 

higher  salinity. The termination of the brackish phase falls at the midpoint of the M4 RPZ. 

The beginning of the marine phase is marked by a steep rise in salinity and water depth of the 

Mga Sea, which catalyzed swift proliferation of marine diatoms and molluscs. Evidenced by 

geochemical scrutiny, the salinity of the Mga Sea during the marine episode and the ensuing regressive 

phase remained at a minimum of 18‰. At the start of the M5 RPZ, anoxic conditions were established 

in the bottom waters of the Mga Sea, resulting in substantial reduction of faunal assemblages. The anoxic 

conditions persisted till the end  of the LIG. 

The regressive stage began in the middle of the M6-7 RPZ, lasted till the end of the LIG, and was 

succeeded by the lacustrine phase at the termination of the M8 RPZ or Early Valdai. 
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Chapter 7. Last Interglacial vegetation and sea evolution in the Baltic and Onegо-Ladoga 

regions 

7.1. Eemian (Mikulino) chronology of vegetation in North Europe  

The only available Eemian (Mikulino) vegetation chronology is based on data from the Bispingen 

section in North Germany (Müller, 1974). The duration of the Bispingen zones E4a–E5 (Menke and 

Tunni, 1984) approximately corresponds to that of the respective zones estimated from the number of 

annual varves in the Quakenbrück and Gross Todshorn sections (Table 7.1) (Hahne et al., 1994; Caspers, 

1997). Additionally, the duration of the Pinus-Picea pollen zone, the last one in the Eemian Interglacial 

(E7), was evaluated in the Krumbach section in Bavaria (Frenzel and Bludau, 1987, cited from Turner, 

2002) as at least 1650 years, which is commensurate with the ~2000 a value for Bispingen (Table 7.1). 

The varve chronology for the Bispingen section has some drawbacks though (Müller, 1974; etc.): zones 

E5–E7 lack varves and their duration has to be inferred by extrapolation from deposition rates; zone 

Betula (E1) may be incomplete and its duration may be underestimated.  

The boundaries of pollen zones before the Carpinus (E5) zone were concluded (Zagwijn, 1996) 

to be almost synchronous in West and Central Europe, with an age difference of 200 to 500 years. 

Therefore, the Bispingen chronology has been often used for reference to estimate the duration of phases 

in the vegetation history of Germany, as well as in Denmark (e.g., Kristensen et al., 2000; Gibbard and 

Glaister, 2006), the Netherlands (e.g., Beets et al., 2006), Poland (e.g., Head et al., 2005; Knudsen et al., 

2012; Marks et al., 2014), and other countries of the two regions. The Bispingen chronology was also 

used for East Europe sections, including those of the Leningrad Oblast (Miettinen et al., 2002, 2014), 

Table 7.1. Chronology of Eemian pollen zones in the Bispingen (Müller, 1974), Quakenbrück (Hahne 
et al., 1994), Gross Todshorn (Hahne et al., 1994; Caspers, 1997), and Krumbach (Frenzel and Bludau, 
1987, cited from Turner, 2002) sections. Zone duration is according to count (bold) or to extrapolation 
from deposition rates (italic), modified after Caspers (1997). 

Pollen zone 
(Menke 

and Tunni, 
1984) 

Pollen zone 
(Selle, 1962) 

Duration, a 

Bispingen 
(Müller, 1974) 

Quakenbrück 
(Hahne et al., 

1994) 

Quakenbrück 
(recalculated, 

Caspers, 
1997) 

Gross Todshorn 
(Caspers, 

1997) 

Krumbach 
(Frenzel 

and 
Bludau, 
1987) 

E1 I ~100 - - - - 
E2 IIа 200 - - - - 
E3 IIb 450 - - - - 

E4a 
IIIa 450 - - 345-386 - 
IIIb 700 1368 (1038) 1230 (900) 641-692 - 

E4b IIIc 1000-1200 1579 1063 1268-1469 
(1043-1244) - 

E5 IV ~4000 3300 4391 - - 
E6 V ~2000 1500 (700) 925 (125) - - 
E7 VI ~2000 - - - ≥1650 

 
Щзут»Я:\Аспирантура\ВКР\Рисунки\ФксПшы\Северная Европа.ьчв» 
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Karelia (Funder et al., 2002), and the White Sea area (Grøsfjeld et al., 2006; Rudenko et al., 2023). 

Meanwhile, the latter reconstructions appear to be poorly justified because the boundaries of pollen 

zones can be synchronized only between relatively closely spaced sections. The diachrony of the 

vegetation phases and the dynamics of the tree species distribution have been studied in more detail for 

the Holocene (Firbas, 1954; Serebryanny, 1971; Savelieva, 2007; Giesecke et al., 2011), but only few 

publications on the subject are available for the LIG time span (Chepurnaya, 2009 a,b). In both Holocene 

and LIG, the distribution of main broad-leaved species was shifted to the east and north-east relative to 

Central Europe. Assuming that Carpinus reached the White Sea coast in the time of maximum expansion 

in Central Europe, its migration between the two areas during the LIG was inferred (Chepurnaya, 2009 

a,b) to have taken no more than 2500–3000 years.  

 The lag of vegetation phases can be estimated with reference to a level synchronous in all Eemian 

(Mikulino) sections throughout North Europe. The North Sea and White Sea basins were connected in 

the LIG and any marked change in sea depth or salinity is expected to show up all over the region, from  

 
 

Fig. 7.1. Location map of reference Eemian (Mga) sections. The section examined by the author is 
titled ‘Sverdlov Factory II‘. Based on the ETOPO1 digital elevation model.   
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its westernmost to easternmost parts. According to data from the Sverdlov Factory quarry, the rapidly  

increasing marine influence in the Quercus zone (M4) can be such a reference event, which appears in 

diatom and geochemical analytical data (Figs. 4.20, 4.21) and can be correlated with the boundary 

between the brackish (lagoonal) and marine phases in the Mga Sea history. Furthermore, the prominent 

Mn/Fe peak which records significant influx of oxygenated oceanic water into the Mga Sea likewise 

corresponds to this level (Fig. 4.23). The event was traced in different Mga Fm. localities, as well as 

elsewhere in the Baltic area, in 34 reference sections from the Kiel Canal (Germany) in the west to Lake 

Onego (Russia) in the east (Fig. 7.1). In addition to the above objectives, the cross correlation of the 

sections can reveal common trends in the LIG evolution of the Baltic and Mga Seas. 

7.2. Reference sections of the Eemian (Mga) marine deposits in the Baltic and Onego-Ladoga 

regions  

Reference sections of Eemian (Mga) marine sediments were selected proceeding from  the 

availability of spore-pollen spectra for LIG deposits and were additionally characterized  

palaeontologically (diatoms, foraminifers, malacofauna, ostracods) to trace the development of the sea 

basin during the LIG. The obtained data  for all sections allowed identifying the phases of the sea 

evolution, with reference to the division of E. A. Cheremisinova (1960): glaciomarine, brackish 

(lagoonal), marine, and regressive phases correlated then with regional pollen zones (Fig. 7.2). The basin 

history records in the Mga, Baltic, North, and White seas were cross correlated for the first time by 

Lavrova (1961), but the number of sampled sections has increased considerably since then and a more 

detailed review, with more numerous highlighted trends, has become possible. 

7.2.1. Lake Onego 

7.2.1.1. Vytegra 

The Vytegra section (Figs. 7.1, 7.2) was stripped in two boreholes on the bank of the Vytegra 

River southeast of Lake Onego, near Novinki and Ivanovskoye Villages (Cheremisinova, 1952, 1962). 

The Mga marine deposits in the section may belong to an outlier of the upper moraine (Buslovich et al., 

2002). The change from lacustrine to brackish deposition environments shows up in the Pinus-Betula 

zone (М2-3 in Grichuk, 1961). In this interval, freshwater diatoms (Melosira (Aulacoseira) islandica 

subsp. helvetica, Melosira (Aulacoseira) distans, Melosira (Aulacoseira) granulata) disappear being 

succeeded by brackish (Coscinodiscus (Thalassiosira) lacustris and Thalassiosira baltica var. 

fluviatilis) and marine (Chaetoceros spp., spores) species (Cheremisinova, 1962). Thalassiosira baltica 

var. fluviatilis represents 1–2°С water temperature and 8‰ salinity conditions (Cheremisinova, 1962). 
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Fig. 7.2. Evolution of the Baltic and Mga basins during the LIG and the corresponding regional pollen zones, according to combined data from 34 reference sections. 
Numbers in parentheses are asl elevations of exposed marine sediments. Hatching indicates intervals of Lower Valdai (Lower Weichselian) deposits, the marine 
origin of which is uncertain. 
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The onset of the marine phase correlates with the appearance of deciduous forests (zones М3–

М4). The clay deposited during maximum transgression contains abundant neritic plankton diatoms: 

Coscinodis cus antiquus (Thalassiosira antiqua), Coscinodiscus perforatus, Thalassiosira gravida, 

Chaetoceros spp. (spores), and some other species. 

The numbers and diversity of marine diatoms reduce in zone M5 while brackish species, such as 

Cosciodiscus (Thalassiosira) lacustris, Thalassiosira baltica, Thalassiosira baltica var. fluviatilis, etc. 

become more abundant as evidence of beginning regression. Limnic conditions resume in zone M6, 

judging by the presence of freshwater diatoms: Melosira (Aulacoseira) islandica subsp. helvetica, 

Stephanodiscus astraea and others. 

7.2.1.2. Petrozavodsk I 

The Petrozavodsk I section (Figs. 7.1, 7.2) was stripped by BH 3604 in Petrozavodsk city, on 

terrace I of Lake Onego, at 35.4 m asl (Devyatova, 1972). Diatoms appear above a core depth of 8.4 m 

corresponding to the Pinus-Betula (М2 in Grichuk, 1961) zone (Devyatova, 1972; Devyatova, 1968, 

cited from Ikonen and Ekman, 2001). The diatom assemblage is dominated by marine species that record 

the marine phase of the Mga basin evolution: Hyalodiscus scoticus, Opephora marina, Chaetoceros 

holsaticus, Chaetoceros mitra, Thalassionema nitzschioides, etc. (Devyatova, 1968, cited from Ikonen 

and Ekman, 2001). Foraminifers appear at a slightly higher level (8.15 m), with Buccella ex gr. frigida, 

Protelphidium orbiculare (Haynesina orbicularis), Elphidium subclavatum and Ammonia flevensis as 

dominant species (Abrukina and Krasilnikova, 1972).  

The development of foraminifers reaches its peak at a depth of 7.5 m (zone Quercus-Ulmus, 

М4b). At the same time, the composition of the dominant diatom species changes to the following: 

Actinocyclus octonarius, Actinocyclus octonarius var. tenellus, Actinocyclus octonarius var. 

intermedius, Coscinodiscus lacustris var. septentrionalis (Thalassiosira hyperborea var. 

septentrionalis), Hyalodiscus scoticus and Thalassionema nitzschioides (Devyatova, 1972; Devyatova, 

1968, cited from Ikonen and Ekman, 2001). The most abundant foraminifers in the assemblage include 

Ammonia flevensis, Protelphidium sp. and Elphidium subclavatum (Abrukina and Krasilnikova, 1972). 

Large quantities of marine mollusc shells were discovered between 7.35 and 5.5 m, including Mutilus 

edulis, Tellina (Macoma) baltica, Tellina (Macoma) calcarea and Leda (Nuculana) pernula (Devyatova, 

1972).  

In the end of the Quercus-Ulmus-Carpinus (М5) zone (core depth 5.5 m), marine and brackish 

diatoms disappear and give way to freshwater taxa: Melosira (Aulacoseira) islandica subsp. helvetica, 

Melosira (Aulacoseira) granulata, Cyclotella (Lindavia) comta, etc. (Devyatova, 1968, cited from 

Ikonen and Ekman, 2001). Foraminifers disappear at 6.2 m (Abrukina and Krasilnikova, 1972). 
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7.2.1.3. Petrozavodsk II 

The Petrozavodsk II section is located 550 m south of BH 3604 (Figs. 7.1, 7.2). The interglacial 

Mga Fm. lies over the Upper Moscow varved sediments containing Aulacoseira islandica as a dominant 

diatom species (40–100%) and some marine species: Coscinodiscus lacustris f. septentrionalis 

(Thalassiosira hyperborea var. septentrionalis), Grammatophora arctica, Grammatophora marina and 

Grammatophora oceanica var. subtilissima (Ikonen and Ekman, 2001). The percentages of marine and 

brackish diatoms vary in the range 1–22 %, but they may be allochthonous species (Ikonen and Ekman, 

2001). Most of marine and brackish diatoms occur in the lower strata of the section corresponding to a 

warming interval, possibly correlated with the Kasplya Interstadial. Warmer conditions show up in 

pollen diagrams as higher percentages of Pinus and Picea and lesser amounts of Betula sect. Albae, 

Betula nana, Betula humilis and Chenopodiaceae.  

Marine signatures are found in the Pinus-Betula-NAP zone, prior to the LIG, at a depth of 12.2–

12.3 m, where Thalassionema nitzschioides diatoms common to marine environments appear and coexist 

with sporadic Cibicides lobatulus (Lobatula lobatula), Globigerina (Neogloboquadrina) pachyderma, 

and Guttulina (Laryngosigma) lactea.  

Higher salinity is reconstructed in the Pinus–Betula (M2-3 in Grichuk, 1961) zone at a depth of 

11.0 m proceeding from the taxonomic change from freshwater to brackish and to marine diatom species. 

The assemblage is dominated by Grammatophora oceanica var. subtilissima (41 to 88%) in the early 

marine phase and by Thalassionema nitzschioides (up to 86%) in the second half. Buccella tenerrima 

and Retroelphidium clavatum are the most abundant among foraminifers. 

The percentages of marine diatoms and formainifers peak in the Alnus-Corylus (М5) zone and 

then decrease rapidly indicating the onset of regression. The regression diatom assemblage consists of 

Coscinodiscus lacustris f. septentrionalis (Thalassiosira hyperborea var. septentrionalis) reaching 70% 

and notable percentages of Grammatophora oceanica var. subtilissima and Tabularia tabulata. 

Foraminifers are mainly Protelphidium pauciloculum subsp. albiumbilicatum (Cribroelphidium 

albiumbilicatum) and Buccella tenerrima. No foraminifers were found above the 7.1 m depth, while 

marine and brackish diatoms almost disappear at 6.6 m (zone Picea-Alnus-Carpinus, M6-7) where 

freshwater taxa appear (Aulacoseira islandica, Ellerbeckia arenaria, Epithemia turgida, etc.). 

7.2.2. Lake Ladoga 

7.2.2.1. Verkhnyaya Vidlitsa 

BH 22 was drilled in the village of Verkhnyaya Vidlitsa on the eastern coast of Lake Ladoga. 

The wellhead is situated at an altitude of 18.5 m. Nedrigailova et al. (1971) identified a diatom flora with 

abundant development of marine forms in the depth range of 32.7–26.5 m, corresponding to the Quercus 

– Carpinus pollen zones (M4–M6 in Grichuk, 1961) (Nedrigailova et al., 1971; Devyatova, 1982; 
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Pleshivtseva, 2011b). The complex comprises of Thalassiosira antiqua, Thalassiosira gravida, 

Coscinodiscus oculus-iridis, Coscinodiscus radiatus, Actinoptychus areolatus, Chaetoceros sp. and 

Thalassionema nitzschioides. Additionally, littoral planktonic species such as Hyalodiscus scoticus, 

Actinoptychus undulatus (senarius) and Actinocyclus echrenbergii (octonarius) were observed in large 

numbers. This depth interval corresponds to the maximum transgression. 

At a depth of 25.5 m in the Carpinus zone (M6), the number of neritic diatom forms decreases 

while the littoral-planktonic species Coscinodiscus (Lineaperpetua) lacustris rapidly develops. The 

contribution of marine forms decreases markedly and that of freshwater forms increases. This complex 

indicates the beginning of sea regression. Diatoms were found up to a depth of 16.0 m, which 

corresponds to the base of the Lower Valdai sediments. However, the poor preservation of diatom valves 

in the depth range 20.5–16.0 m suggests possible redeposition of the material (Nedrigailova et al., 1971). 

7.2.2.2. Kaver 

In borehole section 78 on the eastern shore of Lake Ladoga, near Lake Kaver, marine planktonic 

diatoms occur in the Upper Moscow brown clays underlying the Mga Fm. (Nedrigailova et al., 1971). 

This interval belongs to the glaciomarine phase of the basin evolution. 

The Betula zone (M2 in Grichuk, 1961) corresponds to the brackish phase, and at the beginning 

of the Pinus-Betula zone (M3) the rapid development of marine diatoms is observed (Nedrigailova et al., 

1971; Pleshivtseva, 2011b). The dominant position is occupied by littoral planktonic Actinoptychus 

undulatus (senarius), Actinocyclus echrenbergii (octonarius), Melosira moninliformis and the benthic 

Diploneis interrupta. Higher up in the section, neritic forms are most developed: Thalassiosira antiqua, 

Thalassiosira gravida, Thalassiosira excentrica (eccentrica), Coscinodiscus oculus-iridis, Chaetoceros 

mitra, Chaetoceros sp., Actinoptychus areolatus, Thalassionema nitzschioides, – as well as 

silicoflagellates and the littoral planktonic species Actinoptychus undulatus (senarius). 

In the upper part of the Carpinus zone (M6), the deep-sea forms are replaced by littoral-planktonic 

species with a predominance of Thalassiosira baltica, Coscinodiscus (Lineaperpetua) lacustris and 

Coscinodiscus curvatulus, as well as the deep-sea form Coscinodiscus divisus. The change of complexes 

indicates the beginning of the regressive phase. In the upper half of the Pinus zone (M8) the diatom flora 

is severely depleted, although individual valves are also found in the overlying Lower Valdai sediments 

(Nedrigailova et al., 1971; Pleshivtseva, 2011b). 

7.2.2.3. Vasilievsky Bor 

In the borehole section 83 drilled on the eastern shore of Lake Ladoga, in the village of 

Vasilievsky Bor, the brown and gray-green varved clay underlying the Mga Fm. contains fragments of 

valves of marine centric diatoms (Nedrigailova et al., 1971). 
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In the Betula-Pinus zone (M2-M3 in Grichuk, 1961) there is a sharp development of the diatom 

flora (Nedrigailova et al., 1971; Devyatova, 1982; Pleshivtseva, 2011b), which probably indicates the 

establishment of the marine phase. In the sediments of this phase, the most abundant species are 

Thalassiosira gravida, Thalassiosira excentrica (eccentrica), Thalassiosira antiqua, Coscinodiscus 

lacustris (Thalassiosira hyperborea) var. septentrionalis, Actinoptychus undulatus (senarius), 

Actinoptychus areolatus, Chaetoceros sp. and Thalassionema nitzschioides. 

In the Carpinus zone (M6), the quantitative and species diversity of diatoms decreases, which 

may indicate the onset of marine regression. 

7.2.3. Gulf of Finland 

7.2.3.1. Mga I 

The Mga I section in BH 3 on the bank of the Mga River (Figs. 7.1, 7.2) contains marine diatoms 

in the Upper Moscow varved clay beneath the Mga Fm. (Cheremisinova, 1959). The diatom assemblage 

of the glaciomarine phase consists of cold-water (Cocconeis disculus, Diploneis domblittensis) and some 

marine (Hyalodiscus scoticus, Grammatophora oceanica var. macilenta) species. Diatoms are mainly 

benthic, i.e., the sea depth of that time was around 20 m (Cheremisinova, 1959). Marine foraminifers 

appear at the top of the varved sequence, with Elphidium subclavatum reaching 100% (Nedesheva, 

1972). 

The brackish phase begins from the early Mikulino Interglacial. The respective diatom 

assemblage includes predominant Thalassiosira baltica, Achnanthes taeniata, Coscinodiscus 

curvatulus, and some other species which record 1–3°С water temperatures and 4–8‰ salinity 

(Cheremisinova, 1959). Protelphidium parvum makes up to 83% of brackish foraminifers (Nedesheva, 

1972). 

The marine phase corresponds to the Pinus-Betula (M3 in Grichuk, 1961) interval and is recorded 

in the diatom assemblage as the presence of marine neritic and oceanic taxa (Thalassiosira gravida, 

Chaetoceros spp. (spores) and Coscinodiscus genus reaching 90 % in total). The assemblage indicates 

high salinity (25–30‰) and a sea depth at least 50–75 m (Cheremisinova, 1959). Foraminifers become 

notably more abundant in the beginning of the marine phase, and their assemblage includes Elphidium 

subclavatum, Protelphidium parvum, Bucella frigida, Miliolinella cf. subrotunda and Quinqueloculina 

(Miliolinella) circularis as dominant species (Nedesheva, 1972). 

The onset of regression falls within the middle Quercus-Ulmus-Corylus (M4-5) zone. The diatom 

assemblage of the regressive phase consists of brackish euryhaline species (Coscinodiscus lacustris var. 

septentrionalis, Thalassiosira baltica var. fluviatilis, Coscinodiscus curvatules, Achnanthes taeniata) 

coexisting with freshwater to brackish species of Epithemia sorex, Epithemia turgida, which record 

decreasing salinity. Foraminifers are mainly (73%) Elphidium subclavatum (Nedesheva, 1972). 
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7.2.3.2. Rybatskoye 

The Rybatskoye section stripped in BH 47 near Rybatskoye Village (Figs. 7.1, 7.2) contains 

saline-water species in the lower strata of the Mga Fm. (beginning of Pinus-Betula or M2-3 zone in 

Grichuk, 1961) (Lavrova and Grichuk, 1960; Znamenskaya and Cheremisinova, 1962). The diatom 

assemblage of the brackish phase is dominated by marine (Grammatophora and Melosira moniliformis) 

and brackish (Diploneis smithii and Synedra tabulate) species. 

The base of the marine phase is easily detectable 2 m further upsection in the middle of the Pinus-

Betula (M2-3) zone from the appearance and growing abundance of marine and brackish diatoms: 

Thalassiosira gravida, Thalassionema nitzschioides, Сhaetoceros spp. (spores), Rhabdonema arcuatum, 

Coscinodiscus spp., etc. The depth of the Mga basin during the maximum transgression inferred from 

the diatom taxonomy is at least 80–100 m (Znamenskaya and Cheremisinova, 1962). 

In the Carpinus (M6) zone, marine diatoms become markedly less abundant and are succeeded 

by brackish taxa: Synedra tabulata, Thalassiosira baltica, Coscinodiscus lacustris, etc. Freshwater 

species appear at higher levels, in the Pinus-Betula-Picea (M8) zone: Pinnularia spp., Diploneis 

domblittensis and some others, while the counts of brackish species reduce. 

7.2.3.3. Sinyavino 

The Sinyavino section (Figs. 7.1, 7.2) contains freshwater and brackish (Epithemia sorex, 

Epithemia turgida, Epithemia zebra (adnata)), as well as  sporadic marine (Thalassiosira gravida, 

Сhaetoceros spp., spores) diatoms in the Kasplya Interstadial of the Moscow Glacial (Malakhovsky et 

al, 1966, 1969a). Moreover, the glaciomarine phase is marked by cold-loving freshwater species, such 

as Cocconeis disculus, Diploneis domblittensis var. subconstricta (Diploneis burgitensis) and Navicula 

(Cavinula) scutelloides. 

The onset of the brackish phase corresponds to the base of the Pinus-Betula (M2-3 in Grichuk, 

1961) zone, i.e., to the beginning of the Mikulino Interglacial. The diatom assemblage is dominated by 

marine and brackish species: Diploneis didyma, Diploneis interrupta, Campylodiscus echeneis, 

Сhaetoceros spp. (spores), etc. 

Marine signatures become notable in the beginning of the Quercus-Ulmus (M4) zone. The marine 

phase is marked by the presence of marine planktonic taxa, especially Thalassiosira gravida, 

Thalassionema nitzschioides, Сhaetoceros spp. (spores) and some others.  

The onset of regression shows up in the upper portion of the Carpinus-Tilia (M5-6) zone, where 

marine diatoms become less abundant while brackish taxa increase. Diatoms are mainly Thalassiosira 

baltica, Thalassiosira baltica var. fluviatilis, Coscinodiscus lacustris var. septentrionalis (Thalassiosira 

hyperborea var. septentrionalis), Coscinodiscus (Thalassiosira) lacustris, etc. 

7.2.3.4. Sverdlov Factory I 



112 
 

 
 

The Sverdlov Factory I section stripped in BH 10 (Figs. 7.1, 7.2) contains brackish diatoms 

within the Kasplya Interstadial (Pleshivtseva et al., 1984). The diatom assemblage at a core depth of 

38.0 m mainly consists of benthic species Fragilaria inflata (Pseudostaurosira brevistriata var. inflata), 

Diploneis domblittensis, Navicula (Cavinula) scutelloides, etc. and Nitzschia (Tryblionella) navicularis 

common to brackish habitats. At a depth of 37.6 m, in the end of the Kasplya Interstadial, species that 

live in brackish and brackish to freshwater environments are absent from the diatom assemblage while 

freshwater benthic Epithemia zebra (adnata) becomes a dominant species. This change indicates dilution 

with fresh water (Pleshivtseva et al., 1984). The conditions change again during the Kattegat Stadial, 

when freshwater diatoms are sporadic but Grammatophora oceanica and other marine species 

predominate in the assemblage.  

The Mga interglacial clay deposition began with the onset of the brackish phase. The diatom 

assemblage of that time is taxonomically poor, limited to sporadic marine taxa of Melosira (Paralia) 

sulcata, Melosira moniliformis and some others. 

The greater role of marine deposition shows up in higher abundances of marine diatoms and in 

the appearance of neritic (sublittoral) and littoral species in the beginning of the Quercus-Ulmus-Alnus 

(M4-5 in Grichuk, 1961) zone (Pleshivtseva et al., 1984, Pleshivtseva, 2023). The assemblage of 

maximum transgression has highest percentages of Coscinodiscus lacustris var. septentrionalis 

(Thalassiosira hyperborea var. septentrionalis) and Сhaetoceros sp. 

The beginning of regression is hard to time in the Sverdlov Factory I section, because the upper 

strata of the Mga Fm. bear both marine and freshwater diatoms, with overlapping peaks. The second 

peak of the Carpinus in the Picea (M7) zone indicates that the pollen was redeposited from the sediments 

below (Pleshivtseva et al., 1984, Pleshivtseva, 2023). Therefore, marine diatoms are partly 

allochthonous as well. 

7.2.3.5. Mga II 

Sediments in the Mga II section (Figs. 7.1, 7.2) lie over varved clay that bear both freshwater and 

marine diatom species, though the frustules of marine diatoms are poorly preserved and were considered 

(Pleshivtseva et al., 1984) to be allochthonous. Meanwhile, freshwater diatoms (Pinnularia lata, 

Pinnularia borealis, Hantzschia amphioxys, etc.) remain well preserved. The deposition patterns in this 

section are similar to those observed in other sections from the Neva Lowland (Mga I, Sinyavino, 

Sverdlov Factory), with the upper Sverdlov Fm. deposited in brackish water conditions.   

The marine effect becomes slightly better pronounced in the Pinus-Betula (M2 in Grichuk, 1961) 

zone (Pleshivtseva et al., 1984; Pleshivtseva, 2011a), where the brackish diatom assemblage contains 

predominant Thalassiosira gravida, Hyalodiscus scoticus, Actinocyclus ehrenbergii (octonarius) and 

some other species. At the same time, freshwater diatoms, such as Cocconeis disculus var. diminuta 
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(Cocconeis neodiminuta), Navicula (Cavinula) scutelloides and Epithemia zebra (adnata), become more 

abundant in the upper М2 zone. 

The onset of the marine phase falls within the Pinus-Betula-Quercus (M3) zone where marine 

diatoms reach 60–80 species in a sample while freshwater species are fewer. The main assemblage of 

marine diatoms consists of Melosira (Paralia) sulcata, Hyalodiscus scoticus, Cocconeis scutellum, 

Grammatophora oceanica, Chaetoceros sp., Thalassiosira gravida, and Actinoptychus undulatus 

(senarius). 

The sea level fall began in the interval of the Carpinus-Picea (M6-7) zone, judging by rapid 

decrease in littoral and sublittoral species, greater abundances of brackish Cyclotella caspia and Synedra 

(Tabularia) tabulata, and appearance of some freshwater diatoms.  

7.2.3.6. Krasnoselskoye 

The Krasnoselskoye section in the Karelian Isthmus (Figs. 7.1, 7.2) bears signatures of deepwater 

marine conditions in the beginning of the Pinus-Betula-Quercetum mixtum (M3 in Grichuk, 1961) zone 

(Sokolova et al., 1972) but lacks any record of the glaciomarine and brackish phases. The maximum 

transgression diatom assemblage consists mainly of Hyalodiscus scoticus, Thalassiosira gravida, 

Chaetoceros affinis, Chaetoceros mitra, Chaetoceros subsecundus,and Dictyocha fibula. 

In the end of the Carpinus (M6) zone, marine diatoms reduce while brackish euryhaline 

Coscinodiscus lacustris var. septentrionalis (Thalassiosira hyperborea var. septentrionalis) and cold-

loving marine Coscinodiscus curvatulus var. minor that lives within the shelf become predominant. This 

taxonomic change marks the onset of regression. Marine and brackish species almost disappear in the 

beginning of the Pinus-Betula (M8) zone and give way to freshwater diatoms, such as Cocconeis 

pediculus, Cocconeis placentula, Diploneis domblittensis var. subconstricta (Diploneis burgitensis) and 

others, which represent the conditions of a shallow cold lake (Sokolova et al., 1972). 

7.2.3.7. Yukki 

In the Yukki section (Figs. 7.1, 7.2), marine diatoms are found in varved clay of the Moscow 

Late Glacial (Vishnevskaya et al., 1973). The diatom assemblage of the glaciomarine phase contains 

predominant cold-loving inhabitants of freshwater glacial lakes (Cocconeis disculus and Diploneis 

domblittensis var. subconstricta (Diploneis burgitensis)) coexisting with marine Thalassiosira gravida. 

The section lacks any record of the brackish phase, possibly, because the basal strata were eroded, 

and interglacial sediments begin from the Pinus-Betula-Quercetum mixtum (M3 in Grichuk, 1961) zone. 

The marine phase of the Mga basin shows up in typical diatom species of Hyalodiscus scoticus, 

Thalassiosira gravida and Distephanus (Octactis) speculum. 

Marine species become fewer while brackish species increase in the end of the Quercus-Ulmus-

Corylus-Alnus (M4-5) zone. The regression diatom assemblage is dominated by brackish Diploneis 
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didyma, Diploneis interrupta, Coscinodiscus lacustris var. septentrionalis (Thalassiosira hyperborea 

var. septentrionalis), Coscinodiscus curvatulus var. minor, marine Hyalodiscus scoticus and freshwater 

Epithemia turgida. However, the brackish and marine species almost disappear in the end of the Pinus 

(M8) zone while freshwater diatoms appear instead: Cocconeis pediculus, Diploneis domblittensis var. 

subconstricta (Diploneis burgitensis), and Cymbella (Reimeria) sinuate. 

7.2.3.8. Lake Tokhkolodskoye  

A diatom assemblage of the maximum transgression in the Lake Tokhkolodskoye section (Figs. 

7.1, 7.2) was found in the Carpinus-Picea (М6-7 in Grichuk, 1961) zone (Pleshivtseva et al., 1984). The 

diatoms are mainly neritic Thalassiosira gravida and Chaetoceros sp., littoral plankton Hyalodiscus 

scoticus and benthic Grammatophora oceanica taxa. 

The taxonomic diversity of marine diatoms reduces in the second half of the Carpinus-Picea 

(М6-7) zone, possibly, as a result of beginning regression; Coscinodiscus lacustris var. septentrionalis 

(Thalassiosira hyperborea var. septentrionalis) and Thalassiosira baltica become predominant in the 

Pinus (М8) zone. Thalassiosira baltica is common to sea domains with less saline water or to river 

estuaries (Pleshivtseva et al., 1984). 

7.2.3.9. Peski 

The Upper Moscow deposits of the Peski section in the northern coast of the Neva Bay (Figs. 

7.1, 7.2) contain a brackish assemblage of dinoflagellates that record water salinity of 10–15 ‰ 

(Miettinen et al., 2014), mainly Operculodinium centrocarpum (Protoceratium reticulatum) and less 

abundant Lingulodinium machaerophorum (Lingulodinium polyedra), coexisting with Pediastrum 

algae. The brackish deposits lie over a clay layer free from dinoflagellates but containing freshwater 

Pediastrum and Botryococcus microalgae. 

The brackish phase corresponds to the time span of the Pinus-Betula-Salix (М2) and Pinus-

Betula-Quercus (М3 in Grichuk, 1961) zones with a microflora composition similar to that of the 

glaciomarine phase (Miettinen et al., 2002; 2014). 

The onset of the marine phase correlated with the lower half of the Quercus-Ulmus (M4) zone 

marked by the appearance and wide spread of marine (mainly planktonic) diatoms, such as 

Thalassionema nitzschioides, Grammatophora marina, Chaetoceros spp., and Thalassiosira gravida. 

Dinoflagellates are mainly Lingulodinium machaerophorum (Lingulodinium polyedra) that live at water 

salinity above 15‰ (Miettinen et al., 2014). The assemblage of foraminifers with predominant 

Elphidium excavatum indicates that the sea water salinity exceeded 20‰ (Miettinen et al., 2014). 

The percentages of brackish diatom species (Thalassiosira hyperborea + var., Thalassiosira 

baltica) increase in the beginning of the Picea-Pinus (М7-8) zone while marine species become less 

abundant thus indicating shallower sea depths. In the end of the Picea-Pinus (М7-8) zone, marine and 
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brackish diatoms disappear abruptly while freshwater species (Pinnularia spp., Eunotia spp.) appear in 

abundance. 

7.2.3.10. Lake Beloye  

The early LIG deposits in the Lake Beloye (White) section in the Kurgalsky Peninsula (Figs. 7.1, 

7.2) were eroded (Shmayonok et al., 1962; Apukhtin and Sammet, 1967). The marine phase begins in 

the Pinus-Betula-Quercetum mixtum (М3 in Grichuk, 1961) zone where diatom assemblages include 

species typical of transgression conditions: Grammatophora oceanica var. macilenta (Grammatophora 

macilenta), Thalassiosira gravida, Hyalodiscus scoticus, Coscinodiscus (Thalassiosira) lacustris, 

Nitzschia (Tryblionella) punctata. The maximum transgression apparently corresponds to the latest 

Carpinus (М6) and earliest Picea (М7) zones, when marine neritic species (Dictyocha fibula and 

Chaetoceras spp) become especially abundant.  

The diatom count decreases considerably up the section: from 85 to 30% in the middle of the 

Pinus-Picea-Betula (M8) zone, with largest percentages of freshwater to brackish species 

Stephanodiscus astraea and Stephanodiscus astraea var. intermedius (Cyclostephanos mansfeldensis). 

The freshwater taxa (Melosira (Aulacoseira) islandica subsp. helvetica, Fragilaria spp. and others) 

become predominant in the end of the Pinus-Picea-Betula (M8) zone. 

7.2.3.11. Prangli 

The Prangli section in the neck of the Gulf of Finland, in northern Estonia (Figs. 7.1, 7.2), stores 

a record of the glaciomarine phase in the Mga deposits (Cheremisinova, 1961; Liivrand and Valt, 1966; 

Liivrand, 1987). Influx of seawater into the glacial lake occurred during the Kasplya Interstadial, as in 

the Neva Lowland. The glaciomarine diatom assemblage includes relict cold-loving freshwater species, 

typical inhabitants of glacial lakes, now almost extinct (Cocconeis disculus, Diploneis domblittensis, 

Diploneis domblittensis var. subconstricta (Diploneis burgitensis)), as well as shallow marine taxa, such 

as Grammatophora sp., Hyalodiscus scoticus, Diploneis smithii, etc.  

The diatom flora of the brackish phase initiated with the onset of interglacial conditions is similar 

to that of the glaciomarine phase. 

The change from the diatoms that live in fresh and low-salinity water to marine species is clearly 

detectable at a depth of ~75 m (Cheremisinova, 1961), in the interval of the Pinus-Betula (М3 in Grichuk, 

1961) zone (Liivrand and Valt, 1966). The maximum transgression is marked by Melosira (Paralia) 

sulcata, Actinocyclus ehrenbergii (octonarius), Hyalodiscus scoticus, Chaetoceras spp. (spores), 

Rhabdonema arcuatum, Grammatophora sp., Synedra tabulatа (Tabularia fasciculata), and some other 

diatom species, which live in normal salinity conditions (Cheremisinova, 1961). 

The regressive phase apparently begins in the Carpinus-Picea (М6-7) zone when marine diatoms 

reduce progressively and are succeeded by freshwater Melosira arctica, Pinnularia spp., etc.  
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7.2.4. Gulf of Bothnia 

7.2.4.1. Mertuanoja 

The Mertuanoja section in Finland, in the northern Gulf of Bothnia (Figs. 7.1, 7.2), contains 

diatoms that first appear in the Betula zone (Eriksson et al., 1999). The diatom assemblage is dominated 

by freshwater species (Aulacoseira islandica, Aulacoseira valida, Cyclotella iris) but also includes 

marine Grammatophora oceanica and Hyalodiscus scoticus species. 

The maximum transgression corresponds to the beginning of the Pinus-Betula-Quercus zone, 

and the sediments deposited at that time contain an assemblage of marine and brackish diatoms, with 

especially frequent Chaetoceros mitra, Grammatophora oceanica and Rhabdonema arcuatum. The 

dinoflagellate assemblage of the interval comprises 54.5% Chytroeisphaeridia (Leiosphaeridia) 

chytroeides and 16.0% Operculodiniurn centrocarpurn (Protoceratium reticulatum). 

Diatoms (as well as dinoflagellates) become markedly fewer in the middle of the Pinus-Betula-

Quercus zone and freshwater species of Aulacoseira islandica, Cyclotella krammeri, Cyclotella iris and 

Pinnularia spp. appear in the diatom assemblage. The percentage of marine diatoms decreases gradually 

till the beginning of the Picea-Betula-NAP zone where marine and brackish diatoms disappear almost 

completely while freshwater species become widespread (Pinnularia borealis, Pinnularia lata, 

Orthoseira roseana, etc.). 

7.2.4.2. Norra Sannäs I 

The Norra Sannäs I section in the southwestern coast of the Gulf of Bothnia in Sweden (Figs. 

7.1, 7.2) includes sediments deposited during the Eemian maximum transgression correlated with the 

Betula-Alnus-Picea-Corylus (E5 in Andersen, 1975) zone (Robertsson et al., 1997). Marine and brackish 

diatoms in these sediments reach 95% of the total count, with dominant species of Chuctoceros spp. 

(spores), Grammatophora oceanica var. macilenta, Paralia sulcata and Hyalodiscus scoticus; 79% of 

all diatoms are planktonic species.  

Marine and brackish diatoms give way to freshwater species at a depth of 17.1 m, within the 

same pollen zone. No intermediate regression phase was detected in the section. The freshwater diatom 

assemblage is mainly composed of Cyclotella operculata (distinguenda) var. unipunctata, Cyclotella 

(Pantocsekiella) ocellata, Cyclotella (Lindavia) comta and Aulacoseira italica. 

7.2.5. Central Baltic 

7.2.5.1. Gulf of Riga 

The Gulf of Riga section stripped by BH 21 (Figs. 7.1, 7.2) contains a rich diatom assemblage 

within the Pinus-Quercetum mixtum (E3 zone in Liivrand, 1991) interval (Kalnina, 2001) but the 

sediments below this zone are free from diatoms. The most widespread marine diatoms are Paralia 

sulcata, Grammatophora oceanica, Hyalodiscus scoticus and Thalassionema nitszchoides.  
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Diatoms notably decrease in abundance and diversity in the second half of the Picea-Abies (E7) 

zone, which is evidence of brackish conditions persisting as long as the end of the LIG. 

7.2.5.2. Plasumi 

The Plasumi section in the western coast of Latvia (Figs. 7.1, 7.2) contains brackish diatoms and 

foraminifers in the Upper Saalian varved clay lying beneath the Eemian deposits (Kalnina, 2001). The 

diatom assemblage of the glaciomarine phase is dominated by Epithemia zebra (adnata) and 

Actinocyclus octonarius. The assemblage of foraminifers consists of Elphidium excavatum f. clavata 

(Elphidium clavatum), Cassidulina reniforme, Buccella frigida, Bucella hannai arctica (Buccella 

floriformis), and Elphidium (Cribroelphidium) albiumbilicatum. 

The brackish phase left no record in the Plasumi section, as marine conditions set in already early 

during the LIG, with the respective diatom assemblage composed of mesohalobous (salinity 5–18‰) 

and polyhalobous (salinity 18–30‰) species (Kalnina, 2001). The former are mainly Grammatophora 

oceanica, Hyalodiscus scoticus, Paralia sulcata and Rhabdonema arcuatum and the latter include 

Actinoptychus senarius, Chaetoceros spp, Navicula (Lyrella) abrupta, Podosira sp. and Thalassionema 

nitzschioides. The taxonomic composition of foraminifers (Bulimina marginata, Cassidulina laevigata 

var. carinata (Cassidulina carinata), Elphidium excavatum subsp. boreale (Retroelphidium boreale), 

etc.) likewise corresponds to marine conditions, while relatively high percentages of Haynesina 

orbiculare (orbicularis) indicate that the sea depth was about 15 m. 

Foraminifers decrease in the beginning of the Carpinus-Taxus-Ilex (E6 in Liivrand, 1991) zone, 

which may be evidence of beginning regression. The predominant species are the same as in the marine 

phase, and Cibicides lobatulus (Cibicides lobatulus) appears additionally. The diatom assemblage does 

not change much during the regression phase. The brackish conditions held as long as the latest LIG. 

7.2.5.3. Grini 

The Grini section located ~20 km south of Plasumi (Figs. 7.1, 7.2) contains marine diatoms in 

the beginning of the Pinus (E2 in Liivrand, 1991) zone (Kalnina, 2001). Brackish diatoms are mainly 

Cocconeis disculus, Diploneis domblittensis, Pinnularia spp., Epithemia spp. and Hyalodiscus scoticus.  

The diatoms show taxonomic changes in the Alnus-Quercus-Corylus (lower E4) zone (Kalnina, 

2001), where Paralia sulcata, Hyalodiscus scoticus, Actinocyclus ehrenbergii (octonarius) and 

Grammatophora oceanica are typical representatives of the assemblage, whereas the Ulmus-Fraxinus 

(upper E4) zone lacks diatoms at all. 

7.2.6. Lower Vistula 

7.2.6.1. Baltic Spit 

The interglacial sediments in the Baltic Spit section, Kaliningrad Oblast, stripped in BH 23 (Figs. 

7.1, 7.2) lie over diatom-free varved clay. Marine diatoms first appear in the Pinus-Betula-Quercetum 
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mixtum (E2-3, in Mamakova, 1988) zone (Znamenskaya and Cheremisinova, 1970). The brackish 

assemblage is dominated by Opephora (Staurosirella) martyi, Fragilaria spp., Melosira (Aulacoseira) 

granulata, Stephanodiscus astraea and Grammatophora sp. The diatom taxonomy corresponds to a 

shallow low-salinity sea in the beginning of the interglacial transgression. 

In the beginning of the Corylus-Quercus-Tilia zone (E4), the sea receded, leading to the 

accumulation of peat that measures 75 cm in thickness. The peat comprises a variety of freshwater 

diatoms, with predominance of Epithemia spp., Melosira (Aulacoseira) italica, Meridion circulare and 

Synedra (Ulnaria) ulna. In the same pollen zone, a subsequent sea incursion happened. 

The brackish phase continued to a depth of 11-12 m (Corylus peak), with the maximum 

development of marine diatoms such as Coscinodiscus antiquus (Thalassiosira antiqua), Coscinodiscus 

spp., Actinocyclus ehrenbergii (octonarius), and some others. Accordingly, there is a significant 

decrease in the percentages of freshwater forms. 

7.2.6.2. Nowiny 

The brackish deposits in the Nowiny section (Figs. 7.1, 7.2) were formed in the beginning of the 

Eemian Interglacial (Makowska, 1986). They contain a poor assemblage of molluscs with Cardium 

paucicostatum (Acanthocardia paucicostata), Corbula gibba (Varicorbula), and Nassa (Tritia) 

reticulata. Peat with freshwater mollusc fauna (mainly Bithynia tentaculata) at the boundary of the 

Pinus-Betula-Ulmus (E2 in Mamakova, 1988) and Quercus-Corylus (E3) zones indicates shoaling. In the 

Quercus-Corylus (E3) zone, peat changes to sapropel and then to sand, while molluscs show an abrupt 

decrease in freshwater and increase in marine and brackish species. Up to 61.6 m in depth the dominant 

molluscs are consist of Corbula (Varicorbula) gibba, Hydrobia (Peringia) ulvae, Rissoa membranacea, 

Spisula subtruncata, Nassa (Tritia) reticulata, Bittium reticulatum and several others. 

Deep-water conditions are observed in the Corylus-Quercus-Tilia (E4) zone. The most 

widespread molluscs in the maximum transgression interval include Corbula (Varicorbula) gibba, 

Cardium (Acanthocardia) paucicostatum, Cardium lamarcki (Cerastoderma glaucum) and Eulimella 

(Ebala) nitidissima indicating seawater salinity around 25‰ (Funder et al., 2002). 

Regression signatures appear in the Carpinus-Corylus-Alnus (E5) zone (Makowska, 1986). The 

molluscs of the regression phase are mainly Corbula (Varicorbula) gibba and Spisula subtruncata in the 

lower strata and Mytilus edulis и Cardium lamarcki (Cerastoderma glaucum) up the section. The last 

marine molluscs and foraminifers appear in the beginning of the Pinus (E7) zone. 

7.2.6.3. Licze 

The brackish phase in the Licze section (Figs. 7.1, 7.2) follows the limnic phase where freshwater 

molluscs (Valvata piscinalis, Planorbis planorbis, Bithynia tentacula, Pisidium sp.) (Makowska, 2001, 

cited from Head et al., 2005) and ostracods (Knudsen et al., 2012) are of broad occurrence. Brackish 
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dinoflagellates, foraminifers, and ostracods appear in the Pinus-Betula (E1 in Mamakova, 1988) or 

Pinus-Betula-Ulmus (E2) zones (Head et al., 2005; Knudsen et al., 2012). Dinoflagellates are mainly 

Lingulodinium machaerophorum, Spiniferites bentorii (Gonyaulax digitale) and Spiniferites indet. 

(Head et al., 2005). The salinity of near-surface water during that interval inferred from the dinoflagellate 

taxonomy was 10–15‰. The dominant foraminifers are Ammonia beccarii, Elphidium excavatum f. 

selseyensis, Haynesina germanica, Elphidium (Cribroelphidium) gunteri, Buccella frigida, etc. species 

(Knudsen et al., 2012), which coexist with marine molluscs Hydrobia (Peringia) ulvae, Bittium 

reticulatum, Macoma balthica, Mytilus edulis, etc. (Makowska, 2001, cited from Head et al., 2005). 

The sediments in the Corylus-Quercus-Tilia (E4) zone bear signatures of sealevel rise (Head et 

al., 2005; Knudsen et al., 2012). The diatom assemblage mainly consists of marine species, especially 

Paralia sulcata, Cymatosira belgica, Diploneis didyma (didymus) and Plagiogramma minus (Knudsen 

et al., 2012), but the percentages of freshwater diatoms (Knudsen et al., 2012) and Pediastrum (Head et 

al., 2005) are also significant, which is evidence of riverine inputs. According to the taxonomic 

composition of diatoms, the sea water salinity was the highest (~28‰) in the beginning of the marine 

phase and then decreased progressively (Knudsen et al., 2012). The count of dinoflagellates becomes 

tens of times greater in marine conditions (Head et al., 2005). The percentages of Spiniferites bentori 

(Gonyaulax digitalis) become 30% higher while Lingulodinium machaerophorum undergo 15% 

reduction. The salinity inferred from dinoflagellate data was also the highest in the beginning of the 

marine phase (> 22‰). The increase of dinoflagellate counts is synchronous with increase in 

foraminifers (Knudsen et al., 2012), especially, Elphidium excavatum, Haynesina orbiculare 

(orbicularis) and Elphidium (Cribroelphidium) incertum and ostracods (Leptocythere spp. and 

Semicytherura sella). The mollusc fauna includes Cerastoderma edule, Corbula gibba, Venerupis 

(Polititapes) aurea senescens, Mytilus edulis, etc. (Makowska, 2001, cited from Head et al., 2005). 

The onset of regression apparently corresponds to the middle Carpinus-Corylus-Alnus (E5) zone, 

where the dinoflagellate count decreases markedly, as well as Spiniferites bentori (Gonyaulax digitalis) 

(Head et al., 2005), while the percentages of Spiniferites indet. and Pediastrum increase. The 

dinoflagellate taxonomy records salinity above 15‰. The diatom assemblage contains higher 

percentages of freshwater species: Fragilaria (Staurosira) construens, Fragilaria (Staurosirella) 

pinnata and Martyana (Staurosirella) martyi (Knudsen et al., 2012). The salinity inferred from diatom 

data decreases gradually from ~20‰ in the beginning of the E5 zone to ~7‰ in its end. The counts of 

foraminifers reduce considerably in the beginning of the E5 zone, while the percentages of Ammonia 

beccarii, Haynesina germanica, Elphidium excavatum and Elphidium (Cribroelphidium) 

albumbilicatum increase (Knudsen et al., 2012). The taxonomy of foraminifers corresponds to water 

salinity at least 22‰. Furthermore, the deposits of the regression phase bear a rich ostracod assemblage 
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with predominant Cyprideis torosa, Leptocythere spp. and Hirchmannia viridis (Knudsen et al., 2012). 

The mollusc assemblage contains the same species as in the marine phase till the depth 94.55 m (upper 

zone E5), but freshwater molluscs Anisus spirorbis and Valvata piscinalis predominate up the section 

(Makowska, 2001, cited from Head et al., 2005). 

7.2.6.4. Obrzynowo 

Signatures of brackish conditions are observed in the Pinus-Betula-Ulmus (E2 in Mamakova, 

1988) zone (Knudsen et al., 2012) in the Obrzynowo section located ~10 km ENE of the Licze site (Figs. 

7.1, 7.2). The foraminifers of the brackish phase are mainly Ammonia beccarii, Elphidium williamsoni, 

Haynesina germanica, Buccella frigida and Elphidium (Cribroelphidium) guntheri in the lower strata, 

but the percentages of these species decrease up the section where Elphidium (Cribroelphidium) 

albiumbilicatum becomes predominant. Foraminifers record a salinity of <20‰. Brackish deposits also 

contain Cyprideis torosa ostracods and a diatom assemblage with dominant species of Actinoptychus 

senarius, Paralia sulacata, Diploneis didyma (didymus) and Grammatophora oceanica indicating 

~20‰ salinity.   

The salinity was slightly higher in the beginning of the Corylus-Quercus-Tilia (E4) zone. The 

diatom assemblage including marine (Paralia sulcata, Diploneis didyma (didymus), Grammatophora 

oceanica), as well as brackish (Tryblionella punctata, Catenula adhaerens) and freshwater (Fragilaria 

spp.) species, records a trend toward slow salinity increase from ~18 to ~21‰ during the marine phase. 

The foraminifer assemblage, with Elphidium excavatum, Haynesina orbiculare (orbicularis), Elphidium 

(Cribroelphidium) incertum, Ammonia beccarii and Haynesina germanica dominant species, indicates 

a salinity exceeding 22‰. 

Salinity decreases from >20‰ in the second half of the Corylus-Quercus-Tilia (E4) zone to ~3‰ 

in the beginning of the Carpinus-Corylus-Alnus (E5) zone, judging by the upsection change from 

predominant brackish (Catenula adhaerens) to freshwater (Fragilaria spp., Martyana (Staurosirella) 

martyi, Navicula scutelloides) taxa. The salinity decrease is further confirmed by higher percentages of 

Elphidium (Cribroelphidium) guntheri foraminifers and by the appearance of freshwater ostracods. 

7.2.6.5. Cierpięta 

Marine conditions were reconstructed (Marks et al., 2014) in the Corylus-Alnus-Tilia (E4) zone 

in the Cierpięta section (Figs. 7.1, 7.2), where Paralia sulcata, Chaetoceros spp. (spores), 

Thalassionema nitzschioides and Punctastriata ovalis predominate among diatoms and indicate a 

salinity reaching 26‰. The salinity remains >20‰ till the beginning of the Carpinus-Corylus (E5) 

interval and decreases gradually to 14‰ in the middle of the zone. Corbula (Varicorbula) gibba, 

Eulimella (Ebala) nitidissima, Nassarius reticulatus (Tritia reticulata) and Bittium reticulatum, are the 

most abundant species in the mollusc assemblage, which corresponds to a salinity of >15‰ and a sea 
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depth of 20–30 m. The most abundant foraminifers are Elphidium (Cribroelphidium) albiumbilicatum, 

Ammonia batavus (batava), Buccella frigida and Elphidium williamsoni. The ostracod assemblage 

includes Сyprideis torosa, Cytheromorpha fuscata, Leptocythere pellucida and Loxoconcha elliptica 

The taxonomy of diatoms changes markedly in the middle of the Carpinus-Corylus (E5) zone, 

where marine and brackish species are fewer while freshwater diatoms are expanding. This change is 

synchronous with decrease in planktonic and increase in littoral and benthic taxa, with Fragilaria 

(Staurosirella) martyi, Fragilaria (Pseudostaurosira) brevistriata, Fragilaria (Staurosira) construens, 

Punctastriata ovalis and Amphora pediculus as dominant species. Salinity shows gradual reduction till 

~7‰ in the Pinus-Poacea (E7) zone corresponding to the regression phase (Marks et al., 2014), though 

there is a brief higher-salinity episode (up to ~17‰) in the end of E5. Foraminifers and ostracods become 

less abundant but a rich mollusc assemblage persists, with predominant Corbula (Varicorbula) gibba. 

Сyprideis torosa ostracods reappear in abundance in the upper E5 zone.  

Marine and brackish diatoms disappear in the Early Weichselian NAP zone, and the diatom 

assemblage is limited to freshwater benthic taxa, especially Amphora copulata. The fauna includes also 

Bithynia leachii freshwater molluscs. 

7.2.7. Western Baltic 

7.2.7.1. Klein Klütz Höved 

The Upper Saalian lacustrine sediments in the Klein Klütz Höved section (Figs. 7.1, 7.2) in the 

southern Bay of Mecklenburg (Germany) bear an assemblage of freshwater ostracods, such as 

Limnocythere inopinata, Limnocytherina sanctipatricii and Ilyocypris sp. (Kenzler et al., 2018), 

freshwater molluscs Pisidium (Odhneripisidium) stewarti (Menzel-Harloff and Meng, 2015; Kenzler et 

al., 2018), and terrestrial snails Pupilla loessica, Vertigo genesii, Vallonia tenuilabris (Krbetschek, 1995, 

cited from Kenzler et al., 2018). Brackish conditions correspond to the Pinus-Betula (E2 in Menke and 

Tunni, 1984) – Pinus-Betula-Quercetum mixtum (E3) zones reconstructed (Kenzler et al., 2018) from 

Cyprideis torosa, Palmoconcha guttata brackish and marine ostracods and Ammonia parkinsonlana and 

Haynesina orbiculare (orbicularis) foraminifers. 

7.2.7.2. Ristinge Klint 

The change from freshwater to brackish conditions in the Ristinge Klint section in southern 

Langelann Island in Denmark (Figs. 7.1, 7.2) is observed at the base of Cyprina clay with shells of 

Arctica (Cyprina) islandica molluscs, Elphidium (Cribroelphidium) albiumbilicatum foraminifers 

(Kristensen et al., 2000), as well as Spiniferites spp. and Operculodinium centrocarpum (Protoceratium 

reticulatum) as dominant dinoflagellates (Head, 2007) and mainly Campylodiscus clypeus and 

Campylodiscus echeneis diatoms (Knudsen et al., 2011). The Cyprina clay base corresponds to the 

boundary of the Betula-Pinus-Alnus (E2 in Andersen, 1975) and Quercus-Ulmus (E3) zones. The clay 
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bed lies over sand containing abundant Cyprideis torosa ostracods and mute early interglacial clay 

interpreted as limnic facies (Kristensen et al., 2000). Salinity on the sea surface did not exceed 3 ‰ in 

the beginning of the transgression episode (Head, 2007) but reached 15 ‰ in the end of the brackish 

phase, or in the second half of E3 (Head, 2007; Knudsen et al., 2011). 

An episode of considerably higher salinity shows up in the end of the Quercus-Ulmus (E3) zone 

(Kristensen et al., 2000), where new foraminifer species appear: Haynesina orbiculare (orbicularis), 

Elphidium excavatum, Buccella frigida, Elphidium williamsoni, Elphidium (Cribroelphidium) incertum, 

along with two Lusitanian species of Elphidium translucens and Elphidium lidoense (Porosononion 

granosum). At the same time, all Elphidium (Cribroelphidium) albiumbilicatum tests disappear. The 

foraminifer assemblage records salinity above 22‰. The deposits of the marine phase also contain 

Cyprideis torosa, Robertsonites tuberculatus, and Sarsicytheridea bradii ostracods and molluscs, mainly 

Paphia (Polititapes aureus) senescens and Mytilus edulis in the lower strata and Acanthocardia echinata 

at higher levels (Nielsen et al., 2007). The salinity increase was accompanied by rapid progress of 

dinoflagellates (Head, 2007) with predominant Lingulodinium machaerophorum, which correspond to 

salinity values at least 15‰ in the beginning of the marine phase. The diatom assemblage of that time 

consists mainly of Actinoptychus senarius and Coscinodiscus cf. asteromphalus (Knudsen et al., 2011), 

but Paralia sulcata and Stephanopyxis turris become dominant species up the section. The diatom-based 

salinity of the surface seawater during the maximum transgression was 20–28‰ and remained high till 

the onset of the Pinus-Picea-Corylus (E5) zone (Kristensen et al., 2000) at the section top. 

7.2.7.3. Mommark 

Data from the Mommark section in the southeastern shore of Denmark’s Als Island (Figs. 7.1, 

7.2) reveal a freshwater basin that existed in the earliest Eemian Interglacial, within the Pinus-Betula 

(E1-2 in Andersen, 1975) zone (Gibbard and Glaister, 2006; Kristensen and Knudsen, 2006). The limnic 

sediments contain freshwater ostracods Cytherissa lacustris (Kristensen and Knudsen, 2006). Seawater 

penetrated into the lake in the end of the E1-2 zone (Gibbard and Glaister, 2006; Kristensen and Knudsen, 

2006). Early during transgression, the basin became inhabited with brackish ostracods, especially 

Cyprideis torosa (Kristensen and Knudsen, 2006); Ellerbeckia arenaria, Campylodiscus genus, 

appeared in the beginning of the Quercus-Corylus (E4) zone (Haila et al., 2006). The upsection fauna 

change records gradual salinity increase till 5–10‰ (Kristensen and Knudsen, 2006). 

 The marine phase begins within the Quercus-Corylus (E4) zone (Gibbard and Glaister, 2006; 

Haila et al., 2006; Kristensen and Knudsen, 2006), which is recorded in the appearance of marine 

diatoms, mainly Paralia sulcata and Actinoptychus senarius (Haila et al., 2006), some foraminifers 

(Haynesina orbiculare (orbicularis), Buccella frigida, Elphidium excavatum, Haynesina nivea, etc.) 

(Kristensen and Knudsen, 2006), as well as Robertsonites tuberculatus and Sarsicytheridea bradii 



123 
 

 
 

ostracods. Salinity is the highest (>25‰) in the middle of the Picea-Carpinus-Pinus (E5) zone. The 

mollusc assemblage includes most abundant Corbula (Varicorbula) gibba in the first half of the marine 

phase, while Arctica islandica and Mytilus edulis become abundant as well in the second half (Funder 

and Balic-Zunic, 2006). 

 The subsequent regression episode was accompanied by gradual salinity decrease since the end 

of the Picea-Carpinus-Pinus (E5) zone (Gibbard and Glaister, 2006; Haila et al., 2006; Kristensen and 

Knudsen, 2006). The foraminifer assemblage of that time is mainly composed of Elphidium excavatum 

(Kristensen and Knudsen, 2006), with notable percentages of Haynesina orbiculare (orbicularis), 

Buccella frigida and Haynesina germanica, as well as some other species (Elphidium williamsoni and 

Elphidium (Cribroelphidium) albiumbilicatum) that appear in the Pinus-Betula (E7) zone. In the ostracod 

assemblage, Robertsonites tuberculatus and Sarsicytheridea bradii disappear and become succeeded by 

Leptocythere pellucida and Palmoconcha laevata. Diatoms of the Paralia sulcata species reduce 

markedly in the end of the Picea-Pinus (E6) zone (Haila et al., 2006), while the dominant species include 

Actinoptychus senarius, Pleurosigma angulatum, and Odontella rhombus (Zygoceros ehrenbergii). 

Among molluscs, Corbula (Varicorbula) gibba predominate within the regression interval and 

Acanthocardia echinata become abundant in the end of the E6 zone (Funder and Balic-Zunic, 2006). 

Brackish conditions changed to a limnic environment in the end of the Pinus-Betula (E7) interval, 

which is recorded in the disappearance of foraminifers and ostracods present in the sediments below and 

in the appearance of freshwater species Cytherissa lacustris (Kristensen and Knudsen, 2006). The 

diatom assemblage of that time includes greater percentages of freshwater taxa, especially the genera 

Aulacoseira and Pinnularia (Haila et al., 2006). Other freshwater taxa are Alona quadrangularis, 

Disparalona rostrata and Leydiga acanthoceroides cladocera (Haila et al., 2006).  

7.2.7.4. Oldenbüttel 

The Oldenbüttel section (Figs. 7.1, 7.2) was stripped in BH 2 near Oldenbüttel city on the Kiel 

Canal coast and was first documented by Heck (1932). Marine diatoms, with Navicula (Lyrella) lyra 

and Surirella fastuosa (Campylodiscus neofastuosus) as dominant species, appear in the Betula-Pinus 

(c-d in Jessen and Milthers, 1928) zone. Other fauna groups include molluscs (Corbula (Varicorbula) 

gibba, Tapes aureus var. eemiensis (Polititapes aureus senescens), Ostrea edulis, Bittium reticulatum, 

Cardium echinatum (Acanthocardia echinata) and Mytilus edulis); foraminifers, with predominant 

Nonionina (Haynesina) depressula and Polystomella striatopunctata (Elphidium striatopunctatum); 

Cythere papillosa ostracods; and Balanus sp. crustaceans.  

These taxa record quite high salinity (Heck, 1932), but it decreases within the Quercus (f) zone, 

judging by a high percentage of Melosira moniliformis diatoms that live in fresh of brackish water, as 

well as the presence of Navicula (Pinnularia) interrupta, Navicula didyma (Diploneis bombus), 
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Campylodiscus echeneis, Melosira (Ellerbeckia) arenaria, and some other diatom species. The 

composition of diatoms changes further to freshwater taxa (Pinnularia, Cymbella and Fragilaria genera) 

in the Pinus-Picea (i) zone, where they coexist with freshwater sponge Ephydatia muelleri. 

7.2.7.5. Schnittlohe 

In the Schnittlohe section in the Kiel Canal area, Germany (Figs. 7.1, 7.2), marine molluscs, with  

predominant Bittium reticulatum, Cerastoderma edulis (edule), Venerupis (Polititapes aureus) 

senescens, Ostrea edulis and some other species, appear first in the Betula (E1 in Menke and Tunni, 

1984) and Betula-Pinus (E2) zones (Hinsch, 1985; Menke, 1985). The same strata contain freshwater 

molluscs: Bithynia tentaculata, Valvata piscinalis, Planorbis planorbis and Sphaerium corneum. 

Foraminifers appear in the E1–E2 zones as well (Knudsen, 1985) and are mainly Ammonia batavus 

(batava), Elphidium (Cribroelphidium) gunteri, Elphidium (Cribroelphidium) incertum, Elphidium 

(Cribroelphidium) albiumbilicatum, Elphidium williamsoni and Nonion germanicum (Haynesina 

germanica). 

The onset of the marine phase shows up in the middle Corylus-Quercetum mixtum (E4a) zone 

(Hinsch, 1985; Knudsen, 1985; Menke, 1985). The early marine phase is marked by the presence of 

most abundant Ammonia batavus (batavus) and Elphidium (Cribroelphidium) gunteri foraminifers, but 

Nonion germanicum (Haynesina germanica), Elphidium williamsoni, while Elphidium 

(Cribroelphidium) incertum reach higher significance later (Knudsen, 1985). The taxonomy of 

foraminifers corresponds to a sea depth of 10–20 m. The mollusc fauna of the maximum transgression 

mainly consists of Varicorbula gibba, Bittium reticulatum, Venerupis (Polititapes aureus) senescens, 

Cerastoderma edulis (edule) and Hinia (Tritia) reticulata (Hinsch, 1985). 

Molluscs become fewer in numbers and less diverse in the second half of the Carpinus-Picea 

(E5) zone, which records shoaling to 0–5 m water depths (Hinsch, 1985; Menke, 1985). Venerupis 

(Polititapes aureus) senescens and Acanthocardia echinata are dominant species in the mollusc 

assemblage of that time. Shoaling and salinity decrease are further confirmed by the presence of 

especially abundant Ammonia batavus (batavus) and Nonion germanicum (Haynesina germanica) 

foraminifers (Knudsen, 1985). 

7.2.7.6. Offenbüttel 

Brackish conditions are likewise recorded in the earliest LIG within the Offenbüttel section 

located ~1.5 km northeast of Schnittlohe (Figs. 7.1, 7.2), but the sediments are poor in pollen, and no 

pollen zones can be distinguished in this interval (Menke, 1985). Brackish foraminifers include abundant 

Nonion germanicum (Haynesina germanica), Ammonia batavus (batava), Elphidium gunteri 

(Cribroelphidium), Elphidium williamsoni, Elphidium (Cribroelphidium) albiumbilicatum, Elphidium 
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excavatum and Buccella frigida (Knudsen, 1985). The mollusc assemblage consists of Hinia (Tritia) 

reticulata, Cerastoderma edulis (edule), Theodoxus fluviatilis, and some other species (Hinsch, 1985). 

The marine phase in the section begins at the boundary between the Pinus-Quercetum mixtum 

(E3 in Menke and Tunni, 1984) and Quercetum mixtum-Corylus (E4a) zones (Hinsch, 1985; Knudsen, 

1985; Menke, 1985). As in the case of the Schnittlohe section, the onset of the marine phase is marked 

by high percentages of Ammonia batavus (batavus) and Elphidium (Cribroelphidium) gunteri 

foraminifers making up to 95% of the total count (Knudsen, 1985). As the sea grew deeper and more 

saline, Elphidium williamsoni, Nonion germanicum (Haynesina germanica) and Bucella frigida became 

predominant. During the maximum transgression, the sea depth was 10–20 m and the salinity was below 

the normal level. The marine mollusc assemblage is similar to that of the Schnittlohe section, but the 

dominant species additionally include Ostrea edulis (Hinsch, 1985). 

The numbers and diversity of molluscs reduce in the Carpinus-Picea (E5) zone (Hintsch, 1985), 

thus recording shallower-water conditions. The mollusc assemblage consists of Bittium reticulatum, 

Varicorbula gibba, Acanthocardia echinata, Venerupis (Polititapes aureus) senescens, Mytilus edulis, 

and Cerastoderma edulis (edule). Among the regression-phase foraminifers, Nonion germanicum 

(Haynesina germanica), Ammonia batavus (batavus) and Elphidium translucens are the most abundant 

(Knudsen, 1985). 

7.3. Last Interglacial evolution of the Baltic and Mga seas  

Upper Moscow (Upper Saalian) marine deposits are present in many East Baltic sections , but 

are generally unknown from the western Baltic Sea. The singular location where marine sediments of 

this age were found outside the Gulf of Finland is Plasumi on the west coast of Latvia (Kalnina, 2001). 

Note that clay with marine molluscs Arctica islandica, Portlandia arctica, Mytilus sp. and Cardium sp. 

in the Hiddensee, Arkona, and Greifswalder Oie coastal sections in northern West Pomerania (Germany) 

was timed (Obst et al., 2020) as Upper Saalian, proceeding from the presence of cold-water microfossils, 

mainly Arctic ostracods Roundstonia globulifera and foraminifers Haynesina orbicularis, the absence 

of Lusitanian molluscs and OSL ages between 153 and 115 ka. However, the age remains insufficiently 

constrained because no spore and pollen data are available yet for that section. 

The Kattegat and other Danish straits were inferred (Obst et al., 2020) to have opened in the Late 

Saalian time and channeled North Atlantic oceanic water into the Baltic Sea after passing through the 

Norwegian trench. A similar interpretation was suggested in an earlier model (Kristensen and Knudsen, 

2006) implying that the Kattegat strait was connected with the Baltic Sea via North Zealand, Öresund 

and South Sweden. A still earlier model (Lavrova, 1961) described influx of seawater into the Baltic Sea 

via tectonic lakes of Vänern and Vättern (Central Sweden) in the latest Middle Pleistocene. 
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Meanwhile, no geological proof for any of these hypotheses has been found yet. In this respect, 

the Petrozavodsk section is of special interest (Ikonen and Ekman, 2001) as it contains up to 22% of 

marine diatoms in the Upper Moscow varved clay. They were interpreted as allochthonous (Ikonen and 

Ekman, 2001) but marine diatoms peaked during the interstadial warming in the lower part of the section, 

which apparently correlates with the Kasplya Interstadial. This time interval bears signatures of 

increasing salinity in the Upper Moscow basin deposits in the Sinyavino, Sverdlov Factory, and Prangli 

sections. Thus, the Baltic Sea may have been connected with the ocean via the White Sea during the 

interstadial. This idea is consistent with a glacial isostaic model (Lambeck et al., 2006) showing a 

connection of the Baltic Sea with the North Sea via the Danish straits and South Sweden, as well as with 

the White Sea in Late Moscow time (135–134 ka ago).  

In the earliest Eemian (Mikulino) Interglacial (zones E1–E2 after Menke and Tunni, 1984), a strait 

between the Baltic and North Seas was formed in the area of the present Kiel Channel: the Nordman 

Strait (Kosack and Lange, 1985). Judging by the presence of coarse coastal deposits with Ostrea edulis 

(Hinsch, 1985), the Nordman Strait of that time was warm and saline, which is evidence that the English 

Channel may have already existed (Funder et al., 2002). The connection between the Baltic and North 

Seas in the beginning of the LIG may account for increasing marine influence in many areas of the Baltic 

Sea, including in the studied Sverdlov Factory section (Fig. 4.20). 

Slightly later (zones E2–E3), transgression reached the islands of the Danish Archipelago 

(Kristensen et al., 2000; Gibbard and Glaister, 2006; Kristensen and Knudsen, 2006), the Mecklenburg 

Bay (Kenzler et al., 2018) and the Lower Vistula area (Makowska, 1986; Head et al., 2005; Knudsen et 

al., 2012). The Baltic and Mga Seas of that time were cold and moderately saline while the seafloor was 

uplifted by glacial isostatic rebound, which became illustrated by sea retreat and peat deposition in the 

beginning of the Corylus-Quercus-Tilia zone (E4 after Mamakova, 1988) observed in the Baltic Spit 

(Znamenskaya and Cheremisinova, 1970) and Nowiny (Makowska, 1986) sections of the Lower Vistula 

area. 

 In zones E3–E4b (M3–M5, according to Grichuk, 1961), numerous sections record marked and 

substantial increase in both sea depth and salinity corresponding to the transition from the brackish to 

the marine phase of basin evolution. Pollen data from the Ristinge Klint section show maximum 

abundances of Quercus and beginning of Corylus increase for that time interval (Fig. 7.3). Kristensen et 

al. (2000) linked this to the opening of the Danish Straits. The patterns of foraminifers in the Ristinge 
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Klint section mark the onset of the marine phase evident in the disappearance of Elphidium 

(Cribroelphidium) albiumbilicatum and appearance of six new species: Haynesina orbiculare 

(orbicularis), Elphidium excavatum, Elphidium lidoense (Porosononion granosum), Elphidium 

williamsoni, Elphidium (Cribroelphidium) incertum and Buccella frigida (Fig. 7.3). 

 
Fig. 7.3. Selected taxa of foraminifers and pollen in Eemian marine deposits from the Risting Klint 
section (Kristensen et al., 2000). Red dotted line marks the level of brackish-to-marine transition. 

 
Fig. 7.4. Dinoflaggelates and selected pollen taxa in Eemian deposits from the Licze section (Head et 
al., 2005). Red dotted line marks the level of brackish-to-marine transition. 
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In the Licze section, which is situated in the Lower Vistula area, the inception of the marine 

phase is contemporaneous with the Corylus apex and the emergence of the Tilia (Fig. 7.4) (Head et al., 

2005). The escalation of marine influence is indicated through a swift surge in the concentration of 

dinoflagellate cysts in the sediment from ~3 000 to ~95 000 sp./g (Fig. 7.4).  

In the Prangli section (Fig. 7.5), in the gorge of the Gulf of Finland, the onset of deepwater marine 

conditions corresponds to the peak of Pinus (Cheremisinova, 1961; Liivrand and Valt, 1966). It is 

reconstructed based on abrupt disappearance of freshwater and freshwater to brackish diatoms 

Stephanodiscus astraea, Navicula tuscula (Aneumastus tusculus), Epithemia spp., Cymatopleura 

elliptica, Melosira (Ellerbeckia) arenaria, Cocconeis disculus and Diploneis domblittensis, Diploneis 

domblittensis var. subconstricta (Diploneis burgitensis) at simultaneous rapid growth of marine taxa 

(Fig. 7.5): Melosira (Paralia) sulcata, Podosira sp., Hyalodiscus scoticus, Actinocyclus ehrenbergii  

(octonarius), Chaetoceros spp., Navicula lyra var. abrupta (Lyrella abrupta). 

Similar taxonomic changes in microfossils corresponding to the transition to deeper-water saline 

environments are observed in many other sections. The abrupt changes in the taxonomy of flora and 

fauna and in geochemical tracers (Fig. 4.20) found in different LIG sections indicate that water salinity 

and sea depths increased very rapidly as a result of voluminous inputs of oxygenated saline water, 

 
Fig. 7.5. Selected diatom taxa (Cheremisinova, 1961) and pollen spectra (Liivrand and Valt, 1966) for 
the Mga deposits in the Prangli section. The pollen diagram was plotted utilizing Grichuk's method 
(1961), excluding Alnus and hazel Corylus from the tree species composition. Red dotted line marks the 
level of brackish-to-marine transition. 
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apparently, after the Danish Straits had opened (Kristensen et al., 2000). Saline water can be expected 

to have spread over the Baltic and Mga Seas during the LIG for the time comparable with the modern  

water renewal cycle in the Baltic: 26–29 years (Döös et al., 2004), or much shorter than the vegetation 

evolution cycles (Table 7.1.) (Müller, 1974). Thus, the boundary between the brackish and marine phases 

was quasi-isochronous throughout the territory of the two seas. 

Most of the sections show signatures of regression in the zone of Carpinus, which corresponds 

to the onset of the North Sea regression (Zagwijn, 1983; 1996; Strife, 1990). About that time, the Baltic-

White Sea connection became disrupted, judging by the onset of freshwater deposition in the 

Petrozavodsk section (Ikonen and Ekman, 2001). In the Gulf of Bothnia sections (Mertuanoja, Norra 

Sannäs I), regression falls within zones E5–E6 of Andersen (1975), i.e., earlier than in other parts of the 

basin, possibly, because of more rapid glacial isostatic uplift. Signatures of freshwater conditions in most 

of the Mga sections in the Neva Lowland and the Karelian Isthmus appear in the Pinus-Picea-Betula 

zone (M8).  

In five sections (Upper Vidlitsa, Kaver, Beloye Lake, Plazumi and Gulf of Riga) the preservation 

of marine conditions in the Early Valdai (Early Weichselian) time is reconstructed (Fig. 7.2). Marine 

sediments accumulated in the north of the Jutland peninsula during the Herning Stadial and the Brørup 

Interstadial (Glaister and Gibbard, 1998), but it is unlikely that the connection between the Baltic and 

the North Sea was maintained during this period due to the low sea level. In MIS5d it fell to ~40 m 

below the modern level, and in MIS5c it rose no more than ~20 m (Waelbroeck et al., 2002). More 

likely, the Lower Valdai (Weichselian) deposits in the Lake Beloye, Gulf of Riga, and Plasumi sections 

contain allochthonous diatoms. Redeposition of microfossils from the Mga (Eemian) marine deposits in 

the Valdai is a known fact. Specifically, core samples of the Ladoga bottom sediments, ~30 km southeast 

of Priozersk, contain marine and brackish dinoflagellates, acritarchs and diatoms in the Lower Valdai 

deposits correlated to MIS 5d-a (Andreev et al., 2019; Ludikova et al., 2021). The marine microfossils 

were inferred (Ludikova, 2019; Ludikova et al., 2021) to be redeposited from the Mga deposits, i.e., the 

Lower Valdai sediments were accumulated in freshwater conditions in the Ladoga Basin. Allochthonous 

marine diatoms and foraminifers were found in the Valdai rocks of the Vääna-Jõesuu section in northern 

Estonia (Raukas and Liivrand, 1971, cited from Liivrand, 1991). The Karelian Isthmus sediments 

bearing brackish and marine diatoms were assigned to the Mga Fm., as in the case of the Denisovo 

(Apukhtin et al., 1959; Malyasova, 1960; Malakhovsky et al., 1969a), Zaostroviye in BH 33 (Grechko 

et al., 1972; Abakumenko et al., 1977) and Larionovo in BH 52 (Grechko et al., 1972; Abakumenko et 

al., 1977) sections. The Baltic Ice Lake deposits often contain redeposited brackish and marine diatoms 

as well, and their counts may approach those of the autochthonous freshwater diatoms (Zemlyakov et 
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al., 1941; Lak, 1976; Saarnisto et al., 1995; Ludikova, 2017). Sediments with redeposited diatoms are 

remarkable by  simultaneous peaks of ecologically incompatible (marine and freshwater) species. 

The intervals of the latest Mikulino (Eemian) Interglacial (Pinus zone) or the earliest Early 

Valdai (Early Weichselian) in both eastern (Krasnoselskoye, Yukki, Peski, Lake Tokhkolodskoye) and 

western (Mommark) sections were deposited in freshwater environments, while reliably assigned Lower 

Valdai (Lower Weichselian) marine deposits are unknown in the Baltic region. Furthermore, the Early 

Valdai sealevel never rose above ~ -20 m asl (Waelbroeck et al., 2002) and, hence, a lake basin most 

likely existed for the whole interval from the end of the LIG till the maximum of the Scandinavian Ice 

Sheet expansion ~60 ka ago (Svendsen et al., 2004). The lake level was below the present global sealevel, 

i.e., its strandlines must be hidden under the Baltic water. 

7.4. Onset of marine conditions in different parts of the Baltic and Mga Seas  

The pollen zones of the Baltic and Onego-Ladoga regions can be correlated with reference to the 

rigorously constrained onset of the marine phase in key sections. However, pollen zones were often 

distinguished from different criteria in specific areas, and the time constraints cannot be rigorous. In this 

study, the time when marine conditions set in the sections was estimated from characteristic points in 

pollen diagrams when main tree species (Pinus, Quercus, Corylus, Tilia and Carpinus) began to increase 

and culminate. 

 The southernmost reference sections are located in the Lower Vistula area. The onset of deep 

water and higher salinity conditions is reconstructed at a depth of 110.5 m after the Corylus maximum 

and in the beginning of Tilia increase in the Obzhinovo section (Fig. 7.6) (Knudsen et al., 2012) and at 

97.5 m, likewise after the Corylus maximum and before the Tilia increase, in the Licze section (Figs. 

7.4, 7.6) (Head et al., 2005). The respective depth in the Nowiny sections is 61.6 m, which corresponds 

to the Corylus maximum and precedes the Carpinus increase (Fig. 7.6) (Makowska, 1986), whereas 

marine diatoms in the Baltic Spit section appear already at the ~12 m depth, before the Corylus maximum 

(Fig. 7.6) (Znamenskaya and Cheremisinova, 1970). The brackish–marine boundary in the Cierpięta 

section remains unconstrained (Marks et al., 2014). In general, the marine phase in the Lower Vistula 

area correlates approximately with the Corylus maximum, in the middle of zone IIIb of the Bispingen 

chronology, or ~1500 a after the beginning of the Eemian Interglacial (Fig. 7.6) (Müller, 1974). 

 The sections of the Schleswig-Holstein area are located slightly north of the Lower Vistula area. 

In the Schnittlohe section, salinity increases since the 15.5 m depth, which correlates with lower 

abundance of Quercus and with the middle of the Corylus peak (Fig. 7.6) (Hintsch, 1985; Knudsen, 

1985; Menke, 1985). The lower boundary of the marine phase in the Oldenbüttel section has not been 

constrained (Heck, 1932), and the resolution of the pollen spectra in the Ofenbüttel section is too low 

for estimating precisely the onset of the marine phase (Hintsch, 1985; Knudsen, 1985; Menke, 1985). 

https://www.multitran.com/m.exe?s=Schleswig-Holstein&l1=1&l2=2
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According to the Bispingen chronology, the middle of the Corylus peak corresponds to the IIIa-IIIb zone 

boundary, 1200 years after the beginning of the LIG (Fig. 7.6) (Müller, 1974).  

In the Ristinge Klint section, located ~100 km northeast of Schnittlohe, marine conditions appear 

at a depth of 1.8 m, corresponding to the Quercus maximum and the beginning of the Corylus peak (Fig. 

7.3, 7.6) (Kristensen et al., 2000; Knudsen et al., 2011). Stronger influence of marine conditions in the  

Mommark section, slightly farther northward, is reconstructed at a larger depth (9.5 m) which likewise 

coincides with the Quercus maximum and the Corylus increase (Fig. 7.6) (Gibbard and Glaister, 2006; 

Haila et al., 2006). According to the Bispingen chronology, Corylus increases   from the beginning of 

zone IIIa, about 900 years after the Eemian began (Fig. 7.6) (Müller, 1974). 

 The Central Baltic sections cannot be used to time the onset of the marine phase: the brackish-  

water-to-marine transition was not distinguished in the Plasumi and Gulf of Riga sections, and is unclear 

in the Grini section, because the depths in Table 11 from Kalnina (2001) misfit those in the pollen 

diagram of Fig. 34b in the same publication (Kalnina, 2001). 

 Meanwhile, the onset of marine conditions is detectable in the Gulf of Finland sections located 

6° north of the Lower Vistula sections. The depths corresponding to the beginning of the marine phase 

are 75 m (Figs. 7.5, 7.6) in the Prangli section (Cheremisinova, 1961; Liivrand and Valt, 1966), 

correlated with the Pinus maximum and preceding the increase of Quercus and Corylus; 29.8 m in the 

Peski section, or in the beginning of the Corylus peak (Fig. 7.6) (Miettinen et al., 2002; 2014); 70.75 m 

in the Sinyavino section, likewise in the beginning of the Corylus peak (Fig. 7.6) (Malakhovsky et al., 

1969a); 41 m in the Rybatskoye section, where diatom counts increase extremely fast. As in the Prangli 

section, this depth corresponds to the Pinus maximum and precedes the increase of Quercus and Corylus 

(Fig. 7.6) (Lavrova and Grichuk, 1961; Znamenskaya and Cheremisinova, 1962); 5.75 m in the Mga II 

section, in the beginning of the Quercus peak and before the increase of Corylus (Fig. 7.6) (Pleshivtseva 

et al., 1984). On the other hand, this boundary is uncertain in the Mga I section because the spore-pollen 

(Znamenskaya, 1959) and diatom (Cheremisinova, 1959) data correlate poorly. In the Sverdlov Factory 

II section, marine signatures are detectable at a depth of -10.4 m (Fig. 6.1) corresponding to the middle 

of the Quercus peak, when Corylus is already widespread but has a long low peak (Fig. 4.16). Note that 

all deciduous tree species in the Sverdlov Factory I section culminate synchronously (Pleshivtseva et al., 

1984), and thus the pollen may be redeposited, which obscures the brackish-to-marine transition. The 

lower boundary of the marine phase has not been constrained in the Lake Beloye, Krasnoselskoye, 

Yukki, and Lake Tokhkolodskoye sections (Fig. 7.2). On the average, the onset of the marine phase in 

the Gulf of Finland area is reconstructed slightly before the Corylus peak, or in zone IIb of the Bispingen 

chronology, ~600 years after the LIG began (Fig. 7.6) (Müller, 1974). 
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 For the Lake Onego area, the beginning of the marine phase could be accurately determined in 

the Petrozavodsk II section only, in the absence of published diatom data for the Petrozavodsk I section 

and spore-pollen diagram for the Vytegra section. In the Petrozavodsk II section, freshwater diatoms 

disappear completely at a depth of 11 m or slightly below the Pinus peak (Fig. 7.6) (Ikonen and Ekman, 

2001). In the Bispingen chronology, this is pollen zone IIа, ~250 years after the onset of the LIG (Fig. 

7.6) (Müller, 1974). 

 On the eastern shore of Lake Ladoga, three sections (Verkhnyaya Vidlitsa, Kaver, and 

Vasilyevsky Bor) have been studied using both spore-pollen and diatom methods, but the frequency of 

sampling is insufficient to accurately determine the boundary between the brackish and marine phases. 

 The brackish-to-marine transition also remains unconstrained in the northernmost reference 

sections Norra Sannäs I and Mertuanoja on the Bothnia Gulf coast.  

The synthesized data on the place of the transition relative to the pollen peaks of main tree species 

in reference Eemian (Mga) marine sections (Fig. 7.6) show that the vegetation phases in the Baltic and 

 
Fig. 7.6. Location of boundary between the brackish and marine phases correlated to  LIG pollen peaks 
of main tree species in the reference sections of the Eemian (Mga) marine sediments from the Baltic and 
Onego-Ladoga regions. 
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Onego-Ladoga lagged behind those of Central Europe in the northern and northeastern directions. Since 

the Lower Vistula sections are located at approximately the same latitude as Bispingen, the boundaries 

of pollen zones in these areas may be considered isochronous. The lag behind Bispingen and Lower 

Vistula was ~600 years in South Denmark, ~900 years in the Gulf of Finland, and ~1250 years in 

Petrozavodsk areas. Therefore, the Bispingen chronology cannot be used directly for timing the 

boundaries between the Mikulino pollen zones in the sections of the East European Plain. 

7.5. Concluding remarks 

The  only avaibale evidence of the vegetation evolution during the Eemian (Mikulino) 

Interglacial comes from the varve chronology of the Bispingen section, as well as other sections located 

in Northern Germany. This chronology has been largely used to to time pollen zone boundaries in both 

Central and Western Europe and the East European Plain. Nevertheless, the applicability  of the 

Bispingen chronology to distant sections  is doubtful because  pollen zone boundaries are diachronous. 

The  spore-pollen and paleontological data from the reference sections of the sections of the 

marine deposits in the Baltic and Onego-Ladoga regions allowed the author to hypothesize that the 

boundary between the brackish and marine phases of sea basin evolution is located at the same 

chronostrtigraphic level throughout the specified terrain. Correlation  of this boundary with the LIG 

peaks of main tree pollen species in various sections shows that the phases of vegetation history in the 

beginning of the LIG in the Gulf of Finland region lagged approximately 900 years behind those of 

Central Europe. Furthermore, the Petrozavodsk area witnessed a delay of around 1250 years. Therefore,  

the Bispingen chronology cannot be used directly for determining the age of palynozone boundaries in 

the sections of the East European Plain. 
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Conclusion 

The Mga marine sediments deposited during the Mikulino Interglacial, as well as the sediments 

below and above the interglacial formation, have been studied for the first time with an integrated 

approach, using several combined methods: facies analysis, spore-pollen analysis, OSL dating, 

geochemical analyses, grain-size analysis, diatom analysis and varve chronology. The studies allowed 

constraining the age of the Mikulino Interglacial, reconstructing the deposition conditions in the Neva 

Lowland, and tracing main events in the evolution of the Mga Sea basin.  

The interglacial deposits were sampled from the quarry of the Etalon (formerly Sverdlov) Brick 

Factory which exposes a continuous sequence of Middle-Upper Pleistocene sediments. The author of 

the present thesis, together with his colleagues, performed a pioneering minute study of the Upper 

Moscow varved clay beneath the Mga Fm. (distinguished by the author as the Sverdlov Fm.), which 

stores a record of the transition from the Moscow Glacial to the Mikulino Interglacial. The Sverdlov Fm. 

comprises three local pollen zones correlated with regional pollen zones Ms3–Ms1 (after Malakhovsky 

et al., 1969a) of the respective durations ~400 years (both for Ms3 zone and for Ms2 corresponding to 

the Kasplya Interstadial) and ~300 years (Ms1, Kattegat Stadial). The varved clay formed during the 

time span between ~1100 and ~1080 years prior to the LIG contains abundant ice-rafted debris, and its 

deposition can be thus correlated with the 11th Heinrich event. The Sverdlov Fm. was deposited during 

the glaciomarine stage of the Mga Sea, where brackish conditions prevailed 1100 to 1030 years before 

the LIG. Between ~1030 and ~350 years before the onset of the LIG, the Mga Sea underwent significant 

desalination, but its connection with the ocean was later restored. 

The lithological boundary between the Sverdlov and Mga Fms. detectable from the 

disappearances of varves and the appearance of black (bluish) hue of sediments in the Sverdlov Factory 

quarry approximately coincides with the base of the regional pollen zone M2, and thus corresponds to 

the base of the Mikulino Stage. The Mga Fm. encompasses all Mikulino regional pollen zones M2–M8 

which record the succession of climatic conditions from temperate in the beginning of the interglacial to 

warmer than the present climate during the optimum (zones M4–M6), and back to temperate in the end 

of the LIG. The sea setting changed from brackish (lagoonal) conditions between the beginning of zone 

M2 and the middle of zone M4, when the sea depth and salinity increased rapidly. The change from 

shallow diluted water, quite highly oxygenated near the bottom, to a saline marine environment shows 

up in diatom and geochemical data, as well as in the appearance of abundant mollusc fauna. The 

similarity of conclusions based on diatom and geochemical analyses indicates that the contents of 

elements can be a reliable proxy of salinity in paleobasins. As evidenced by geochemical study, the 

salinity of the Mga Sea during the marine episode and the ensuing regressive phase, remained at a 

minimum of 18‰. The mollusc fauna almost disappeared in the beginning of zone M5 as the Mga bottom 
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water became anoxic. The marine phase lasted till the middle of pollen zone M6-7, and then the sea began 

shoaling gradually. The regression, with its onset marked by lower contents of marine organic matter in 

the Mga sediments, lasted as long as the end of pollen zone M8. The bottom water of the Mga Sea was 

mainly anoxic over the greater part of the marine phase and during the whole regression phase, which 

accounts for low numbers and poor taxonomic diversity of the mollusc fauna (e.g., Funder et al., 2002). 

The conditions changed to freshwater in the end of pollen zone M8 or in the Early Valdai. 

The K-feldspar luminescence ages for the Sverdlov Fm. samples are overestimated, apparently 

because the feldspar grains had not been bleached completely before burial. The incomplete bleaching 

is additionally confirmed by dating of deposits from the Baltic Ice Lake showing an up to 250 Gy 

remnant dose in K-feldspar from glaciolacustrine sediments. The bleaching degree may be the same in 

the respective Sverdlov and Baltic sediments, which were deposited in similar conditions. The age of 

the Mga Fm. has been constrained by fifteen OSL dates on K-feldspar, with an average of 123±10 (2σ) 

ka, as well as the 119±7 ka age for the Mikulino/Lower Valdai limnic facies lying above the Mga Fm. 

The ages obtained for the Mga and Mikulino/Lower Valdai sediments made basis for an age-depth model 

in which the Mga interglacial deposition is bracketed between 133±8 (1σ) and 109±7 (1σ) ka ago. These 

age bounds apply to the onset and end of the Mikulino Interglacial, as the Mga Fm. in the Sverdlov 

Factory quarry encompasses all Mikulino pollen zones. These estimates are consistent with approximate 

correlation between the Mikulino (Eemian) interglacial and MIS 5e, with regard to a large measurement 

uncertainty.  

 Sampling and comparative analysis of thirty one Eemian (Mga) sections in the Baltic and Onego-

Ladoga regions revealed a well-pronounced boundary between the brackish and marine phases at the 

same chronostratigraphic level in most of the sections throughout the territory, as a marker for correlating 

pollen zones in the beginning of the LIG. The the vegetation evolutions phases in the studied territory 

were found out to be shifted in the northern and northeastern directions relative to Central Europe. The 

lag behind the respective phases of the Bispingen (Germany) and Lower Vistula (Poland) sections 

reaches ~900 years, i.e., the Bispingen chronology (Müller, 1974) cannot be used directly for timing 

pollen zones in the sections of the East European Plain.  

The obtained results allow several inferences:  

1. The Mga marine interglacial deposition in the territory of the Neva Lowland lasted within a 

period corresponding to Mikulino pollen zones M2–M8, from 133±8 to 109±7 ka ago. The beginning of 

the Mikulino Stage in the Neva Lowland coincides roughly with the top of the Sverdlov varved clay. 

2. The evolution of the Mga Sea comprised four main phases of glaciomarine (pollen zones Ms3–

Ms1), brackish (M2–M3), marine (M4–M6), and regressive (M6–M8) environments. Seawater penetrated 

into the Late Moscow periglacial basin in the territory of the present Neva Lowland no later than ~1100 
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years before the Mikulino Interglacial. Between ~1030 and ~350 years before the LIG, the Mga Sea 

became much less saline (or freshwater), but then the connection with the ocean resumed. 

3. The bottom water of the Mga Sea became anoxic in the beginning of pollen zone M5, and 

these conditions lasted till the end of zone M8. The lack of oxygen in the bottom water accounts for low 

numbers and poor diversity of molluscs in the Mga sediments. 

4. The isochronous boundary between the brackish and marine phases detectable clearly in most 

of the Eemian (Mga) marine sections all over the Baltic and Onego-Ladoga regions marks abrupt 

increase in the sea depth and salinity of the Baltic and Mga basins. 

5. The early interglacial vegetation phases in the Gulf of Finland area lagged ~900 years behind 

the respective phases of Central Europe.  
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List of abbreviatures  

asl – above sea level 

BH – borehole 

CN analysis – carbon and nitrogen analysis 

De – equivalent dose 

DRC – dose response curve 

ESR – electron-spin resonance 

Fm. – Formation 

IRD – ice-rafted debris 

IRSL – infrared stimulated luminescence 

LIG – Last Interglacial 

LPZ – local pollen zone 

MIS – marine isotopic stage 

OM – organic matter 

OSL – optically stimulated luminescence 

pIR-IRSL – post infra-red IRSL 

RPZ – regional pollen zone 

SAR protocol – single-aliquot regenerative-dose protocol 

TOC – total organic carbon 

XRF – X-ray fluorescence 
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