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Abstract 

The Late Weichselian (c. 40-10 ka) Fennoscandian Ice Sheet (FIS) has been a focus of 

research for over a century, and yet the pattern, style, and timing of glaciation remains 

uncertain on the Kola Peninsula and Russian Lapland, northwest Arctic Russia. Existing 

lower-resolution geomorphological data preclude an accurate reconstruction of ice dynamics 

in the region. Thus, the aim of this thesis is to produce a palaeo-glaciological reconstruction 

of Late Weichselian glaciation on the Kola Peninsula and Russian Lapland based on newly 

acquired geomorphological data and existing numerical dates. 

Systematic and comprehensive geomorphological mapping using high-resolution remotely-

sensed data identifies 245,997 glacial landforms, greatly expanding the known distribution 

of glacial landforms in the region; these landforms are the primary components for a new 

palaeo-glaciological reconstruction of the ice sheet. Following the glacial inversion 

approach, the full population of landform data are summarised as discrete cartographic units 

– flowsets – and their spatial, temporal, and glaciodynamic information are extracted. The 

resulting landform summaries are then used to reconstruct ice flow configuration histories 

and ice margin positions. This is the first glacial reconstruction of the Kola Peninsula and 

Russian Lapland to employ the entire glacial landform assemblage. This reconstruction is 

finally combined with a database of 209 numerical ages, compiled from the literature, to 

provide chronological constraint.  

The resulting time-slice reconstruction reveals a complex pattern of ice sheet advance and 

retreat across the Kola Peninsula and Russian Lapland between c. 29 and 11 ka at both an 

ice sheet- and local-scale. Four definite and three possible palaeo-ice streams in the region 

are likely to be a consequence and driver of major ice sheet configuration change during the 

Late Weichselian. A transient ice divide that existed c. 25-20 ka was replaced by ice flow 

from the main ice dispersal centre of the FIS during deglaciation. Deglaciation (c. 16-11 ka) 

was characterised by ice sheet thinning, with topography constraining ice flow around 

upland areas. Major standstills and/or readvances of the retreating ice margin, including a 

detailed Younger Dryas ice marginal zone (c. 12 ka) are also reconstructed. This 

reconstruction highlights the interplay between the last FIS and the wider Earth system, 

presents empirical data in a format that is ideal for testing and validating numerical ice sheet 

and climate models, and provides a framework for future field investigations of the FIS in 

the region.
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Chapter 1. Introduction and rationale 

The Kola Peninsula and Russian Lapland, northwest Arctic Russia, was uniquely situated at 

the confluence of three dynamically different ice masses during the Late Weichselian (c. 40-

10 ka): (i) the Fennoscandian Ice Sheet (FIS), a continental ice sheet with a largely cold-

based central region that nucleated to the west of the peninsula (Kleman et al., 1997; Kleman 

and Hättestrand, 1999; Stroeven et al., 2016); (ii) the White Sea Ice Stream, a major ice 

stream located at the southern margin of the peninsula that drained the northeastern sector 

of the FIS; and (iii) the Barents Sea Ice Sheet (BSIS), a marine ice sheet that coalesced with 

the FIS off the northern coastline of the peninsula (Boulton et al., 2001; Hättestrand and 

Clark, 2006a; Yevzerov, 2015; Hughes et al., 2016; Stroeven et al., 2016). This thesis 

presents a new palaeo-glaciological reconstruction of the last FIS on the Kola Peninsula and 

Russian Lapland to understand the pattern, style, and timing of glaciation in this region. This 

chapter first discusses the rationale for this new reconstruction.  

1.1 The significance of ice sheets 

Ice sheets are significant components of the Earth system, with their presence affecting 

atmospheric and oceanic circulation systems, planetary albedo, and the hydrological cycle 

(Clark and Mix, 2002; IPCC, 2021). The contemporary ice sheets of Antarctica and 

Greenland together contain most of the world’s freshwater resources (a total 27x106 km3 of 

ice) and consequently have the greatest potential to cause sea level rise (Lemke et al., 2007; 

Oppenheimer et al., 2019; IPCC, 2021). However, trying to understand the response of the 

polar ice sheets to climate change is presently challenging because there is an inadequate 

understanding of ice sheet dynamics and their relationships with climatic events (Figure 1.1; 

Lemke et al., 2007; Oppenheimer et al., 2019). This is a consequence of the slow evolution 

of ice sheets, and the restricted scope of research on contemporary ice sheets owing to short 

timescales (maximum tens of years) and limited access to the subglacial environment 

(Stokes et al., 2015; Stroeven et al., 2016).  

Ice core and marine sediment proxy records have demonstrated that climate during the 

Quaternary was highly unstable, with abrupt climatic and oceanic changes being a 

characteristic of the Weichselian glacial period (Figure 2.2; Johnsen et al., 2001; Rasmussen 

et al., 2006; Blockley et al., 2012; Rasmussen et al., 2014). A significant demonstration of 

this instability is the Younger Dryas stadial (c. 12.9-11.7 ka), the last major 
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Figure 1.1: Observed and modelled Greenland Ice Sheet cumulative mass change and sea 

level equivalent contribution (modified from IPCC, 2021). Historic cumulative mass loss 

and sea level equivalent estimates are derived from in-situ and remotely-sensed 

observations. Modelled future ice sheet change is based on alternative Shared Socio-

economic Pathways (SSPs), which describe the socio-economic trends underlying 

alternative projected greenhouse gas, land use, and air pollutant futures. The large 

uncertainties of future ice sheet mass loss and melt contribution to global sea level rise arise 

from a poor understanding of ice dynamics and how ice sheets respond to climatic change.  

Figure 1.2: Temperature changes throughout the Weichselian glaciation of the Quaternary 

based on NGRIP (North Greenland Ice Core Project) δ18O and δ15N isotope measurements 

(modified from Kindler et al., 2014). Temperatures during the LGM (the period shown in 

pink) are about 20 °C cooler than present, and temperatures during the Younger Dryas 

stadial (the period in blue) are about 15 °C cooler than present. 

Original in Colour 
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climatic cooling episode during the Last Glacial-Interglacial Transition (LGIT; c. 20-10 ka) 

where the polar ice sheets responded by increasing in volume (Andersen et al., 1995a; 

Rasmussen et al., 2006; Rasmussen et al., 2014). The climatic cooling during the Younger 

Dryas is thought to have been influenced by ice sheets, with large volumes of meltwater 

weakening oceanic circulation systems and consequently suppressing northern hemisphere 

temperatures, although the exact causal mechanisms are still highly debated (Tarasov and 

Peltier, 2005; Broecker et al., 2010; Murton et al., 2010; Pinter et al., 2011; Cheng et al., 

2020; Gauthier et al., 2021). Abrupt climatic warming during the Younger Dryas-Holocene 

transition c. 11.7 ka led to the demise of many of the polar ice sheets (Hughes et al., 2016; 

Stroeven et al., 2016).  

Previously glaciated landscapes offer a unique opportunity to study ice sheet dynamics and 

the response of ice sheets to climatic changes over long timescales (hundreds to thousands 

of years) and provide unlimited access to the subglacial environment (Stokes et al., 2015; 

Stroeven et al., 2016). As such, reconstructions of palaeo-ice sheet dimensions and dynamics 

can be used to better understand contemporary ice sheet dynamics in response to climatic 

changes (Stroeven et al., 2016; Pearce et al., 2017). Additionally, the successful application 

of numerical ice sheet and climate models, which are used to predict future climate scenarios, 

depends on accurate parameterisation of palaeo-ice sheets (Stokes et al., 2015; Stroeven et 

al., 2016; Pearce et al., 2017). It is therefore necessary to have an accurate and detailed 

understanding of palaeo-ice sheets and their responses to climatic events.  

1.2 Approaches to ice sheet reconstruction 

Ice sheets, as exemplified by the contemporary Antarctic and Greenland Ice Sheets, consist 

of one or more ice dispersal centres or ice divides from which ice flows out towards the 

margins. The flow configuration of the ice sheet is thus determined from the location of these 

ice divides. A central objective of palaeo-glaciological reconstructions is to reconstruct the 

extent, volume, dynamics, and temporal evolution of palaeo-ice sheets (Hughes et al., 2014; 

Stokes et al., 2015; Hughes et al., 2016; Stroeven et al., 2016; Chandler et al., 2018a; Clark 

et al., 2018). Determination of the ice configuration and dynamics of palaeo-ice sheets can 

provide insight into ice discharge history and information on the scale of ice sheet 

oscillations (Stokes et al., 2015; Hughes et al., 2016; Stroeven et al., 2016).  

There are three main approaches to ice sheet reconstruction: (i) numerical modelling based 

on physical principles of behaviour derived from observations of contemporary ice sheets; 
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(ii) isostatic modelling of the rate of crustal deformation due to ice loading; and (iii) 

inversion of the glacial geomorphological record using assumptions about glacial landform 

genesis (Stokes et al., 2015; Patton et al., 2016; Stroeven et al., 2016; Patton et al., 2017; 

Chandler et al., 2018a). The present understanding of glaciological and isostatic processes 

does not permit the development of an ice sheet model that is completely compatible with 

known geological evidence (Stokes et al., 2015; Patton et al., 2016; Patton et al., 2017), and 

more robust glacial reconstructions can be realised from examination of glacial landforms 

and sediments (Stokes et al., 2015; Stroeven et al., 2016; Clark et al., 2018). This thesis is, 

therefore, concerned with the inversion of the glacial geomorphological record to reconstruct 

ice sheet dynamics (Figure 1.3). 

1.3 The Late Weichselian Fennoscandian Ice Sheet 

The last FIS (Figure 1.4) glaciated both marine and terrestrial settings and is, therefore, 

comparable to the present-day Greenland and Antarctic Ice Sheets (Stroeven et al., 2016). 

The FIS, which glaciated Scandinavia, northern Europe, and northwest Russia (Figure 1.4a), 

comprised the largest sector of the Eurasian Ice Sheet Complex – a collection of three semi-

independent ice sheets that coalesced to form a single ice sheet complex during the Late 

Weichselian (Svendsen et al., 2004; Hughes et al., 2016; Patton et al., 2016; Stroeven et al., 

2016; Patton et al., 2017). Within the Eurasian Ice Sheet Complex, the FIS coalesced with 

the BSIS off the northern Norwegian and Russian coastlines, and with the British-Irish Ice 

Sheet in the North Sea (Svendsen et al., 2004; Hughes et al., 2016; Stroeven et al., 2016). 

Detailed geomorphological mapping across Scandinavia, northern Europe, and northwest 

Russia has identified ice sheet growth and retreat patterns and flow paths of palaeo-ice 

streams (Figure 1.4; Andersen et al., 1995a; Punkari, 1995; Boulton et al., 2001; Kleman 

and Applegate, 2014; Hughes et al., 2016; Stroeven et al., 2016). Furthermore, over 4,000 

numerical age estimations across the former extent of the FIS have been essential for 

constraining numerical ice sheet models (Figure 1.4d; Hughes et al., 2016; Stroeven et al., 

2016). The wealth of detailed empirical data have allowed the pattern, style, and timing of 

much of the FIS glaciation to be carefully reconstructed (Svendsen et al., 2004; Hughes et 

al., 2016; Stroeven et al., 2016).  
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Figure 1.3: Example of the inversion of the glacial landscape to reconstruct the evolution 

of the British-Irish Ice Sheet (Hughes et al., 2014). Ancillary data used in glacial 

reconstructions include: (a) retreat pattern map, reconstructed from ice marginal landforms 

and flowsets; (b) inferred erratic transport paths; and (c) a database of numerical dates. 

The FIS nucleated in the Scandinavian Mountains of northern Sweden and southern Norway, 

terminating in lobate ice margins with strong topographic steering in pre-existing valleys 

(Patton et al., 2016; Stroeven et al., 2016). Geomorphological and chronometric data indicate 

that the FIS experienced asynchronous growth i.e. the timing of peak ice volume and 

maximum ice extent (referred to as the local-Last Glacial Maximum (local-LGM)) differed 

across the ice sheet (Svendsen et al., 2004; Hughes et al., 2016; Stroeven et al., 2016). For 

example, the FIS reached its maximum configuration c. 27-26 ka on the Norwegian 

continental shelf but did not attain its maximum lateral extent until c. 23-22 ka in northern 

Europe (Hughes et al., 2016; Stroeven et al., 2016). However, it is generally regarded that 

Original in Colour 
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Figure 1.4: Palaeo-glaciological evidence pertaining to the last FIS. (a) Reconstructed 

maximum lateral extent of the FIS. Local-LGM extents of the FIS are based upon empirical 

evidence. The growth pattern of the FIS was asynchronous, and maximum extents in different 

sectors were not reached at the same time. The location of the Kola Peninsula is shown in 

the black box. Maximum ice margin positions are from the DATED-1 database (modified 

from Hughes et al., 2016). (b) FIS margins during the Younger Dryas (modified from Hughes 

et al., 2016). Moraines attributed to the Younger Dryas have been mapped and numerically 

dated almost continuously around Fennoscandia (solid black lines), except for the Kola 

Peninsula and Russian Lapland where Younger Dryas margins are debated (broken black 

lines). (c) Pathways of major ice streams that existed during the LGIT (modified from 

Boulton et al., 2001). The lines represent the centre lines of ice stream pathways, not the 

length of an ice stream at any given time. (d) Spatial distribution of numerical dates 

Original in Colour 
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associated with the FIS. All dates included within this map (n = 4,225) are from the DATED-

1 database (Hughes et al., 2016) and Stroeven et al. (2016). Note the limited number of dates 

collected from the Kola Peninsula compared to the western and southern FIS margins. 

the Last Glacial Maximum (LGM) of the FIS occurred between 26.5 and 20 ka (Figures 1.2, 

1.4a; Clark et al., 2009). 

Increased summer insolation and climatic warming c. 14.7 ka (termed the Bølling oscillation, 

as seen in the Greenland Ice Core Chronology (GICC05)) induced the rapid retreat of the 

FIS (Lehman et al., 1991; Clark et al., 2009; Rasmussen et al., 2014; Stroeven et al., 2016; 

Patton et al., 2017). Retreat continued throughout the LGIT until the final demise of the FIS 

at approximately 10 ka (Cuzzone et al., 2016; Stroeven et al., 2016; Regnéll et al., 2019). 

Like the growth of the ice sheet, the pattern of deglaciation was asynchronous (Boulton et 

al., 2001; Hughes et al., 2016), with subglacial conditions and topographic constraints 

influencing the rate of deglaciation (Kleman et al., 2008; Stroeven et al., 2016). In addition, 

the overall retreat of the FIS was interrupted by several standstills and readvances of the ice 

margin during which end moraines and glaciofluvial sediments were deposited in response 

to climatic cooling anomalies (Hughes et al., 2016; Stroeven et al., 2016; Patton et al., 2017). 

The last extensive zone of end moraines is attributed to the Younger Dryas stadial 

(Rasmussen et al., 2014) – an ice marginal zone that can be traced almost continuously 

around Fennoscandia (Figure 1.4b; Andersen et al., 1995a; Hughes et al., 2016; Stroeven et 

al., 2016). Particular emphasis has been given to this ice marginal zone (Figure 1.4b) as it is 

often used to constrain numerical ice sheet models and understand how palaeo-ice sheets 

responded to abrupt climatic warming during the Younger Dryas-Holocene transition 

(Andersen et al., 1995a; Mangerud et al., 2011; Stroeven et al., 2016; Patton et al., 2017). 

As a result of this considerable body of research, the pattern, style, and timing of FIS 

glaciation during the Late Weichselian is largely well-understood, thus providing boundary 

conditions for numerical ice sheet, isostatic and climatic models, and also allowing such 

models to be tested and validated across most of the FIS (Patton et al., 2016; Patton et al., 

2017).  

One sector of the FIS for which the details of glaciation and deglaciation remain elusive is 

the Kola Peninsula and Russian Lapland, northwest Arctic Russia (see box in Figure 1.4a 

for location). The glacial landform and sediment assemblages of this region have been 

studied for over 100 years – either as small-scale mapping projects (e.g. Grigoryev, 1934; 
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Yevzerov and Kolka, 1993; Superson, 1994; Pękala, 1998; Superson and Zgłobicki, 1998; 

Hättestrand et al., 2007; Hättestrand et al., 2008; Yevzerov, 2009; Yevzerov and Nikolaeva, 

2010; Yevzerov, 2015; Lunkka et al., 2018; Yevzerov, 2018) or large-scale glacial 

reconstructions (e.g. Ramsey, 1898; Lavrova, 1960; Apukhtin and Ekman, 1967; Krasnov et 

al., 1971; Strelkov, 1976; Apukhtin et al., 1977; Niemelä et al., 1993; Svendsen et al., 2004; 

Hättestrand and Clark, 2006a, 2006b; Winsborrow et al., 2010a; Petrov et al., 2014; 

Astakhov et al., 2016; Hughes et al., 2016; Stroeven et al., 2016). Despite this, the pattern, 

style, and timing of Late Weichselian glaciation in this region remains relatively poorly 

understood (Hättestrand and Clark, 2006b; Hättestrand et al., 2007; Hughes et al., 2016; 

Stroeven et al., 2016). This partly stems from the limited research attention given to the 

region, the publication of data mainly in Russian-language journals where data remain 

largely unknown to non-Russian scientists, and the limited communication and transfer of 

knowledge between Russian and non-Russian scientists, particularly during Soviet times. 

This is problematic for understanding the role of the FIS in the global climate system, and 

its response to the climate changes of the last glacial cycle. Consequently, numerical ice 

sheet and climate models cannot be tested or validated in this region (e.g. Patton et al., 2016; 

Patton et al., 2017).  

1.4 Aims and objectives 

The aim of this thesis is to produce a palaeo-glaciological reconstruction of the pattern, style, 

and timing of Late Weichselian glaciation on the Kola Peninsula and Russian Lapland based 

on newly acquired geomorphological data and existing numerical dates. The resulting glacial 

reconstruction will enable a better understanding of the palaeo-glaciology of the FIS in the 

region, which can be used to understand ice sheet response to climate change and verify and 

test numerical ice sheet and climate models. This aim is achieved by meeting following 

objectives: 

1. To map the glacial landforms of the Kola Peninsula and Russian Lapland at an ice

sheet-scale and produce a comprehensive and coherent map of the glacial

geomorphology. This first objective requires the production of a comprehensive

glacial geomorphological map of the study area (> 164,700 km2), which will inform

key aspects of glaciation e.g. ice margin retreat pattern, the location of ice divides

and ice streams, ice flow configuration, and the evolution of ice dynamics over time.
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2. To construct morphostratigraphic (the application of stratigraphic principles to

geomorphology) landsystem maps from the information gathered under objective 1

using the principles set out by Kleman and Borgström (1996). The information

contained in the glacial map from objective 1 will be reduced to flowsets (distinct

phases of ice flow) and ice margin positions. These units of glaciological information

will form the basis for the final glacial reconstruction (objectives 3 and 4).

3. To reconstruct the flow patterns, ice divides, and ice stream locations of the FIS and

their evolution during the Late Weichselian on the Kola Peninsula and Russian

Lapland. This reconstruction will be the most appropriate explanation of the

geomorphological record, following the principle of Occam’s Razor (i.e. the

simplest). A number of different scenarios will be presented where conflicting

sources of evidence or data gaps preclude a single unequivocal reconstruction.

4. To reconstruct the pattern of build-up and retreat of the FIS on the Kola Peninsula

and Russian Lapland. The information contained in the morphostratigraphic

landsystem maps (objective 2) will be used to reconstruct the pattern of FIS build-up

and retreat.

5. To collate a database of existing numerical dates (from previous studies) to constrain

the timing of glaciation on the Kola Peninsula and Russian Lapland. Existing

numerical dates (radiocarbon, optically stimulated luminescence (OSL), terrestrial

cosmogenic nuclide (TCN), and palaeomagnetic) will be reviewed for their relevance

and accuracy for constraining glaciation in the study area. The database will then be

used to constrain the glacial reconstruction in objectives 3 and 4.

1.5 Thesis outline 

This thesis produces a comprehensive database of glacial landforms that facilitates a palaeo-

glaciologically plausible reconstruction of the FIS on the Kola Peninsula and Russian 

Lapland. It is presented over 8 chapters that are organised into four thematic parts: 

Part A details the motivations and philosophical approach of this thesis. Following this 

introduction, Chapter 2 critically reviews the current knowledge of glaciation on the Kola 

Peninsula and Russian Lapland, explores reasons behind the poor understanding of 

glaciation in this region, and identifies key areas where scientific research should focus. 
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Chapter 3 outlines the philosophical approach to ice sheet reconstruction employed in the 

thesis. 

Part B (Chapter 4) details the production and initial interpretations of the glacial 

geomorphological map of the Kola Peninsula and Russian Lapland. 

In Part C, the geomorphological data are used to reconstruct glaciation on the Kola 

Peninsula and Russian Lapland. Chapter 5 describes the methods and interpretations of the 

bedform assemblage, detailing the resulting flowsets, and organises them into a 

glaciologically plausible ice flow evolution reconstruction at a regional level. Chapter 6 is 

concerned with the methods and interpretations of ice margin positions from the landform 

assemblage. A database of existing numerical ages estimations for the Kola Peninsula, 

Russian Lapland, and surrounding areas is also established in Chapter 6 in an attempt to 

attach a chronology to the glacial reconstruction. 

In Part D, Chapter 7 presents a time-slice reconstruction, discusses the palaeo-glaciological 

implications of the FIS on the Kola Peninsula and Russian Lapland, and describes avenues 

for further research. Chapter 8 concludes the thesis. 

The thesis is accompanied by seven maps, enclosed unbound in the print version for ease of 

use. For those viewing the digital version of this thesis, in-text map references (e.g. Map 1) 

are hyperlinked to the digital maps at the end of the document.  

Map 1: The Kola Peninsula and Russian Lapland 

Map 2: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Main 

Map  

Map 3: Glacial geomorphology of the Kola Peninsula and Russian Lapland: 

Subglacial Bedform Map 

Map 4: Glacial geomorphology of the Kola Peninsula and Russian Lapland: 

Meltwater Landform Map 

Map 5: Glacial geomorphology of the Kola Peninsula and Russian Lapland: 

Morainic Landform Map 

Map 6: Subglacial lineation and rib flowsets on the Kola Peninsula and Russian 

Lapland 

Map 7: Ice margin positions on the Kola Peninsula and Russian Lapland 
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Some of the work contained within this thesis has already been published; this is split across 

several chapters within the thesis and cited at relevant points in the text: 

Boyes, B.M., Linch, L.D., Pearce, D.M., Kolka, V.V., and Nash, D.J. (2021a) The 

Kola Peninsula and Russian Lapland: a review of Late Weichselian glaciation. 

Quaternary Science Reviews 267, p. 107087. 

Boyes, B.M., Pearce, D.M., and Linch, L.D. (2021b) Glacial geomorphology of the 

Kola Peninsula and Russian Lapland. Journal of Maps 17, pp. 485-503. 
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Chapter 2. Late Weichselian glaciation on the Kola Peninsula and 

Russian Lapland: a critical review 

2.1 Introduction 

There are four principal elements of a palaeo-ice sheet of interest to palaeo-glaciologists 

(Kleman et al., 1997; Clark et al., 2006; Greenwood and Clark, 2009a, 2009b; Hughes et al., 

2014; Stroeven et al., 2016): 

• Size – the lateral and vertical extent and volume of the ice sheet.

• Form – the positions of ice divides, the ice flow configuration, and the dynamic role

of ice streams.

• Evolution – the location of ice nucleation centres, ice sheet configuration changes,

and the ice margin advance and retreat pattern.

• Timing – when did the ice sheet exist, and what was the timing of changes in each

of these elements?

Reconstructing these basic elements is crucial for verifying numerical ice sheet models and 

to understand ice sheet response to climatic changes. However, in Chapter 1 it was noted 

that the pattern, style, and timing of FIS glaciation on the Kola Peninsula and Russian 

Lapland remains poorly understood because reconstructions (e.g. Hughes et al., 2016; Patton 

et al., 2016; Stroeven et al., 2016; Patton et al., 2017) typically use a limited selection of 

published empirical data.  

Before embarking on a new reconstruction of FIS glaciation for the Kola Peninsula and 

Russian Lapland it is necessary to consider and evaluate the current status of knowledge to 

establish whether a glacial reconstruction can be achieved using existing data alone. To 

achieve this, this chapter discusses and critically reviews all available glacial 

geomorphological mapping, sedimentary analyses, and interpretations from previously 

published sources. This includes (for the first time) information published in Russian-

language journals, which are only utilised in a limited number of existing FIS 

reconstructions. It is stressed that previously published information is critically reviewed in 

this chapter where possible, as not all information can be critically evaluated, especially 

where data are sparse (or indeed the only data that exist) in a particular region, or where 
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glacial interpretations have been presented with limited supporting data. This chapter, the 

majority of which is published in Boyes et al. (2021a), will identify the key areas where 

empirical data and knowledge are lacking, and hence where this thesis should focus. The 

compilation and discussion of a numerical age database included in Boyes et al. (2021a) is 

not considered in this chapter, but is instead presented in Chapter 6; this chapter focusses on 

the critical review of geomorphological and sedimentary data, as presented in Boyes et al. 

(2021a).  

2.2 Evidence for glaciation of the Kola Peninsula and Russian Lapland 

The Kola Peninsula and Russian Lapland has an abundance of glacial, periglacial, and 

paraglacial landforms and sediments. Early maps of the Quaternary geology of northwest 

Russia captured the spatial distribution of morainic and glaciofluvial deposits, and subglacial 

lineations (drumlins, mega-scale glacial lineations (MSGLs), crag and tails) (Lavrova, 1960; 

Niemelä et al., 1993). Most notably, Hättestrand and Clark (2006a) present a comprehensive 

glacial geomorphological map of the region that details the spatial distribution of subglacial 

bedforms (subglacial lineations and subglacial ribs (ribbed moraine, Rogen moraine, 

subglacial traction ribs)), morainic and glaciofluvial deposits, and meltwater channels 

(Figure 2.1).  

This part of the chapter critically evaluates the existing evidence for, and interpretations of, 

Late Weichselian glaciation in the region. To facilitate this, the study area is divided into 

three sectors guided by topography and ice sheet signatures (Figure 2.2): (i) the Khibiny and 

Lovozero Mountains; (ii) the western Kola Peninsula and Russian Lapland; and (iii) the 

Figure 2.1 (next page): The glacial geomorphology of the Kola Peninsula and Russian 

Lapland, modified from Hättestrand and Clark (2006a). This published map builds upon 

previous Quaternary maps (Niemelä et al., 1993) and includes previously undocumented 

landforms such as meltwater channels and subglacial ribs. It was compiled using a 

combination of satellite imagery (Landsat 7 ETM+) and field observations (for details see 

Hättestrand and Clark, 2006a) and is the highest-resolution peninsula-wide 

geomorphological map currently available. Contemporary fluvial networks and lakes are 

not shown to avoid confusion with the mapped palaeo-meltwater channels. 
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eastern Kola Peninsula. In this chapter, and throughout this thesis, the reader is referred to 

Map 1 for the location of places and topographic features referred to in the text. In addition, 

the last glacial period (c. 115-11.7 ka) and its subdivisions are referred to as the 

‘Weichselian’, which is analogous to Russian term ‘Valdai’ (Ekman and Iljin, 1991; 

Yevzerov, 2001, 2018), for consistency with glacial reconstructions in Fennoscandia. 

Figure 2.2: The Kola Peninsula and Russian Lapland, showing the major geographical 

regions and mountainous areas discussed in Chapter 2. The administrative city of the region, 

Murmansk, is also shown. Map 1 details all place names discussed in this thesis – the reader 

is referred extensively to this map. The division between the western and eastern Kola 

Peninsula is determined by the approximate topographic and Quaternary geological 

distinctions between the two regions, based on the work of Ramsey (1898), Lavrova (1960), 

Niemelä et al. (1993), and Hättestrand and Clark (2006a), among others. The division 

between Russian Lapland and the Kola Peninsula is also shown, although Russian Lapland 

is discussed alongside the western Kola Peninsula in this chapter because of similarities in 

topographic and sediment-landform assemblages in both regions. 

Original in Colour 
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2.2.1 Khibiny and Lovozero Mountains 

The Khibiny and Lovozero Mountains (Figures 2.1 and 2.2) are horseshoe-shaped massifs 

located in the central western Kola Peninsula, that are renowned as the world’s largest and 

second largest alkaline plutons, respectively (Kalashnikov et al., 2016). The Khibiny 

Mountains attain heights of 1,201 m above sea level (asl) and typically have narrow plateau 

summits over 1,000 m asl, while the Lovozero massif is characterised by broad plateaux > 

800 m asl, attaining heights of 1,120 m asl.  

The geomorphology of the Khibiny and Lovozero Mountains, including cirques, U-shaped 

valleys, and relict plateau surfaces, is widely documented (e.g. Armand, 1960; Lavrova, 

1960; Strelkov, 1976; Niemelä et al., 1993; Hättestrand and Clark, 2006a; Korsakova and 

Kolka, 2007; Hättestrand et al., 2008; Yevzerov, 2009; Yevzerov and Nikolaeva, 2010). 

Sediment-landform assemblages, including moraines and meltwater channels, suggest that 

both massifs were inundated by the FIS during the Late Weichselian (Armand, 1960; 

Lavrova, 1960; Hättestrand and Clark, 2006a; Hättestrand et al., 2008; Yevzerov, 2009; 

Yevzerov and Nikolaeva, 2010). However, the well-developed morphology of the cirques 

and U-shaped valleys suggest erosion over multiple phases of localised glaciation during the 

Quaternary (Hättestrand and Clark, 2006a; Hättestrand et al., 2008).  

Early investigations of cirques by Armand (1960) and Strelkov (1976) identify a series of 

boulder-strewn hummocky deposits banked against valley headwalls and spread across 

cirque floors. These authors interpret the deposits – which have arcuate, convex margins up-

valley parallel to cirque headwalls, with concave or irregular down-valley margins – as 

forming between cirque glaciers and FIS glacier snouts. Later investigations identify a total 

of 16 such ‘cirque infills’, estimated to be up to 50 m thick (Figure 2.3), comprising locally-

sourced coarse boulders (Hättestrand and Clark, 2006a; Hättestrand et al., 2008; Yevzerov 

and Nikolaeva, 2008). In addition, hummocky moraines are mapped in cirques where cirque 

infills are not identified (Figure 2.3; Hättestrand and Clark, 2006a; Hättestrand et al., 2008). 

Hättestrand et al. (2008) interpret these cirque infill and hummocky moraine deposits as 

forming between glacier snouts and cirque headwalls, where glacier thinning allowed thick 

accumulations of supraglacial and/or frost shattered debris. Hättestrand et al. (2008) and 

Sugden and Hall (2020) further propose that cirque infills and hummocky moraines also 

formed under so-called blue-ice conditions, where ablation is dominated by sublimation in 

a dry continental climate. Similar conditions are thought to occur during the formation of 
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supraglacial moraines in East Antarctica (Hättestrand and Johansen, 2005; Sugden and Hall, 

2020; Woodward et al., 2022). 

Figure 2.3: Spatial distribution of mapped cirques, cirque infills, hummocky moraines, and 

end moraines in the Khibiny Mountains (modified from Hättestrand et al., 2008). The 

location of Figure 2.3 is shown in Figure 2.1. 

Several studies also identify a series of arcuate end moraine ridges orientated up-valley (i.e. 

arcuate ridges with the vertex up-valley) in several valleys below the cirques at < 600 m asl 

(Figure 2.3; Armand, 1960; Strelkov, 1976; Hättestrand and Clark, 2006a, 2006b; 

Hättestrand et al., 2008; Yevzerov, 2009; Yevzerov and Nikolaeva, 2010). Such moraines 

are thought to be indicative of FIS thinning and ice lobe retreat down-valley, during the 

LGIT (Hättestrand and Clark, 2006a, 2006b; Hättestrand et al., 2008; Yevzerov, 2009; 

Yevzerov and Nikolaeva, 2010). Additionally, palaeo-lake shorelines and glaciofluvial 

outwash terraces in some valleys in the Khibiny Mountains provide clear evidence that 

meltwater was impounded by glacier snouts (Armand, 1960; Hättestrand and Clark, 2006a). 
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Palaeo-lake shorelines, glaciofluvial outwash, and lateral meltwater channels, first identified 

by Armand (1960) and later mapped in greater detail by Hättestrand and Clark (2006a), 

indicate the routing of meltwater across glacier surfaces, with meltwater accumulating in 

ice-dammed lakes (Armand, 1960; Hättestrand and Clark, 2006a; Yevzerov and Nikolaeva, 

2008; Yevzerov, 2009; Gorbatov et al., 2019). Yevzerov (2009) also suggests that an ice-

dammed lake formed in the Seydozerskaya depression in the Lovozero Mountains, although 

Hättestrand and Clark (2006a) do not report palaeo-lake shorelines indicative of ice-dammed 

lakes within the massif. 

De Geer moraines, which form at the grounding line of water-terminating ice margins, are 

also identified in the Khibiny Mountains in association with palaeo-lake shorelines and 

terraces, and are thought to indicate the lateral retreat (rather than thinning) of glacier snouts 

(Hättestrand et al., 2008). Pękala (1998) and Yevzerov and Nikolaeva (2008) consider 

predominantly locally-sourced clasts within the glaciofluvial outwash and De Geer moraines 

to indicate local glaciation (i.e. cirque and valley glaciers and ice cap outlet glaciers). 

However, the orientation of lateral meltwater channels (which form along the lateral margins 

of glaciers), sub-parallel to contours, suggest that the glaciofluvial outwash deposits and De 

Geer moraines were probably formed by glaciers retreating down-valley (Hättestrand and 

Clark, 2006b; Greenwood et al., 2007; Hättestrand et al., 2008).  

Large cross-valley end moraine ridges, that predominantly contain shieldrock erratics from 

the surrounding lowlands, are documented at valley mouths around the perimeter of the 

Khibiny and Lovozero Mountains (Figures 2.3 and 2.4; Hättestrand and Clark, 2006a; 

Hättestrand et al., 2008; Yevzerov and Nikolaeva, 2008; Yevzerov, 2009; Yevzerov and 

Nikolaeva, 2010). These end moraines are thought to have been deposited by glaciers as they 

retreated out of the massifs (Figures 2.3 and 2.4; Hättestrand et al., 2008; Yevzerov and 

Nikolaeva, 2010). Hättestrand and Clark (2006a) also identify a flight of prominent, 

Figure 2.4 (next page): FIS retreat pattern around the Lovozero and Khibiny Mountains 

during the (a) Older Dryas stadial (c. 14.1-13.9 ka) and (b) the Younger Dryas stadial (c. 

12.9-11.7 ka) (modified from Yevzerov and Nikolaeva, 2010). The ice margin retreat pattern 

and ice surface elevations are reconstructed using the positions and elevations of moraines. 

The location of Figure 2.4 is shown in Figure 2.1. 
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continuous lateral meltwater channels on the southern flank of the Lovozero massif that are 

thought to indicate ice flow to the east during ice sheet thinning (Hättestrand and Clark, 

2006b; Yevzerov, 2009; Yevzerov and Nikolaeva, 2010). 

Lavrova (1960) presents an early local-LGM reconstruction of FIS glaciation on the Kola 

Peninsula, proposing that relict plateaux summits of the Khibiny and Lovozero Mountains 

were exposed as nunataks. However, lateral meltwater channels identified on some of the 

summit surfaces suggest that cold-based ice covered and preserved the relict plateau summits 

(Armand, 1960; Hättestrand and Clark, 2006a; Hättestrand et al., 2008), indicating that initial 

FIS deglaciation is likely to have been characterised by ice sheet thinning (Figures 2.1, 2.3, 

and 2.4). The lack of meltwater landforms and dominance of cirque infill and hummocky 

moraine deposits between 600 and 1,000 m asl suggest ablation dominated by cool, dry 

conditions (Hättestrand and Clark, 2006b; Hättestrand et al., 2008; Yevzerov and Nikolaeva, 

2010). Hättestrand et al. (2008) propose that these conditions existed during the Younger 

Dryas stadial. Subsequent deglaciation likely occurred during climatic warming (although, 

to date, there are no published LGIT temperature estimates from this region) when meltwater 

was released during positive temperatures; this is indicated by the presence of ice-dammed 

lake features below 600 m asl (Armand, 1960; Hättestrand and Clark, 2006a; Hättestrand et 

al., 2008). The FIS ice lobes, flowing into the Khibiny and Lovozero Mountains, are thought 

to have retreated down-valley with a number of standstills and/or readvances evidenced by 

large, cross-valley end moraines (Figures 2.3 and 2.4) (Ekman and Iljin, 1991; Rainio et al., 

1995; Hättestrand and Clark, 2006a; Yevzerov and Nikolaeva, 2010). Yevzerov and 

Nikolaeva (2008) suggest that a prominent arcuate ridge in the central Khibiny Mountains – 

which predominantly contains shieldrock erratics from the surrounding lowlands, and which 

they further interpret as a push moraine – was formed during the Younger Dryas. As the FIS 

is thought to have retreated east to west, it is likely that the Lovozero Mountains were free 

of FIS ice before the Khibiny Mountains (Figure 2.4), possibly prior to the Younger Dryas 

(Hättestrand and Clark, 2006b; Yevzerov, 2009; Yevzerov and Nikolaeva, 2010).  

Following FIS retreat and the onset of the Younger Dryas cold stadial, Yevzerov and 

Nikolaeva (2008) propose that the Khibiny Mountains were glaciated by local ice masses 

(i.e. cirque glaciers, valley glaciers, or small ice fields). They suggest that this is indicated 

by glaciofluvial outwash terraces and moraines, composed of locally-sourced debris, which 

are likely to have formed at the margins of local topographically confined glaciers. However, 

the orientation of moraines and lateral meltwater channels, which all indicate FIS ice 
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margins retreating down-valley (Hättestrand and Clark, 2006a; Hättestrand et al., 2008), 

does not support this conclusion. Hättestrand et al. (2008) also suggest that some cirque infill 

deposits in the Khibiny Mountains display clear evidence of overriding by glacier ice in the 

form of flutings, possibly by cirque glaciers. However, these authors state neither which, nor 

how many, cirque infills display flutings, and instead they use an example from the Lovozero 

Mountains to illustrate these fluting features.  

In contrast, hummocky moraines and arcuate end moraines aligned down-valley in the 

Lovozero Mountains (Figure 2.5) clearly indicate cirque and valley glaciers, as well as a 

piedmont lobe glacier, that are thought to have existed during the Younger Dryas stadial 

(Hättestrand and Clark, 2006a; Hättestrand et al., 2008; Yevzerov, 2009). Additionally, the 

Figure 2.5: Spatial distribution of moraines attributed to the FIS and local glaciers in the 

Seydozerskaya depression in the Lovozero Mountains (modified from Yevzerov, 2009). 

Smaller, topographically controlled ice-masses are thought to indicate local glaciation (i.e. 

cirque glaciers, valley glaciers, or small ice fields) after FIS deglaciation, possibly during 

the Younger Dryas stadial. The location of Figure 2.5 is shown in Figure 2.1. 
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fluted surface of cirque infill deposits in the Lovozero Mountains suggests glacier 

overriding, possibly by a cirque glacier (Hättestrand et al., 2008). Overall, the extent of 

localised glacial events in the Khibiny Mountains remains uncertain, whereas there is clearer 

geomorphological evidence of localised glaciation in the Lovozero massif.  

2.2.2 Western Kola Peninsula and Russian Lapland 

The western Kola Peninsula and Russian Lapland are discussed alongside each other on 

account of their similarities in terms of topography and glacial signatures. This western 

sector (Figure 2.2) is characterised by undulating topography, with mountainous terrain 

along the west-east axis of the region. The highest point (excluding the Khibiny and 

Lovozero Mountains) is the Chunatundra Mountains (1,074 m asl) west of the Khibiny 

massif, although the majority of the terrain only attains a maximum altitude of 500 m asl.  

2.2.2.1 Weichselian till deposits 

The distribution and stratigraphic position of Quaternary sediments on the western Kola 

Peninsula and Russian Lapland are documented by Russian scientists in a series of studies 

from the mid- to late-20th Century (e.g. Lavrova, 1960; Grave et al., 1964; Nikonov, 1964, 

1966; Apukhtin and Ekman, 1967; Armand et al., 1969; Apukhtin et al., 1977; Yevzerov and 

Koshechkin, 1991). However, historically this information has not been easily accessible to 

non-Russian scientists. Niemelä et al. (1993) compiles the available data into the first 

comprehensive Quaternary geological map, which details the spatial distribution of glacial 

sediments across the entire Kola Peninsula and Russian Lapland, facilitating ice sheet-scale 

glacial reconstructions. This map is converted to a digital format, with minor updates by 

Petrov et al. (2014). 

Several sedimentological investigations identify Eemian (c. 130-115 ka) interglacial 

deposits overlain by two till units (Grave et al., 1964; Nikonov, 1966; Apukhtin and Ekman, 

1967; Armand et al., 1969; Yevzerov and Koshechkin, 1991; Petrov et al., 2014). The two 

tills are separated by non-glacial sediments, with several previous authors suggesting the 

two tills indicate two separate glaciations on the Kola Peninsula and Russian Lapland during 

the Weichselian (Grave et al., 1964; Nikonov, 1966; Apukhtin and Ekman, 1967; Armand 

et al., 1969; Yevzerov and Koshechkin, 1991; Ikonen and Ekman, 2001; Mangerud et al., 

2004; Svendsen et al., 2004; Petrov et al., 2014; Hughes et al., 2016). However, a patchy 

distribution of the lower till unit has been identified only in the interior of the Kola Peninsula 
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(Grave et al., 1964; Yevzerov and Koshechkin, 1991; Svendsen et al., 2004), which may 

indicate localised glaciation rather than an ice sheet.  

2.2.2.2 Ice flow patterns 

Previous authors argue that the extensive distribution and stratigraphic position of the upper 

till unit on the western Kola Peninsula and Russian Lapland demonstrates that the entire 

region was glaciated by the FIS during the LGM (Apukhtin and Ekman, 1967; Niemelä et 

al., 1993; Svendsen et al., 2004; Petrov et al., 2014). Kleman et al. (1997) attempt to 

reconstruct the FIS flow configuration in the region using subglacial lineations identified by 

Niemelä et al. (1993). However, the resolution of the map precludes a detailed 

reconstruction. The region was subsequently investigated by Hättestrand and Clark (2006a) 

who identify subglacial lineations (up to 10 km long and 1 km wide) and subglacial ribs. 

The orientations of these subglacial bedforms indicate a general west to east ice flow 

direction, suggesting that the FIS advanced east across Russian Lapland and the Kola 

Peninsula from the Scandinavian Mountains during the Late Weichselian (Hättestrand and 

Clark, 2006a; Winsborrow et al., 2010a). However, previous authors suggest lineations and 

bedrock landforms, such as roches moutonnées, along the northern coast of the Kola 

Peninsula and Russian Lapland, indicate that ice flowed towards the northeast (Superson, 

1994; Kleman et al., 1997; Hättestrand and Clark, 2006a; Yevzerov et al., 2007; Winsborrow 

et al., 2010a). Authors such as Ekman and Iljin (1991) and Hättestrand and Clark (2006b) 

propose that the local-LGM ice divide was centred along the elevation axis (i.e. mountainous 

areas) of the western Kola Peninsula and Russian Lapland, with ice flowing towards the 

coast. However, since Kleman et al. (1997) and Winsborrow et al. (2010a) consider many of 

the subglacial lineations on the Kola Peninsula and Russian Lapland to be deglacial 

landforms, and because large areas of the interior of the FIS were probably cold-based 

(which will not permit the formation of subglacial bedforms) during the LGM (Kleman et 

al., 1997; Kleman and Hättestrand, 1999; Hättestrand and Clark, 2006b; Kleman et al., 2006; 

Winsborrow et al., 2010a; Stroeven et al., 2016), it cannot be said with any certainty where 

the ice divide existed in this region, if at all.  

Punkari (1993, 1995, 1997), and later Kleman et al. (1997), interpret abundant lineations and 

eskers in fan-shaped flow patterns as the locations of three deglacial palaeo-ice streams on 

the western Kola Peninsula and Russian Lapland (Figure 2.6): (i) the White Sea Ice Stream, 

flowing west to east through Kandalaksha Gulf and along the White Sea; (ii) the Kola Ice 
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Figure 2.6: Palaeo-ice streams on the Kola Peninsula and Russian Lapland. (a) Locations 

of FIS ice stream pathways, modified from Punkari (1997). Three ice streams are thought to 

have glaciated the Kola Peninsula and Russian Lapland: (i) the White Sea Ice Stream, (ii) 

the Kola Ice Stream, and (iii) the Tuloma Ice Stream. (b) Subglacial bedforms (lineations 

and ribbed moraine), moraines, and eskers mapped by Hättestrand and Clark (2006a) at the 

eastern section of the Kola Ice Stream. Here, Punkari (1993, 1995, 1997) suggests the ice 

stream pathway flowed around the Khibiny and Lovozero Mountains. However, subglacial 

bedforms and moraines mapped by Hättestrand and Clark (2006a) indicate there may have 

been two separate ice stream pathways (indicated by the white lines). (c) Subglacial 
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bedforms (lineations and ribs), moraines, and eskers mapped by Hättestrand and Clark 

(2006a) in the Tuloma river basin. Punkari (1993, 1995, 1997) interpret abundant lineations 

and eskers as evidence of ice streaming. The locations of panels b and c is shown in Figure 

2.1; the symbology of subglacial lineations, subglacial ribs, hummocky moraines, and eskers 

matches that in Figure 2.1.  

Stream, flowing eastwards south of the Khibiny Mountains, after which it flows northeast; 

and (iii) the Tuloma Ice Stream, flowing south to north along the Russian-Norwegian border. 

However, robust identification criteria for ice streaming – including highly convergent flow 

patterns, highly attenuated bedforms, and abrupt lateral margins (Stokes and Clark, 1999, 

2001; Stokes et al., 2016b) – had not been established when these initial interpretations were 

made. Furthermore, recent advances in palaeo-ice stream identification suggest (i) the likely 

occurrence of subglacial ribs along ice stream pathways, which are thought to develop 

concomitantly with subglacial lineations (Stokes et al., 2016b; Vérité et al., 2021), and (ii) 

esker development is not necessarily contemporaneous with ice streaming (Stokes and Clark, 

1999, 2001; Stokes et al., 2009; Hughes et al., 2014). These recent advances in understanding 

and identifying palaeo-ice streaming cast doubt on the early ice streaming interpretations of 

Punkari (1993, 1995, 1997) and Kleman et al. (1997). In addition, despite these advances, 

subsequent studies have rarely reconsidered ice stream pathways and dynamics on the Kola 

Peninsula or Russian Lapland (cf. Boulton et al., 2001; Hättestrand and Clark, 2006a; 

Hättestrand et al., 2007; Winsborrow et al., 2010a), nor the impact of ice streaming in this 

particular region on dynamics of the wider FIS (cf. Punkari, 1997; Boulton et al., 2001; 

Winsborrow et al., 2010a; Stroeven et al., 2016). 

Densely spaced, highly attenuated lineations at the head of the Kandalaksha Gulf (Figure 

2.1) are widely interpreted as evidence of ice streaming in the White Sea basin (Kleman et 

al., 1997; Boulton et al., 2001; Hättestrand and Clark, 2006a; Hättestrand et al., 2007; 

Winsborrow et al., 2010a). These reconstructions suggest the ice stream obliquely crossed 

the elongated White Sea depression (Figure 2.6a; Punkari, 1993, 1995; Kleman et al., 1997; 

Punkari, 1997; Boulton et al., 2001), but detailed geomorphological data of the White Sea 

floor are lacking, and the ice stream pathway cannot be verified. Flowsets (groupings of 

bedform patterns over large areas) later constructed by Winsborrow et al. (2010a) depict 

shifting flow patterns over time. Northwest-southeast orientated lineations at the head of the 

Kandalaksha Gulf and south of the Khibiny Mountains are thought to indicate ice flowing 

into the White Sea during the eastward advance of the FIS across Russian Lapland and the 
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Kola Peninsula (Hättestrand and Clark, 2006a; Winsborrow et al., 2010a). Winsborrow et 

al. (2010a) therefore suggest the west-east orientated lineations, in a fan-shaped distribution, 

are associated with the retreat stages of the White Sea Ice Stream. Regardless, these data 

imply that the White Sea Ice Stream pathway shifted over time. 

Highly attenuated lineations along the Kola Ice Stream pathway display highly convergent 

flow patterns (Figure 2.1; Hättestrand and Clark, 2006a; Winsborrow et al., 2010a), which 

appear to undergo a flow direction change from eastwards to northeast (Figure 2.6a; Punkari, 

1993, 1995, 1997; Winsborrow et al., 2010a). This is the only palaeo-ice stream in the FIS 

to have such a profound flow direction change (Punkari, 1993, 1995; Kleman et al., 1997; 

Punkari, 1997; Boulton et al., 2001; Winsborrow et al., 2010a). However, flowset 

reconstructions by Kleman et al. (1997) and Winsborrow et al. (2010a) separate lineations 

along the Kola Ice Stream pathway into two individual flowsets, one terminating in Lake 

Umbozero south of the Khibiny Mountains and the other beginning ~ 30 km northeast at the 

eastern margins of the Lovozero Mountains (Figure 2.6b). In addition, lineations and 

hummocky moraines mapped by Hättestrand and Clark (2006a) display fan-shaped flow 

patterns at the head of each flowset, typical of the terminal zone of ice streams (Figure 2.6b) 

(Stokes and Clark, 1999, 2001). These observations suggest the Kola Ice Stream is in fact 

two palaeo-ice streams rather than one. It is likely that the two flowsets on the Kola Peninsula 

were active at different times during the LGIT, but additional data on bedform 

superimposition are required to determine relative ages.  

In northern Russian Lapland, ice streaming is identified from abundant flow parallel, highly 

attenuated lineations and eskers orientated approximately south-north (Punkari, 1993, 1995, 

1997; Boulton et al., 2001). Fields of subglacial ribs (Figures 2.1 and 2.6c), identified by 

Hättestrand and Clark (2006a), support ice streaming interpretations, and may indicate the 

lateral margins of individual ice stream trunks within the Tuloma Ice Stream (Stokes et al., 

2016b; Vérité et al., 2021). However, there are several instances of cross-cutting bedforms 

and apparent divergent lineations orientated west-east (Hättestrand and Clark, 2006a). 

Punkari (1993, 1995, 1997) and Kleman et al. (1997) suggest cross-cutting bedforms are 

produced time-transgressively during ice margin retreat. Alternatively, cross-cutting 

bedforms and divergent lineation orientations may represent multiple flow events (not 

necessarily ice streaming) in the geomorphological record; this requires further 

investigation. In addition, esker development is not considered contemporaneous with ice 

streaming (Stokes and Clark, 1999, 2001; Greenwood and Clark, 2009a; Stokes et al., 2009; 
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Hughes et al., 2014). Instead, eskers in the region are more likely to indicate warm-based ice 

margin retreat following ice streaming.  

2.2.2.3 Ice marginal zones 

Areas of hummocky moraine and moraine ridges on the western Kola Peninsula and Russian 

Lapland are widely considered to be ice marginal zones indicative of retreating ice margin 

positions (Figure 2.1) (Ramsey, 1898; Lavrova, 1960; Ekman and Iljin, 1991; Niemelä et 

al., 1993; Yevzerov and Kolka, 1993; Rainio et al., 1995; Yevzerov and Nikolaeva, 1997, 

2000; Hättestrand and Clark, 2006a; Yevzerov, 2015). Sedimentary studies of moraines in 

this area identify glaciotectonised sediments overlain by undeformed glacial sediments 

(Yevzerov and Kolka, 1993; Yevzerov, 2015, 2017; Vashkov and Nosova, 2018b; Yevzerov, 

2018; Vashkov and Nosova, 2019; Vashkov, 2020). For example, the lower units of a 

prominent ridge near the southern coast (Figure 2.7) display folded glacial diamicton within 

which there are sheared lenses of clayey sediments. Vashkov and Nosova (2018a) interpret 

these lower units as deformation beneath an advancing ice margin. Overlying the lower 

deformed sediments, Vashkov and Nosova (2018a) interpret laminated diamicton with clasts 

displaying preferred southwest-northeast orientations as lodgement till deposited beneath the 

ice margin. The upper units of the morainic ridge are characterised by undeformed laminated 

sands and gravels, and small boulders within a clayey-sandy matrix, which Vashkov and 

Nosova (2018a) interpret as glaciofluvial sediments and ablation tills. Consequently, 

Vashkov and Nosova (2018a) propose that this prominent ridge formed at an oscillating ice 

margin that underwent a period of sustained readvance during retreat (Figure 2.7). Similar 

internal structures are identified in glacial deposits more widely across the western Kola 

Peninsula (e.g. Yevzerov and Kolka, 1993; Yevzerov, 2015, 2017; Vashkov and Nosova, 

2018b; Yevzerov, 2018; Vashkov and Nosova, 2019; Vashkov, 2020; Lenz et al., 2021a), 

which may indicate oscillatory retreat and periods of sustained readvance of the FIS during 

the LGIT. 

Ekman and Iljin (1991) present the first synthesis of ice margin positions based on morainic 

landforms and attempt to correlate them with known glacial stages, using 

morphostratigraphy (Figure 2.8). On the western Kola Peninsula and Russian Lapland, 

Ekman and Iljin (1991) and Yevzerov and Nikolaeva (2000) identify two ice marginal zones 

(zones I and II) dominated by ring and ridge hummocky moraines and end moraine ridges 

(Figure 2.8). Based on morphostratigraphy, Yevzerov and Nikolaeva (2000) attribute ice 
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Figure 2.7: Reconstruction of the formation of a moraine ridge on the southern coast of the 

western Kola Peninsula (modified from Vashkov and Nosova, 2018a). The location of the 

sediment exposure is indicated by the red star on the inset map (bottom right). 

marginal zone II, comprising north-south trending moraine assemblages (Figure 2.8), to the 

Older Dryas (c. 14.1-13.9 ka) stadial. Ice marginal zone I, comprising north-south trending 

moraine assemblages on the western Kola Peninsula and east-west trending moraine 

assemblages on northern Russian Lapland (Figure 2.8), is considered by many to be the last 

significant zone of ice marginal landforms in northwest Arctic Russia (Lavrova, 1960; 

Strelkov, 1976; Ekman and Iljin, 1991; Niemelä et al., 1993; Yevzerov and Kolka, 1993; 

Rainio et al., 1995; Yevzerov and Nikolaeva, 2000; Svendsen et al., 2004; Hättestrand and 

Clark, 2006b, 2006a; Hughes et al., 2016; Stroeven et al., 2016; Lenz et al., 2021a). As such, 
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Figure 2.8: Ice marginal zones of the Kola Peninsula and Russian Lapland, inferred from 

the spatial distribution of moraines by Ekman and Iljin (1991). Moraines mapped by 

Hättestrand and Clark (2006a) (brown polygons, using the same symbology as Figure 2.1) 

and moraine positions on the sea floor identified by Yevzerov and Nikolaeva (2000) are 

included for comparison. Ekman and Iljin (1991) correlate each ice marginal zone to ice 

marginal landforms identified elsewhere in Fennoscandia, based on their 

morphostratigraphic relationships: zone I – Younger Dryas (c. 12.9-11.7 ka); zone II – 

Older Dryas (c. 14.1-13.9 ka); zone III – Oldest Dryas (c. 14.7-16.1 ka). The location of the 

sedimentary reconstruction from Figure 2.7 is indicated by the red star. Inset: examples of 

ring and ridge moraines, the most prolific hummocky moraine type on the western Kola 

Peninsula. 

this ice marginal zone has been correlated with the Rugozero and Kalevala moraines in the 

Republic of Karelia, northwest Russia (Ekman and Iljin, 1991; Rainio et al., 1995; Yevzerov 

and Nikolaeva, 2000; Kolka et al., 2013b; Yevzerov, 2015), and the Tromsø-Lyngen 
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moraines in Norway (Ekman and Iljin, 1991; Rainio et al., 1995; Yevzerov, 2015), and is 

attributed to the Younger Dryas stadial.  

Hummocky moraines and end moraines are, however, not necessarily synchronous over 

large distances, so inferring age from correlation is fraught with difficulties. This can be 

particularly problematic where ice marginal landform evidence is lacking. For example, 

many of the ice marginal zones inferred by Ekman and Iljin (1991) and Yevzerov and 

Nikolaeva (2000) are not identified by Hättestrand and Clark (2006a) (Figure 2.8). Where 

moraines are lacking, reworked, or spatially discontinuous, Hättestrand and Clark (2006b) 

use the orientation and spatial distribution of lateral meltwater channels and eskers to 

reconstruct the ice margin retreat pattern. Their reconstruction suggests the ice margin 

retreated inland from the coasts on the western Kola Peninsula and Russian Lapland, 

following the ice flow configuration indicated by the orientation of subglacial lineations 

(Hättestrand and Clark, 2006b; Winsborrow et al., 2010a; Stroeven et al., 2016). In addition, 

this reconstruction suggests increasingly topographically controlled ice margins due to 

thinning of the FIS as it retreated across Russian Lapland (Hättestrand and Clark, 2006b). 

However, while Hättestrand and Clark (2006b) note that the ice marginal zones inferred by 

Ekman and Iljin (1991) and Yevzerov and Nikolaeva (2000) correspond with their ice 

margin reconstruction from the meltwater landform record in coastal areas, the inferred ice 

margin retreat patterns are almost perpendicular across much of the western Kola Peninsula 

and Russian Lapland. A new geomorphological map of this region based on high-resolution 

remotely-sensed imagery and/or field mapping is required to resolve these conflicts. 

2.2.3 Eastern Kola Peninsula 

The eastern Kola Peninsula is characterised by low-relief topography with weathered 

bedrock surfaces and tors, exhibiting an east-west aligned elevation axis rising to a 

maximum elevation of 410 m asl. The spatial distribution and stratigraphic context of 

Quaternary sediments on the eastern Kola Peninsula is reasonably well documented (e.g. 

Ramsey, 1898; Lavrova, 1960; Nikonov, 1966; Apukhtin and Ekman, 1967; Apukhtin and 

Yakovleva, 1967; Armand et al., 1969; Krasnov et al., 1971; Apukhtin et al., 1977; Niemelä 

et al., 1993; Petrov et al., 2014).  

2.2.3.1 Keiva Interlobate Complex 

The largest glacial landform system on the eastern Kola Peninsula is a ~ 300 km long 

landform assemblage, which is aligned approximately parallel to the Tersky coastline 
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(Figure 2.9; Svendsen et al., 2004; Hättestrand and Clark, 2006a; Hättestrand et al., 2007). 

In early geomorphological investigations, Grigoryev (1934), Vvdenski (1934), and Richter 

(1936) identify two morainic ridges on the Tersky coastline; a smaller fragmentary morainic 

ridge and a larger morainic ridge named ‘Keiva I’ and ‘Keiva II’, respectively (Figure 2.9; 

Lavrova, 1960). However, subsequent geomorphological investigations (e.g. Armand, 1960; 

Apukhtin and Ekman, 1967; Apukhtin and Yakovleva, 1967; Krasnov et al., 1971; Strelkov, 

1976; Punkari, 1985, 1993, 1995; Grosswald, 1998; Boulton et al., 2001; Grosswald and 

Hughes, 2002; Demidov et al., 2004; Svendsen et al., 2004; Hättestrand and Clark, 2006a; 

Hättestrand et al., 2007) identify three prominent, near-continuous morainic ridges (named 

'Keiva I', 'Keiva IIa', and 'Keiva IIb' by Hättestrand et al., 2007), as well as hummocky 

moraines and glaciofluvial deposits. These are overridden by subglacial lineations and 

Figure 2.9: The glacial geomorphology of the KIC on the eastern Kola Peninsula (modified 

from Hättestrand and Clark, 2006a; Hättestrand et al., 2007). 

Original in Colour 
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interspersed with meltwater channels and eskers, the latter of which grade into both sides of 

the Keiva II deposits (Figure 2.9). There are contrasting sediment-landform assemblages on 

either side of the Keiva moraines. On the Tersky coastline side of the moraines there is an 

abundance of glacial landforms and sediments, whereas west and north of the Keiva IIa and 

IIb moraines, on the central-eastern Kola Peninsula, there are no mapped subglacial 

bedforms and sediments (Apukhtin and Ekman, 1967; Svendsen et al., 2004; Hättestrand et 

al., 2007; Petrov et al., 2014).  

Despite the impressive geomorphology in this region, sedimentary descriptions 

representative of the entire landform assemblage are limited due to the inaccessibility of the 

area. Bakhmutov et al. (1992), Korsakova (2009, 2021), and Lunkka et al. (2018) identify 

cross-bedded medium- to coarse-grained sand deposits (which they interpret as glacial 

outwash sediments) at several sedimentary exposures along the Keiva moraines. In addition, 

at the western end of the Keiva IIa moraine, Lunkka et al. (2018) document two matrix-

supported, silty-sandy diamicts with occasional cobble- and pebble-sized clasts, interpreting 

the sandy diamicts as tills separated by sand and silt deposits of possible fluvial or 

glaciolacustrine origins. It is likely that these two stratigraphically distinct till units, which 

are positioned above an Eemian interstadial marker horizon (Korsakova, 2009; Lunkka et 

al., 2018; Korsakova, 2021), along with numerous lateral meltwater channels across the 

eastern Kola Peninsula (Hättestrand and Clark, 2006a), indicate that the region must have 

been glaciated during the Weichselian. This is in direct contrast to Ramsey (1898), Apukhtin 

and Ekman (1967), and Krasnov et al. (1971), among others, who suggest that the region 

largely was ice-free during the Weichselian. Furthermore, it is widely suggested that the two 

distinct till units indicate two different major glacial advances in northwest Arctic Russia 

during the Weichselian (Kjær et al., 2003; Mangerud et al., 2004; Larsen et al., 2006; 

Korsakova, 2009; Lunkka et al., 2018; Korsakova, 2021).  

Early investigations concluded that the disparity in the density and preservation of glacial 

landforms on the eastern Kola Peninsula, in comparison to the west, is a consequence of an 

independent ice mass (termed the Ponoy Ice Cap), thought to have been centred on the higher 

ground throughout the Late Weichselian (Armand, 1960; Strelkov, 1976). More recent 

published interpretations of the landforms on the eastern Kola Peninsula now suggest the 

FIS glaciated the entire peninsula (e.g. Lavrova, 1960; Ekman and Iljin, 1991; Kleman et al., 

1997; Demidov et al., 2006; Hättestrand and Clark, 2006a; Hättestrand et al., 2007; Hughes 

et al., 2016; Stroeven et al., 2016). In the absence of subglacial landforms and sediments 
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(Figure 2.9; Hättestrand and Clark, 2006a; Petrov et al., 2014), many authors interpret an 

abundance of lateral meltwater channels (aligning west to east) as indicating cold-based ice 

sheet conditions during the Late Weichselian (Kleman and Hättestrand, 1999; Hättestrand 

and Clark, 2006b; Kleman et al., 2008; Stroeven et al., 2016). In contrast, an abundance of 

subglacial landforms, including subglacial lineations and eskers, on the Tersky coastline 

suggest warm-based ice sheet conditions in the White Sea basin (Figure 2.9; Hättestrand and 

Clark, 2006a, 2006b; Hättestrand et al., 2007; Petrov et al., 2014; Stroeven et al., 2016). The 

Keiva moraines are therefore likely to be an interlobate formation – here called the Keiva 

Interlobate Complex (KIC) – that developed between an ice stream in the White Sea and a 

predominantly stagnant FIS on the eastern Kola Peninsula; this is supported by Punkari 

(1985, 1993, 1995), Boulton et al. (2001), and Hättestrand et al. (2007). Routing of meltwater 

and trapping of glacial sediments between the eastwardly extending, cold-based FIS on the 

Kola Peninsula and the advancing White Sea ice lobe likely formed the Keiva II moraines 

(Punkari, 1993, 1997; Boulton et al., 2001; Hättestrand et al., 2007). Hättestrand et al. (2007) 

propose that an apparent break and overlap between the Keiva IIa and IIb moraines, and the 

Keiva I and II moraines is a consequence of oscillatory advances of the White Sea ice lobe, 

induced by climatic fluctuations during the Late Weichselian. However, because there is a 

lack of subglacial bedforms and sedimentary evidence from the interlobate landform 

assemblage, this cannot be verified. Subsequent local-LGM ice dynamics are also uncertain 

on the eastern Kola Peninsula owing to the absence of extensive sediment-landform 

associations. Ekman and Iljin (1991), Svendsen et al. (2004), and Lunkka et al. (2018), 

among others, propose that an ice dome established itself on the central eastern Kola 

Peninsula. However, geomorphological and sedimentary evidence is not available to 

substantiate this interpretation. In contrast, others suggest that ice streaming in the White 

Sea dominated FIS dynamics on the eastern Kola Peninsula, resulting in the drumlinisation 

and deformation of the Keiva IIa and IIb moraines (Punkari, 1985, 1993; Boulton et al., 

2001; Hättestrand and Clark, 2006a; Hättestrand et al., 2007; Hughes et al., 2016).  

2.2.3.2 Deglaciation theories on the eastern Kola Peninsula 

During the LGIT, two styles of glaciation have been proposed on the eastern Kola Peninsula: 

(i) the separation of an ice dome that centred on the central eastern Kola Peninsula, which 

established itself as the dynamically independent Ponoy Ice Cap (e.g. Strelkov, 1976; Rainio 

et al., 1995; Svendsen et al., 2004; Astakhov et al., 2016; Lunkka et al., 2018); and (ii) FIS 

and White Sea ice lobe retreat (e.g. Lavrova, 1960; Kleman et al., 1997; Boulton et al., 2001; 
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Hättestrand and Clark, 2006a; Yevzerov, 2015; Hughes et al., 2016; Stroeven et al., 2016). 

Proponents of the Ponoy Ice Cap theory suggest that the disparity of the sediment-landform 

assemblages between the eastern and western Kola Peninsula indicates the FIS was unlikely 

to have glaciated the eastern peninsula during the LGIT and that a dynamically different ice 

mass must have existed (Armand, 1960; Strelkov, 1976; Svendsen et al., 2004; Astakhov et 

al., 2016). In support of this theory, the lack of subglacial landforms and sediments on the 

central eastern Kola Peninsula is suggested to indicate that the Ponoy Ice Cap was mostly 

stagnant throughout the LGIT, only undergoing advances in response to Younger Dryas 

climatic cooling (Rainio et al., 1995; Svendsen et al., 2004; Lunkka et al., 2018). Proponents 

of the Ponoy Ice Cap glaciation theory regard the LGIT as the main formation stage of the 

Keiva IIa and IIb moraines (Rainio et al., 1995; Svendsen et al., 2004; Astakhov et al., 2016; 

Lunkka et al., 2018).  

In contrast, proponents of FIS deglaciation on the eastern Kola Peninsula argue that the west 

to east orientation of lateral meltwater channels – which are overlooked by supporters of the 

Ponoy Ice Cap theory – indicate a westward retreating ice margin (Hättestrand and Clark, 

2006b; Stroeven et al., 2016). Hättestrand and Clark (2006b) argue this invalidates the 

concept of the Ponoy Ice Cap, which would have produced lateral meltwater channels 

orientated east to west. Consequently, several previous authors suggest that the FIS ice 

margin retreated westwards inland from the coast of the eastern Kola Peninsula during the 

LGIT (Kleman et al., 1997; Boulton et al., 2001; Hättestrand and Clark, 2006b; Hättestrand 

et al., 2007; Hughes et al., 2016; Stroeven et al., 2016). Several authors suggest that possible 

marine instability of the White Sea Ice Stream induced rapid deglaciation of the White Sea 

basin soon after the local-LGM (Punkari, 1993, 1995; Boulton et al., 2001; Hättestrand and 

Clark, 2006b; Hättestrand et al., 2007; Stroeven et al., 2016), leaving the eastern Kola 

Peninsula and White Sea basin ice-free before the Younger Dryas stadial (Hättestrand and 

Clark, 2006b; Stroeven et al., 2016). Alternatively, Hughes et al. (2016) suggest a more 

gradual retreat of the White Sea lobe, which may have extended beyond the Younger Dryas 

FIS margin. However, the geomorphological and sedimentary evidence that is necessary to 

reconstruct glaciation in the White Sea basin is lacking (cf. Petrov et al., 2014) and is largely 

restricted to the Tersky coastline (Figure 2.9), so it cannot be said with certainty which theory 

is correct.  
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2.3 Glacial reconstructions for the Kola Peninsula and Russian Lapland 

The above review demonstrates that the Kola Peninsula and Russian Lapland are rich in 

glacial landforms and sediments. Despite this, the pattern, style, and timing of glaciation 

during the Late Weichselian across the region remains under debate (Hughes et al., 2016; 

Stroeven et al., 2016). In this part of the chapter, the current understanding of glaciation on 

the Kola Peninsula and Russian Lapland is drawn together to present the existing glaciation 

theories.  

2.3.1 Ice sheet build-up 

While sedimentary and dating evidence of two separate till deposits above the Eemian 

marker horizon across the Kola Peninsula could suggest an oscillating ice margin, the two 

till units are more widely considered to indicate that there were two separate major glacial 

episodes during the Weichselian (Grave et al., 1964; Nikonov, 1966; Apukhtin and Ekman, 

1967; Grave and Koshechkin, 1969; Apukhtin et al., 1977; Svendsen et al., 2004; Demidov 

et al., 2006; Hughes et al., 2016; Lunkka et al., 2018; Korsakova et al., 2019; Zaretskaya et 

al., 2020; Korsakova, 2021). Several authors suggest the lower till unit represents an ice 

mass on the Kola Peninsula during the Early and Middle Weichselian (c. 115-40 ka) (Figure 

2.10a; Nikonov, 1966; Grave and Koshechkin, 1969; Apukhtin et al., 1977; Svendsen et al., 

2004; Lunkka et al., 2018; Korsakova et al., 2019; Zaretskaya et al., 2020; Korsakova, 2021), 

although the maximum extent and configuration of this ice mass is uncertain. Glaciofluvial 

sediments above the lower till suggest that the Early-Middle Weichselian ice mass retreated 

prior to subsequent FIS glaciation during the Late Weichselian, possibly in response to 

climatic warming during the Ålesund interstadial (c. 38-34 ka) (Figure 2.10b; Grave and 

Koshechkin, 1969; Svendsen et al., 2004; Hughes et al., 2016; Lunkka et al., 2018; 

Korsakova et al., 2019; Zaretskaya et al., 2020; Kleman et al., 2021; Korsakova, 2021).  

Subsequently, the FIS likely advanced eastwards across Russian Lapland and the Kola 

Peninsula from the Scandinavian Mountains (Figure 2.10c), inundating any active cirque 

and valley glaciers in mountainous areas and later establishing the White Sea Ice Stream 

(Hättestrand et al., 2007; Hughes et al., 2016; Stroeven et al., 2016). The local-LGM ice 

margin reconstruction presented by Larsen et al. (2014), which is based on an array of 

geomorphological and sediment data (Larsen et al., 1999; Demidov et al., 2006; Lyså et al., 

2011; Fredin et al., 2012; Larsen et al., 2014), is regarded as the best estimate for the 

maximum lateral extent of the FIS in northwest Arctic Russia (Figure 2.10d). However, the  
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Figure 2.10: Model of ice sheet build-up at selected times during the Weichselian; (a) 

possible Early Weichselian (c. 115-60 ka) ice mass extent; (b) no independent ice mass on 

the Kola Peninsula during the Ålesund interstadial (c. 38-34 ka); (c) the FIS extending 

eastwards across the Kola Peninsula after c. 34 ka; and (d) local-LGM (c. 19-15 ka) FIS 

extent, showing ice flow directions, the White Sea Ice Stream pathway, and the minimum 

and maximum extent of cold-based ice (Ekman and Iljin, 1991; Punkari, 1995, 1997; 

Svendsen et al., 2004; Hättestrand and Clark, 2006b; Winsborrow et al., 2010a; Hughes et 

al., 2016; Stroeven et al., 2016; Batchelor et al., 2019). The position of the local-LGM ice 

sheet margin is based on the ice margin reconstruction presented by Larsen et al. (2014). 
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timing of the local-LGM in northwest Arctic Russia is uncertain, with estimations varying 

between 19 and 15 ka across different published sources (Figure 2.10d; Svendsen et al., 

2004; Linge et al., 2006; Hughes et al., 2016; Stroeven et al., 2016). Despite this, several 

authors believe the FIS reached its maximum extent on the Kola Peninsula later than 

elsewhere in Fennoscandia owing to its location in a precipitation shadow: a consequence of 

its distance from both the dominant moisture source of the Atlantic Ocean and the main ice 

nucleation centres over the Scandinavian Mountains (Hughes et al., 2016; Patton et al., 2016; 

Stroeven et al., 2016). 

2.3.2 Ice dynamics during the local-LGM 

During the local-LGM, the FIS ice divide on the Kola Peninsula and Russian Lapland was 

probably centred along the west-east elevation axis (Figure 2.10d; Ekman and Iljin, 1991; 

Hättestrand and Clark, 2006b; Hättestrand et al., 2007). Ice flowed out radially to the coasts, 

as indicated by the orientation of subglacial lineations (Figures 2.1 and 2.10d; Ekman and 

Iljin, 1991; Svendsen et al., 2004; Hättestrand and Clark, 2006b; Stroeven et al., 2016). Areas 

with fewer subglacial landforms or glacial sediments indicate that large areas of ice on the 

Kola Peninsula and Russian Lapland were cold-based (Niemelä et al., 1993; Kleman et al., 

1997; Kleman and Hättestrand, 1999; Hättestrand and Clark, 2006b; Kleman et al., 2008; 

Stroeven et al., 2016; Lunkka et al., 2018), although the maximum extent of cold-based ice 

is uncertain. Figure 2.10d shows two possible scenarios. Niemelä et al. (1993) and 

Hättestrand and Clark (2006b) identify subglacial lineations and ribs on the western Kola 

Peninsula and Russian Lapland, which they attribute to represent ice flow during the local-

LGM. Thus, under the inferred minimum cold-based extent scenario, persistent cold-based 

ice was likely restricted to the central eastern Kola Peninsula as well as mountainous areas 

of the western Kola Peninsula and Russian Lapland (Niemelä et al., 1993; Hättestrand and 

Clark, 2006b). In contrast, Kleman et al. (1997) identify eskers alongside subglacial 

lineations and ribs, which they suggest formed during the LGIT. As such, under the inferred 

maximum cold-based extent scenario, the majority of the Kola Peninsula and Russian 

Lapland was cold-based during the local-LGM (Kleman et al., 1997; Kleman and 

Hättestrand, 1999; Kleman et al., 2008; Stroeven et al., 2016).  

Densely spaced lineations at the head of the Kandalaksha Gulf and the KIC are widely 

considered to represent persistent warm-based conditions in the White Sea basin during the 

local-LGM (Figure 2.10d; Punkari, 1995; Kleman et al., 1997; Punkari, 1997; Hättestrand 



 

39 
 

and Clark, 2006a; Hättestrand et al., 2007; Winsborrow et al., 2010a). Similar to Hättestrand 

et al. (2007) and Winsborrow et al. (2010a), it is suggested here that the White Sea Ice Stream 

likely flowed southeast through the Kandalaksha Gulf, and along the Kola Peninsula 

coastline towards the Barents Sea, where the ice stream probably dominated the ice 

dynamics of the peninsula-based ice mass. In addition, previous White Sea Ice Stream 

reconstructions by Punkari (1993, 1995, 1997) and Kleman et al. (1997), among others, 

which show ice flowing eastwards across Karelia (Figure 2.10d), reflect ice stream 

configuration during the LGIT.  

2.3.3 LGIT glaciation on the Kola Peninsula 

Currently, there is no consensus surrounding the nature of the LGIT FIS glaciation on the 

Kola Peninsula or Russian Lapland, and in particular the position of the Younger Dryas ice 

marginal zone (e.g. Ekman and Iljin, 1991; Andersen et al., 1995a; Rainio et al., 1995; 

Svendsen et al., 2004; Hättestrand and Clark, 2006a, 2006b; Hughes et al., 2016; Stroeven 

et al., 2016; Lunkka et al., 2018). As a consequence, there are several conflicting LGIT 

deglaciation theories (Figure 2.11); these can be summarised into the following four models 

(which are evaluated in Section 3.4 of this chapter).  

2.3.3.1 Model 1: Initial deglaciation on the eastern Kola Peninsula 

In this model, the central eastern Kola Peninsula was the first area to deglaciate, with ice 

lobes (believed to be former ice streams during the local-LGM; Punkari, 1995, 1997) 

occupying the surrounding lowlands and straits (Figure 2.11a; Apukhtin and Ekman, 1967; 

Niemelä et al., 1993; Yevzerov and Nikolaeva, 2000; Yevzerov, 2001; Demidov et al., 

2006). Niemelä et al. (1993) and Yevzerov (2001) suggest that the lack of glacial landforms 

and sediments on the central eastern Kola Peninsula indicates that this area must have been 

deglaciated before other parts of the peninsula, particularly where subglacial lineations 

indicate the presence of ice lobes, such as in the White Sea. The style of deglaciation on the 

central eastern Kola Peninsula is proposed as either a complete loss of ice (indicated by the 

lack of glacial landforms and sediments) in the early Bølling interstadial (c. 14.7-14.1 ka; 

Apukhtin and Ekman, 1967; Niemelä et al., 1993), or large-scale stagnation and down-

wasting, forming hummocky moraines at the margins of areas of dead ice (Demidov et al., 

2006; Yevzerov and Nikolaeva, 2007). This is similar to the style of deglaciation thought to 

have occurred on the FIS margin elsewhere in northwest Russia, where Demidov et al. 

(2006) identify large areas of hummocky moraine interspersed with ice-dammed lakes.  
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Figure 2.11: Existing deglaciation models and associated possible Younger Dryas (c. 12.9-

11.7 ka) ice marginal zones for the Kola Peninsula and Russian Lapland: (a) Model 1: 

Deglaciation of the FIS occurs on the eastern Kola Peninsula, leaving ice lobes occupying 

former ice stream pathways (Niemelä et al., 1993). Dead ice (areas of ice detached from the 

main ice sheet) may have occupied depressions (i.e. contemporary lakes) during 

deglaciation (Demidov et al., 2006); (b) Model 2: Coherent ice marginal retreat of the FIS, 

shown here with the development of an embayment in the Kandalaksha Bay (Hättestrand 

and Clark, 2006b). Alternatively, an ice lobe may have flowed into the White Sea (broken 

line and question mark) as the FIS underwent coherent retreat (Hughes et al., 2016); (c) 

Model 3: The dynamically independent Ponoy Ice Cap, which deglaciated independently 

from the FIS (Rainio et al., 1995); and (d) Model 4: Retreat of the FIS before the Younger 

Dryas stadial, followed by growth and advance of the Kara Sea Ice Sheet onto the northern 

Kola Peninsula and along the White Sea. Deglaciation of the Kara Sea Ice Sheet occurred 

after the Younger Dryas (Grosswald and Hughes, 2002). 
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Following initial deglaciation of the central eastern Kola Peninsula, standstills and/or 

readvances of the FIS margin are documented on the western Kola Peninsula. A prominent 

belt of hummocky moraines aligned approximately north-south on the Kola Peninsula and 

moraine ridges east-west along the northern coast of Russian Lapland have been consistently 

attributed to the Younger Dryas FIS marginal zone (Figure 2.11a; Ekman and Iljin, 1991; 

Niemelä et al., 1993; Yevzerov and Nikolaeva, 2000; Yevzerov, 2001). The hummocky 

moraine belt can be correlated with the Rugozero and Kalevala Younger Dryas moraines in 

Russia (Niemelä et al., 1993; Andersen et al., 1995a; Rainio et al., 1995), and the moraine 

ridges on the northern coastline are thought to be a continuation of the Tromsø-Lyngen 

Younger Dryas moraines in Norway (Andersen et al., 1995a; Andersen et al., 1995b; Olsen 

et al., 2013). Large, cross-valley end moraines in the Khibiny Mountains, also linked to the 

Younger Dryas, suggest the ice margin flanked the majority of the Khibiny massif (Yevzerov 

and Nikolaeva, 2010).  

2.3.3.2 Model 2: Coherent FIS retreat 

This model depicts coherent east-west ice marginal retreat inland from the coastline of the 

Kola Peninsula (Figure 2.11b; Punkari, 1993; Kleman et al., 1997; Boulton et al., 2001; 

Hättestrand and Clark, 2006a, 2006b; Hughes et al., 2016; Stroeven et al., 2016). In this 

model, the cold-based FIS on the Kola Peninsula was bordered by the White Sea Ice Stream 

along the southern and eastern coastlines during the local-LGM. The White Sea Ice Stream 

is thought to have collapsed and rapidly retreated into the Kandalaksha Gulf forming an 

embayment in the ice margin c. 14 ka (Hättestrand and Clark, 2006b; Stroeven et al., 2016). 

This retreat pattern is based on the generally west-east orientation of meltwater landforms, 

which represent ice margins across the peninsula (Hättestrand and Clark, 2006b; Stroeven 

et al., 2016). Hughes et al. (2016) propose a variation to this model, suggesting that a White 

Sea ice lobe extended beyond the FIS margin on the Kola Peninsula (Figure 2.11b). 

Similar to Model 1, in Model 2 moraine ridges and hummocky moraines trending north-

south are associated with a Younger Dryas ice marginal zone (Figure 2.11b; Ekman and 

Iljin, 1991; Niemelä et al., 1993; Yevzerov and Nikolaeva, 2000; Yevzerov, 2001), which is 

also correlated with Younger Dryas moraines elsewhere in Russia and Norway (Figure 

2.11b; Yevzerov and Kolka, 1993; Andersen et al., 1995a; Hättestrand and Clark, 2006a, 

2006b; Hughes et al., 2016; Stroeven et al., 2016). It is unclear, however, whether the 

distribution of hummocky moraines indicates an ice lobe flowing into the White Sea during 
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the Younger Dryas or an embayment in the Kandalaksha Gulf (Hättestrand and Clark, 2006a, 

2006b; Hughes et al., 2016). Finally, in this model, cirque infill deposits in the Khibiny 

Mountains are thought to be Younger Dryas deposits that formed at the terminus of ice lobes 

that flowed into the mountains (Hättestrand et al., 2008). 

2.3.3.3 Model 3: Ponoy Ice Cap glaciation 

In a third model, the ice dispersal centre on the central eastern Kola Peninsula became 

detached from the FIS soon after the local-LGM, thus forming the dynamically-independent 

Ponoy Ice Cap (Figure 2.11c; Strelkov, 1976; Ekman and Iljin, 1991; Lundqvist and 

Saarnisto, 1995; Rainio et al., 1995; Svendsen et al., 2004; Astakhov et al., 2016; Lunkka et 

al., 2018). The clearest argument in support of the Ponoy Ice Cap is the lack of glacial 

landforms and sediments on the eastern Kola compared to the western Kola (Strelkov, 1976; 

Ekman and Iljin, 1991; Lundqvist and Saarnisto, 1995; Rainio et al., 1995; Svendsen et al., 

2004; Astakhov et al., 2016; Lunkka et al., 2018). The minimal glacial landforms also 

suggest that the Ponoy Ice Cap was largely inactive during the LGIT, undergoing advances 

in response to cold interstadials, with final deglaciation occurring after the Younger Dryas-

Holocene transition (Svendsen et al., 2004; Lunkka et al., 2018). The Keiva IIa and IIb 

moraines are thought to be the Younger Dryas margin of the Ponoy Ice Cap and is correlated 

with the Salpausselkä Younger Dryas moraines in Finland (Figure 2.11c; Rainio et al., 1995; 

Svendsen et al., 2004; Astakhov et al., 2016). 

Svendsen et al. (2004) suggest retreat of FIS ice lobes (occupying ice stream pathways and 

enveloping the Ponoy Ice Cap after the local-LGM; Figure 2.11c) began c. 16 ka and 

continued throughout the LGIT. Subsequently, several authors argue that the Younger Dryas 

margins of the FIS in Model 3 are in a similar position to those in Model 1 (e.g. Ekman and 

Iljin, 1991; Rainio et al., 1995; Astakhov et al., 2016), with an ice lobe extending into the 

White Sea and along the Tersky coastline.  

2.3.3.4 Model 4: Kara Sea Ice Sheet glaciation 

In Model 4, the FIS retreated from the Kola Peninsula and Russian Lapland, prior to the 

Younger Dryas, and an ice margin – thought to be attributed to the southward advance of 

the Kara Sea Ice Sheet – advanced onto the northern Kola Peninsula during the Younger 

Dryas, accompanied by an ice lobe surge into the White Sea c. 10 ka (Figure 2.11d; 

Grosswald, 1980; Grosswald and Hughes, 2002). Grosswald and Hughes (2002) argue that 

this pattern of glaciation can be identified in the geomorphic record of the Kola Peninsula, 
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with subglacial lineations indicating an ice flow direction from the northeast, and the 

Younger Dryas margin of the ice sheet marked by the KIC and lobate moraine ridges across 

the northern peninsula. 

2.3.4 LGIT Models 1-4: the most likely scenario 

Four models for the glaciation of the Kola Peninsula and Russian Lapland during the LGIT 

were presented in Section 3.3 of this chapter, and are discussed and critically evaluated here. 

Models 4 and 3 are discussed first, since they are suggested here to be unlikely scenarios 

based on the evidence presented in Section 2 of this chapter. 

2.3.4.1 Evidence against LGIT Model 4 – glaciation by the Kara Sea Ice Sheet 

Model 4 (Figure 2.11d) – which suggests the FIS retreated from the Kola Peninsula and 

Russian Lapland soon after the local-LGM, after which the Kara Sea Ice Sheet advanced 

onto the northern Kola Peninsula and into the White Sea during the Younger Dryas 

(Grosswald, 1980; Grosswald and Hughes, 2002) – cannot be correct for two reasons. First, 

all available ice flow directional evidence (subglacial lineations, lateral meltwater channels, 

and eskers; Hättestrand and Clark, 2006a), without exception, indicate easterly ice flow on 

the Kola Peninsula. This is in direct conflict with the proposal of ice flow from the north. 

Second, available numerical ages (e.g. 14.3 ± 0.3, 14.9 ± 0.3, 15.1 ± 0.2, 15.2 ± 0.2 cal. kyr 

BP; from Polyak et al., 1995; Hughes et al., 2016) suggest that the Barents Sea region to the 

north of the Kola Peninsula was ice-free by c. 15 ka, with no subsequent readvance of an ice 

sheet (Winsborrow et al., 2010a; Hughes et al., 2016). This shows that the Kara Sea Ice Sheet 

did not glaciate the region during the Younger Dryas.  

2.3.4.2 Evidence against LGIT Model 3 – glaciation by the Ponoy Ice Cap 

The Ponoy Ice Cap did not glaciate the central eastern Kola Peninsula during the LGIT 

(Model 3; Figure 2.11c) for two reasons. First, the abundant west to east orientated lateral 

meltwater channels on the eastern Kola Peninsula (Hättestrand and Clark, 2006a), which are 

often overlooked by proponents of the Ponoy Ice Cap theory, indicate westward retreat of 

an ice margin. This is in direct conflict with the presence of the possible Ponoy Ice Cap, 

which would have had an eastward retreating ice margin resulting in east to west orientated 

lateral meltwater channels. Second, evidence of subglacial bedforms on the western Kola 

Peninsula, and some subglacial lineations on the eastern Kola Peninsula, suggests an 
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eastward ice flow direction during deglaciation (Kleman et al., 1997; Hättestrand and Clark, 

2006b, 2006a; Winsborrow et al., 2010a).  

One of the main criticisms of the Ponoy Ice Cap theory is that it appears to be based on the 

reduced presence of subglacial landforms and/or sediments on the eastern Kola Peninsula in 

comparison to the west (Armand, 1960; Strelkov, 1976; Ekman and Iljin, 1991; Svendsen et 

al., 2004; Lunkka et al., 2018). Ekman and Iljin (1991), Svendsen et al. (2004), and Lunkka 

et al. (2018), among others, suggest the difference in abundance of landforms between the 

eastern and western Kola Peninsula and Russian Lapland indicates two separate and 

dynamically different ice masses during the LGIT. However, polythermal ice sheets such as 

the FIS can have zones of cold-based conditions surrounded by corridors of warm-based ice 

(Kleman et al., 1997; Kleman et al., 2008). As such, FIS ice occupying the eastern Kola 

Peninsula could have remained entirely cold-based during the Late Weichselian. Given that 

the orientation of lateral meltwater channels indicates only a westward retreating ice margin 

(Hättestrand and Clark, 2006b), it is likely that the eastern Kola Peninsula was a large zone 

of cold-based FIS ice throughout the Late Weichselian. 

The Keiva IIa and IIb moraines, which are often associated with the Ponoy Ice Cap (Strelkov, 

1976; Ekman and Iljin, 1991; Rainio et al., 1995; Svendsen et al., 2004; Astakhov et al., 

2016; Lunkka et al., 2018), have a lobate morphology that is compared with the Salpausselkä 

moraines in Finland (Lavrova, 1960; Ekman and Iljin, 1991; Rainio et al., 1995; Svendsen 

et al., 2004; Astakhov et al., 2016; Lunkka et al., 2018). This comparison has been used to 

suggest that the Keiva moraines are of approximately Younger Dryas age (Lavrova, 1960; 

Ekman and Iljin, 1991; Svendsen et al., 2004; Lunkka et al., 2018). However, the 

geomorphological characteristics of the Keiva moraines – including drumlinised surfaces 

indicating ice flowing from the Tersky Coast onto the eastern Kola Peninsula, and surficial 

lateral meltwater channels indicating meltwater routing along the crest of the moraines 

(Hättestrand et al., 2007) – strongly suggest that the Keiva IIa and IIb moraines are in fact 

an interlobate complex, the KIC, that likely formed at a northeastward-migrating confluence 

of two dynamically different ice masses during the advance of the FIS.  

A primary issue surrounding the validity of the Ponoy Ice Cap theory is the interpretation of 

the geomorphological signature, the latter of which should always form the precursor to any 

glacial reconstruction (Lowe and Walker, 2014; Chandler et al., 2018a). However, some 

reconstructions of the eastern Kola Peninsula have overlooked the regional geomorphology, 
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which has resulted in confusion rather than progress. It is therefore important that a new 

glacial reconstruction of the eastern Kola Peninsula considers the geomorphological 

signature of the KIC as part of an ice sheet-scale landsystem. 

2.3.4.3 Support for LGIT Models 1 and 2 – glaciation solely by the FIS 

It is likely that the FIS solely glaciated the Kola Peninsula and Russian Lapland during the 

LGIT. Subglacial bedforms, predominantly on the western Kola Peninsula and the White 

Sea basin, indicate a general eastward ice flow direction of the FIS across the Kola Peninsula 

(Kleman et al., 1997; Hättestrand and Clark, 2006a; Winsborrow et al., 2010a). In addition, 

the sediment-landform assemblages of the KIC and the central eastern Kola Peninsula 

(Punkari, 1993, 1995; Kleman et al., 1997; Punkari, 1997; Hättestrand and Clark, 2006a; 

Hättestrand et al., 2007) are indicative of cold-based ice on the Kola Peninsula and warm-

based ice in the White Sea both flowing eastwards across the region throughout the Late 

Weichselian. Lateral meltwater channels and eskers across the entire Kola Peninsula indicate 

a westward (inland from the coasts) ice margin retreat pattern (Hättestrand and Clark, 2006b; 

Stroeven et al., 2016). In addition, up to three discontinuous belts of hummocky moraines 

and moraine ridges on the western Kola Peninsula and Russian Lapland indicate periodic 

standstills or readvances of the ice margin during overall ice retreat (Ekman and Iljin, 1991; 

Yevzerov and Nikolaeva, 2000; Hättestrand and Clark, 2006a; Yevzerov, 2015). 

Furthermore, sedimentary evidence, including glaciotectonised till and glaciofluvial 

outwash sediments (Yevzerov and Kolka, 1993; Yevzerov, 2015, 2017; Vashkov and 

Nosova, 2018b, 2018a; Yevzerov, 2018; Vashkov and Nosova, 2019; Vashkov, 2020; Lenz 

et al., 2021a), from across the peninsula suggest the FIS may have undergone periods of 

sustained readvance during oscillatory retreat. However, low-resolution geomorphological 

data preclude which, if either, LGIT Models 1 or 2 (Figure 2.11a and b) is correct. 

It is also unclear whether ice margins retreated synchronously or asynchronously. Lateral 

meltwater channel orientations depict straight or slightly curved ice margins on the shield 

terrain of the Kola Peninsula during FIS retreat (Model 2; Hättestrand and Clark, 2006b; 

Stroeven et al., 2016). However, the spatial distribution of hummocky moraines and moraine 

ridges indicates a highly lobate ice margin (Model 1; Ekman and Iljin, 1991; Yevzerov, 

2015). The absence of glacial landforms and sediments on the central eastern Kola Peninsula 

is indicative of cold-based conditions that inhibit landform development (Hättestrand and 

Clark, 2006b; Stroeven et al., 2016). However, it is equally possible that a lack of landforms 
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is a product of rapid deglaciation (Model 1; Niemelä et al., 1993; Yevzerov, 2001; Demidov 

et al., 2006).  

Discontinuous belts of hummocky moraines and moraine ridges across the western Kola 

Peninsula and Russian Lapland may also demarcate the Younger Dryas ice margin position 

(Ekman and Iljin, 1991; Yevzerov and Nikolaeva, 2000; Hättestrand and Clark, 2006a; 

Yevzerov, 2015; Hughes et al., 2016; Stroeven et al., 2016). It is likely that the Khibiny 

Mountains were ice-free during the Younger Dryas stadial, similar to Model 1. This is 

supported by large cross-valley end moraines blocking valley mouths at the perimeter of the 

massif, which are indicative of a significant standstill/readvance in ice margin retreat in 

response to climatic cooling. It remains unclear, however, whether an ice lobe extended into 

the White Sea during the Younger Dryas, as existing geomorphological mapping cannot 

accurately reconstruct this ice marginal zone. Consequently, while it is likely that the Kola 

Peninsula and Russian Lapland was glaciated by the FIS throughout the Late Weichselian, 

it is not currently possible to reconstruct accurately the pattern, style, and timing of glaciation 

from previously published, low-resolution maps.   

2.4 Key unknowns from the existing sediment-landform record 

The comprehensive review presented in this chapter has identified a wealth of data and 

interpretations for the Kola Peninsula and Russian Lapland, and yet significant uncertainty 

surrounding the pattern, style, and timing of glaciation in the region remains. The key 

unknowns for the Kola Peninsula and Russian Lapland include: 

• The position and configuration of ice divides. 

• The flow geometry and configuration of the ice sheet. 

• The location and role of ice streams. 

• The pattern of ice sheet build-up in association with the KIC. 

• The pattern of ice margin retreat and a framework of deglaciation. 

• The evolution (through time) of each of the above properties. 

• The dynamics of the ice sheet, and its interplay with potential drivers of change. 

• The correlation of events with the wider climate system. 
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The underlying problem seems to be that reconstructions are based on lower-resolution 

Quaternary geological data that preclude detailed glacial interpretations. For example, while 

the map compiled by Hättestrand and Clark (2006a) facilitates the reconstruction of more 

nuanced ice dynamics than previous mapping attempts, the resolution of the Landsat 7 

ETM+ data (30 m ground resolution) used to compile the map preclude the identification of 

discrete, smaller-scale landforms that are necessary for detailed glacial interpretations.  

The glacial reconstruction presented in this thesis will, therefore, adopt a comprehensive, 

high-resolution geomorphology-based glacial reconstruction approach that permits 

reconstruction of small-scale characteristics of the FIS while simultaneously considering the 

scale of the ice sheet system (Clark and Meehan, 2001; Greenwood and Clark, 2009a, 

2009b). The recent development of high-resolution, remotely-sensed digital elevation 

models (DEM) and satellite imagery such as the ArcticDEM (Porter et al., 2018) permits 

such a reconstruction of this remote and largely inaccessible region. In turn, this will provide 

a framework into which sedimentology-based and chronological studies can be included and 

compared (Clark and Meehan, 2001; Greenwood and Clark, 2009a, 2009b; Clark et al., 

2018). Ice sheet reconstructions, which confidently capture the key geometric properties of 

an ice sheet and provide a chronology for their evolution, serve as an essential test of 

numerical ice sheet modelling experiments.  

2.5 Summary  

Understanding ice sheet processes and rates of ice advance and retreat is important given 

current and projected responses of the Antarctic and Greenland Ice Sheets to climate change. 

However, previous glacial reconstructions have thus far failed to determine the pattern, style, 

and timing of FIS glaciation on the Kola Peninsula and Russian Lapland. This is due to an 

incomplete understanding of glacial geomorphology and sedimentology in the region. In this 

chapter, published geomorphological and sedimentary data, as well as glacial interpretations 

of Late Weichselian glaciation on the Kola Peninsula and Russian Lapland, have been 

compiled and critically evaluated. This includes often overlooked data published in Russian-

language journals.  

Sedimentary till evidence indicates that the Kola Peninsula and Russian Lapland was subject 

to two glacial advances during the Weichselian: (i) an Early-Middle Weichselian glaciation, 

followed by an ice-free period during the Ålesund interstadial (c. 38-34 ka), and (ii) FIS 

glaciation during the Late Weichselian. During the Late Weichselian, the FIS extended 
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eastwards across Russian Lapland and the Kola Peninsula from the Scandinavian Mountains, 

reaching its maximum extent in northwest Arctic Russia c. 19-15 ka. During the local-LGM, 

the FIS flowed radially out to the coasts, and an ice stream was established in the White Sea 

basin. Three other ice streams – the Tuloma Ice Stream and two separate ice streams along 

the Kola Ice Stream pathway – may have existed in the region during the LGIT. However, 

the role and timing of these ice streams is unclear.    

Differing glacial interpretations have resulted in four scenarios for the LGIT (see Figure 

2.11): 

Model 1 – Initial rapid deglaciation of the FIS on the eastern Kola Peninsula, leaving 

ice lobes occupying the surrounding lowlands and straits, which retreated westward 

during the LGIT. 

Model 2 – Coherent westward retreat of the FIS, inland from the coasts, throughout 

the LGIT. 

Model 3 – Ponoy Ice Cap glaciation, which established itself on the eastern Kola 

Peninsula after the local-LGM. 

Model 4 – Rapid westward deglaciation of the FIS, and subsequent glaciation by the 

Kara Sea Ice Sheet during the LGIT. 

Based on the geomorphological signature of the region, the Kola Peninsula was neither 

glaciated by the Ponoy Ice Cap (Model 3) nor the Kara Sea Ice Sheet (Model 4) during the 

LGIT. Subglacial and meltwater landform evidence suggests it is more likely that the FIS 

solely glaciated the Kola Peninsula during the LGIT (Models 1 and 2). However, how the 

FIS retreated across the Kola Peninsula and Russian Lapland is still unclear, and the position 

of the Younger Dryas ice margin remains inconclusive. This uncertainty stems from 

previously employed low-resolution glacial geomorphological mapping in the region. The 

glacial reconstruction presented in this thesis will address this knowledge gap by establishing 

a high-resolution geomorphology-based glacial reconstruction, which will provide a 

framework into which sedimentology-based and chronological studies can be included and 

compared. 
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Chapter 3. Research approach 

3.1 Introduction 

Reconstruction of palaeo-ice sheets requires a systematic synthesis of geomorphological and 

geological data from across the area occupied by the former ice sheet (Kleman and 

Borgström, 1996; Clark, 1997). This chapter outlines the overarching conceptual approach 

that underpins the ice sheet reconstruction used in this thesis. The methods, their 

implementation, and the resulting interpretations and reconstructions are presented in 

Chapters 4 to 7.  

3.2 Different approaches for ice sheet reconstruction 

Thematic geomorphological mapping of glacial features, at an ice sheet scale, is a well-

established method to examine landscape evolution in previously glaciated landscapes 

(Kleman and Borgström, 1996; Hättestrand and Clark, 2006a, 2006b; Greenwood and Clark, 

2009a, 2009b; Hughes et al., 2010, 2014; Chandler et al., 2018a). Such maps focus on 

landforms that provide information on flow patterns and ice marginal positions, which can 

be used to determine former ice sheet dynamics and reconstruct former ice mass extents and 

dimensions (Figure 3.1). Inverting the glacial landform record to reconstruct palaeo-ice 

sheets in this way can be thought of as a ‘top-down’ approach (Kleman et al., 1997; Boulton 

et al., 2001; Clark and Meehan, 2001; Kleman et al., 2006; Hughes et al., 2014). However, 

this approach is based on critical assumptions that may result in an overly simplistic 

reconstruction of ice sheet dynamics (Kleman and Borgström, 1996; Hughes et al., 2014). 

Previous ‘top-down’ reconstruction approaches for the Kola Peninsula and Russian Lapland 

(e.g. Niemelä et al., 1993; Hättestrand and Clark, 2006a, 2006b) have been unable to 

accurately reconstruct glaciation due to the use of lower-resolution empirical data, thus 

higher-resolution data are required in order to develop a new glacial reconstruction.  

In contrast to thematic mapping, examining the internal structures of glacial landforms and 

deposits informs our understanding of transport and deposition mechanisms during 

glaciation (Figure 3.1; Hubbard and Glasser, 2005; Livingstone et al., 2010; Evans and Benn, 

2014; Spagnolo et al., 2016). The genetic interpretation of glacial landforms can be thought 

of as a ‘bottom-up’ approach in which the incremental accumulation of local-scale 

observations, over time, can be used to reconstruct ice sheet dynamics. However, collating 
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Figure 3.1: Conceptual differences between the inversion and genetic problems in glacial 

geomorphology and associated methodological issues (modified from Kleman et al., 2006). 

The inversion of the glacial landform record relies on genetic assumptions guided by genetic 

conditions for landform production, destruction, and preservation. Furthermore, a glacial 

inversion model provides a framework into which genetic investigations can be included, 

thus informing local- and ice sheet-scale glacial reconstructions. 

potentially large volumes of data for an ice sheet-scale reconstruction can be problematic, 

especially as it takes a long time to accumulate sufficient evidence, during which time 

interpretative paradigms may have evolved (Clark and Meehan, 2001; Chandler et al., 2018a; 

Evans, 2018). In the context of this thesis, restricted access (particularly for non-Russian 

scientists) to large parts of the study area and limited access to local-scale glacial 

reconstructions published in Russian-language journals has further hindered attempts at ice 

sheet reconstructions following a ‘bottom-up’ approach.  

In this thesis, a non-reductionist or ‘top-down’ approach is adopted to reconstruct glaciation 

on the Kola Peninsula and Russian Lapland (Figure 3.1); this allows the reconstruction of 

small-scale characteristics of the ice sheet while considering the scale of the ice sheet system 

as a whole (Clark and Meehan, 2001; Greenwood and Clark, 2009a, 2009b). This glacial 

inversion reconstruction will provide a framework to which local-scale reconstructions, such 

as sedimentological studies, can be added in future studies (Hughes et al., 2014; Clark et al., 
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2018; Davies et al., 2020). To implement the glacial inversion model successfully, a ‘blank 

canvas’ landscape is considered, whereby previous attempts at Quaternary geological and 

geomorphological mapping, and glacial reconstructions, in this region are disregarded. This 

ensures that the final reconstruction is evidence-led rather than based on pre-conceived 

conclusions like some previous reconstructions (see Chapter 2). This is the first time this 

type of reconstruction has been attempted for northwest Arctic Russia. 

3.3 The glacial inversion model 

3.3.1 Concept of the glacial inversion model  

Kleman and Borgström (1996) set out a procedure for interpreting palaeo-glaciological 

information from the fragmentary and complex landform record left behind by former ice 

sheets. This can be summarised into three key steps (Figure 3.2): 

1. Compiling an ice sheet-scale geomorphological map of glacial landforms. 

2. Interpreting the geometric, behavioural, and chronological properties of a palaeo-ice 

sheet from the geomorphological record. 

3. Reconstructing the evolution of a palaeo-ice sheet.  

Their glacial inversion model is (i) guided by genetic inferences of landform formation and 

(ii) formalises the method of ice sheet reconstruction by clearly stating the assumptions and  

 

 

Figure 3.2: Summary of the glacial inversion approach adopted in this study (modified from 

Greenwood and Clark, 2009a). For a detailed research approach refer to Figure 3.5. 
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interpretative stages involved in converting the spatial distribution of glacial landforms into 

ice sheet configurations (Kleman et al., 2006). The approach, which has been refined and 

developed in light of observations from contemporary ice sheets (Stokes et al., 2015; 

Chandler et al., 2018a), is now well established, as exemplified in reconstructions of the 

Laurentide, Patagonian, and British-Irish Ice Sheets (e.g. Jansson et al., 2002; Greenwood 

and Clark, 2009a, 2009b; Hughes et al., 2010; Kleman et al., 2010; Hughes et al., 2014; 

Clark et al., 2018; Davies et al., 2020).  

3.3.2 Assumptions behind the glacial inversion model 

Identification of glacial landforms and interpretations of palaeo-ice sheet dynamics are 

dependent upon a clear understanding of landform genesis and glaciological context. 

However, owing to the time-consuming nature of interpreting landform genesis – which are 

essential for underpinning palaeo-glaciological interpretations (Hubbard and Glasser, 2005; 

Evans and Benn, 2014; Evans, 2018) – it is not possible to conduct a systematic ice sheet-

scale assessment of all glacial landforms and sediments identified across the maximum 

extent of a palaeo-ice sheet. To overcome this, the glacial inversion model devised by 

Kleman and Borgström (1996) employs genetic assumptions derived from glaciological 

theory and empirical observations.  

For example, the glacial inversion model is grounded in theoretical explanations for the 

formation and preservation of subglacial bedforms (Kleman et al., 1997; Clark, 1999; 

Kleman et al., 2006; Kleman et al., 2008; Greenwood and Clark, 2009a; Hughes et al., 2014). 

No creation or modification, and by implication preservation, of subglacial bedforms will 

occur in areas of low basal velocity or under cold-based conditions (Clark, 1999; Kleman et 

al., 2008). As such, the distribution of subglacial bedforms defines zones of the subglacial 

environment that were warm-based at least once during the lifetime of the ice sheet (Clark, 

1999; Kleman et al., 2008).  

Although the Kola Peninsula and Russian Lapland constitutes only a relatively small sector 

of the FIS (~ 5 %), the study area still comprises > 164,700 km2 of landmass. Additionally, 

the remoteness and inaccessibility of large areas of northwest Arctic Russia precludes a 

systematic genetic assessment of all glacial landforms in this region. As such, the glacial 

inversion model provides an ideal solution for reconstructing ice sheet-scale glaciation. To 

successfully implement the glacial inversion model on the Kola Peninsula and Russian 

Lapland, a set of eight assumptions (based upon Kleman and Borgström, 1996; Kleman et 
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al., 1997; Kleman et al., 2006; Kleman et al., 2008) are used in this thesis. These are a 

standard set of assumptions inherent to this methodological approach and are widely 

accepted and successfully employed by the scientific community (e.g. Kleman and 

Borgström, 1996; Hättestrand and Clark, 2006b; Greenwood and Clark, 2009a, 2009b; 

Hughes et al., 2010, 2014; Clark et al., 2018): 

1. The primary control on landform creation, preservation, and destruction is the

location of the phase boundary between water and ice at or under the ice sheet base,

i.e. cold-based vs warm-based ice.

2. Basal sliding requires a warm bed.

3. Subglacial lineations can only form when basal sliding occurs, i.e. under warm-based

conditions.

4. Subglacial lineations are formed in alignment with local ice flow direction and

perpendicular to ice surface contours at the time of formation.

5. Cold-based conditions inhibit rearrangement of the subglacial landscape.

6. Regional deglaciation is accompanied by the creation of meltwater features, e.g.

meltwater channels, eskers, and ice-dammed lakes.

7. Eskers form in a time-transgressive manner behind a retreating ice margin.

8. Lateral meltwater channels will form the major landform record during cold-based

deglaciation; eskers are typically lacking in these situations.

3.3.3 Elements of a glacial map under the glacial inversion model 

The first step of the glacial inversion model is to produce, or use an existing, comprehensive 

glacial geomorphological map (Figure 3.2). This map must include four primary glacial 

landform types (Kleman and Borgström, 1996; Kleman et al., 2006; Greenwood and Clark, 

2009a, 2009b): 

1. Subglacial bedforms (subglacial lineations, subglacial ribs) – to infer ice flow

directions.

2. Meltwater channels (lateral, proglacial, subglacial) – to infer ice flow pathways and

ice margin positions.

3. Moraines – to infer frontal and lateral ice margin positions.
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4. Eskers – to infer ice flow pathways and ice margin positions. 

Cirques, palaeo-lake shorelines, and glaciofluvial deposits (which can be used to infer glacial 

inception centres and ice margin positions), and subglacially streamlined bedrock (which 

can be used to infer ice flow directions), can also be mapped to support the glacial 

reconstruction.  

The successful implementation of the glacial inversion model requires a freshly produced 

glacial geomorphological map covering the entire former bed of an ice sheet, rather than a 

composite of existing smaller-scale maps (Clark et al., 2004; Greenwood and Clark, 2008; 

Hughes et al., 2010; Clark et al., 2018). This provides consistency and an appropriate 

mapping style (Kleman et al., 2006; Hughes et al., 2010; Stokes et al., 2015; Chandler et al., 

2018a; Clark et al., 2018). Mapping of glacial landforms can be conducted in two ways: (i) 

through fieldwork, and/or (ii) using remotely sensed imagery. Although field mapping 

provides the maximum level of detail over the mapped area, it is time-consuming and often 

costly in nature (Chandler et al., 2018a). The advent of high-resolution satellite imagery has 

revolutionised landscape mapping, allowing a single observer to conduct rapid, systematic, 

and consistent geomorphological mapping at an ice sheet-scale (Hughes et al., 2010; 

Chandler et al., 2018a). Therefore, an approach that combines digital landform mapping of 

remotely sensed data at an ice sheet-scale with locally-specific field mapping – allowing 

digital mapping to be validated in the field – provides the most robust approach (Livingstone 

et al., 2010; Chandler et al., 2018a). To reflect the scale of both the individual landforms and 

the ice sheet-landscape, the glacial geomorphological data are presented across four maps 

(Maps 2-5) at a scale of 1: 675,000. 

3.3.4 Implementation of the glacial inversion model 

The large volume of data that can be contained within ice sheet-scale glacial maps (e.g. > 

170,000 features are included in the BRITICE database, Clark et al., 2018) can inhibit the 

clarity of spatial and genetic relationships between landforms and make it difficult to 

determine nuances amongst the apparent complexity. To overcome this, the second stage of 

the glacial inversion model involves summarising the complex spatial distribution of glacial 

landforms included in the glacial map into landscape scale pieces of glaciological 

information (Figure 3.2) (Kleman and Borgström, 1996; Kleman et al., 1997; Greenwood 

and Clark, 2009a). Summarising glacial landform data follows the principle of 

morphostratigraphy (the application of stratigraphic principles to geomorphology; Kleman 



 

55 

and Borgström, 1996), and condenses the geomorphological data into coherent groupings 

(called flowsets) that facilitate easier visualisation and interpretation of the 

geomorphological record (Figure 3.3; Kleman et al., 1997; Greenwood and Clark, 2009a; 

Winsborrow et al., 2010a; Hughes et al., 2014).  

Following this step, the landform summaries are organised to (i) define the major 

components of the ice sheet (i.e. flow patterns, retreat patterns, and the location of ice divides 

and ice streams), and (ii) document the evolution of these components through time. To 

successfully achieve this, a set of rules and assumptions – which are grounded in 

glaciological theory and observations of modern ice sheets – are used to inform glacial 

Figure 3.3: Illustration of the process of data reduction to generate ice flow event 

information from mapped glacial landform data. The volume of data recorded at an ice 

sheet-scale is often such that clarity of the palaeo-glaciological information it yields is 

impaired. Data reduction is therefore necessary to better visualise and interpret the ice flow 

information represented by the landforms. In this example, (a) ~ 33,000 subglacial bedforms 

of the Irish Ice Sheet (modified from Greenwood and Clark, 2008) are (b) reduced to flowsets 

for meaningful reconstruction (modified from Greenwood and Clark, 2009a). 

Original in Colour 
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interpretations (Clark, 1997; Kleman et al., 1997; Clark et al., 2000; Kleman et al., 2006; 

Greenwood and Clark, 2009a; Winsborrow et al., 2010a; Hughes et al., 2014). The genetic 

assumptions of landform genesis outlined in Section 3.2 of this chapter are employed during 

the glacial reconstruction process. However, the following additional rules and assumptions 

inform the organisation of flowsets into scenarios of ice sheet geometry and configuration, 

the arrangement of margin summaries into a retreat pattern, and direct the choice of 

alternative scenarios where they arise.  

1. Ice sheet geometry will be similar to contemporary ice sheets, i.e. tend towards a 

generally symmetrical plan form, with radial ice flow from ice divides (Greenwood 

and Clark, 2009a, 2009b; Hughes et al., 2014).  

2. Ice sheet geometry will comprise at least one principle ice divide with the possibility 

of secondary and tertiary divides branching off from the main divide (Greenwood 

and Clark, 2009a, 2009b; Hughes et al., 2014). 

3. When ice is of considerable thickness, the location of ice divides alone will control 

the ice flow configuration. In a thinning ice sheet, the topography of the bed 

increasingly influences the ice flow configuration, eventually dominating over 

orientation changes resulting from ice divide migration (Greenwood and Clark, 

2009a, 2009b; Hughes et al., 2014). 

4. Ice streams likely existed and will have been capable of inducing rapid configuration 

changes and asymmetric form of the ice sheet (Bennett, 2003; Stokes et al., 2015). 

5. Ice marginal landforms (moraines, glaciofluvial deposits, ice-dammed lakes) 

represent standstills during ice sheet retreat (Greenwood and Clark, 2009b; Hughes 

et al., 2014). Although landform and sedimentary evidence from the Kola Peninsula 

suggests that some moraines may indicate a readvance of the ice margin (see Chapter 

2), these interpretations are not adopted as it is not possible to make such genetic 

interpretations from the geomorphological map alone. 

6. An exception to rule five is that interlobate landform assemblages are interpreted as 

forming at the confluence of two dynamically different ice masses, and may represent 

the advance stages of glaciation (Brennand and Shaw, 1996; Punkari, 1997; 

Hättestrand et al., 2007).  



 

57 
 

7. The FIS was not confined to the present-day terrestrial landmass (Larsen et al., 2006; 

Larsen et al., 2014; Hughes et al., 2016; Stroeven et al., 2016).  

8. Where complexity arises, the simplest solution is chosen (Occam’s Razor).  

To maintain ice sheet symmetry, the reconstruction of the sequence of events in one region 

will have implications for the reconstruction in adjacent regions. However, this in itself 

presents a problem; the reconstruction presented in this thesis is only concerned with one 

sector of the former extent of the FIS. Reconstructions of ice sheet symmetry are therefore 

reliant upon existing glacial reconstructions (e.g. Kleman et al., 1997; Hughes et al., 2016; 

Stroeven et al., 2016) to place the reconstruction into the wider FIS context. Additionally, 

the reconstruction process typically identifies conflicting results (e.g. where there are gaps 

in the landform record or contradictory landform assemblages), which generate different 

glaciation scenarios (Hättestrand and Clark, 2006b; Greenwood and Clark, 2009a, 2009b; 

Hughes et al., 2014; Hughes et al., 2016). In such cases it is necessary to present the different 

glaciation scenarios and highlight where future research is needed.  

3.3.5 Time-slice reconstruction 

Numerical ice sheet models require empirically based reconstructions of ice sheet geometry 

and extent through time for validation and testing. Thus, the final step of the glacial inversion 

model is to arrange the different glaciation scenarios into an ice sheet-scale glacial 

reconstruction that is numerically constrained (Figure 3.4). The glacial reconstruction is 

driven by the bedform record, which identifies the most plausible ice sheet configuration at 

any given moment, and ice marginal landforms help to define the ice sheet retreat (and build-

up, where possible) pattern (Greenwood and Clark, 2009a, 2009b; Hughes et al., 2014): this 

is a relative sequence of events. However, to constrain the absolute timing of glaciation 

requires existing numerical dates that relate to the ice sheet to be applied to the 

reconstruction. Although Hughes et al. (2016) and Stroeven et al. (2016) present databases 

of existing numerical dates for the entire FIS, dates for the Kola Peninsula and Russian 

Lapland are apparently lacking. It is therefore necessary to undertake a comprehensive 

search of the literature and compile a more complete database of existing published 

numerical dates to assess the timing of glaciation. This new database is applied to the 

reconstructed ice margin positions, with the ultimate goal of producing an ice sheet 

reconstruction in 1,000-year time-slices, similar to that of Hughes et al. (2016) and Stroeven 

et al. (2016), that is valuable for numerical modelling.  
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Figure 3.4: An example of the kind of 

palaeo-glaciological reconstruction that this 

thesis will produce, derived from an 

inversion model of the Laurentide Ice Sheet 

(modified from Clark et al., 2006). Ice sheet 

geometries, flow patterns, and ice divide 

locations are combined with ice margin 

positions to generate a relative chronology 

of events. Available numerical age 

constraints are then applied to the 

reconstruction to determine the time-slice 

envelopes of glaciation. 

 

 

3.4 Summary 

This chapter has described the conceptual basis for the glacial inversion model used in this 

thesis. The steps involved in this reconstruction processes are outlined in the flow diagram 

in Figure 3.5. The following chapters will describe the implementation of and discuss the 

interpretations of the research: 

• Glacial geomorphology of the Kola Peninsula and Russian Lapland (Chapter 4). 

• Fennoscandian Ice Sheet flow configuration history on the Kola Peninsula and 

Russian Lapland (Chapter 5). 

• Fennoscandian Ice Sheet margin positions on the Kola Peninsula and Russian 

Lapland (Chapter 6). 

• Late Weichselian Fennoscandian Ice Sheet glaciation on the Kola Peninsula and 

Russian Lapland: discussion (Chapter 7). 

This is the first time that a high-resolution glacial geomorphological inversion model has 

been applied to the Kola Peninsula and Russian Lapland. A few recent studies have 
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attempted to construct flowsets (Kleman et al., 1997; Winsborrow et al., 2010a) and retreat 

patterns (Hättestrand and Clark, 2006b; Hughes et al., 2016; Stroeven et al., 2016) based on 

lower-resolution glacial geomorphological data, but have not produced a full glacial 

inversion model reconstruction.  

 

 

Figure 3.5: Idealised workflow detailing the research approach of this thesis. Steps are 

labelled with chapter numbers in which the respective methods and results are presented 

and discussed.  

Note: *For a more detailed workflow of landform mapping see Chapter 4.



 

60 
 

Part B:  

Landform mapping 

 

View south across the Kandalaksha Gulf 
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Chapter 4. Glacial Geomorphology of the Kola Peninsula and  

Russian Lapland 

4.1 Introduction 

The principal component of the glacial inversion model is a comprehensive and consistent 

glacial geomorphological map covering the entire former extent of a palaeo-ice sheet 

(Kleman and Borgström, 1996; Stokes et al., 2015; Chandler et al., 2018a). This chapter first 

details the methods used to produce a new high-resolution glacial geomorphological 

database of the Kola Peninsula and Russian Lapland, which is presented across four separate 

geomorphological map sheets (Maps 2-5). The details of these maps are discussed in 

Sections 5-7 of this chapter. In addition, first-level interpretations of the glacial 

geomorphology in the region are outlined here. These maps and the initial interpretations 

presented in this chapter will form the basis for a new glacial reconstruction of the region, 

which is presented in Chapters 5-7. The methods and geomorphological data detailed in this 

chapter have been previously published in Boyes et al. (2021b): this chapter significantly 

expands the discussion of the geomorphological database and the first-level interpretations 

of the landform record.  

A systematic synthesis of the glacial geomorphological information from the whole area 

covered by a former ice sheet is most efficiently achieved by scrutinising a combination of 

remotely-sensed datasets including DEMs and satellite imagery (Figure 4.1; Chandler et al., 

2018a). Using remotely-sensed data is now a well-established method for glacial 

geomorphological mapping (Smith and Clark, 2005; Hättestrand and Clark, 2006a; 

Greenwood and Clark, 2008; Hughes et al., 2010; Pearce et al., 2014; Stokes et al., 2015; 

Chandler et al., 2018b; McMartin et al., 2021) as it allows a single observer using a well-

defined set of identification criteria to map large areas of former ice sheet beds (Smith and 

Clark, 2005; Chandler et al., 2018a). Moreover, incorporating this data into a Geographic 

Information System (GIS) facilitates the rapid examination of the spatial arrangement of 

landforms and flow patterns at multiple scales (Greenwood and Clark, 2008; Hughes et al., 

2010; Chandler et al., 2018a). The methods used in the production of the glacial 

geomorphological maps presented as part of this thesis are based on Smith and Clark (2005), 

Greenwood and Clark (2008), Hughes et al. (2010), and Chandler et al. (2018a), among 



 

62 
 

others, who have successfully demonstrated the use of remotely sensed imagery for mapping 

palaeo-glacial landscapes.  

 

Figure 4.1: Idealised workflow for geomorphological mapping on the Kola Peninsula and 

Russian Lapland (based on Chandler et al., 2018a). In reality, the mapping process was 

iterative – involving several DEM and aerial imagery consultations – in order to determine 

the confidence level of each mapped glacial feature. The pattern, style, and timing of 

glaciation is reconstructed from the final map. 
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4.2 Datasets and data processing 

The geomorphological map presented here is primarily based on two forms of high-

resolution remotely sensed data: (i) the ArcticDEM digital surface model (DSM), and (ii) 

PlanetScope Ortho Scene data (Figure 4.2). 

4.2.1 ArcticDEM data 

The ArcticDEM dataset (https://www.pgc.umn.edu/data/arcticdem/; last accessed: January 

2019), generated by the Polar Geoscience Center (PGC), is a freely available open source 

DEM (a 3D representation of the earth’s surface). The ArcticDEM dataset covers the region 

north of 60°N, including the entire US state of Alaska, and the Kamchatka Peninsula of the 

Russian Federation (Porter et al., 2018), making it an ideal dataset for mapping the Kola 

Peninsula and Russian Lapland. Further, the ArcticDEM dataset is the only freely-available 

high-resolution DEM for the region.  

The ArcticDEM dataset is generated by applying the ‘Surface Extraction with TIN-based 

Search-space Minimization’ (SETSM) algorithm to high-resolution (~ 0.5 m) optical 

imagery acquired by the DigitalGlobe constellation of optical imaging satellites (Noh and 

Howat, 2015; Porter et al., 2018). The resulting dataset is a DSM with a spatial resolution of 

2 m (vertical accuracy of 2 m and horizontal accuracy of 3.8 m). As a DSM, the ArcticDEM 

is not a ‘bare earth’ dataset; therefore, vegetation and anthropogenic surface features exist 

in the elevation values of the dataset (Smith and Clark, 2005; Porter et al., 2018). In addition, 

atmospheric obstructions such as clouds and shadows may obscure the ground, which 

sometimes prevents extraction of terrain elevation values (Porter et al., 2018). Despite this, 

many glacial landforms remain readily identifiable in the DSM. 

Although the ArcticDEM is provided with a hillshaded relief model, the DSM data require 

conversion into different hillshaded relief models for meaningful graphical and analytical 

purposes (Smith and Clark, 2005; Greenwood and Clark, 2008; Hughes et al., 2010; Pearce 

et al., 2014). This was done using the Spatial Analyst function in ESRI® ArcMapTM 10.7.1 

(herein ArcMap). To avoid azimuth bias, four hillshaded relief images were generated for 

the entire region: two images with the sun placed at orthogonal angles of 45° (northeast) and 

315° (northwest) generated with an illumination angle of 30°, a third image with an 

illumination angle of 90° (i.e. ‘overhead’), and a fourth multidirectional hillshade image that 

combines light sources from six different directions (see Figure 4.2a-d). To further enhance  

https://www.pgc.umn.edu/data/arcticdem/
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Figure 4.2: Examples of the imagery used during the digital mapping stage from the Khibiny 

Mountains to show the resolution of data sources as well as different images derived from 

each data source. Four hillshaded relief images were derived from the 2 m resolution 

ArcticDEM: (a) azimuth 315°, illumination angle 30°; (b) azimuth 45°, illumination angle 

30°; (c) illumination angle 0° (i.e. overhead); and (d) multidirectional (which combines light 

sources from six different directions as opposed to a single direction). All hillshaded relief 

models were vertically exaggerated three times to enhance subtle landforms. PlanetScope 

Ortho Scene data with 3 m resolution was displayed in (e) full colour and (f) near-infrared. 

Near-infrared imagery allowed snow patches and water bodies to be easily observed and 

thus excluded from the map. 
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the imagery, vertical exaggeration (z factor) of three times was applied to each image and a 

‘standard deviation’ stretch of n = 2 was applied. Contours at 20 m intervals were also 

generated from the DSM and used alongside the hillshaded relief models to identify e.g. 

meltwater channel pathway directions. These settings have been used widely in glacial 

mapping surveys and are suggested to be optimal for identification of a wide range of 

landforms as well as for increasing the visibility of smaller and more subtle landforms (Smith 

and Clark, 2005; Greenwood and Clark, 2008; Hughes et al., 2010; Pearce et al., 2014; 

McMartin et al., 2021).  

4.2.2 PlanetScope Ortho Scene data 

PlanetScope Ortho Scene data (from Planet Labs PBC.; https://www.planet.com/explorer/; 

last accessed October 2020) are multispectral, orthorectified, georeferenced daily satellite 

images with a ground sample distance of 3.7 m. Individual scenes with the least atmospheric 

obstructions (i.e. clouds, dust, and thick snow cover) were chosen and combined into a single 

seamless image within ArcMap. The tonal contrast of the PlanetScope Ortho Scene data – 

which was viewed in full colour composite and near-infrared (Figure 4.2e, f) – permitted the 

identification of glacial landforms based on colour differences across the land surface 

allowed easy identification of landform boundaries, particularly around waterbodies.  

4.3 Mapping procedure 

4.3.1 Digital mapping procedure 

Google Earth Pro was used for 3D landform visualisation and virtual reconnaissance prior 

to digital mapping and fieldwork. Digital mapping was achieved through visual 

identification and onscreen vectorisation of individual landforms within ArcMap. Visual 

identification of glacial landforms was an integrated process involving several consultations 

of the DSM and satellite imagery. Landforms were initially identified with ArcticDEM 

imagery, which was particularly advantageous for identifying large- and medium-scale 

landforms such as subglacial lineations (drumlins, MSGLs) and meltwater channels. Google 

Earth Pro was also used during this stage to cross-check landform identification. Smaller-

scale landforms that were not as readily identifiable in the DSM were located on the 

PlanetScope Ortho Scene data, in which high-resolution and significant tonal contrasts 

highlighted smaller and more-subtle features including hummocky moraines, small 

meltwater landforms, and subtle De Geer moraines. The full colour composite aerial image 

https://www.planet.com/explorer/
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was subsequently overlain onto the DSM with a transparency of ~ 35 %, where the combined 

effect of hillshade and tonal contrast offered clarification of features that were otherwise 

inconspicuous. Repeated passes of the mapped area were made at a range of scales (typically 

1:5,000-1:100,000) to ensure that features of all sizes were discernible on the imagery. 

Altering the viewing scales of the datasets also allowed a flexible approach to mapping, with 

the ability to add increasing levels of detail at larger scales, while maintaining a systematic 

approach. This mapping procedure was in fact an iterative process interspersed with field 

mapping.  

4.3.2 Field mapping procedure 

Remote digital mapping was also accompanied by five weeks of field mapping in 2019. 

Extensive fieldwork is not possible in this remote region due to restricted access, thus field 

mapping primarily aimed to verify the digital mapping process. The main focus for field 

investigations was in and around the accessible areas of Apatity, Kirovsk, Monchegorsk, and 

Umba (Figure 4.3): these locations were chosen on account of logistical restrictions and by 

recommendation of Russian collaborators.  

Glacial landforms were recorded during walk-over surveys (systematic traverses of the field 

location). Particular attention was paid to landforms identified during the reconnaissance and 

digital mapping stages to verify the landform identification criteria (see below). In addition, 

small-scale and subtle landforms (i.e. striae, flutes, roches moutonnées, and ice moulded 

bedrock) that could not be identified on the DSM and on aerial imagery were also mapped. 

The locations of glacial landforms were recorded onto enlarged hillshaded relief and aerial 

imagery extracts with reference to clearly identifiable ‘landmarks’ such as river bends, lakes, 

and landforms identified during the digital mapping stage. Detailed descriptions of size 

(length, height, and width), morphology, orientation and photographs were taken for each of 

the recorded glacial features. 

4.3.3 Ancillary datasets and mapping checks 

Periodically, mapping was reviewed in consultation with geomorphologists at the 

Norwegian University of Life Sciences and the Federal Research Centre ‘Kola Science 

Centre of the Russian Academy of Sciences’. In addition to these checks reference was made 

to several published datasets (Niemelä et al., 1993; Hättestrand and Clark, 2006a; Petrov et 

al., 2014; Romundset et al., 2017). The new mapping presented in this thesis supersedes 
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Figure 4.3: The mapped area of the Kola Peninsula and Russian Lapland, northwest Arctic 

Russia, including areas visited during fieldwork. The ArcticDEM tiles used during the digital 

mapping stage are shown; PlanetScope Ortho Scene data (not shown) cover the mapped 

area. The map extends at least 5 km over the Russian border into Norway and Finland, and 

the southern extent of mapping between the Russian-Finnish border and the White Sea 

coastline is defined by the selected ArcticDEM tiles. Elevation and bathymetry data for the 

basemap are derived from the European Space Agency (2021) and the GEBCO Compilation 

Group (2020), respectively. Topography is shaded dark-light grey with darker shades 

representing higher ground and bathymetry is shaded dark-light blue with darker shades 

representing greater depth; for a detailed legend and location names refer to Map 1. 

previously published geomorphological datasets for the region. However, existing 

geomorphological maps can be used to compare and contrast the spatial distribution of 

glacial landforms identified and mapped in this thesis.  

Ideally, a bedrock and structural geological map would be compared with the glacial 

geomorphological mapping to facilitate the rejection of possible landforms that are more 
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likely a function of underlying geological structure and therefore an unreliable indicator of 

glacial processes (Greenwood and Clark, 2008; Hughes et al., 2010). However, the only 

accessible geological maps for the region were either not available in a licenced digital 

format for use within GIS, or are presented at a resolution lower than the mapping scale. As 

such, available geological maps of the region could only be used to provide an overview of 

the major geological structure and distribution of major rock types across the region.   

4.4 Geomorphological map production 

The geomorphological map is produced in ArcMap. Mapping style (i.e. polyline or polygon) 

for each landform type considered the most appropriate representation of landform size, 

orientation, and shape (Table 4.1). Polylines map the crest-line of individual landforms while 

polygons map the break-of-slope outline. Individual vectors were smoothed, although 

caution was taken to ensure the morphologies of the mapped landforms were not lost. The 

diagnostic criteria used to identify landforms are outlined in Table 4.1. 

Mapped landforms were subsequently classified, where applicable, into different categories 

in the attribute table of each shapefile to support interpretations of ice dynamics (see Table 

4.1 for the landform classifications of landforms identified in northwest Arctic Russia). 

Applying landform classifications is a useful and undemanding additional step when 

following clearly defined diagnostic criteria such as those outlined in Table 4.1 and is  

 

Table 4.1 (next 13 pages): Diagnostic criteria used to identify glacial landforms on the Kola 

Peninsula and Russian Lapland, northwest Arctic Russia, for the purpose of compiling the 

glacial geomorphological maps. Landform types were selected on the basis of (i) landforms 

identified during the reconnaissance mapping stage, and (ii) the requirements of the glacial 

inversion model to reconstruct the pattern of glaciation in northwest Arctic Russia (see 

Kleman and Borgström, 1996). To aid interpretations of ice dynamics during the glacial 

reconstruction some landforms have been classified according to the morphologies 

identified in northwest Arctic Russia. Annotated figures of the ArcticDEM imagery 

accompany each landform type: the symbology used matches Map 2. Data gaps in the 

ArcticDEM imagery are represented by white spaces. DEM courtesy of the Polar Geospatial 

Center (Porter et al., 2018).  

Note: *Surface features on cirque infills are mapped as either cirque infill hummocks or 

cirque infill ridges.
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Subglacial lineations Based on the criteria of Greenwood and Clark (2008), Bennett 
and Glasser (2009), and Hughes et al. (2010) 

• Streamlined landforms aligned parallel to ice flow direction 
• Elongated ellipse in planform, with steep stoss slopes and gentle 

lee slopes in profile 
• Typically found in swarms 
• Flutings: heights <5 m, widths <5 m, lengths 10->100 m 
• Drumlins, crag and tails: heights 5-50 m, lengths 10-3,000 m 
• Mega-scale glacial lineations (MSGLs): lengths 8-70 km, widths 

200-1,300 m 
 

68°59'58"N, 30°59'32"E 
Subglacial ribs Based on the criteria of Greenwood and Clark (2008), Bennett 

and Glasser (2009), and Hughes et al. (2010) 

• Tabular or ripple-like ridges that are transverse to ice flow 
direction 

• Sizes ranging from metres to kilometres in length 
• Occur in ‘fields’ 
• Transition into, or associated with, lineations 

 
66°24'04"N, 32°26'11"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Subglacially 
streamlined bedrock 

Based on the criteria of Bennett and Glasser (2009), Benn and 
Evans (2010), and Clark et al. (2018) 

• Streamlined bedrock surfaces, similar in appearance to 
subglacial lineations  

• May be geologically controlled, or may be mistaken for 
geological faults 

• Roches moutonnées – asymmetric bedrock bumps with abraded 
stoss faces and quarried lee faces; widths <1 m to 100s m  

• Whalebacks – symmetrical bedrock bumps with abraded stoss 
and lee slopes; widths >100 m  

 
67°28'40"N, 36°45'48"E 

   

Meltwater channels Based on the criteria from Greenwood et al. (2007) and Bennett 
and Glasser (2009) 

 

 Subglacial • Undulating long profiles 
• Descent downslope may be oblique 
• Steep descent downslope may occur 
• Complex systems – bifurcating and anastomosing 
• High sinuosity 
• Abandoned loops 
• Abrupt beginnings and ends 
• Absence of glaciofluvial deltas (diagnostic criteria below) 
• Cavity systems and potholes 
• Ungraded confluences  
• Variety of sizes and forms within the same connected system 
• Can be associated with eskers (diagnostic criteria below) 
• May be occupied by contemporary fluvial drainage networks 

 
66°17'45"N, 32°37'25"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Lateral • Perched on valley sides, where they may be subparallel or 
diagonal to contemporary contours 

• May form a ‘stack’ of channels on a valley side subparallel to 
each other 

• Approximately straight channels, often for long distances 
• May terminate in downslope chutes (steep channel conveying 

channels to a lower elevation) 
• May terminate abruptly 
• May be found in isolation from other glacial landforms 
• May be occupied by contemporary fluvial drainage networks 

 
67°43'44"N, 34°48'51"E 

 Proglacial • Regular meander bends 
• May form networks with occasional bifurcation 
• Flow directly downslope 
• Large dimensions – channels may be wide and deep 
• May be occupied by contemporary fluvial drainage networks 
• May be associated with glaciofluvial deposits (diagnostic 

criteria below) 

 
66°28'26"N, 40°28'20"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Spillway • Abrupt beginnings, usually at palaeo-lake shorelines (diagnostic 
criteria below) 

• May terminate abruptly 
• May be found in isolation (of other meltwater channels) 
• Associated with ice-dammed lakes (see palaeo-lake shoreline, 

below) 
• Channel may incise morainic deposit or glaciofluvial deposit 
• Channel direction may be controlled by surrounding topography 

 
67°41'41"N, 33°38'40"E 

Eskers Based on the criteria of Storrar et al. (2014a) 

• Elongate, sinuous ridges, or may be segmented or beaded 
• Can be single ridges or complex braided systems 
• Aligned subparallel to subglacial lineations (diagnostic criteria 

above) and ice flow direction  

 
66°41'00"N, 40°12'54"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Glaciofluvial deposits Based on the criteria from Bennett et al. (2000), Hättestrand and 
Clark (2006a), Bennett and Glasser (2009), and Evans and Orton 
(2015) 

 

 Outwash • Areas with relatively flat upper surfaces, may have kame and 
kettle topography on surfaces 

• May have a braided meltwater channel system atop of deposits 
(diagnostic criteria above) 

• May be associated with eskers (diagnostic criteria above) 
• May have distinct colouring compared to the surrounding 

landscape (e.g. yellow-brown sandy colour) 

 
69°23'59"N, 30°59'00"E 

 Delta • Fan-shaped outwash deposits with apex up-ice; apices may be 
associated with eskers (diagnostic criteria above) 

• Areas with relatively flat upper surfaces, may have kame and 
kettle topography on surfaces 

• May have braided river system atop of fans 
• May have distinct colouring compared to the surrounding 

landscape (e.g. yellow-brown sandy colour) 

 
66°17'39"N, 30°57'42"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Terrace • Outwash sediments banked on valley sides with relatively flat
upper surfaces and steep sides

• May have a contemporary river system dissecting the terraces
• May have distinct colouring compared to the surrounding

landscape (e.g. yellow-brown sandy colour)
• May be associated with palaeo-lake shorelines (diagnostic

criteria below)
• May be associated with De Geer moraines (diagnostic criteria

below)

67°41'37"N, 33°35'40"E 
Palaeo-lake shorelines Based on the criteria from Bennett and Glasser (2009) 

• Horizontal benches with a faint terrace-like form on hillsides
• May be found in association with terrace outwash deposits

and/or delta deposits (diagnostic criteria above)
• May be associated with morainic deposits (diagnostic criteria

below)

68°24'55"N, 34°31'31"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Moraine deposits/ridges Based on the criteria of Hättestrand and Clark (2006a), Smith et 
al. (2006), Bennett and Glasser (2009), Evans et al. (2014), 
Peterson et al. (2017) and Ojala et al. (2021) 

 

 End • Ridges perpendicular to ice flow direction 
• May be breached by channel features 
• May be arcuate  
• Heights vary from a few metres to several 10s metres 
• Tendency for steeper lee slopes compared to stoss slopes 
• Stoss slopes may display evidence of glacial modification 

 
67°39'51"N, 33°39'17"E 

 Lateral • Ridges parallel to ice flow direction 
• May be modified by meltwater channels and post-glacial 

modification 
• Outwash terraces may be superimposed upon proximal slopes 
• Cross-valley asymmetry, one valley side larger than the other 

 
67°36'59"N, 34°04'56"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 De Geer • Ridges across a valley floor, perpendicular to ice flow direction 
• Straight or slightly concave in planform 
• Low heights <5 m 
• Associated with palaeo-shorelines (marine and lake), where the 

ridges abruptly start and end 

 
68°15'25"N, 38°45'36"E 

 Interlobate • Large ridges and hummocky deposits 
• Ridges display tabular morphologies with relatively flat upper 

surfaces and steep slopes either side of the moraines 
• May have kettle topography on the flat upper surfaces 
• May have lateral meltwater channels on the upper surfaces 

subparallel to ridge crests/moraine sides 
• May be surrounded by smaller hummocky topography 
• Associated with glaciofluvial deposits and eskers, which can 

appear to ‘feed’ both sides of the moraine 

 
66°20'43"N, 38°05'59"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Hummock – Type 1a • Small irregular mounds interspaced with depressions in 
mountainous environments 

• Occur in large spreads 
• Orientations indicate ice flowing up-valley/retreating down-

valley 

 
67°43'16"N, 33°42'55"E 

 Hummock – Type 1b • Small irregular mounds and depressions in mountainous 
environments 

• Generally occur in large spreads 
• Orientations indicate ice flowing down-valley/retreating up-

valley 

 
67°50'00"N, 34°50'29"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Hummock – Type 2a • Ring shaped mounds, with depressions in the centre 
• Rings vary in size: 1->30 m in diameter 
• May have irregular ridges in all directions in addition to rings 
• May have small irregular mounds in addition to rings and ridges 
• Often occur in larger spreads 

 
68°06'03"N, 34°00'46"E 

 Hummock – Type 2b • Small irregular mounds and depressions 
• Generally occur in large spreads 
• Disorganised distribution 

 
66°27'20"N, 35°39'55"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Hummock – Type 2c • Tabular or ripple-like ridges transverse to ice flow direction – 
morphologically similar to subglacial ribs, but smaller  

• Semi-ordered, irregular collections of ridges and mounds 
• Not found in association with subglacial bedforms 

 
67°25'38"N, 35°30'34"E 

 Hummock – Type 3 • Hummocks associated with sub-glacial drainage 
• May be small irregular mounds and depressions 
• Hummock morphology may be V-shaped with apices pointed 

down-ice as well as gentle up-ice and steep down-ice slopes 
• May appear in tracts parallel to ice flow  
• Tracts may be perpendicular to ice margin positions (indicated 

by morainic deposits) 
• Tracts may be topographically controlled 
• May be associated with eskers and/or subglacial meltwater 

channels (diagnostic criteria above) 

 
69°34'52"N, 30°42'02"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

Cirque infills* Based on the criteria of Hättestrand et al. (2008) and Sugden and 
Hall (2020) 

 

 Type 1 • Morainic deposits located on cirque floors: typically banked 
against cirque headwalls, and spread across cirque floors 

• May have convex up-valley (against cirque headwalls) slopes 
• Terrace-like deposits with steep, concave down-valley slopes 
• Irregular hummocky surfaces 

 
67°40'18"N, 33°32'33"E 

 Type 2 • Morainic deposits located on cirque floors: typically banked 
against cirque headwalls, and spread across cirque floors 

• May have a convex up-valley (against cirque headwalls) slopes 
• Deposits with down-valley slopes extend out towards main 

valley 
• May have flow deformation structures on the surface such as 

irregular ridges and hummocks 

 
67°41'30"N, 33°32'30"E 
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Landform 
(Classification, where 
applicable) 

Diagnostic criteria 
(Based on the criteria of…) 

Example 
(left: ArcticDEM imagery) (right: annotated ArcticDEM 
imagery) 

 Type 3 • Morainic deposits located on cirque floors: typically banked 
against cirque headwalls, and spread across cirque floors 

• Slightly convex profiles 
• Smooth undulating surfaces that may be fluted 
• May have surface ridges and hummocks resembling end 

moraines  
• Typically have a semi-circular ring of lakes along cirque 

headwalls 

 
67°50'20"N, 34°59'00"E 

    

Cirques Based on the criteria of Evans and Cox (1995), Benn and Evans 
(2010), and Barr and Spagnolo (2015) 

• Amphitheatre-shaped hollows, open down-valley with steep 
headwalls  

• Arcuate shape of headwalls (in both planform and profile) 
• Gently sloping floors, often occupied by a lake, bog, or cirque 

infill  
• Cirque development is classified after Evans and Cox (1995): 

Grade 1 ‘classic cirque’; Grade 2 ‘well-defined’; Grade 3 
‘definite’; Grade 4 ‘poor’; Grade 5 ‘marginal cirque’  

• Cirque types are defined after Benn and Evans (2010): Simple; 
Compound; Complex; Staircase; Trough 

 
67°50'00"N, 33°50'15"E 
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necessary for glacial interpretations beyond, for example, simple ice flow patterns or ice 

margin positions. 

Individual landforms also are attributed a subjective level of confidence so that the glacial 

reconstruction (Part C) is developed with the greatest certainty by excluding, for example, 

lower confidence landforms. The confidence levels, which are published in Boyes et al. 

(2021b), are based on the following criteria: 

Low confidence (1): landform may not be of glacial origins, landform may be 

misinterpreted, and the boundaries of the landform are likely inaccurate.  

Medium confidence (2): landform is likely of glacial origin, landform may be 

misinterpreted, or boundaries of mapped landform may be inaccurate.  

High confidence (3): landform is definitely of glacial origin, landform is correctly 

interpreted, and the boundaries of the mapped landform are accurate.  

Elevation and bathymetry data for the basemap are derived from the European Space Agency 

(2021) and the GEBCO Compilation Group (2020); these data are for visualisation purposes 

on the final map only and were not used during the digital mapping stage. The maps were 

exported to Adobe Illustrator v24.2 for editing before being exported in PDF format. To 

allow inspection of individual landforms while reflecting the ice sheet-scale, the maps are 

designed to be printed at A0 size (1,189 by 841 mm) at a scale of 1: 675,000. The final maps 

are projected to the WGS1984 UTM Zone 36N system. For clarity, Map 2 (shown in Figure 

4.4), which includes all mapped glacial landforms on the Kola Peninsula and Russian 

Lapland, does not distinguish individual landform classifications; these data are presented 

in Maps 3-5. Map 3 shows the subglacial bedforms, Map 4 details the meltwater landforms, 

and Map 5 shows the morainic deposits.  

4.5 Details and first-level interpretations of the geomorphological map 

The new mapping includes a total of 245,997 glacial landforms (Table 4.2), significantly 

extending the volume and detail of geomorphological data in the region. The ‘completeness’ 

of the geomorphological database, a subjective estimation of the percentage of glacial 

landforms captured, is dependent on the remotely sensed imagery used, the spatial extent of 

field mapping, and the size of landforms in relation to optical barriers such as tree cover and 

reservoirs; see Section 6.4 of this chapter for further discussion. The shapefile data of the  
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Figure 4.4: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Main Map 

(Map 2). 

 

Table 4.2 (next two pages): Mapped landforms, mapping style, their occurrence, and 

estimated completeness. The ‘completeness’ of the geomorphological database is dependent 

on the type of remotely sensed imagery used, the extent of field mapping, and the size of 

landforms in relation to optical barriers e.g. tree cover and reservoirs (see Section 6.4 of 

this chapter). 

Notes: 
 1 Cirque infill surface features are mapped as polygons (hummocks; n = 163) and polylines 

(ridges; n = 54), and are granted the same level of confidence as their parent cirque infill 

deposit. 
2 Confidence levels are not applied to cirques since cirque grades already imply a subjective 

level of confidence (Evans and Cox, 1995).
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Mapped landform Occurrence 
By confidence level 

Completeness 
(%) 

Subglacial bedforms    
Subglacial lineations Total:  

High (3):  
Medium (2):  
Low (1):  

58,113 
50,503 
6,516 
1,094 

90 

Subglacial ribs Total:  
High (3):  
Medium (2):  
Low (1): 

8,293 
6,446 
1,594 

253 

90 

Subglacially 
streamlined bedrock 

Total:  
High (3):  
Medium (2):  
Low (1): 

1,969 
971 
895 
103 

80 

Meltwater landforms    
Meltwater channels Total:  

High (3):  
Medium (2):  
Low (1): 

96,040 
60,449 
35,399 

192 

80 

Eskers Total:  
High (3):  
Medium (2):  
Low (1): 

3,358 
2,240 

809 
309 

90 

Palaeo-lake shorelines Total:  
High (3):  
Medium (2):  
Low (1): 

208 
29 

105 
74 

50 

Glaciofluvial deposits Total:  
High (3):  
Medium (2):  
Low (1): 

1,409 
1,042 

325 
42 

75 

Morainic landforms    
Moraine ridges Total:  

High (3):  
Medium (2):  
Low (1): 

3,967 
1,886 
1,641 

440 

85 

Moraine deposits Total:  
High (3):  
Medium (2):  
Low (1): 

72,191 
52,086 
17,259 
2,846 

85 

Cirque infills1 Total:  
High (3):  
Medium (2):  
Low (1): 

40 
22 
16 

2 

95 

Cirque infill 
hummocks 

Total:  
High (3):  
Medium (2):  
Low (1): 

163 
158 

5 
- 

95 
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Mapped landform Occurrence 
By confidence level 

Completeness 
(%) 

Cirque infill ridges Total:  
High (3):  
Medium (2):  
Low (1): 

54 
46 

8 
- 

95 

Cirques    
Cirques2 Total:  

Grade 1: 
Grade 2: 
Grade 3: 
Grade 4: 
Grade 5: 

192 
28 
33 
29 
23 
79 

100 

Total number of mapped landforms 245,997  
 

geomorphological landforms are published in Boyes et al. (2021b) and available to download 

at: https://www.tandfonline.com/doi/suppl/10.1080/17445647.2021.1970036.   

No contemporary glaciers are identified on the Kola Peninsula or Russian Lapland (cf. 

Vikulina et al., 2021). As such, all mapped landforms are from past glacial events. Map 2 

does not address the ages of the mapped landforms and it is highly likely that not all 

landforms are derived from the Late Weichselian glaciation, but will instead originate from 

earlier glacial periods. The relative age of the mapped glacial landforms will be explored in 

Part C. Examples of each mapped landform are shown in Table 4.1; any additional examples 

are provided where necessary to aid interpretations. Subglacial bedforms, meltwater 

landforms, morainic landforms, and cirques are introduced in that order. 

4.5.1 Subglacial bedforms: distribution and arrangement 

The Subglacial Bedform Map (Map 3; Figure 4.5) records the occurrence of subglacial 

lineations (glacially streamlined landforms formed parallel to ice flow including, for 

example, drumlins, crag and tails, and MSGLs; Greenwood and Clark, 2008; Hughes et al., 

2010), subglacial ribs (groups of regularly spaced ridges formed transverse to ice flow; 

Greenwood and Clark, 2008; Hughes et al., 2010), and subglacially streamlined bedrock 

(linear ridges of bedrock that are possibly related to the structural geology rather than to ice 

flow directions; Hughes et al., 2010). Map 3 does not classify the different bedform types 

because this information is not strictly necessary for the glacial inversion model. The map 

includes 58,113 subglacial lineations, 8,293 subglacial ribs, and 1,969 examples of 

subglacially streamlined bedrock (Table 4.2). This new map replicates and extends the  

  

https://www.tandfonline.com/doi/suppl/10.1080/17445647.2021.1970036
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Figure 4.5: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Subglacial 

Bedforms Map (Map 3). 

locations of known bedform fields in northwest Arctic Russia and also provides more detail 

on bedform numbers, morphometries, and spacing than documented by existing maps 

(Kleman et al., 1997; Hättestrand and Clark, 2006a).  

Subglacial lineations identified on the Kola Peninsula and Russian Lapland show a 

significant range in length, ranging from ~ 59 m to ~ 11 km in length, with a mean length of 

~ 815 m. Similarly, subglacial ribs occupy a large size range, up to 2.5 km long (i.e. a-axis, 

perpendicular to ice flow), but are generally found to be ~ 800 m long and less than 10 m 

high. This bedform size range is comparable to those typically reported in the literature from 

other palaeo-ice sheet beds (Aylsworth and Shilts, 1989; Jansson, 2005; Dunlop and Clark, 

2006; Greenwood and Clark, 2008; Hughes et al., 2010; Ely et al., 2016).  

Bedform fields predominantly occur in lowland areas on the western Kola Peninsula and 

Russian Lapland, and the spatial distribution and orientation of subglacial lineations and ribs 

closely resembles that of subglacially streamlined bedrock (Map 3). The highest upland 

terrain and mountainous areas of the Kola Peninsula and Russian Lapland (such as the 
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Khibiny, Lovozero, and Monchetundra Mountains) are virtually devoid of bedforms, 

although some lineations are located > 550 m asl in the Salnyye Tundra Mountains and 

lineations occur in some valleys, e.g. the Seydozero basin in the Lovozero Mountains and 

the River Kuniyok valley in the Khibiny Mountains (Map 3). The central eastern Kola 

Peninsula is also largely lacking subglacial bedforms where subglacial lineations are found 

very sparsely distributed across a relatively subdued landscape (Map 3). The subglacial 

bedform record is therefore patchy despite being thoroughly documented during the mapping 

process. This is interpreted as relating to either (i) the terrain over which the ice sheet flowed, 

or (ii) the properties of the ice sheet itself. Similarities in the distribution and orientation of 

subglacial lineations and ribs with subglacially streamlined bedrock suggests bedform 

formation and ice flow geometry may have been influenced by the underlying topographic 

and geological structures (Olvmo and Johansson, 2002; Roberts and Long, 2005; Bruhn et 

al., 2010; Roberts et al., 2010). Bedforms, including subglacially streamlined bedrock, are 

typically restricted to lower elevations where they can be found diverted around the higher 

topography, indicating that the palaeo-ice flow pattern was influenced by the pre-existing 

topography.  

However, interpretations regarding the dynamics of the ice sheet may also be made. For 

example, where the bedform signature suggests strong topographic control, such as around 

mountainous areas, a thin ice sheet that is unable to dictate its own ice flow geometry can be 

envisaged (Dunlop and Clark, 2006; Greenwood and Clark, 2008; Hughes et al., 2010). In 

contrast, where topographic obstacles appear to have no effect upon either ice flow directions 

or the bedforming process, such as in the Tuloma river basin, a thicker ice sheet was likely 

present (Dunlop and Clark, 2006; Greenwood and Clark, 2008; Hughes et al., 2010). The 

most significant gap in the coverage of bedforms on the central eastern Kola Peninsula, 

however, cannot be attributed to topography. This region is traditionally thought to have 

been glaciated by the Ponoy Ice Cap, a cold-based ice mass that did not generate any 

bedforms or glacial sediments (see Chapter 2; Ekman and Iljin, 1991; Niemelä et al., 1993; 

Rainio et al., 1995; Astakhov et al., 2016). More likely, however, is that cold-based 

subglacial conditions persisted in the FIS throughout the Late Weichselian, thus precluding 

bedform development (Stroeven et al., 2002; Hättestrand and Clark, 2006b; Stroeven et al., 

2016).  

Overall, the spatial distribution and orientation of the subglacial bedforms in Map 3 suggests 

a radial ice flow pattern, from west to east, towards the coasts of Russian Lapland and the 
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Kola Peninsula, with an ice lobe flowing from southern Russian Lapland, through the White 

Sea, and along the Tersky coastline on the eastern Kola Peninsula. While the distribution of 

the whole population of bedforms could present a simple story, the arrangements of 

bedforms suggests a more complex ice sheet history, and may reveal a multi-temporal record 

of ice flow configuration. There are 4,185 instances of bedform cross-cutting and 

superimposition (Figure 4.6), where subglacial bedforms are observed overlapping other 

bedforms. In these instances, the underlying bedforms and the overlapping bedforms each 

reflect different ice flow directions. Such landform relationships suggest ice sheet 

reorganisation (since a new configuration must be invoked to explain the change in ice flow 

direction) and are incompatible with a simple model of radial ice flow. Fields of subglacial 

ribs are, however, usually found alongside subglacial lineations (Figure 4.7). In some 

Figure 4.6: Locations of bedform cross-cutting, indicated by the orange triangles. 
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Figure 4.7: Example of drumlinisation of subglacial ribs. Left panel shows the mapped 

landforms (subglacial ribs – yellow, and lineations – black); right panel shows ArcticDEM 

imagery. 

locations, ribs display the initial stages of drumlinisation (Figure 4.7). This suggests ribs 

may form contemporaneously with lineations, or that ribs may be the precursor to, and are 

remoulded by, lineations (Hughes et al., 2010; Barchyn et al., 2016; Stokes et al., 2016b; 

Vérité et al., 2021). Thus, instances of lineation-rib cross-cutting may not represent separate 

ice flow events but the continual reworking of the subglacial environment.  

4.5.2 Meltwater landforms: distribution and arrangement 

The Meltwater Landform Map (Map 4; Figure 4.8) records the occurrence of meltwater 

channels (relict channels that are the product of glacier ablation and meltwater flow; 

Greenwood et al., 2007), eskers (elongate, sinuous ridges composed of glaciofluvial 

sediments; Storrar et al., 2014a), glaciofluvial deposits (accumulations of glaciofluvial 

material that mostly display planar upper surfaces; Hättestrand and Clark, 2006a; Bennett 

and Glasser, 2009), and palaeo-lake shorelines (erosional or depositional benches parallel to 

contours that indicate the presence of glacial lakes; Hättestrand and Clark, 2006a; Bennett 

and Glasser, 2009). The map comprises 101,015 meltwater landforms, the majority of which 

(95 %) are meltwater channel fragments. Note that this total does not mean there are 101,015 

discrete landforms, as individual segments of a meltwater channel or esker network are 

mapped as individual features. Thus, what constitutes a single route of meltwater flow 

probably comprises multiple mapped polylines in the database. Where channel morphometry 
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Figure 4.8: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Meltwater 

Landforms Map (Map 4). 

leads to an equivocal glacial interpretation, and scrutiny of the PlanetScope Ortho Scene data 

suggest the presence of water, channels are treated with caution and excluded.  

Meltwater channels – with lengths ranging from ~ 52 m to ~ 132 km, and a mean length of 

~ 682 m – occur across the mapped area in a variety of settings, including across lowland 

terrain, perched on valley sides, and atop morainic ridge crests (Figure 4.9). No 

differentiation is made between channel size (i.e. width and depth) on the maps. To facilitate 

interpretations of ice sheet dynamics, meltwater channels are classified based on the criteria 

of Greenwood et al. (2007), as: 

Lateral: channels formed at the ice margins, observed on slopes oblique to contours 

(Figure 4.9).   

Subglacial: channels reflecting the flow of meltwater beneath an ice sheet, orientated 

in the direction of ice flow (Figure 4.9). 

Proglacial: channels associated with meltwater flowing away from the ice sheet 

margins. 
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Spillway: channels associated with the drainage of an ice-dammed lake.  

Lateral meltwater channels are the principal meltwater landform and are found across the 

Kola Peninsula and Russian Lapland. The best examples of lateral meltwater channels are 

located on the southern flanks of the Lovozero Mountains (Figure 4.9), where > 100 relict 

channel features oblique to contours are stacked one atop the other. These lateral meltwater 

channels are indicative of ice margin positions (Bolshiyanov and Verkulin, 1989; 

Greenwood et al., 2007) and document the westward retreat of the FIS. Lateral meltwater 

channels are also mapped on the plateaux of the Khibiny Mountains (Figure 4.10). Such 

features at or near to mountain summits suggest ice sheet thinning during deglaciation, and 

that the mountain summits were probably exposed as nunataks during deglaciation 

(Greenwood et al., 2007). Lateral meltwater channels are also found in isolation of other 

glacial landforms on the central eastern Kola Peninsula (Maps 2 and 4) – this is indicative 

of uninterrupted cold-based glaciation (Hättestrand and Clark, 2006b; Kleman et al., 2008).  

 

 

Figure 4.9: Schematic illustration of meltwater channel context in the glacial system 

(modified from Greenwood et al., 2007). Lateral channels flow along the ice margin, 

whereas subglacial channels flow at the ice bed near the glacier snout; both are used in the 

glacial reconstruction (see Chapter 6). Lateral and subglacial meltwater channel examples 

from the Kola Peninsula are shown. 
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Figure 4.10: Lateral meltwater channels on or near the summits of mountains in the Khibiny 

Mountains, indicating ice sheet thinning during deglaciation. (a) Lateral meltwater channels 

in the central Khibiny Mountains. Left panel shows the mapped channels (blue); right panel 

shows ArcticDEM imagery. Locations and orientations of where photographs (b) and (c) 

were taken are shown. (b) A relict channel feature – known as Geografov Pass, indicated by 

the arrow – cutting through the headwalls of two opposing cirques. (c) A snow patch fills a 

notch-like hollow on Pachvumchorr Ridge that is interpreted as a lateral meltwater channel. 

Subglacial meltwater channels are not as widely distributed across the western Kola 

Peninsula and Russian Lapland (Map 4), although where they are found they suggest warm-

based glaciation (Hättestrand and Clark, 2006b; Kleman et al., 2008). The largest channel 

networks are constrained to the glacially-scoured bedrock near the region’s northern coast, 

where interconnected channels are arranged in a complex anastomosing pattern with no 

predominant orientation, instead appearing to follow lines of geological weakness. The 

complex drainage network may represent meltwater channel development over multiple 
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glacial cycles and/or geological fault-guided meltwater flow (Glasser and Hambrey, 1998; 

Bradwell, 2005; Domack et al., 2016; Kirkham et al., 2020).  

Proglacial meltwater channels are often topographically constrained features that are located 

across the Kola Peninsula and Russian Lapland, although the greatest concentration of 

proglacial meltwater channels is found on the Tersky coastline (Map 4). Proglacial channels 

document the transport of meltwater away from an ice margin (Greenwood et al., 2007). 

Finally, just nine instances of spillway channels are identified in the region (Map 4), and 

they are associated with palaeo-lake shoreline and/or glaciofluvial terraces. Spillways 

document the drainage of ice-dammed lakes (Greenwood et al., 2007). The paucity of these 

channels is likely to reflect the limited number of ice-dammed lakes (indicated by the palaeo-

lake shorelines) identified in the region. Alternatively, geomorphological evidence of 

spillways may be reworked by subsequent paraglacial processes, or obscured by 

contemporary fluvial drainage networks.  

Eskers range in length from ~ 41 m to ~ 49 km, with a mean length of ~ 1.5 km, and are 

primarily found on the lowland terrain of the western Kola Peninsula and Russian Lapland, 

but also occur along the Tersky coastline of the eastern Kola Peninsula (Map 4). No eskers 

are identified on the central eastern Kola Peninsula. The spatial distribution of eskers 

suggests subglacial drainage under a warm-based ice sheet (Greenwood et al., 2007; Storrar 

et al., 2014a) on the western Kola Peninsula, Russian Lapland, and the Tersky coastline. The 

eskers are not assigned individual classifications since they are not strictly required for 

reconstructing former ice sheet dynamics (Kleman and Borgström, 1996). However, esker 

chains display a range of morphologies. For example, some eskers undergo morphological 

changes from a single ridge, to a braided complex of ridges and glaciofluvial sediments, and 

back to a single ridge (Figure 4.11a). These ‘esker enlargements’ may indicate structural 

collapse of the ice sheet during deglaciation (Dewald et al., 2021). Two notable esker chains 

(Figure 4.11b) are larger than other eskers in the region – up to 60 km long, 600 m wide, and 

70 m high – and are surrounded by large spreads of glaciofluvial sediments. Additionally, 

these esker chains are identified between contrasting fields of subglacial bedforms. This 

suggests interlobate origins for the two esker systems on the Kola Peninsula (Brennand and 

Shaw, 1996; Maries et al., 2017).  

Glaciofluvial deposits are predominantly identified on the western Kola Peninsula and 

Russian Lapland, as well as along the eastern Kola Peninsula coastline (Map 4). 
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Glaciofluvial deposits are lacking on the central eastern Kola Peninsula. The glaciofluvial 

deposits occur as large spreads (up to 84 km2) on valley floors or terraces perched on valley 

sides. To support glaciodynamic interpretations, the deposits are classified based on the 

criteria of Bennett et al. (2000), Hättestrand and Clark (2006a), Bennett and Glasser (2009), 

and Evans and Orton (2015) as: 

Delta: fan-shaped accumulations of glaciofluvial sediments.   

Terrace: accumulations of glaciofluvial sediments banked against hillsides, 

displaying planar upper surfaces and steep fluvial-erosional slopes. Terraces may be 

‘stacked’ on hillsides. 

Outwash: accumulations of glaciofluvial sediments that occur as large spreads (e.g. 

sandur). 

Glaciofluvial sediments are assumed to have been deposited at or in front of the ice margin. 

As such, glaciofluvial deposits signify ice margin positions. Additionally, the spatial 

distribution of glaciofluvial deposits suggests ice was cold-based on the central-eastern Kola 

Peninsula, as such thermal regimes would not have facilitated the subglacial erosion 

necessary for the production of glaciofluvial sediments (Bennett et al., 2000; Bennett and 

Glasser, 2009; Evans and Orton, 2015). 

Palaeo-lake shorelines are predominantly identified perched on valley sides of the Khibiny 

Mountains, where they do not exceed elevations of 810 m asl, but can also be found on the 

lowland terrain in association with moraine deposits. Palaeo-lake shorelines indicate the 

margins of ice-dammed lakes, and by consequence may be used to identify ice margin 

positions. However, the shorelines are not assigned individual classifications since this is 

not strictly required for reconstructing former ice sheet dynamics (Kleman and Borgström, 

1996).  

Figure 4.11 (next page): Examples of eskers identified on the Kola Peninsula and Russian 

Lapland. Left panel shows the mapped landforms (eskers – red, and glaciofluvial deposits – 

green); right panel shows ArcticDEM imagery. (a) A single esker ridge, which becomes a 

braided ‘esker enlargement’ with multiple esker ridges. (b) A large esker system (maximum 

esker length ~49 km) flanked by two groups of subglacial bedforms, which is interpreted as 

an interlobate formation. 
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4.5.3 Morainic landforms: distribution and arrangement 

The Morainic Landform Map (Map 5; Figure 4.12) details the occurrence of moraines 

(mounds, ridges, or spreads of till and glaciofluvial sediments; Bennett and Glasser, 2009) 

and cirque infill deposits (bouldery morainic deposits spread across cirque floors and banked 

against cirque headwalls; Hättestrand et al., 2008; Sugden and Hall, 2020). Moraines are 

mapped here as either moraine ridges (n = 3,967; Table 4.2) or moraine deposits (n = 72,191; 

Table 4.2) depending on their morphologies. The spatial distribution of moraines reveals 

numerous ice margin positions on the Kola Peninsula and Russian Lapland. However, to aid 

interpretations of ice dynamics during glaciation, moraines have been classified into the 

categories outlined in Table 4.3.  
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Figure 4.12: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Morainic 

Landforms Map (Map 5). 

Moraines are predominantly identified on the western Kola Peninsula and along the Tersky 

coastline; the central eastern Kola Peninsula is largely devoid of moraines (Map 5). Belts of 

hummocky (predominantly Type 2a) and end moraines, in places up to 35 km wide, on the 

lowland shield terrain between the northern and southern coastlines of the western Kola 

Peninsula reveal several standstills during retreat. Moreover, moraines on the shield terrain 

are arranged in arcuate assemblages, usually confined within topographic lows (e.g. on 

valley floors between upland areas), suggesting that the ice sheet was most likely 

topographically constrained during retreat. Other hummocky moraines are located at the 

lateral margins of lineation corridors – i.e. an elongated zone of densely-spaced subglacial 

lineations bordered by areas generally lacking in bedforms, such as in the River Vostochnaya 

Litsa valley (Figure 4.13). This is characteristic of the lateral margins of palaeo-ice streams, 

and thus may document the retreat of ice streams and/or glacier surges rather than standstills 

in ice margin retreat (Stokes and Clark, 1999, 2001). Similar hummocky moraines are 

identified on the Tersky coastline and may document the retreat of an ice lobe in the White 

Sea, although geomorphological evidence for the White Sea ice lacking.  
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Table 4.3: Moraine classifications applied to the moraine deposit and moraine ridge layers. 

Diagnostic criteria and examples of moraines on the ArcticDEM imagery are outlined Table 

4.1. 

Moraine classification Definition 
End  Ridges with defined crests that are aligned perpendicular to ice flow, 

demarcating the frontal margin of a glacier. End moraine ridges are not 
used here to demarcate the maximum extent of the ice sheet, but 
represents a significant ice margin.  

Lateral  Well-defined ridges located on mountain sides, above the valley floor, 
demarcating the lateral margins of a glacier. 

De Geer  Ridges aligned perpendicular to ice flow and associated with palaeo-
shorelines where the ridges abruptly start/end, demarcating the frontal 
margins of a glacier in a sub-aqueous environment.  

Interlobate  Tabular ridges with steep ice-contact slopes and flat, hummocky, or 
multi-crested upper surfaces, which form at the edge-to-edge contact of 
two ice margins. 

Hummock – Type 1a Small irregular mounds and depressions in mountainous environments 
e.g. the Khibiny and Lovozero Mountains associated with FIS 
glaciation. 

Hummock – Type 1b Small irregular mounds and depressions associated with localised 
glaciation (i.e. cirque and icefield glaciations) in mountainous areas. 

Hummock – Type 2a Known as ‘ring-and-ridge moraines’ for their irregular morainic 
topography displaying complex ring, ridge, and hummock 
morphologies. Also known as ‘doughnut’ moraines outwith Russia 
(e.g. Evans et al., 2014). Can occur in large spreads over 600 km2. 

Hummock – Type 2b Small irregular mounds and depressions located on the lowland shield 
terrain associated with FIS glaciation. These moraines can exist as large 
spreads, up to 400 km2. 

Hummock – Type 2c Semi-ordered collections of tabular or ripple-like ridges transverse to 
ice flow direction. Not to be confused with subglacial ribs.  

Hummock – Type 3 Small irregular mounds that may be elongated and/or v-shaped in plan-
form with apices pointed down-ice. Sometimes associated with 
subglacial drainage (e.g. Peterson et al., 2017; Lewington et al., 2020), 
but their genetic origins are currently unclear. 
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Figure 4.13: A corridor of densely spaced lineations in the River Vostochnaya Litsa valley 

is flanked by hummocky moraines. Left panel shows the mapped landforms (subglacial 

lineations – black, hummocky moraines – brown); right panel shows ArcticDEM imagery. 

Moraines are also identified on cirque and valley floors of the mountains in arcuate spreads 

with apices aligned up-valley (Map 5). This indicates ice sheet thinning and glacier retreat 

down-valley during the LGIT. De Geer moraines aligned perpendicular to valley sides are 

identified alongside palaeo-lake shorelines in the Khibiny Mountains (Map 5). De Geer 

moraines, combined with palaeo-lake shorelines, suggest ice-dammed lakes established in 

some valleys during retreat. Large ridges aligned perpendicular to the valley sides at valley 

mouths in the Khibiny, Lovozero, and Monchetundra Mountains (Figure 4.14) are 

interpreted as end moraine ridges. These significant end moraines document standstills in 

FIS retreat. Type 1b hummocky moraines in arcuate spreads with apices aligned down-valley 

are unique to the cirques and valleys of the Lovozero Mountains (Figure 4.15). This suggests 

localised cirque and valley glaciation in the Lovozero Mountains after FIS retreat.  
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Figure 4.14: Example of a large cross-valley end moraine ridge in the Vubyarvryok valley, 

central Khibiny Mountains. (a) Left panel shows the mapped landform; right panel shows 

ArcticDEM imagery. The outline of the main ridge is mapped as a polygon (brown), and the 

ridge crests mapped as polylines (light brown). (b) Photograph of the end moraine ridge 

(ridge crest indicated by the red arrows). (c) Large (> 8 m3), glacially transported boulders 

are located on the crest of the ridge. 

Large tabular-shaped moraines with two steep sides and a relatively flat upper surface, which 

are up to 3.5 km wide, (Figure 4.16) are identified along the southern and Tersky coastlines 

(Map 5). The clearest examples are the Keiva IIa and IIb moraines. Eskers are found grading 

into both sides of the moraines, and surficial lateral meltwater channels are aligned sub-

parallel to the moraine crests. Contrasting bedform assemblages are found either side of the 

moraines on the central eastern Kola Peninsula and Tersky coastline. These moraines are 

interpreted as interlobate moraines, which likely formed at an east- and northeast-migrating 

junction between two cold- and warm-based ice masses. The western end of the Keiva IIa  
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Figure 4.15: Moraine assemblages in the central Lovozero Mountains are indicative of 

localised cirque and valley glaciers, suggesting local ice masses existed after FIS retreat. 

The moraine symbology used matches Map 5: end moraine – brown; sandy-brown – 

Hummock Type 1b; orange-brown – Hummock Type 1a. 

 

Figure 4.16: A section of the Keiva IIb moraine, interpreted as an interlobate moraine. Left 

panel shows the mapped landforms (brown); right panel shows ArcticDEM imagery. 
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Interlobate moraines in the region are characterised by broad, flat upper surfaces and steep 

ice contact slopes on either side of the deposit.  

 

moraine near Varzuga is fragmented and does not follow the arcuate trajectory of the rest of 

the moraine, and the surfaces of the morainic deposits are drumlinised. This suggests 

overriding of the Keiva IIa moraine by the FIS. 

Cirque infills – which are identified in the Khibiny, Lovozero, and Salnyye Tundra 

Mountains (n = 40; Table 4.2) – are bouldery deposits (Figure 4.17), often with an arcuate 

morphology indicative of ice lobes flowing up-valley. Cirque infills are identified at a range 

of elevations – between 473 and 969 m asl, averaging ~ 750 m asl – and occupy 

predominantly northeast and southeast facing slopes in the lee of cirque headwalls (Figure 

4.18). Although direct measurements were not made during this study, field observations 

 

 

Figure 4.17: Bouldery, hummocky deposit spread across a west-facing cirque floor on 

Takhtarvumchorr ridge, central Khibiny Mountains, interpreted as a cirque infill deposit. 

Scree slopes at the base of the cirque headwall are a paraglacial deposit, i.e. deposited after 

deglaciation. 
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Figure 4.18: Aspects of cirque infill 

deposits identified on the Kola 

Peninsula and Russian Lapland. The 

aspect vector mean (VM), vector 

strength (VS, which highlights the 

extent of deviation from a uniform 

distribution with aspect), and 

number of cirques (n) are recorded. 

 

and measurements of ArcticDEM imagery suggests the infills are < 75 m thick. Direct 

observations of boulders in three cirque infills in the southwestern Khibiny Mountains 

during fieldwork identified homogenous lithologies that are dominated by the bedrock of the 

parent cirque headwalls.  

Cirque infills also display variable surficial morphology in the form of hummocks and 

ridges. Such characteristics are used here to classify the infills, according to the 

morphological criteria of Hättestrand et al. (2008). This permits the depositional and post-

depositional histories of the deposits to be inferred. Type 1 cirque infills are terraced deposits 

and are the most common type of cirque infill in northwest Arctic Russia. These infills are 

thought to be indicative of deposition between a cirque headwall and a thinning and 

retreating glacier margin. Type 2 cirque infills, which are only found in the Khibiny and 

Lovozero Mountains, display surficial flow deformation structures such are arcuate ridges 

and hummocky surfaces orientated down-valley, which are indicative of rock glacierisation 

or internal ice flow down-valley. Finally, Type 3 cirque infills, which have fluted surfaces 

that are indicative of glacier overriding, are primarily located in the Lovozero Mountains, 

but also in the Salnyye Tundra Mountains.  

4.5.4 Cirques: distribution and arrangement 

A total of 192 cirques (amphitheatre-shaped erosional valleys; Evans and Cox, 1995) are 

identified across the mountainous areas of the Kola Peninsula and Russian Lapland (Figure 

4.19) where they are arranged around the margins of mountain summits and plateaux. Cirque 

floor minimum altitudes range from 322 to 928 m asl (average 605 m asl), similar to 
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Figure 4.19: Spatial distribution of cirques (purple) on the Kola Peninsula and Russian Lapland.

O
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observations in other Arctic environments (Hassinen, 1998; Oien et al., 2020). Cirques also 

display variable morphologies (Figures 4.20 and 4.21; Table 4.4), including typical 

amphitheatre-shaped cirque morphologies and less-common staircase structures where two 

cirques are stacked one above the other (Gordon, 1977; Benn and Evans, 2010), and different 

levels of development (Evans and Cox, 1995). A northeast bias in cirque aspect, which is 

often observed in the northern hemisphere (Evans, 1977; Barr and Spagnolo, 2015), is not 

evident from the cirques identified in northwest Arctic Russia (Figure 4.22a). However, 

when considering only grade 1 and 2 cirques, which are the most well developed, a northeast 

bias is more apparent (Figure 4.22b).  

The majority of cirques on the Kola Peninsula and Russian Lapland have been assigned 

grade 4 or 5 based on the weakly developed morphologies (Evans and Cox, 1995). This may 

indicate that cirque development is still in its infancy in northwest Arctic Russia. However,  

 

 

Figure 4.20: Different types of cirques identified on the Kola Peninsula and Russian 

Lapland, after Benn and Evans (2010): (a) distinct, independent simple cirques; (b) two 

simple cirques merging into a compound cirque; (c) more than two subsidiary cirques 

merging into a large cirque complex; (d) staircase cirques, stacked one above the other; and 

(e) a cirque trough at the head of a glacial trough.
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Figure 4.21: Different stages of cirque development identified on the Kola Peninsula and 

Russian Lapland, graded after Evans and Cox (1995): (a) classic cirques, displaying 

textbook cirque attributes of a well-developed cirques; (b) well-defined, clearly developed 

cirques; (c) a definite cirque, but one where some attributes may be weakly developed; (d) 

poor cirques, where some well-developed characteristics make amends for many weak ones, 

but cirque glacier origins remain doubtful; and (e) marginal cirques where cirque status 

and origins are doubtful. 

Table 4.4: Occurrence of cirque classifications and development stages on the Kola 

Peninsula and Russian Lapland. Examples of each classification and development stage are 

shown in Figures 5.20 and 5.21, respectively. 

Cirque classification Occurrence Cirque development Occurrence 

Simple 143 Classic (grade 1) 28 

Compound 12 Well-defined (grade 2) 33 

Complex 2 Definite (grade 3) 29 

Staircase 2 Poor (grade 4) 23 

Trough 33 Marginal (grade 5) 79 
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Figure 4.22: Cirque aspect data for cirques identified on the Kola Peninsula and Russian 

Lapland. (a) Aspects of all cirques identified in the study area. Cirques do not appear to 

display characteristic northeast-facing aspects. However, aspects of the most well-

developed cirques (b) display more typical aspect distribution, with more northeast-facing 

cirques. For each population, the aspect vector mean (VM), vector strength (VS, which 

highlights the extent of deviation from a uniform distribution with aspect), and number of 

cirques (n) are recorded. 

the abundance of poorly-developed cirques may also suggest that cirque development was 

inhibited during the Quaternary. In support of the latter, several landforms identified within 

and/or in the vicinity of cirques – including moraines spread across cirque floors and banked 

against headwalls, and lateral meltwater channels on plateaux surfaces above cirque valley 

sides – suggest that the cirques were inundated by the last FIS, thus precluding cirque 

development during the Late Weichselian.   

4.6 Comparison with the literature 

The glacial geomorphological map presented in this thesis is a thorough examination of the 

landscape using the latest high-resolution remotely-sensed imagery, and reveals a diverse 

landform assemblage across the region. The position, configuration, and significance of 

glacial landforms on the Kola Peninsula and Russian Lapland often have been discussed in 

the literature such that the spatial distribution of different landform types have become 

paradigm features (see Chapter 2). This problem stems, in part, from the use of lower-

resolution geomorphological maps (such as that presented by Hättestrand and Clark, 2006a), 
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or location-specific field studies (e.g. Yevzerov and Nikolaeva, 2010). With reference to the 

literature that underpins the existing glacial maps, this part of the chapter will consider the 

new geomorphological record in terms of what new information is revealed, what patterns 

are replicated, what details in the existing literature are challenged, and what information is 

missing in the new mapping.  

It should be noted that it is not strictly fair to compare the glacial geomorphological maps 

presented by Niemelä et al. (1993), Hättestrand and Clark (2006a), and Petrov et al. (2014) 

with the glacial map presented in this chapter (Figure 4.4; Map 2); it is not a like-for-like 

comparison but rather a detailed map of individual landforms versus a lower-resolution 

glacial geomorphological and geological map (Figure 4.23). However, this discussion serves 

to reinforce the fact that lower-resolution remotely-sensed imagery and scattered field 

observations produce a glacial map that is no more detailed than a schematic image, and 

consequently hinders glacial interpretations.  

4.6.1 What is new? 

Whilst the mapping of Niemelä et al. (1993), Hättestrand and Clark (2006a), and Petrov et 

al. (2014) captures the overall distribution of glacial landforms on the Kola Peninsula and 

Russian Lapland, the new mapping presented in this thesis (Maps 2-5) significantly increases 

the level of detail in the region. For example, Hättestrand and Clark (2006a) mapped 14,294 

subglacial lineations, whereas the new mapping presented here includes 58,113 subglacial 

lineations. The new map also includes the first comprehensive database of cirques in 

northwest Arctic Russia. Finally, the new mapping also includes the first assessment of 

possible subglacial meltwater drainage networks indicated by Type 3 hummocky moraines 

(Figure 4.24), interpretations that are in their infancy (Peterson et al., 2017; Lewington et 

al., 2020; Ojala et al., 2021).  

 

Figure 4.23 (next page): Comparison of the glacial geomorphological mapping presented 

by Hättestrand and Clark (2006a) (left panels) with the new mapping (right panels). The top 

panels display data for the whole region, whereas the bottom panels detail an area south of 

the Khibiny Mountains. The new mapping not only increases the volume of data across the 

Kola Peninsula and Russian Lapland, but increases the detail in the geomorphological 

record.
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Figure 4.24: Example of a Type 3 hummocky moraine tract identified along with an esker 

and subglacial meltwater channels. Left panel shows the mapped landforms (Type 3 

hummocky moraine – brown, esker – red, subglacial meltwater channels – blue, glaciofluvial 

deposit – green); right panel shows ArcticDEM imagery. 
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4.6.2 What is replicated? 

The new mapping presented in this thesis supports discontinuous subglacial bedform 

distribution as suggested during previous mapping attempts (Niemelä et al., 1993; Kleman 

et al., 1997; Hättestrand and Clark, 2006a). This is particularly true on the central eastern 

Kola Peninsula where subglacial bedforms are lacking. In addition, the new mapping 

presented here confirms some of the bedform patterns that are less prolific in the existing 

literature. For example, the new subglacial bedform mapping confirms and adds 

considerable detail to instances of cross-cutting bedforms and conflicting ice flow patterns 

that Hättestrand and Clark (2006a) identify (see Chapter 2). The conflicting ice flow patterns 

that may be identified from the bedform record suggests several ice flow events previously 

have been overlooked (cf. Kleman et al., 1997; Winsborrow et al., 2010a). 

The new mapping also supports previous interpretations of lateral meltwater channel and 

esker distributions, including the disparity of these features between the central eastern Kola 

Peninsula and other areas in northwest Arctic Russia (Niemelä et al., 1993; Hättestrand and 

Clark, 2006a; Stroeven et al., 2016). This suggests that the FIS was a polythermal ice sheet, 

with multiple zones of warm- and cold-based ice. Additionally, moraines, cirque infills, and 

lateral meltwater channels – previously identified by Armand (1960), Hättestrand and Clark 

(2006a), and Yevzerov and Nikolaeva (2008), among others – indicate ice sheet thinning 

exposing mountain summits as nunataks and glaciers retreating down-valley during the 

LGIT. Moraines mapped in the Lovozero Mountains also support local glaciation after FIS 

retreat, possibly at the periphery of the ice sheet, as previously suggested by Hättestrand and 

Clark (2006a) and Yevzerov (2009).  

4.6.3 What is challenged? 

The major challenge to previous ideas relates to the position of ice marginal zones on the 

Kola Peninsula and Russian Lapland. Ekman and Iljin (1991) and Yevzerov and Nikolaeva 

(2000) propose ice marginal zones in the region based on morainic deposits (see Chapter 2, 

Section 2.2.3 and Figure 2.8). However, the new mapping does not replicate moraines at all 

the locations suggested by these authors. For example, the new mapping does not identify 

moraines associated with ice marginal zone I in southern Russian Lapland or the River Kola 

valley (Figure 4.25). Furthermore, the ice marginal zone reconstructions presented by 

Ekman and Iljin (1991) and Yevzerov and Nikolaeva (2000) do not directly correspond to  
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Figure 4.25: Comparison of ice marginal zones inferred from the spatial distribution of 

moraines by Ekman and Iljin (1991) (see Chapter 2, Section 2.2.3) with moraines mapped 

in this thesis. The symbology for moraines matches Map 2 (moraine deposit – brown, 

moraine ridge - light brown). The moraines mapped in this thesis do not correspond with 

this ice margin reconstruction, suggesting possible inaccuracies in previous 

reconstructions. 

mapped moraines elsewhere in the study area (Figure 4.25), highlighting potential 

inaccuracies in previous published work.  

Another difference with earlier glacial reconstructions is the maximum extent of the KIC on 

the southeastern Kola Peninsula coastline. Studies including Ekman and Iljin (1991), 

Svendsen et al. (2004), and Hättestrand et al. (2007) reconstruct an interlobate zone between 

Varzuga and Lumbovskiy Bay. However, the new mapping identifies large moraine deposits 

(Figure 4.26; up to 4.7 km long, 800 m wide, 70 m high) with morphological similarities to 

the Keiva moraines near Umba (~ 67 km west of Varzuga), which are therefore interpreted  
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Figure 4.26: Large moraine ridge beside Lake Nizhneye Khlebnoye. Left panel shows the 

mapped landforms (brown); right panel shows ArcticDEM imagery. The moraine ridge 

displays similar morphological signatures to the Keiva moraines, including a broad, flat 

upper surface, and steep ice-contact slopes on the north and south sides. 

as interlobate moraines. An esker system linking the two moraines bears a morphological 

resemblance to the Harricana glaciofluvial complex in Canada (Brennand and Shaw, 1996) 

and interlobate eskers in Finland (Mäkinen, 2003; Maries et al., 2017), suggesting that it 

may also be an interlobate formation. As such, it is proposed here that the KIC is up to 100 

km longer than previously thought (cf. Hättestrand et al., 2007). Hättestrand and Clark 

(2006a) and Hättestrand et al. (2007) also map glacial lineations on the Keiva moraines, 

arguing that the interlobate moraines have drumlinised surfaces. The new mapping, 

however, does not support extensive drumlinisation, and suggests it is spatially restricted to 

the Keiva IIa moraine, particularly around Varzuga. A second possible interlobate esker 

complex around Lake Kolvitskoe (Figure 4.11b) presents a further challenge to previous 

interlobate complex interpretations in the region. This large esker complex, which displays 

similar morphologies to the Varzuga esker complex, is located between two contrasting 

bedform fields, which allude to interlobate origins.  

Finally, the new mapping challenges Hättestrand and Clark’s (2006a) meltwater landform 

record by identifying not only considerably more meltwater channels (a ~ 1,899 % increase 

in the total number of mapped channel fragments), but interpreting different genetic 

environments for some previously mapped meltwater channels. For instance, many of the 

‘large’ and ‘very large’ meltwater channels mapped by Hättestrand and Clark (2006a) on the 

Tersky coastline are interpreted here as proglacial meltwater channels based on the robust 
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criteria outlined in Table 4.1; these channels may not have been visible on earlier remote 

sensing datasets. Furthermore, the new mapping provides, for the first time, evidence of 

subglacial meltwater channels in this region. Such distinctions in interpretation are crucial 

for reconstructing ice margin positions and subglacial conditions of the ice sheet.   

4.6.4 What is missing? 

The imagery available for this research has been thoroughly examined through a number of 

repeat passes. The mix of data sources goes some way to minimising unmapped areas due 

to missing remotely-sensed imagery (e.g. in the ArcticDEM), and the high-resolution 

imagery used enables more landforms to be mapped than previous mapping attempts. The 

glacial geomorphological data presented in this thesis are therefore largely complete (at the 

resolution of the imagery available to this research), and have added considerable detail to 

the region (Figure 4.23). In addition, the mapping presented here also includes landforms 

associated with mountain glaciation, thus permitting reconstruction of peripheral ice masses. 

This is an aspect that other ice sheet-scale mapping projects (e.g. Hughes, 2009; Clark et al., 

2018) do not include, largely because mapping is focused on one specific scale (i.e. ice sheet 

or mountain glaciation).  

Despite this, smaller and more subtle landforms identified in the lowland taiga forest during 

field mapping were missed during the digital mapping stage; although this was not found to 

be a major issue in tundra and mountainous locations where tree cover is low. The greatest 

uncertainty is attributed to palaeo-lake shorelines, which may have been reworked by 

paraglacial processes. Glaciofluvial deposits were also noted to be obscured by vegetation, 

although to a lesser extent. Regardless, such small-scale data are not crucial for the purpose 

of ice sheet-scale reconstructions (Kleman and Borgström, 1996; Greenwood et al., 2007; 

Hughes et al., 2010). Future generations of higher-resolution remotely-sensed data will 

almost certainly yield more geomorphological data for the smallest landforms, but this is 

unlikely to reveal any entirely new landform assemblages that will have a bearing on the ice 

sheet-scale reconstruction presented in this thesis.  

The other key area where ‘completeness’ is lacking is in aqueous environments. Water can 

be of great assistance for landform identification when it accumulates in hollows and thus 

clearly outlines landform perimeters. However, many landforms are likely to have been 

inundated or obscured by large lakes and reservoirs. As such, where lakes and reservoirs 

occur, the gaps in the geomorphological record are likely to be data gaps rather than a true 
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absence of landforms. It is therefore estimated that the geomorphological dataset presented 

in this thesis is approximately 85 % complete; however, the estimated completeness varies 

for each landform type (Table 4.2).  

The maps presented in this thesis are spatially restricted to the modern-day terrestrial parts 

of the ice sheet bed in northwest Arctic Russia, and do not extend offshore. This restriction 

on mapping is imposed by data availability at the time of the research: imagery of the 

offshore regions of relevance does not exist in the public domain, and it is unlikely that high-

resolution bathymetry data – which is ideal for geomorphological mapping of aqueous 

environments – of the White Sea and Barents Sea (Russian sector) around the peninsula will 

become publicly available owing to the politically-sensitive nature of the region. Thus, not 

all landforms in northwest Arctic Russia, particularly offshore landforms, have been 

identified and included in these maps. Most importantly for ice sheet reconstruction, 

however, it is proposed that the new mapping presented here has captured the full 

distribution of subglacial bedforms – the signatures of ice flow patterns – on the terrestrial 

areas of the former ice sheet bed, as well as the details of spatial and temporal bedform 

relationships. It is argued here that the onshore bedform record of glacial landforms is 

sufficient for investigating the overarching ice flow history and uncertainties on the Kola 

Peninsula and Russian Lapland, although aspects of ice dynamics in the White Sea and 

Barents Sea, and the interaction with the terrestrial FIS, will remain uncertain. 

Finally, given the mapped area covers only a particular sector of the entire former FIS extent, 

the reconstruction presented in this thesis will rely on previously published data (e.g. Petrov 

et al., 2014; Stroeven et al., 2016; Putkinen et al., 2017; Romundset et al., 2017) for 

incorporating the regional reconstruction with the wider FIS system. Some of the detail 

captured in Map 2 will, therefore, be missing in other published works. This will partly 

preclude placing the glacial reconstruction presented in this thesis into the wider FIS context. 

It nevertheless contributes a substantial sector of the FIS for which only disparate 

information has existed up until now.  

4.7 Potential for interpretation of the landform record 

The glacial map and geomorphological data presented in this thesis have the potential to 

stimulate two routes of enquiry: (i) to develop a greater understanding of the geomorphic 

processes that produce glacial landforms, and (ii) a glacial inversion of the palaeo-

glaciological interpretation of the landform record to reconstruct ice sheet geometries.  
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4.7.1 Geomorphic processes and controls on landform genesis 

The data presented in the new mapping document the spatial distribution and morphological 

characteristics of 245,997 glacial landforms, including over 76,000 moraines. This large, 

detailed dataset of moraines – which have been classified into 10 distinct types based on 

their morphological characteristics (Table 4.3; Figure 4.27) – provides a better basis for 

examining and testing theories of moraine genesis than a reconnaissance-style 

geomorphological map that is typical of ice sheet-scale reconstructions (e.g. Clark et al., 

2012; Clark et al., 2018). The detailed geomorphological mapping and analysis of 

morphometric and spatial parameters enables the predictions of quantitative moraine 

formation models to be tested (e.g. Boone and Eyles, 2001; Leysinger Vieli and 

Gudmundsson, 2010), and permits comparison with potential controlling variables to be 

examined e.g. topographic properties (shape, slope, elevation), bedrock and surface sediment 

lithologies, and ice thickness (Gravenor and Kupsch, 1959; Evans, 2009; Lewington et al., 

2020).  

Figure 4.27: Different morphologies of hummocky moraines identified on the shield terrain 

of the Kola Peninsula and Russian Lapland: (a) ring and ridge (Type 2a) hummocky 

moraines; (b) irregular (Type 2b) hummocky moraine; and (c) tabular (Type 2c) hummocky 

moraine. Moraines have been classified according to morphometric characteristics in the 

new mapping, which can be used in future studies to understand the genetic development of 

different landform assemblages and thus make glaciodynamic interpretations. 

4.7.2 Ice sheet reconstruction 

The second route of analysis is the one adopted in this thesis: the landform record is 

interpreted as part of a glacial inversion model to reveal ice flow configurations and ice 

margin retreat patterns. The landform mapping presented here largely echoes earlier 
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summaries in terms of ice sheet-scale distribution and general landform patterns. A 

significant new insight yielded by this glacial map, and the most powerful indicator of the 

need for a new glacial reconstruction of the Kola Peninsula and Russian Lapland, is the 

prevalence of bedform cross-cutting throughout the landform record (Figure 4.6). The 

bedform record must, therefore, hold both spatial and temporal information regarding the 

evolution of the FIS on the Kola Peninsula and Russian Lapland. Well-accepted assumptions 

of landform genetic origins (see Chapter 3, Section 3.2) will be employed to assist 

interpretation of the spatial, temporal, and glaciodynamic significance of the landform 

record.  

4.8 Summary 

A systematic approach to mapping glacial landforms (Figure 4.1) using high resolution DEM 

and satellite imagery data is undertaken to produce a series of consistent glacial maps for the 

whole of the Kola Peninsula and Russian Lapland that presently lies above sea level. The 

landforms are mapped in accordance with what is required for the glacial inversion model. 

The DEM was visualised from four hillshaded relief models and satellite imagery were 

visualised in true colour and near infrared to ensure accuracy of mapping of landform shape. 

Confidence in mapping quality is achieved by verifying digital mapping of glacial landforms 

during field mapping surveys, and, where available, comparison with previous studies and 

geological maps. This is the first time that such an approach using high-resolution data has 

been applied to the Kola Peninsula and Russian Lapland.  

Maps 2-5 record the results of the first high-resolution, consistent, ice sheet-scale mapping 

of glacial geomorphology of the Kola Peninsula and Russian Lapland.  The maps are 

considered to reflect the true distribution and pattern of glacial landforms. Over 245,000 

features are contained within Map 2, which is estimated to be 85 % complete and therefore 

close to an accurate representation of the spatial distribution of glacial landforms in the 

region. Fieldwork and future generations of high-resolution remotely-sensed imagery will 

extend the record of the smallest landforms, but this is unlikely to have a major bearing on 

the ice sheet-scale reconstruction presented in this thesis. The maps provide the first high-

resolution consistent basis for a glacial inversion of the glacial landscape; this will be 

discussed in the following chapters. It is also anticipated that these maps will be useful 

beyond the glacial inversion model described in this thesis by providing a dataset and 

framework for more detailed local-scale glacial reconstructions. Furthermore, the maps 
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enable point information, including sedimentological observations and numerical dating, to 

be set into a broader context. 
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Part C:  

Reconstruction of the ice sheet 

 

View south towards Kirovsk 
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Chapter 5. Fennoscandian Ice Sheet flow configuration history on the 

Kola Peninsula and Russian Lapland 

5.1 Introduction 

The geomorphological record identified in this thesis (Maps 2-5) holds spatial, temporal, 

and glaciodynamic information. This part of the thesis (Chapters 5 and 6) presents the second 

stage of the glacial inversion model, which is concerned with interpreting this information 

from the landform record. Given the database used to compile Maps 2-5 contains > 245,000 

glacial landforms, the details of individual landforms overwhelm the effort to make 

landscape-scale interpretations. To translate the landform-specific to useful ice sheet-scale 

information, the data need to be ‘reduced’. This is partly addressed by first removing the 

lowest confidence landforms from the database. This not only reduces the dataset by 5,355 

features, but also ensures that the reconstruction is developed using landforms that are 

defined with the greatest confidence. In addition, the data need to be generalised without 

losing the vital spatial and temporal information that is necessary to translate the high-

resolution, landform-specific data to an ice sheet-scale. The concept of flowsets, which 

follows the theoretical assumptions of landform genesis and ice sheet arrangement outlined 

in Chapter 3, achieves this.  

A flowset is a discrete, coherent set of directionally and morphologically similar landforms, 

interpreted to represent a single ice flow event (Kleman et al., 1997; Greenwood and Clark, 

2009a, 2009b; Hughes et al., 2014). Each flowset retains the same palaeo-glaciological 

properties as the individual landforms it comprises while combining the spatial and temporal 

relationships between groups of individual landforms (Kleman et al., 1997; Greenwood and 

Clark, 2009a, 2009b; Hughes et al., 2014). As such, important landform-specific information 

is not lost, but large volumes of data are summarised as a single unit, thus facilitating easier 

visualisation and interpretations of a large body of evidence.  

Flowsets are typically used as a method of summarising subglacial bedform evidence, and 

these bedform flowsets are the fundamental units of the glacial inversion model (Kleman 

and Borgström, 1996; Clark, 1997; Kleman et al., 1997; Clark, 1999; Clark et al., 2000; 

Kleman et al., 2006; Greenwood and Clark, 2009a, 2009b; Winsborrow et al., 2010a; Hughes 

et al., 2014). In addition, the concept can be extended to other glacial landforms, such as 
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meltwater channels and eskers (Greenwood et al., 2007; Greenwood and Clark, 2009b; 

Hughes et al., 2014). Flowsets are typically spatially extensive, and numerous flowsets can 

exist for a single ice sheet. Importantly, flowsets can directly reveal ice flow directions while 

simultaneously indirectly revealing ice sheet configurations, and represent build-up, 

maximum, or deglaciation stages of an ice sheet’s history (Clark et al., 2000; Greenwood 

and Clark, 2009a). Flowsets are therefore the most useful basic unit to drive a 

geomorphology-based ice sheet reconstruction. Given the complexity of the terrestrial 

landform record revealed by the geomorphological map in this thesis (Chapter 4), along with 

the fact that high-resolution offshore geomorphological data for the region are unavailable, 

and that this thesis represents only a defined sector of the entire former extent of the FIS – 

the Kola Peninsula and Russian Lapland – the process of reconstruction is split into two 

parts: (i) ice flow configuration evolution (this chapter), and (ii) ice margin positions 

(Chapter 6). This chapter first details the methodological procedures and presents the 

resulting bedform summaries, and then assembles the flowsets into coherent ice flow 

configurations through time. For clarity in this chapter, a logical stepwise process is 

imposed. In reality, however, the glacial reconstruction is an iterative process where changes 

at any given stage may necessitate a return to earlier stages and, if necessary, flowset 

delineations may be altered.  

5.2 Procedure for bedform synthesis 

The construction of flowsets is a visual/manual rather than a quantitative or automated task. 

Flowsets are identified by inspection of the spatial arrangement of the bedforms shown on 

Map 3. Automated flowline reconstruction techniques do exist (e.g. Smith, 2003; Smith et 

al., 2016; Ng and Hughes, 2019). However, despite being more time-efficient, such 

techniques do not prove to be an adequate replacement for the human eye, and at best 

quantify what is visually apparent. Additionally, the objectivity of quantitative analysis is 

often severe, and it is unable to consider multiple possible scenarios. Therefore, in deriving 

flowsets on the Kola Peninsula and Russian Lapland, data are interpreted visually rather than 

quantitatively. In this way, all possible ice flow configuration scenarios can be considered.  

The method for identifying flowsets employed here is based on Greenwood and Clark 

(2009a), Hughes et al. (2014), and Butcher et al. (in prep). The aim is to arrive at a flowset 

that comprises features formed during a single ice flow event. Therefore, similarities in the 

following properties of individual landforms are considered: 
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• Orientation 

• Size (length) 

• Direction 

• Spacing 

Typically, bedforms in the same area formed under the same ice flow event would be 

expected to display roughly consistent morphological and directional characteristics (Figure 

5.1). However, inconsistency of bedform properties may occur within the imprint of a single 

  

 

Figure 5.1: Schematic diagram to show how mapped subglacial lineations are summarised 

as flow patterns and organised into flowsets (modified from Clark, 1997): (a) hypothetical 

lineation pattern; (b) and (c) alternative flow pattern summaries. In (b) all lineations are 

assumed to be the same age and are grouped into a single flow pattern, whereas in (c) two 

flow patterns are identified; (d) lineation morphometry statistics aids discrimination of flow 

patterns. In this case, the lineations form two populations on the basis of length and spacing. 

The inherent assumption is that lineations that formed under the same flow event will have 

similar morphometric characteristics, such as length and spacing. Such morphometric 

considerations aid flowset discriminations and are a useful tool to discriminate cross-cutting 

bedforms. In this case, they show (c) as the preferred outcome. The same process is also 

applied to subglacial ribs. 

Original in Colour 



 

121 
 

flow event, i.e. within a flowset. Such inconsistencies relate to both the ice conditions and 

the bed conditions. It is necessary that the division of flowsets only reflects varying ice sheet 

properties. Therefore, factors external to the ice sheet system – such as bed topography or 

geology – must be considered when delineating flowsets. Conceptual models of topographic 

or geologic influences upon the bedform record are illustrated in Figure 5.2. Any differences 

in bedform properties that are not readily explicable by topography and/or geology are 

interpreted as a product of varying ice sheet properties.  

 

 

Figure 5.2: Conceptual models of the effect of topographic highs and changes in geology 

upon bedform morphology: lineations are displayed on the upper panels, ribs on the lower 

panels (modified from Greenwood and Clark, 2009a). In (a) and (d) bedforms are deflected 

around topographic highs; whereas, in (b) and (e) bedforms are funnelled between two 

topographic highs; in (c) and (f) changes in subglacial geology cause changes in bedform 

morphologies. Where morphological changes can be explained in this way, i.e. by a factor 

other than purely ice sheet characteristics, landforms should still be grouped within the same 

flowset. Flowsets should only separate those bedforms that are formed under different ice 

flow regimes and/or ice sheet configurations. For this reason, it is ideal to build flowsets by 

overlaying the mapped bedforms onto the broad-scale topography and geology. 

Original in Colour 
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The individual data are treated as abstract items – lines or polygons (depicting individual 

landforms) overlaying a DEM. The DEM is not visualised to display individual landforms, 

but to aid interpretations of bedform flow patterns in the context of surrounding topographic 

relief. During the construction of flowsets, orientation is the main property considered, and 

close attention is paid to individual bedforms with any divergence from a parallel 

arrangement with neighbouring landforms. Linkages are thus drawn ≲ 20 km long as straight 

lines between, and parallel to, parallel bedforms (Figure 5.3). Linkages are further reduced 

to ≲ 50 km long angular straight lines (Figure 5.3). Next, bedform morphology (i.e. length), 

parallel conformity, and instances of cross-cutting are considered alongside orientation to 

determine whether a morphometric divergence is sufficient to warrant grouping as a separate 

Figure 5.3: Schematic diagram to show how lineations are grouped into flowsets in this 

thesis (modified from Greenwood, 2008). Individual lineations are summarised by 

‘linkages’, which are in turn summarised by flow parallel lines, and finally grouped into 

flowsets. Within each flowset lineations should display internally consistent properties, 

representing a discrete phase of ice flow. The same methodological process is applied to 

subglacial ribs. 

Original in Colour 
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flowset, based on the conceptual models in Figure 5.2. Linkages are then reduced to 

flowlines, which are drawn as curved lines of indefinite length along the inferred ice flow 

direction, and should be an accurate summary of all available information (Figure 5.3). The 

inferred direction of ice flow depicted in the resulting flowlines are determined by examining 

the morphologies of subglacial lineations, i.e. the orientation of stoss and lee slopes.  

Flowlines are then grouped to construct flowsets by recognising patterns (Figure 5.3), for 

which conceptual models of possible ice flow patterns are used as an aid (Figure 5.4). There 

are, however, multiple flowset options that arise because the data that are interrogated have 

unknown or imprecise answers to certain questions (below), and thus complicate the process 

of building flowsets from the bedform data: 

• How far can bedforms deviate from a parallel orientation and still be part of the same 

flowset? 

• How much can bedform size deviate from a population mean and still be part of the 

same flowset? 

• Should a flowset be arrow-straight, or how much can a flowset curve? 

• How much ‘blank space’ can there be between groups of bedforms and the bedforms 

still logically classed as a single flowset? 

Depending on the response to any of these questions, a single suite of bedforms could be 

interpreted in a variety of ways. Several approaches to refine the available options are 

explored here. First, flowset options are overlain upon the original high-resolution DEM to 

verify that the bedform summaries are an accurate representation of the original information. 

 

Figure 5.4: Conceptual models of 

possible flow patterns, such as 

those exhibited by the Laurentide 

Ice Sheet, are used as a tool to aid 

flowset identification (modified 

from Clark, 1994). 
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Second, analogues for curving flowsets are sought. Third, instances of ‘blank space’, which 

present the biggest uncertainty in flowset delineation, are interrogated to reduce this 

uncertainty by exploring (i) why bedforms may not be generated within a blank space, and 

(ii) evidence of postglacial processes (i.e. burial) or anthropogenic structures (i.e. reservoirs). 

Finally, instances of bedform cross-cutting are considered: do they represent (i) time-

transgressive flow patterns within a flowset, or (ii) distinct, time-separated flowsets? 

Flowsets derived from subglacial lineations and ribs are shown in Figures 5.5 and 5.6 

respectively (also Map 6A), and the flowsets are labelled and coloured arbitrarily. In total, 

102 flowsets are identified. This is considerably more than in previous investigations – for 

example, Kleman et al. (1997) (n = 11) and Winsborrow et al. (2010a) (n = 8) – and serves 

to show the complexity in the bedform record that previously has been missed. It is not 

 

 

Figure 5.5: Subglacial lineation flowsets identified in this thesis; the distribution of flowsets 

is also shown in Map 6A. Flowset colours are arbitrarily chosen to distinguish flowsets 

where they overlap. For clarity, flowsets are not labelled; this can be viewed on Map 6A. 

Original in Colour 
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Figure 5.6: Subglacial rib flowsets identified in this thesis; the distribution of flowsets is 

also shown in Map 6A. Flowset colours are arbitrarily chosen to distinguish flowsets where 

they overlap. 

possible to describe in detail the delineation of each flowset. Instead, the characteristics of 

each flowset and the security of identification and classification are listed in Tables 5.1 and 

5.2. Flowset identification was reassessed and revised several times, with instances of 

originally multiple, separate subtle changes in flow patterns later combined together, and 

thus finally interpreted as a record of a single ice flow event (Tables 5.1 and 5.2). Although 

the methodological procedure for grouping subglacial lineations and ribs is the same, the 

two bedform types are not grouped together into a single flowset since there is insufficient 

understanding of their genetic relationships (Dunlop and Clark, 2006; Stokes et al., 2011; 

Stokes et al., 2016b; Vérité et al., 2021). For that reason, the flowsets derived from the spatial 

arrangement of subglacial lineations (n = 87) and ribs (n = 15) are presented and discussed 

separately below.  

Original in Colour 
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Table 5.1 (across 19 pages): Interpreted flowsets for the Kola Peninsula and Russian Lapland derived from regional mapping of subglacial 

lineations. Maps 6A and 6B show the location of flowsets identified by flowset number. The second and third columns detail the interpreted 

glaciodynamic flowset classification and ice streaming, respectively. The procedure for classification of flowsets into different types e.g. 

isochronous or time-transgressive is described in Section 2.1 of this chapter. The procedure for determining pathways of palaeo-ice streams is 

detailed in Section 2.3 of this chapter. Columns three to five detail the bedforms and other glacial landforms associated with the flowsets. The 

sixth column describes the relative age relationship of the flowset to other subglacial lineation flowsets; determination of relative age is detailed 

in Section 5 of this chapter. The relative age is expressed as follows, e.g. 14,10/11 indicates that flowsets 10 and 14 are of a similar age, but both 

are younger than flowset 11. The number in bold denotes the flowset that is the focus of the table row. Where relative age cannot be determined 

this is marked -. 

Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL1 Time-
transgressive 
flow-shift 

 Flowset on the Tersky coastline, merged from five 
previous flowset groupings. More sparsely spaced 
lineations to the north; minor fluctuations in 
orientation between 140°-150° to 100°-110°, 
indicating ice flow direction to northwest. Could 
alternatively represent time-transgressive retreat of 
the White Sea lobe. 

100 + Associated with interlobate 
moraines. Associated with eskers, 
which occur at the margins of the 
individual flowsets; eskers may 
not be contemporaneous with 
flowset. 

3/1/20 

SL2 Isochronous  Flowset on the peninsula-side of the KIC; the main 
flowset is at the River Ponoy. Parallel lineations 
with orientations seemingly influenced by 
topography: orientations indicate ice flow direction 
to east-northeast. Small flowset of one lineation 
lies ~33 km south of the main flowset.   

< 25 Associated with interlobate 
moraine. Aligned with lateral 
meltwater channels.  

- 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL3 Unknown  Flowset on the Tersky coastline near River Ponoy, 
merged from four previous flowsets. Lineation 
orientations fluctuate between 50° and 90°, 
indicating ice flow direction to east and northeast.  

< 25 - 3/1/20 

SL4 Isochronous  Flowset on the Tersky coastline, merged from 
three original flowset groupings. One smaller 
flowset ~14 km south of the main flowset; similar 
lineation morphologies and positioning on the 
KIC. Lineation orientation indicates ice flow to 
east-northeast. No cross-cutting of lineations 

50 + Associated with interlobate 
moraines. Associated lateral 
meltwater channels and eskers are 
not aligned to flowset and not 
considered contemporaneous.  

- 
No cross-
cutting with 
SL1 and SL5 

SL5 Isochronous  Flowset on northeastern Kola Peninsula on the 
River Lumbovka basin, merged from six previous 
flowsets. Highly parallel lineations indicating ice 
flow direction to the northeast. 

< 50 Some lateral meltwater channels 
are aligned with flowset, others 
cross the flowset; it is therefore 
unlikely that the lateral meltwater 
channels are contemporary.   

- 
No cross-
cutting with 
SL4 and SL6. 
Unclear 
relationship 
with SL1. 

SL6 Unknown  Flowset on northeastern Kola Peninsula on the 
River Lumbovka basin, possible extension to 
flowsets SL4 or SL5. Lineation orientation 
indicating ice flow direction to northeast. 

< 5 Aligned lateral meltwater 
channels at the flowset margins. 

- 
No cross-
cutting with 
SL5. 

SL7 Unknown  Flowset of one lineation on the northeastern Kola 
Peninsula, indicating ice flow direction to north. 
Lineation morphology and orientation is 
significantly different to surrounding flowsets SL5 
and SL6, warranting SL7 as an independent 
flowset.  

< 5 - - 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL8 Unknown  Single lineation indicating ice flow direction to 
east. Flowset is possible extension to flowset SL2. 

< 5 - - 

SL9 Isochronous  Highly parallel lineations in four individual 
flowsets. Lineation orientation appears 
topographically and/or geologically controlled. Ice 
flow direction to southeast. 

< 25 Aligned lateral meltwater 
channels.  

- 

SL10 Isochronous  Flowset merged from four previous flowsets. 
Parallel lineations indicating ice flow direction to 
northeast. Lineation morphologies are similar to 
flowset SL11, but orientation is significantly 
different to SL11.  

< 50 Lateral meltwater channels 
aligned with the flowset. 

10/11 
Unclear 
relationship 
with SL12. 

SL11 Isochronous  Flowset on the Murmansk coastline merged from 
three previous flowsets. Highly parallel lineations 
indicate ice flow direction to north-northeast. 
Lineation morphologies are similar to SL10 and 
SL12, but orientation is significantly different to 
SL10 and SL12. 

50 + Aligned eskers, subglacial 
meltwater channels, and Type 3 
hummocky moraines. Flowset 
orientation is not concordant with 
moraines.  

14,10/11 
Unclear 
relationship 
with SL12. 

SL12 Isochronous  Flowset on the Murmansk coastline merged from 
three previous flowsets. Parallel lineations indicate 
ice flow direction to north. Lineation morphologies 
are similar to SL11, but orientation is significantly 
different to SL11. 

< 25 Aligned esker and subglacial 
meltwater channels. Flowset 
orientation is not in agreement 
with moraines. 

- 
Unclear 
relationship 
with SL10 and 
SL11 

SL13 Unknown  Single lineation indicating ice flow direction to 
east-northeast. Lineation orientation and 
morphology is significantly different to those in 
SL11, thus warranting SL14 as an independent 
flowset. 

< 5 - - 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL14 Unknown  Single lineation indicating ice flow direction to 
north-northwest. Lineation orientation and 
morphology is significantly different to those in 
flowset SL11, thus warranting SL14 an 
independent flowset. 

< 5 - 14/11 

SL15 Isochronous  Flowset on the Murmansk coastline. Possible 
extension to flowsetSL11, but lineations are less 
densely spaced. Parallel lineations indicate ice 
flow direction to north-northeast. 

< 25 Aligned esker and subglacial 
meltwater channels. Flowset 
orientation is not in agreement 
with moraines. 

- 

SL16 Time-
transgressive 
flow-shift 

 Flowset over the Strelna river basin, merged from 
six previous flowset. Smudged imprint of 
lineations fluctuating between 110°-130° to 160°-
170° indicates ice flow directions to south-
southeast to southeast. 

50 + Flowset concordant with 
interlobate moraines. 

17,19/16/20 

SL17 Unknown  Flowset merged from two small flowsets around 
the Strelna river basin. May be extension of 
flowset SL19. Lineation orientation suggest ice 
flow direction to the south-southwest. 

< 5 - 17/16 

SL18 Isochronous  Highly parallel lineations south of the Pansky 
Tundra indicating ice flow direction to east-
northeast. Lineation orientation appears 
independent of topography. 

< 25 Aligned with moraine and ice 
dammed lake, but presumed not 
contemporary owing to ‘rubber-
stamped’ imprint of lineations. 

- 
Unclear 
relationship 
with SL65 

SL19 Time-
transgressive 
flow-shift 

 Flowset over the Lower and Upper Ondomozero 
lakes, merged from six previous flowsets. 
Smudged imprint with cross-cutting within 
flowset. Orientations fluctuating between south to 
southwest. 

< 25 Associated with interlobate 
moraines; some drumlinisation of 
the interlobate moraines. Esker 
present perpendicular to flowset is 
unlikely contemporary. 

19/16/20 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL20 Time-
transgressive 
retreat 

 Flowset on the Tersky coastline, merged from four 
previous flowsets. Lineation orientation indicates 
ice flow along the coastline to northeast; internal 
smudged imprint and cross-cutting occurs. 
Splaying patterns at several locations along the 
flowset.  

100 + Associated with interlobate 
moraines; aligned with end 
moraines that indicate retreat 
standstills. Eskers and some 
subglacial meltwater channels 
aligned with flowset.  

24/1,3,16,19,22,
23,29,30/20 
Unclear 
relationship 
with SL21, 
SL64, and 
SL66. 

SL21 Isochronous  Flowset on Tersky coastline perpendicular to 
flowset SL20, indicating ice flow direction to 
northwest. Highly parallel lineations. 

< 5 Associated with interlobate 
moraine; flowset demonstrates 
drumlinisation of said interlobate 
moraines.  

- 
Unclear 
relationship 
with SL20. 

SL22 Isochronous  Flowset on the Tersky coastline, merged from two 
previous flowsets. Orientation indicates ice flow to 
north-northeast. May be part of flowset SL24 and 
may be analogous with flowset SL30. 

50 + Aligned eskers within flowset. 
Associated with interlobate 
moraines and end moraines. 

24/22/20 
Unclear 
relationship 
with SL23. 

SL23 Isochronous  Flowset on the Tersky coastline merged from three 
previous flowsets. Sparsely spaced, poorly 
preserved lineations. Orientation indicates ice flow 
to southeast. 

< 25 - 23/20 
Unclear 
relationship 
with SL22 and 
SL24 

SL24 Isochronous  Sparsely spaced lineations on the Tersky coastline 
indicating ice flow direction to north. Possibly part 
of flowset SL22, but lineation morphologies and 
orientations differ.  

< 25 Associated eskers superimpose 
lineations and are unlikely 
contemporaneous.  

24/22/20 
Unclear 
relationship 
with SL23. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL25 Time-
transgressive 
thinning 

 Topographically constrained flowset in the 
Seydozero basin, Lovozero Mountains. Lineation 
orientation indicates ice flow direction to west-
northwest.  

< 5 Flowset confined to valley floor, 
and associated with end and 
lateral moraines. 

- 
Possibly 
28/25/26,27 

SL26 Time-
transgressive 
retreat 

 Flowset in the River Karlovka basin overlying 
SL27, merged from two previous flowsets. 
Smudged imprint of lineations, indicating ice flow 
direction to northeast. 

< 100 Associated with moraines and 
lateral meltwater channels at 
eastern margins of the flowset. 
Aligned with eskers. 

27,28,31,32/26 

SL27 Time-
transgressive 
flow-shift 

 Flowset flanking the Lovozero Massif, merged 
from two previous flowsets. Lineation orientation 
fluctuating between 170°-180°/0°-10° to 60°-70°, 
indicating ice flow directions fluctuating between 
north and northeast. 

< 100 - 28/27/26,34,72 
Unclear 
relationship 
with SL31 

SL28 Isochronous YES 
Lovozero 
Ice Stream 

High parallel conformity, densely spaced 
lineations in the Karlovka river basin. Orientation 
indicating ice flow direction to northeast. 

500 + - 31,32/28/27/26 

SL29 Isochronous  Merged from six previous flowsets. Parallel 
lineations in the Rivers Umba and Pana basins 
whose orientation indicates ice flow direction to S. 
Minor orientation fluctuations may be a response 
to geology. 

50 + Associated with interlobate 
moraines at the southern edges of 
the flowset. 

29/20,30,65,66,
72 

SL30 Time-
transgressive 
flow-shift 

 Flowset, merged from three previous flowsets, 
crossing the KIC at Varzuga. Lineation orientation 
fluctuates between 0°-30° and 50°-70°, indicating 
ice flow direction to north and northeast. Flowset 
may be analogous to flowset SL22. 

100 + Flowset superimposed on 
interlobate moraines, with some 
evidence of drumlinisation of said 
moraines.  

29/30/20,66 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL31 Isochronous  Merged from five previous flowsets. Sparsely 
spaced lineations in the Serebryanskoe Reservoir 
basin. Apparent smudging of lineations, but this 
seems controlled by topography, indicates ice flow 
direction to north-northeast.  

100 + Aligned with subglacial meltwater 
channels and eskers. Lateral 
meltwater channels perpendicular 
to flowset. Some moraines 
correspond with flowlines, others 
are not concordant with flowlines.  

31/28,36/27,33/
26,34 
Unclear 
relationship 
with SL32, 
SL35, and 
SL37. 

SL32 Isochronous  Sparsely spaced lineations around the 
Serebryanskoe Reservoir basin apparently parallel, 
orientated to north. Flowset merged from five 
individual flowsets. 

25 + - 32/28/26 
Unclear 
relationship 
with SL31 and 
SL54. 

SL33 Time-
transgressive 
retreat 

 Merged from three previous flowsets. Sparsely 
spaced lineations north of the Lovozero Mountains 
displaying smudged imprint indicating ice flow 
direction to southeast. Lineation orientation may 
be influenced by underlying geology. 

25 + Aligned lateral meltwater 
channels at the margins of the 
flowset.  

31/33/34 

SL34 Time-
transgressive 
thinning 

 Merged from three previous flowsets. North of the 
Khibiny and Lovozero Mountains. Long sparsely 
spaced lineations become shorter and more densely 
spaced when ‘funnelled’ by topography. Lineation 
orientation appears controlled by topography. 
Lineation orientation indicates east to northeast ice 
flow direction. 

50 + Aligned eskers and associated end 
moraines.  

31/27,33,35/34/
37 
Unclear 
relationship 
with SL43. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL35 Isochronous  Lineation orientation indicates ice flow to north, 
north of the Lovozero Mountains. 

5 + - 35/34 
Unclear 
relationship 
with SL31. 

SL36 Time-
transgressive 
thinning 

 Lineation orientation strongly controlled by 
topography between the Khibiny and Lovozero 
Mountains, at the northern end of Lake Umbozero. 
Ice flow direction to south.  

25 + Lateral moraines and meltwater 
channels at the margins of the 
flowset.  

31/36/37 

SL37 Time-
transgressive 
thinning 

 Flowset merged from three previous flowsets. 
Lineation distribution and orientation controlled by 
topography, especially at the flanks of the Khibiny 
Mountains. Ice flow direction to east-southeast.  

< 100 Lateral moraines and meltwater 
channels on mountain sides at the 
margins of the flowset. End 
moraines at the margins of the 
flowset. Some aligned lateral 
meltwater channels within the 
flowset, which may not be 
contemporaneous with flowset.  

31,39/36,43/37/
44 

SL38 Time-
transgressive 
retreat 

 Flowset at mouth of Khibiny Mountains. Splaying 
pattern indicate glacier retreat into mountains. 
Lineation orientation indicates general north to 
northwest ice flow. 

< 25 Lineations on the distal side of an 
end moraine at Goltsovoye.  

- 
Unclear 
relationship 
with SL37. 

SL39 Isochronous  Parallel sparsely spaced lineations indicating ice 
flow direction to north away from the Khibiny 
Mountains. May be extension to flowset SL38, or 
may be part of flowsets SL35 or SL43.  

< 25 - 39/37 
Unclear 
relationship 
with SL31 and 
SL34. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL40 Time-
transgressive 
thinning 

 Lineation orientation influenced by topography: 
lineations appearing on valley floors of the 
Chunatundra Mountains. Lineation orientation 
indicates ice flow direction to east-southeast. May 
be analogous to flowset SL42. 

25 + Surrounding moraines and lateral 
meltwater channels are not 
aligned an unlikely 
contemporaneous. Aligned esker 
is possibly contemporaneous.  

- 
SL40 may be 
analogous with 
SL42. 

SL41 Time-
transgressive 
thinning 

 Lineations ‘wrap around’ the southern margins of 
the Chunatundra Mountains, with orientation 
corresponding to topography. Lineation orientation 
indicates ice flow direction to northeast. May be 
part of flowset SL72. 

50 + - - 
SL41 may be 
analogous with 
SL72. 

SL42 Time-
transgressive 
thinning 

 Flowset merged from three previous flowsets. 
Lineation distribution confined to valley floor 
around Lake Imandra; smudged imprint of 
lineations. Lineation orientation indicates ice flow 
direction to south-southeast. Possible tributary to 
flowset SL72. 

< 50 Lateral moraines and meltwater 
channels, and ice dammed lakes 
located at the eastern margins of 
the flowset.  

42/72 
Unclear 
relationship 
with SL43. 

SL43 Isochronous Possibly Flowset merged from two previous flowsets on the 
Kola River basin. Lineation orientation – which is 
somewhat influenced by topography, especially 
when flowing through mountainous areas – 
indicates ice flow direction to north-northeast. 
Lineation distribution somewhat influenced by 
topography, especially in mountainous areas. 
Corridors of densely spaced lineations may 
indicate ice streaming. 

100 + Subglacial meltwater channels 
along the Murmansk coast are 
associated with this flowset.  

46/43/37,44,51,
53 
Unclear 
relationship 
with SL34, 
SL42. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL44 Time-
transgressive 
thinning 

Flowset merged from three original flowsets, at the 
eastern margins of the Volchi Tundra and 
Monchetundra Mountains. Lineation distribution 
and orientation controlled by topography. 
Lineation orientation indicates ice flow direction to 
south-southeast. 

25 + Lateral moraines and meltwater 
channels at the margins of the 
flowset. Moraines at the southern 
margins of the flowset.  

43/37/44 

SL45 Time-
transgressive 
thinning 

Flowset at the western margins of the Volchi 
Tundra Mountains. Lineations display smudged 
imprint, with orientation controlled by topography. 
Possibly analogous with flowset SL44. Lineation 
orientation indicates ice flow direction to south-
southeast.  

< 25 Moraines at the margins of the 
flowset.  

- 

SL46 Isochronous Merged from 21 previous flowsets distributed 
across the Tuloma and Kola river basins. Scattered 
distribution of lineations indicates general ice flow 
direction to east; lineation orientation is controlled 
somewhat by topography  

< 100 Eskers and moraines aligned, but 
not contemporary due to relative 
age of flowset indicative not from 
retreat stage.   

46/43/51,54 
Unclear 
relationship 
with SL47 and 
SL49. 

SL47 Isochronous Lineation orientation near Nikel indicates ice flow 
direction to southeast. Flowset may be part of 
flowset SL46, but the lineation orientation and 
morphology are significantly different from SL46. 

< 25 - 47/54 
Unclear 
relationship 
with SL46 and 
SL51. 

SL48 Time-
transgressive 
thinning 

Merged from two previous flowsets. May be part 
of flowset SL54; however, lineation orientations 
and morphologies on the Rybachy Peninsula are 
significantly different, and appear influenced by 
topography. Lineation orientation indicates ice 
flow direction to northeast. 

25 + Surrounding lateral meltwater 
channels are not aligned. 

- 
Unclear 
relationship 
with SL54, 
possibly 
analogous. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL49 Time-
transgressive 
retreat 

Merged from three previous flowsets, this flowset 
is likely associated with SL54; however, parallel 
lineations whose orientation indicates ice flow 
direction to north, and superimposition of these 
lineation onto SL54 lineations, warrants an 
independent flowset. Flowset therefore likely 
indicates the retreat stages in the Tuloma River 
basin after flowset SL54 event.  

< 100 Moraines associated with flowset. 
Lateral meltwater channels 
aligned with the flowset direction. 
Eskers perpendicular to flowset 
are not contemporary.  

51,54/49 
Unclear 
relationship 
with SL46. 

SL50 Isochronous High parallel conformity. Lineation orientation – 
which indicates ice flow direction to southeast – is 
apparently independent of topography.  

< 25 Lateral meltwater channels and 
moraines do not correspond with 
inferred ice flow direction.  

- 

SL51 Isochronous High parallel conformity of lineations in the 
Tuloma and Kola river basins, with orientation 
indicating ice flow direction to northeast. Lineation 
distribution and orientation somewhat influenced 
by topography. Lineations superimpose lineations 
of and display different orientations to flowset 
SL54, thus warranting SL51 as an independent 
flowset.  

100 + Associated with end moraines to 
east and north. Aligned lateral 
meltwater channels at the margins 
of the flowset. Other eskers and 
meltwater channels are not 
aligned with this flowset. 

46/43/54/51/49 

SL52 Unknown Small flowset with lineation on valley floor. 
Flowset may be part of flowsets SL31 or SL43. 
Unclear flow direction, probably to north. 

< 5 Unclear whether surrounding 
moraines and meltwater channels 
are associated with this flowset.  

- 

SL53 Time-
transgressive 
retreat 

Short lineations apparently distributed in relation 
to topography east of Murmansk. Lineation 
orientation indicates ice flow to north-northwest. 

25 + Aligned subglacial and lateral 
meltwater channels. 

43/53 
Unclear 
relationship 
with SL51. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL54 Isochronous Possibly Densely spaced lineations dominating the 
landscape of northern Russian Lapland. Lineations 
distribution and orientation is largely 
unconstrained by topography, displaying a ‘rubber-
stamped’ imprint; lineation distribution and 
orientations are partially controlled by mountains 
to the south of the flowset, where they are 
funnelled through topographic lows. High parallel 
conformity within flowset. Densely spaced 
lineations may indicate ice streaming in this 
region. Ice flow to north-northeast. 

500 + Aligned eskers and subglacial 
meltwater channels, including 
Type 3 hummocky moraines. 
Associated with moraines and 
lateral meltwater channels.  

54/51/49,56 
Unclear 
relationship 
with SL59 and 
SL87. 

SL55 Isochronous  Flowset may be part of flowset SL54, but lineation 
density and morphologies warranted SL55 as an 
independent flowset. Ice flow to northeast. 

100 + Lateral meltwater channels 
perpendicular to inferred ice flow.  

- 
SL55 may be 
analogous with 
SL54. 

SL56 Time-
transgressive 
thinning 

 Merged from five previous flowsets. Lineation 
distribution and orientation generally to east-
northeast strongly controlled by topography in the 
River Nota basin. Lineations display a smudged 
imprint.  

50 + Associated with moraines and 
lateral meltwater channels.  

54/56 
Unclear 
relationship 
with SL37, 
SL50, SL57, 
SL58, and 
SL59. 

SL57 Unknown  A single lineation indicating ice flow direction to 
north. position in valley bottom suggests time-
transgressive thinning, but without other lineations 
this is impossible to determine. May be associated 
with flowset SL87. 

< 5 Aligned lateral meltwater 
channels may not be 
contemporary.  

- 

SL58 Isochronous  High parallel conformity, with lineation orientation 
indicating ice flow direction to east. 

< 5 - - 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL59 Isochronous  Merged from three previous flowsets. Lineation 
orientations suggests association with flowset 
SL54; however, lineations within this flowset are 
considerably larger, thus warranting SL59 as an 
independent flowset. Lineation orientation is 
heavily influenced by topography, indicating east 
to northeast ice flow direction. 

< 25 - - 

SL60 Isochronous  Parallel lineations indicating ice flow direction to 
east-southeast. Lineations are sparsely spaced 
within this flowset. This flowset may be an 
extension to flowset SL72  

< 25 Eskers are inferred superimposed 
on flowset owing to crossing of 
flowset.  

- 
SL60 may be an 
extension of 
SL72. 

SL61 Unknown  Short lineations indicating ice flow direction to 
northeast. The context of this flowset is unclear: it 
may be an extension to flowsets SL59 or SL72. 
Further lineations of this flowset may occur in 
unmapped areas.  

< 5 Perpendicular subglacial 
meltwater channel is not 
considered contemporary.  

- 

SL62 Time-
transgressive 
retreat 

 Lineations displaying classic splayed pattern which 
corresponds to local topography at the 
southwestern flanks of the Chunatundra 
Mountains. Low parallel conformity of lineations. 
Lineation orientation indicate ice flow direction to 
south. 

25 + Lateral meltwater channels at the 
margins of the flowset. 

72/62 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL63 Isochronous  Merged from five previous flowsets. Parallel 
lineations with minor fluctuations in orientation; 
indicates ice flow to northeast. Obvious cross-
cutting with flowsets SL64 and SL66. 

25 + Surrounding moraines and 
meltwater landforms are not 
contemporary.  

63/64,66 

SL64 Time-
transgressive 
retreat 

 Merged from two previous flowsets. Sparsely 
spaced lineations displaying a smudged imprint; 
apparent splaying of lineations. Lineation 
orientation indicates ice flow to east.  

50 + Aligned eskers and type 3 
hummocky moraine corridors. 
Associated moraines.  

63/64/69 
Unclear 
relationship 
with SL66. 

SL65 Isochronous  Merged from three previous flowsets. Parallel 
lineations in the River Pana basin, with minor 
fluctuations in response to topography. Lineation 
orientation indicates ice flow direction to 
southeast.  

50 + Aligned type 3 hummocky 
moraine corridors, subglacial 
meltwater channels, and lateral 
meltwater channels. Associated 
moraines. 

29/65/66,72 

SL66 Isochronous  Scattered lineations that are mostly parallel. Minor 
orientation fluctuations occur in response to 
topography. Lineation orientation indicates ice 
flow to southeast. Flowset may be part of flowset 
SL69.   

100 + Aligned lateral meltwater 
channels may not be 
contemporary. Aligned eskers and 
type 3 hummocky moraine 
corridors.  

29,67/65/66/68,
72 
SL66 may be 
analogous with 
SL69. 

SL67 Isochronous  Merged from two previous flowsets. Lineation 
orientation appears strongly influenced by 
topography in the River Umba basin. Lineation 
orientation indicates ice flow direction to south. 
Flowset may be extension of flowset SL29. 

< 50 - 67/65/66,69 
SL67 may be 
analogous with 
SL29. 

SL68 Time-
transgressive 
retreat 

Possibly Lineations displaying lobate/splayed pattern, but 
high parallel conformity. Lineation orientation 
indicates ice flow direction to southeast. Flowset 
may be a distributary of flowset SL72. 

< 100 Associated with moraines. 66/68/72 
SL68 may be 
analogous with 
SL72. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL69 Isochronous YES 
Kanozero 
Ice Stream 

Merged from two previous flowsets. Densely 
spaced lineations, with high parallel conformity. 
Slightly smudged imprint may be a result of 
topography or may reflect retreat stages of the flow 
event. Lineation orientation indicates ice flow 
direction to southeast. This flowset may be a 
distributary of flowset SL72. 

500 + Aligned eskers and subglacial 
meltwater channels. Associated 
with moraines at the flowset 
margins. Aligned lateral 
meltwater channels at flowset 
margins.  

63,67/64,65/69/
72 
SL69 may be 
analogous with 
SL66. 

SL70 Time-
transgressive 
thinning 

 Lineation distribution and orientation strongly 
controlled by topography. Lineation orientation 
fluctuates around topographic highs: orientation 
indicates ice flow direction to southeast.  

100 + Aligned lateral meltwater 
channels and eskers. Associated 
with moraines.  

- 
Unclear 
relationship 
with SL69 and 
SL74; possibly 
69/70. 

SL71 Time-
transgressive 
thinning 

 Lineation distribution and orientation to east 
controlled by topography in the Kolvitsky Tundra. 
Lineations funnelled between two upland areas. 
Flowset may be a tributary of flowset SL69 

< 50 Aligned with eskers. Aligned with 
lateral meltwater channels on 
mountain flanks.  

- 

SL72 Isochronous YES 
Imandra 
Ice Stream 

Densely spaced lineations indicating ice flow 
direction to east, south of the Chunatundra, 
Khibiny, and Lovozero Mountains. High parallel 
conformity in the main trunk of the flowset. The 
flowset ends in lobate/splay pattern, where lower 
parallel conformity occurs.  

500 + Associated with moraines. 
Aligned lateral meltwater 
channels aligned eskers and 
subglacial meltwater channels.   

29/27,42,65,66,
68,69/72/62,73 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL73 Time-
transgressive 
thinning 

 Merged from two previous flowsets. Lineation 
distribution and orientation controlled by 
topography around Kandalaksha. Cross-cutting 
lineation location corresponds to local topography. 
Dominant ice flow direction to southeast; apparent 
flow shift to east where ice may have been 
deflected by mountains. Flowset may be associated 
with retreat of flowset SL72. 

100 + Aligned eskers and lateral 
meltwater channels. Associated 
with moraines.  

72/73 

SL74 Isochronous Possibly Flowset flowing into Kandalaksha Gulf, merged 
from two previous flowsets. Lineation distribution 
and orientation somewhat dictated by topography. 
Highly parallel lineations. Lineation orientation 
indicates ice flow to southeast.  

100 + Aligned lateral meltwater 
channels at margins of flowset 
may not be contemporary. Other 
associated landforms are unclear 
owing to position in Kandalaksha 
Gulf.  

74/76,80,81,83 

SL75 Unknown  Merged from three previous flowsets south of 
Loukhi. Minor fluctuations in lineation orientation; 
lineation orientation indicates ice flow direction to 
southeast. Lineations superimposed by flowset 
SL81.  

< 25 - 75/81/76 

SL76 Time-
transgressive 
retreat 

 Merged from eight previous flowsets. Lineation 
distribution and orientation displays splaying 
pattern largely unconstrained by topography. 
Lineations superimpose flowset SL81. Lineation 
orientation indicates ice flow direction to northeast 
into Kandalaksha Gulf.  

100 + - 74,75/81/76/83 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL77 Time-
transgressive 
retreat 

 Merged from six previous flowsets. Lineation 
distribution and orientation corresponds to the 
local topography; lineation orientation indicates ice 
flow direction to east-northeast. May be part of 
flowset SL83, but an independent SL77 flowset 
has been assigned owing to significant orientation 
differences.  

50 + Aligned subglacial meltwater 
channels and eskers.  

77/83 
Unclear 
relationship 
with SL81, but 
possibly 81/77. 

SL78 Isochronous  Lineation distribution and orientation aligns to 
topography. Lineation orientation indicates ice 
flow direction to south-southwest. Isochronous 
classification tentatively assigned owing to parallel 
lineations. 

25 + - 78/83,84 

SL79 Isochronous  Parallel lineations indicating ice flow direction to 
southeast. Flowset may be analogous to flowsets 
SL74 and/or SL75. 

25 + - 79/81 

SL80 Time-
transgressive 
flow-shift 

 Lineation distribution and orientation somewhat 
topographically controlled. Lineation orientation 
indicates ice flow to northeast; this is unlike other 
dominant flowsets in southern Russian Lapland 
which indicate ice flow direction to east-southeast, 
suggesting (temporary?) change in ice flow 
direction. Flowset may be analogous to flowset 
SL72. 

100 + Meltwater landforms are 
perpendicular to flowlines, so 
likely not contemporary.  

74/80/83 
Unclear 
relationship 
with SL84. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL81 Isochronous  YES 
Kuusamo 
Ice Stream 

Densely spaced lineations with distribution and 
orientation independent from topography. 
Lineation orientation indicates ice flow direction to 
east. Splaying pattern of lineations may be 
indicative of retreat stages and/or ice spreading 
across relatively flat landscape. Flowsets that 
represent clear retreat stages are labelled separately 
(e.g. flowset SL76). 

500 + Aligned eskers and subglacial 
meltwater channels. Aligned 
lateral meltwater channels. 
Associated with deltaic 
glaciofluvial deposits.  

75,79/81/76,82,
83 
Unclear 
relationship 
with SL77, but 
possibly 81/77. 

SL82 Time-
transgressive 
retreat 

 Likely associated with flowset SL81, but this 
flowset is independently grouped owing to the 
significantly different lineation orientations to east-
southeast displaying a splaying pattern indicative 
of glacier retreat. 

< 25 Aligned eskers and subglacial 
meltwater channels. 

81/82 

SL83 Time-
transgressive 
retreat 

 Merged from two previous flowsets. Lineation 
distribution and orientation corresponds to 
topography; lineation orientation indicates ice flow 
to east. Flowset is likely associated with the retreat 
stages of flowset SL81. Flowset SL77 is likely 
associated with this flowset, but is grouped 
independently owing to significantly different 
orientations. 

500 + Aligned eskers and subglacial 
meltwater channels. Aligned 
lateral meltwater channels.  

74,78,81/76,77,
80/83/84 

SL84 Time-
transgressive 
retreat 

 Merged from 12 previous flowsets. Lineation 
distribution corresponding to topography, with 
smudged imprints displaying splaying patterns. 
Evidence of ice flow directional changes with 
topography; this could be time-transgressive 
thinning response. Dominant lineation orientation 
indicates ice flow to southeast.  

100 + Aligned eskers and subglacial 
meltwater channels. Aligned 
lateral meltwater channels. 
Associated with moraines.  

78/83,85/84 
Unclear 
relationship 
with SL59, 
SL60, and 
SL80. 
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Flowset 
No. 

Type Ice 
stream 

Description No. 
subglacial 
lineations 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SL85 Unknown  Small flowset of two lineations indicating ice flow 
direction to east-northeast. May be part of flowset 
SL80, but this is uncertain. 

< 5 - 85/84 

SL86 Isochronous  Small flowset of two lineations indicating ice flow 
direction to southeast. The lineation orientation 
does not correspond to other flowsets in its vicinity 
(e.g. SL54, SL56), suggesting it is an independent 
flowset. 

< 5 Neighbouring lateral meltwater 
channels are not associated with 
flowset.  

- 

SL87 Time-
transgressive 
thinning 

 Lineations concentrated on valley floor between 
two topographic highs. Parallel lineations 
indicating ice flow direction to north-northwest. 
May be associated with flowset SL57. 

< 5 Aligned lateral meltwater 
channels may not be 
contemporary.  

- 
Unclear 
relationship 
with SL54. 
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Table 5.2 (across three pages): Interpreted flowsets for the Kola Peninsula and Russian Lapland derived from regional mapping of subglacial 

ribs. Maps 6A and 6B show the location of flowsets identified by flowset number. Columns two to five detail the bedforms and other glacial 

landforms associated with the flowsets. The sixth column describes the relative age relationship of the rib flowset to other flowsets (both ribs and 

lineation); determination of relative age is detailed in Section 5 of this chapter. Relative age is expressed as follows, e.g. SR1,SL84 indicates that 

flowsets SR1 and SL84 are contemporaneous. The number in bold denotes the rib flowset that is the focus of the table row. 

Flowset 
No. 

Description No. 
subglacial 
ribs 

Aligned subglacial lineation 
flowsets 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SR1 Five fields of subglacial ribs merged into one 
flowset. Rib fields appear somewhat 
topographically controlled. Limited 
drumlinisation of the ribs. Ribs orientation 
indicates ice flow to southeast. The largest ribs 
are ~ 700 m across. 

50 + Obviously aligned with SL84 Aligned with eskers. SR1,SL84 

SR2 Small field of subglacial ribs. Topographically 
controlled, indicating ice flow to east. Largest 
ribs ~ 600 m across. 

< 25 Unclear relationships with SL80 
and SL83 

- Unclear 
relationships 
with SL80 and 
SL83 

SR3 14 fields of subglacial ribs merged into one 
flowset on the Kandalaksha Gulf coastline. The 
largest ribs are > 2 km wide. Some 
drumlinisation of the ribs. Rib orientation 
indicates ice flow to east. 

100 + Obviously aligned with SL81 
and SL83, but more likely 
contemporaneous with SL81 

Aligned with eskers  SR3,SL81 

SR4 Five fields of ribs merged into one flowset at the 
head of Kandalaksha Gulf. The largest ribs are ~ 
800 m wide. Rib orientation indicated ice flow 
to southeast. 

< 100 Rib fields occur at the margins 
of SL74 

Some aligned eskers and 
subglacial meltwater channels 

SR4,SR5,SR6,
SL74 
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Flowset 
No. 

Description No. 
subglacial 
ribs 

Aligned subglacial lineation 
flowsets 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SR5 A field of ribs at the head of Kandalaksha Gulf. 
Ribs are topographically controlled by upland 
surfaces to the west of the flowset. Largest ribs 
are > 1.3 km across. Ribs orientation indicates 
ice flow to east-southeast.  

< 100 Rib field at northern margin of 
SL74 

- SR4,SR5,SR6,
SL74 

SR6 Densely-spaced, topographically controlled field 
of ribs, indicating ice flow to southeast. The 
largest ribs are ~ 500 m wide. Flowset may be 
contemporaneous with SR4 and/or SR7, but this 
rib field is grouped separately owing to the 
difference in rib size and spacing. 

100 + Rib field at northern margin of 
SL74 and southern margin of 
SL73 

A single aligned esker SR4,SR5,SR6,
SL74 

SR7 Sparsely-spaced ribs indicating ice flow to 
southeast. Largest ribs are ~ 500 m across. 
Flowset may be contemporaneous with SR6, but 
this rib field is grouped separately owing to the 
difference in rib spacing. 

< 50 Rib field aligned with and 
located within SL73; however, 
rib orientation is also similar to 
SL74 

- Unclear 
relationships 
with SL73 and 
SL74. 
Possibly 
SR7,SL74 

SR8 Two topographically controlled rib fields 
converging to indicate east to southeast ice flow. 
Largest ribs ~ 900 m across. Some 
drumlinisation of ribs, especially east of the 
Kolvitsky Tundra Mountains. May be 
contemporaneous with SR9. 

< 100 Western rib field is aligned with 
SL71, while eastern rib field is 
aligned with SL69 

Eastern rib field is aligned with 
eskers 

Possibly 
SR8,SL69 

SR9 Six fields of ribs merged into one flowset. Ribs 
orientation indicates ice flow to southeast. 
Largest ribs are ~ 900 m wide. Some 
drumlinisation of ribs. May be contemporaneous 
with SR8. 

100 + Obviously aligned with SL69 Aligned with eskers SR9,SL69 
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Flowset 
No. 

Description No. 
subglacial 
ribs 

Aligned subglacial lineation 
flowsets 

Aligned meltwater and/or ice 
contact landforms 

Relative age 

SR10 Small rib field at the head of SL72, indicating 
ice flow to southeast. Largest ribs ~ 800 m wide. 

< 25 Aligned with SL72 - SR10,SL72 

SR11 Rib fields displaying shifting flow patterns. 
Largest ribs > 1.3 km wide. Some 
drumlinisation of ribs. 

100 + Aligned with and displays 
similar flow shifting patterns to 
SL27 

Aligned with eskers and 
subglacial meltwater channels 

SR11,SL27 

SR12 Rib field indicating ice flow to northeast. 
Largest ribs ~ 600 m across. 

< 50 Aligned with SL28 and SL31 - Possibly 
SR12,SL28 

SR13 Two topographically controlled rib fields 
indicating ice flow to north-northeast. Largest 
ribs ~ 700 m across. May be contemporaneous 
with SR14, but grouped as separate flowset 
owing to different flow direction. Some 
drumlinisation of ribs. 

50 + May be aligned with SL43 Aligned with eskers Possibly 
SR13,SL43 

SR14 35 fields of ribs grouped into one flowset across 
northern Russian Lapland. Orientation indicates 
ice flow to northeast. Largest ribs are ~ 800 m 
wide. Ribs are appearing as tracts interspersed 
with lineations of SL43 and SL54; some 
drumlinisation of ribs is seen 

< 500 Obviously aligned with SL54, 
may also be aligned with SL43 

Aligned with eskers SR14,SL54 
Also, possibly 
SR13,SR14,S
L43 
  

SR15 Six scattered rib fields indicating ice flow to 
east-northeast. Rib fields appear somewhat 
topographically controlled. Largest ribs ~ 700 m 
across. Some drumlinisation of ribs. 

< 100 Obviously aligned with SL51 Aligned with eskers SR15,SL51 
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5.2.1 Subglacial lineation flowsets 

The task of extracting the glaciodynamic context from bedform flowsets has received much 

attention. Currently, there are two approaches: (i) the first adopted by researchers at the 

University of Sheffield (Clark, 1997, 1999; Clark et al., 2000; Greenwood and Clark, 2009a; 

Clark et al., 2012; Hughes et al., 2014); and (ii) another adopted by researchers at Stockholm 

University (Kleman and Borgström, 1996; Kleman et al., 1997; Jansson et al., 2002; De 

Angelis and Kleman, 2005; Kleman et al., 2006). Essentially, the aim is to determine how 

the flowset relates to the palaeo-geography of the ice sheet, its chronology, and the type of 

ice flow behaviour it represents. To achieve this goal, the Sheffield and Stockholm 

researchers each adopt a slightly different terminology and method, but are based in the same 

philosophy. To avoid confusion, the terminology used by researchers at the University of 

Sheffield is adopted here.  

In order to extract the relevant information, a suite of landform classification models that 

consider the bedform assemblage and the landform associations within a flowset are 

required. The classification criteria are outlined in Table 5.3. A key piece of information 

necessary to correctly interpret the glaciological implications of flowsets is the temporal 

component of generation, i.e. the ‘position’ of the flow event in time. The simplest 

interpretation is that the lineations of a given flowset were all formed simultaneously by the 

same flow event. Such assemblages are classified as isochronous flowsets, and are typified 

by a ‘rubber stamped’ imprint consisting of highly parallel lineations, abundant flow traces, 

an absence of aligned meltwater landforms and cross-cutting lineations, and systematic 

change in elongation ratio along the length of the flow line (Clark, 1999; Clark et al., 2000; 

Greenwood and Clark, 2009a; Hughes et al., 2014). Isochronous flowsets are a snapshot of 

part of the ice flow pattern configuration at a single point in time. Of the 87 lineation flowsets 

identified in this thesis, 40 are classified as isochronous.  

Alternatively, changes in ice flow configuration lead to remoulding of the subglacial 

landscape and result in ‘smudged’ imprints from several phases of ice flow. Thus, where it 

is not possible to tease out individual isochronous ice flow events, the assemblages are 

described as time-transgressive flowsets. Clark (1999) and Clark et al. (2000) suggest that 

time-transgressive flowsets represent lineations formed incrementally behind a retreating ice 

margin under thin ice and with rapidly varying ice flow directions. This would produce a  
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Table 5.3: Diagnostic criteria for glaciodynamic flowset classifications used in this thesis, 

after Greenwood and Clark (2009a) and Hughes et al. (2014). 

Flowset 
classification  
(sub-classification) 

Bedform properties Landform 
associations 

Glaciodynamic context 

Isochronous  • No cross-cutting within 
flowset 
• High lineation parallel 
conformity 
• May ignore local topography 
• Gradual trends in lineation 
morphometry and distribution 

• No aligned 
eskers 
• No 
association 
with end 
moraines 

• Conforms to internal 
rather than marginal flow 
patterns 
• Stability of flow 
directions 
• Range of ice 
thicknesses 
• Warm-based 

Time-transgressive    

Flow-shift • Lower parallel conformity of 
lineations 
• Cross-cutting internal to 
flowset 
• Abrupt spatial discontinuities 
in lineation morphometry and 
distribution 

 • Changing flow 
geometry due to divide 
migration 
• Changing flow 
geometry due to outlet 
migration 
• Warm-based 

Thinning/thickening • Lower parallel conformity of 
lineations 
• Cross-cutting internal to 
flowset 
• Abrupt spatial discontinuities 
in lineation morphometry and 
distribution 
• Pattern corresponds to local 
topography 
• Cross-cutting is clustered 
around topographic obstacles 

 • Ice surface altitude 
decreases/increases 
• Relative to local 
topography 
• Warm-based 
 
 
 

Retreat – ‘warm-
based’ ice sheet 

• Lower parallel conformity of 
lineations 
• Cross-cutting internal to 
flowset 
• Pattern corresponds to local 
topography 
• Lobate/splaying pattern 
• Abrupt spatial discontinuities 
in lineation morphometry and 
distribution 

• Associated 
with end 
moraines 
• Aligned with 
eskers 

• Rapidly varying flow 
directions 
• Thin ice 
• Sheet or stream flow 
• Warm-based i.e. ‘wet-
bed’ 
 

Retreat – ‘cold-
based’ ice sheet 

• Absence of bedforms: 
landform record dominated by 
meltwater channels 

• Lateral 
meltwater 
channels only: 
pattern 
constrained by 
local 
topography 

• Thin ice 
• Topographically 
constrained 
• Sheet flow 
• Frozen bed 
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smudged signature typified by lobate or splaying flow patterns, close accord with 

topography, cross-cutting lineations, low parallel conformity, and abrupt and unsystematic 

variations in lineation morphometry (Figure 5.7). Additionally, such assemblages are usually 

aligned with meltwater and moraine landforms (Greenwood and Clark, 2009a; Hughes et al., 

2014), and when this occurs, this flowset type is termed time-transgressive retreat. Flowset 

number SL62 is an example of a time-transgressive retreat flowset that displays a 

characteristic splaying pattern (Figure 5.8). Of the 87 lineation flowsets identified in this 

thesis, 14 are classified as time-transgressive retreat. This type of flowset typically is 

expected to be the most common in a palaeo-glaciated landscape as the retreat of the ice 

sheet will always be the most recent phase of ice flow. The existence of older flowsets not 

associated with the retreat stages of the ice sheet must therefore be a consequence of (i) 

bedform preservation beneath cold-based ice, or (ii) rapid ice margin retreat that does not 

remould the subglacial landscape.  

Greenwood and Clark (2009a) found that the time-transgressive retreat flowset template was 

inadequate for fully describing the Irish landform record where smudged imprints lack 

evidence of proximity to an ice margin. Greenwood and Clark (2009a) therefore propose 

two new time-transgressive classifications that record a transition between potential end 

members. The first flowset, termed time-transgressive flow-shift, classifies a smeared 

imprint of two or more flow patterns that record subtle fluctuations or migrations in the 

dominant ice flow direction, whilst continually reshaping the bed. Flowset number SL16 is 

an example of a time-transgressive flow-shift flowset (Figure 5.8). Six flowsets are classified 

as time-transgressive flow-shift in this thesis.  

The other possible end member is a time-transgressive thinning (or thickening) flowset. 

Greenwood and Clark (2009a) and Hughes et al. (2014) suggest that the topography of the 

bed can have the greatest influence on ice sheet configuration as ice sheet thickness changes. 

Thus, although the overall flow direction remains the same, this smudged imprint reflects 

the shape of the surrounding topography. Flowset number SL73 is an example of a time-

transgressive thinning flowset (Figure 5.8). All 15 flowsets of this type are interpreted as ice 

sheet thinning events (rather than ice sheet thickening – discussed below) and are therefore 

classified as time-transgressive thinning. 
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Figure 5.7: Glaciodynamic scenarios where cross-cutting lineations might be expected to 

occur within a single ice flow event (modified from Clark, 1997; Greenwood and Clark, 

2009a). The concepts are useful in the interpretation of cross-cutting flow patterns. (a) 

Cross-cutting lineations that suggest ice flow from several ice dispersal centres (indicated 

by 1, 2, 3, 4) in close proximity may indicate a migrating ice divide. (b) Isochronous ice flow 

patterns overlain by a parallel fan-shaped flow pattern may indicate the activation of a fast 

ice flow event such as an ice stream. (c) Where smudged bedform imprints appear to follow 

the topography, this can indicate topographic ice flow controls in response to ice sheet 

thickness changes. (d) Successive fan-shaped imprints in the bedform record can indicate a 

retreating ice margin. A fifth conceptual model would suggest that the cross-cutting 

bedforms are from separate flow events, possibly separated by a cold-based glaciation event. 
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Figure 5.8: Types of time-transgressive flowsets observed on the Kola Peninsula and 

Russian Lapland (modified from Hughes, 2009). Time-transgressive retreat flowsets are a 

result of contiguous bedform generation behind a retreating ice margin, resulting in a 

smudged imprint. This type of flowset may also be associated with eskers and moraines. 

Time-transgressive flow-shift flowsets are due to smudging of the bedform signature during 

continual bedform generation while the ice sheet flow configuration is reorganised. Time-

transgressive thinning flowsets are a result of the increased influence of topography on flow 

patterns as the ice sheet surface declines during deglaciation. 

Figure 5.9 (also Map 6B) details the distribution of each type of flowset. Of the 87 lineation 

flowsets in this thesis, 12 could not be classified. This was because the low number of 

subglacial lineations within the flowset was insufficient for examining the different 

identification criteria. Despite this, the ‘unknown’ flowsets can still be employed in the 

glacial reconstruction to delineate ice flow configuration.  
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Figure 5.9: Flowsets classified by type on the Kola Peninsula and Russian Lapland; the 

distribution of flowsets is also shown in Map 6B. For clarity, flowsets are not labelled; this 

can be viewed on Map 6B. 

5.2.2 Subglacial rib flowsets 

Direction of ice flow is often harder to identify from subglacial ribs than lineations as they 

do not necessarily form perpendicular to ice flow direction (Dunlop and Clark, 2006; Vérité 

et al., 2021), as previously thought (Hättestrand and Kleman, 1999; Hättestrand and Clark, 

2006a). However, since ribs are thought to be the initial stages of bedform development and 

thus the precursor to lineations, or can form at the margins of fast ice flow indicated by 

corridors of lineations (Dunlop and Clark, 2006; Greenwood and Clark, 2009a; Stokes et al., 

2016b; Vérité et al., 2021), rib flowlines are reconstructed in this thesis flow parallel to any 

associated lineation flowsets. For the same reasons, rib flowsets are considered to be 

isochronous. Rib fields in close proximity to each other and with similar morphometric 

characteristics were grouped within the same flowset in this thesis. However, in some cases 

(e.g. around Kandalaksha; Figure 5.10) significant differences in rib size and spacing warrant 
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Figure 5.10: Subglacial rib flowsets near Kandalaksha. The underlying assumption when 

building flowsets is that bedforms formed under the same flow event will have similar 

morphometric characteristics. Although in close proximity, these subglacial ribs near 

Kandalaksha display three distinct characters (left panel, yellow polygons), and are 

therefore separated into three individual flowsets (right panel).  

individual grouping. Figure 5.6 and Maps 6A and 6B detail the distribution of the 15 

subglacial rib flowsets identified in this thesis.  

5.2.3 Evidence of palaeo-ice streams 

The identification of palaeo-ice stream pathways from the bedform record is a major focus 

of research, particularly since Bennett (2003) recognised the strong control these 

anomalously fast flowing corridors of ice have on the mass balance of the Antarctic and 

Greenland Ice Sheets. Punkari (1993, 1995, 1997) and Kleman et al. (1997) propose the 

locations of ice stream pathways on the Kola Peninsula and Russian Lapland. However, as 

discussed in Chapter 2, these ice stream pathways were proposed before robust criteria had 

been established. Thus, the bedform flowsets identified in this thesis are scrutinised using 

the robust palaeo-ice stream landsystem model (Table 5.4; also, see Chapter 2; Stokes and 

Clark, 1999, 2001). Of the terrestrially-based ice streams proposed by Punkari (1993, 1995, 

1997) and Kleman et al. (1997), only some are substantiated by the new mapping presented  
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Table 5.4: Diagnostic geomorphological criteria for identifying palaeo-ice streams, after 

Stokes and Clark (1999). 

Contemporary ice stream 
characteristic 

Proposed geomorphological signature 

Characteristic shape and dimensions 1. Characteristic shape and dimensions 
2. Highly convergent flow patterns 

Rapid velocity 3. Highly attenuated bedforms (length-to-width >10:1) 
4. Boothia-type erratic dispersal trains 

Sharply delineated shear margins 5. Abrupt lateral margins 
6. Lateral shear moraines 

Deformable bed conditions 7. Glaciotectonic and geotechnical evidence of 
pervasively deformed till 

8. Submarine till delta or sediment fans 
 

in this thesis. Figure 5.11 shows the flowsets that are thought to be palaeo-ice stream 

pathways on the Kola Peninsula and Russian Lapland.  

Figure 5.12 shows an example of a palaeo-ice stream track from the British-Irish Ice Sheet 

that displays many of the geomorphological characteristics outlined in Table 5.4. Flowsets 

SL69 and SL81, both of which are flowing into the White Sea, exhibit similar convergent 

ice flow patterns, high parallel conformity, abrupt margins, and subglacial lineation lengths 

to those from the Tweed Ice Stream (Figure 5.12). These flowsets are therefore designated 

as ice stream status, and may represent tributaries of the White Sea lobe. However, the 

seemingly lobate splaying pattern at the downstream edges of SL69 and SL81 suggests that 

the flowsets represent separate ice stream events, likely from the deglaciation stages of the 

FIS. For descriptive purposes, flowsets SL69 and SL81 are named here as the Kanozero and 

Kuusamo Ice Streams, respectively, after places located within the ice stream pathways. 

Highly parallel lineations in flowset SL74 may represent the head of the White Sea Ice 

Stream during an early flow configuration. However, further ice stream interpretations for 

flowset SL74 and the rest of the White Sea require geomorphological data from the White 

Sea basin. Thus, reconstructions involving the White Sea Ice Stream are based largely on 

previous research (see Chapter 2), and the glacier in this basin is hereafter referred to as the 

‘White Sea lobe’ so as to avoid introducing unsubstantiated glaciodynamic ideas.  

Flowsets SL28 and SL72 are also interpreted as ice streams owing to their convergent ice 

flow patterns, high parallel conformity, abrupt margins, and subglacial lineation lengths 

(Figure 5.13). However, unlike previous interpretations of a single ‘Kola Ice Stream’  
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Figure 5.11: Flowsets on the Kola Peninsula and Russian Lapland that have been 

categorised as palaeo-ice streams. In contrast to previous glacial interpretations of the 

‘Kola Ice Stream’ (see Chapter 2), flowsets SL28 and SL72 are interpreted as two individual 

palaeo-ice streams, referred to in this thesis as the Lovozero and Imandra Ice Stream, 

respectively. Although the presence of the White Sea Ice Stream is considered, a lack of 

geomorphological data for the White Sea basin preclude its reconstruction at this time. 

pathway (e.g. Punkari, 1993, 1995; Kleman et al., 1997; Punkari, 1997; Winsborrow et al., 

2010a), it is here proposed that the two flowsets represent two individual ice stream 

pathways instead. The onset zone of SL28 is at least 16 km northeast from the lobate 

termination zone of SL72, suggesting that they are separate ice flow events. For descriptive 

purposes, flowsets SL28 and SL72 are named here as the Lovozero and Imandra Ice Streams, 

respectively, after geographical features nearest to the ice streams. The orientation and lobate 

pattern of flowset SL68 may be a distributary of the Imandra Ice Stream (SL72), and is 

therefore assigned possible ice stream status. However, this is unclear owing to the limited 

length of the flowset.  
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Figure 5.12: A hillshade relief model image of the River Tweed basin, which Everest et al. 

(2005) interpret as a palaeo-ice stream imprint of the British Ice Sheet – the ‘Tweed Ice 

Stream’. The palaeo-ice stream pathway (boundaries indicated by green lines) displays a 

characteristic broad onset zone converging to a narrow trunk. Mega-scale glacial lineations 

indicate a northeastward ice flow direction. The hillshade relief model and elevation data 

are derived from the Ordnance Survey (OS) TerrainTM 5 digital terrain model (DTM) for 

Great Britain. 

In the Tuloma and Kola river basins, similar flowsets (SL43 and SL54) are identified to those 

reported by Kleman et al. (1997) and Winsborrow et al. (2010a). However, there does not 

seem to be sufficient evidence to suggest that these flowsets represent the Tuloma Ice 

Stream. The flowsets are characterised by densely spaced and highly parallel lineations, and 

additional subglacial rib tracts (flowset SR14) within the flowset may indicate the abrupt 

lateral margins of individual ice stream pathways. However, aligned eskers within the 

flowset are not considered contemporaneous with ice streaming (Stokes and Clark, 1999, 

2001; Greenwood and Clark, 2009a; Stokes et al., 2009; Hughes et al., 2014), and therefore, 

may suggest flowsets SL43 and SL54 are not ice stream events. In this thesis, a conservative 

view of ice stream terminology is adopted, only classifying flowsets as ice streams when  
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Figure 5.13: The Imandra Ice Stream (SL72). SL72 is a good example of an isochronous 

flowset where flow traces converge and terminate in a lobate splaying fashion. The panels 

show the interpretive stages from mapped landforms to the interpreted flowset boundary. 

This ice stream is only topographically constrained along its northern edge, and is ~ 200 km 

long and ~ 35 km wide. 

Original in Colour 
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they fit the criteria of Stokes and Clark (1999). Consequently, although flowsets SL43 and 

SL54 may indicate zones of fast ice flow, they are granted only possible ice stream status.  

5.2.4 Subglacially streamlined bedrock summaries 

Subglacially streamlined bedrock features are resistant to remoulding, unlike subglacial 

lineations that are typically composed of sediment (Greenwood and Clark, 2009a; Hughes 

et al., 2014). While subglacially streamlined bedrock features may represent consistent ice 

flow directions throughout a glacial cycle, they are regarded as a second order level of ice 

flow information in the glacial inversion model as they are most likely a cumulative result 

of the action of the ice sheet over an entire glacial cycle (and potentially multiple glacial 

cycles) rather than a single ice flow event (Greenwood and Clark, 2009a; Hughes et al., 

2014). Subglacially streamlined bedrock are therefore summarised as arrows in the direction 

of ice flow (Figure 5.14).  

5.3 Relative flowset chronology 

The reconstructed bedform flowsets so far reveal a spatial and glaciodynamic record of 

glaciation on the Kola Peninsula and Russian Lapland. However, there is also a wealth of 

evidence to suggest a multi-temporal glacial record in the region. Extracting this temporal 

element is key to piecing together flowsets into several reconstruction ‘snapshots’ 

throughout the ice sheet’s history. Flowsets are essentially two-dimensional map units. 

Therefore, the next stage of flowset interpretation is to identify the temporal dimension and 

build a relative chronological stack of ice flow patterns. The method for establishing a 

relative age sequence employed here is based on Greenwood and Clark (2009a) and Hughes 

et al. (2014). The 4,026 locations of cross-cutting bedforms (those locations observed with 

medium and high confidence bedforms only) are scrutinised to identify instances of bedform 

superimpositions and ‘upper’ and ‘lower’ flow patterns. This information is then used to 

determine the relative age of intersecting bedform flowsets. Although the genetic 

relationships between subglacial lineations and ribs is currently unclear, subglacial rib 

formation is thought to be contemporaneous with lineation formation. Rib flowsets are 

therefore recorded alongside the corresponding lineation flowsets in the relative age 

sequence. Subglacially streamlined bedrock summaries cannot be arranged within this 

relative age sequence as these features may have formed over multiple glaciations and thus 

do not represent a single ice flow event. The relative chronology of bedform flowsets is 

shown in Figure 5.15. In 26 cases it was not possible to ascertain relative ages and flowsets 
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Figure 5.14: Subglacially streamlined bedrock summary arrows for the Kola Peninsula and 

Russian Lapland. Inset: streamlined bedrock mapping is summarised as arrows in the 

inferred direction of ice flow; a different colour is used for the arrows in the inset figure for 

clarity. 

are therefore regarded as ‘floating’. There are additional cases (indicated in Figure 5.15) 

where unclear superimposition relationships result in insecure flowset relative chronologies. 

5.4 Regional ice flow dynamics 

The final step is to arrange the flowsets into coherent ice flow geometries of the ice sheet. 

Individual flowsets reveal a single ice flow event at a regional-scale. However, to integrate 

individual flowsets into an ice-sheet scale reconstruction, groups of flowsets – belonging to 

the same ice sheet configuration – that could feasibly occur at the same time are identified 

(e.g. Figure 5.16). Two approaches may be followed: (i) the oldest flowsets (as revealed by 

the relative age sequence in Figure 5.15) are isolated, ice sheet configuration is 

reconstructed, and work forwards in time (i.e. oldest to youngest); or (ii) the youngest  
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Figure 5.15: Relative chronology of bedform flowsets. Horizontal lines separate flowsets that are known to be older or younger than each other; 

broken lines indicate insecure flowset relative chronology. Vertical lines separate flowsets that could be contemporaneous. Flowsets are therefore 

not in a fixed position and can ‘slide’ up and down relative to laterally adjacent flowsets. Additionally, flowsets are not fixed to any defined time-

span, with the length of different flow events likely fluctuating throughout a glacial cycle. Subglacial ribs are assumed to form contemporaneously 

with subglacial lineations, and are therefore reported alongside the relevant lineation flowset. The colours used for the flowset labels match the 

flowset classification symbology in Figure 5.10. This relative age sequence has been produced by examination of subglacial bedforms using the 

ArcticDEM data. 
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Figure 5.16: Individual flowsets (a) are grouped into assemblages (b/d) that could feasibly 

represent an ice sheet configuration (c/e). Based on the properties of the flowsets, ice divide 

location, ice margin positions, and flowlines may be inferred. A rule of minimum complexity 

always applies (modified from Greenwood, 2008). 

flowsets are isolated, ice sheet configuration is reconstructed, and work backwards in time 

(i.e. youngest to oldest). In practice, both strategies are adopted, and ice sheet configuration 

is determined through an iterative procedure that considers flowset groupings, inferred ice 

sheet properties, and a plausible relative age sequence by looking both forwards and 

backwards in time.  

The procedure for reconstructing ice sheet properties invokes the assumptions of bedform 

formation, preservation, and destruction established in Chapter 3, Section 3.4. Thus, flowsets 

should be positioned downstream from an ice divide, rather than directly beneath an ice 

divide where very little lateral ice flow is thought to facilitate landscape preservation (Figure 

5.17; Kleman and Hättestrand, 1999; Boulton et al., 2001; Kleman et al., 2008; Greenwood 

and Clark, 2009a). The ice sheet margin should also be located downstream from an ice 

divide, with the flowlines joining the margins to the ice divide lying parallel to the individual 

flowsets (Clark, 1997; Kleman et al., 1997; Clark, 1999; Kleman et al., 2006; Greenwood 

and Clark, 2009a; Hughes et al., 2014). Finally, the overall ice sheet reconstruction should 

be approximately symmetrical (Clark, 1997; Kleman et al., 1997; Clark, 1999; Kleman et 

al., 2006; Greenwood and Clark, 2009a; Hughes et al., 2014), although it is acknowledged  
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Figure 5.17: Typical properties that influence the development of subglacial bedforms along 

a flowline for a land-based ice sheet (modified from Boulton et al., 2001). Zones of 

subglacial erosion and deposition are more-likely close to the ice margin where basal 

melting rates and mass balance velocities are high, and the zone underneath an ice divide 

precludes landform genesis. Thus, reconstructed ice divides should be positioned upstream 

from the head of a flowset. 

that since this thesis is concerned with only a defined sector of the FIS, truly symmetrical 

ice sheet reconstructions may not be possible. Regional assessments of flowset configuration 

are made first before their integration into an ice sheet-scale reconstruction in Section 4.5 of 

this chapter. The ice sheet configurations presented in this chapter depict ice margins as 

smooth, cartographically stylised lines; this is the simplest interpretation of ice margins that 

can be made from bedform flowsets. Alternatively, bedforms could have formed behind a 

highly crenulated ice margin. For a detailed ice margin reconstruction, the reader is referred 

to Chapter 6.  

The flowsets are divided into four regions (Figure 5.18) for discussion. However, owing to 

the overlap of flowsets, it is difficult to neatly assign flowset SL72 to a particular region. 

SL72 is therefore discussed alongside flowsets in regions two, three, and four (below); this 

also provides a connection between the different regions. Reference will be made extensively 

to Maps 6A and 6B and the subglacially streamlined bedrock summaries (Figure 5.14). 

Reference will also be made to the relative age sequence in Figure 5.15.  
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Figure 5.18: The spatial distribution of flowsets divided into the four regions discussed in 

the text and presented across Figures 5.19-5.23. Flowset SL72 is discussed in regions 2-4, 

and thus is not assigned a specific region. 

5.4.1 Region 1: northern and central eastern Kola Peninsula 

The most striking observation in Region 1 (Figure 5.18) is the scarcity of flowsets on the 

central eastern Kola Peninsula in comparison to elsewhere in the region. Moreover, flowsets 

on the northern and central eastern Kola Peninsula are spatially isolated from the rest of the 

bedforms in the study area (Figure 5.18). As such, reconstructing the ice flow history of 

Region 1 is problematic, but without evidence to the contrary, it must be assumed that all 

are from the Late Weichselian. SL9 represents the only evidence of ice flow geometry on 

the central eastern Kola Peninsula, and indicates ice flow to the southeast. This flow 

direction is supported by subglacially streamlined bedrock orientated northwest-southeast. 

There is strong evidence of a broadly southwest-northeast orientated ice flow on the northern 

eastern Kola Peninsula. Several flowsets (SL4-8, SL10, SL13, SL15) suggest ice flow to the 

northeast, and are supported by subglacially streamlined bedrock orientated southwest- 
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Figure 5.19 (across two pages): Reconstruction of ice flow patterns on the northern and 

central eastern Kola Peninsula. In this and the following figures, the area of the ice sheet is 

shaded white, flowlines are depicted by thin black lines, and ice divides by a thick black line. 

(a) Initially the FIS advances eastwards across the region. (b) An ice divide develops and 

(c) migrates northward, with ice flowing in a radial pattern toward the coasts of the eastern 

Kola Peninsula. A lack of flowsets associated with deglaciation does not facilitate an ice 

sheet retreat reconstruction in this region. 
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Figure 5.19 (cont.) 

northeast. Other flowsets in the River Iokanga basin indicate ice flow to the north-northeast 

(SL11) or north (SL12, SL14). Only flowsets SL10 and SL14 are superimposed by SL11, 

and thus demonstrate a temporal pattern of events. Flowsets SL4 and SL15, which display 

similar ice flow orientations to each other, are considered to have formed 

contemporaneously.  

To account for these contrasting ice flow patterns, two distinct ice flow phases must be 

recorded in Region 1. First, the southeast flow direction represented by SL9 must have 

developed during an early phase of ice flow during the build-up of the FIS or during 

deglaciation (Figure 5.19a). Subsequently, the general flow pattern on the northern eastern 

Kola Peninsula necessitates an ice divide running broadly west-northwest to east-southeast 

along the Keiva Upland, stretching at least between Lake Efimozero and Kavenka (Figure 

5.19b, c). Apparent fluctuations in the orientation of the flowsets in the River Iokanga basin 

may represent the northward migration of the ice divide (Figure 5.19c). It is considered likely 

that the FIS extended offshore and was confluent with the BSIS during this stage (Hughes 

et al., 2016; Stroeven et al., 2016; Newton and Huuse, 2017). In the absence of flowsets 

associated with the deglaciation of the FIS, it must be assumed that deglaciation was 

characterised by cold-based glaciation (see Chapter 4). However, this means that the pattern 
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of ice sheet retreat cannot be reconstructed from the subglacial bedform assemblage, since 

bedforms do not form under cold-based conditions (see Chapter 3).  

5.4.2 Region 2: southern Kola Peninsula 

Flowsets in Region 2 (Figure 5.18) reveal contrasting ice flow geometries throughout the 

Late Weichselian: (i) southward orientated ice flow on the peninsula (indicated by SL17, 

SL19, SL23, SL29, and SL67); (ii) southeast orientated ice flow on the peninsula (indicated 

by SL16, SL66, SL69, SL70, SL73, and SR4-9, also supported by subglacially streamlined 

bedrock);  (iii) eastward orientated ice flow on the peninsula and in the White Sea (indicated 

by SL2, SL18, SL20, SL64, SL65, SL68, SL71, SL72, and SR8); and (iv) ice flowing from 

the White Sea onto the peninsula (indicated by SL1, SL3, SL21, SL22, SL24, SL30, and 

SL63). Interpretation of the glaciodynamic context of these lineation flowsets also reveals a 

number of different glaciodynamic settings. For example, flowsets SL23, SL29, and SL67 

suggest southward isochronous ice flow from an ice divide centred on the central Kola 

Peninsula. In contrast, flowset SL30 (which superimposes SL29) is a time-transgressive 

flow-shift event representing a change in ice flow configuration to ice flowing onto the 

peninsula from the White Sea.  

A regional ice sheet history that considers significant contrasts and changes in ice flow 

configuration is proposed (Figure 5.20). The earliest ice flow event recorded in the region is 

the southward flow from an ice divide that is located broadly west-northwest to east-

southeast along the Keiva Upland, stretching at least between Lake Efimozero and Kavenka 

(Figure 5.20a, b). The relative age sequence of ice flow geometry suggests this ice divide 

was present during the build-up of the FIS. Opposing flowset orientations along the axis of 

the KIC (e.g. SL1 opposite SL2; SL19 opposite SL22) also suggests an east- and northeast-

migrating junction between ice centred on the Kola Peninsula and in the White Sea basin. It 

is therefore proposed that the FIS began establishing on the eastern Kola Peninsula before 

the advance of the White Sea lobe (Figure 5.20a). SL23, however, is not in agreement with 

this ice sheet build-up model as it suggests south-southeast ice flow on the Tersky coastline 

(i.e. where northward ice flow would be expected). This flowset may therefore represent an 

ice flow event prior to the advance of the White Sea lobe (which would require ice margin 

retreat from the Tersky coast to the Keiva II moraines), or an ice flow event associated with 

an earlier glaciation (i.e. pre-Late Weichselian). Time-transgressive flow-shift events 

captured in SL16 and SL19 also suggest the eastern end of the ice divide may have changed  
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Figure 5.20 (across four pages): Reconstruction of ice flow patterns on the southern Kola 

Peninsula. (a) Initially, a west-east ice divide develops and (b) migrates, encouraging a 

radial ice flow pattern toward the coasts of the eastern Kola Peninsula. An advancing White 

Sea Ice Stream (c) starts to influence ice flow configuration on the Kola Peninsula, (d) before 

dominating ice flow configuration completely. (e) A new ice divide is imposed at the start of 

deglaciation, although successive ice flow events (f-j) either preclude an ice divide or (h) 

impose a new one in this region. Final deglaciation is characterised by (h/i) ice streaming 

and (i/j) ice sheet thinning. 
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Figure 5.20 (cont.) 
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Figure 5.20 (cont.) 
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Figure 5.20 (cont.) 

position during the build-up of the FIS. Alternatively, the ice flow configuration close to the 

ice margin may have evolved in response to the advance (and possible ice streaming) of the 

White Sea lobe (Figure 5.20b). Initial ice flow from the White Sea onto the Kola Peninsula 

(recorded in SL22; Figure 5.20c) likely became dominant in the region, resulting in a 

southwest-northeast orientation ice flow from the White Sea across the Kola Peninsula 

(Figure 5.20d). However, the relative age sequence (Figure 5.15) suggests this was a short-

lived ice flow configuration.  

Initial FIS deglaciation of the southern Kola Peninsula considers further ice flow 

configuration changes, broadly to the east and southeast across the region. SL20 is a 

relatively long-lived flow event that is considered to represent the retreat of the White Sea 
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lobe, and successive splaying lineation patterns within this flowset suggest the ice margin 

underwent temporary standstills in retreat or sustained readvances (Figure 5.20e-g). No 

changes in ice flow configuration or evidence of ice streaming of the White Sea lobe are 

captured in this reconstruction (Figure 5.20e-g), although geomorphological data for the 

White Sea basin are required to verify this. A lack of flowsets associated with deglaciation 

on the central eastern Kola Peninsula suggests cold-based glaciation during retreat (Figure 

5.20e, f). In contrast, reconstructed flowsets in the Varzuga and Umba river basins indicate 

warm-based glaciation during retreat (Figure 5.20e-g). Isochronous SL66, which indicates 

southeast orientated ice flow, imposes an ice divide centred on the Lovozero and Khibiny 

Mountains (Figure 5.20e). However, superimposed flowsets SL65 and SL64 suggest this ice 

divide was not present as the ice flow orientation shifted eastward during retreat (Figure 

5.20f, g).  

The deglaciation of the southern western Kola Peninsula was characterised by ice streaming 

and ice sheet thinning. The southeast flowing Kanozero Ice Stream and associated subglacial 

lineation flowset SL68 and rib flowset SR9 would suggest an ice divide upstream from the 

flowsets (Figure 5.20h). If this ice divide existed, however, it would have been short lived 

as the subsequent flow configuration dictated by the topographically constrained Imandra 

Ice Stream requires an alternative ice divide centred in Finnish Lapland. Smudged imprints 

of flowsets SL70, SL71, and SL73 and accompanying SR7 and SR8 represent increasingly 

topographically confined ice flow typical of ice sheet thinning around the Kolvitsky Tundra 

(Figure 5.20i, j). This is the only evidence recorded in the subglacial bedform assemblage of 

ice sheet thinning during deglaciation on the southern Kola Peninsula, although it is possible 

that ice sheet thinning occurred elsewhere in the region.  

5.4.3 Region 3: northern western Kola Peninsula and Russian Lapland 

The assemblage of ice flow evidence in Region 3 (Figure 5.18) reveals similarly contrasting 

ice flow geometries: (i) broadly eastward orientated ice flow (indicated by SL33, SL34, 

SL37, SL40, SL41, SL44, SL46, SL47, SL50, SL58, SL60, and SL86, supported by 

subglacially streamlined bedrock); (ii) generally north and northeast orientation ice flow 

(indicated by SL26-28, SL31, SL32, SL38, SL39, SL43, SL48, SL49, SL51-57, SL59, SL61, 

SL87, and supported by subglacially streamlined bedrock); (iii) southward orientated ice 

flow (indicated by SL36, SL42, SL44, SL45, SL62); and (iv) westward orientated ice flow 

(indicated by SL25). Interpretation of the glaciodynamic context of these flowsets also  
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Figure 5.21 (across three pages): Reconstruction of ice flow patterns on the northern western Kola Peninsula and Russian Lapland. (a) The FIS 

first advances eastwards across the region. (b) During the local-LGM a west-east ice divide develops, which (c) migrates southward during the 

deglaciation. (d) The FIS typically flows to the northeast during deglaciation, and ice sheet thinning encourages ice flow around the Lovozero 

Mountains. (e/g) Continued ice sheet thinning results in fluctuations in ice flow direction on the western Kola Peninsula. (g/h) Ice streaming 

facilitates ice sheet thinning and major ice sheet configuration changes. (i/j) The final stages of glaciation are characterised by strongly 

topographically controlled ice flow. 
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reveals various ice flow behaviours in a number of different environmental settings. 

Evidence of fast, topographically unconstrained ice flow on the shield terrain is 

demonstrated, for example, in SL55. In contrast, topographically confined ice flow in SL56 

is indicative of ice sheet thinning in mountainous areas.  

The proposed regional ice sheet history therefore considers changing ice flow geometries in 

response to the growth and decay of the ice sheet (Figure 5.21). The west-east orientation of 

the fragmented SL46 is interpreted as evidence of the eastward advance of the FIS across 

the region (Figure 5.21a). SL47, which indicates localised northwest-southeast orientated 

ice flow near Nikel, could also be associated with the build-up of the FIS, although this 

conflicts with SL46a. Flowsets SL50, SL58, and SL86 indicate ice flow to the southeast in 

the Karelide and Salnyye Tundra Mountains, and may also be evidence of the advance of 

the FIS across the region. However, as it is not possible to determine the relative age of these 

flowsets they have not been included in the regional reconstruction (Figure 5.21a). SL32, 

SL35, and SL39 may represent subsequent ice flow to the north; however, the flowsets 

cannot be confidently placed in the relative age sequence. SL46 is superimposed by SL43, 

thus flowsets SL31 and SL43 and SR13, which indicate ice flow to the north-northeast, are 

interpreted as the next stage of ice flow. This ice flow configuration imposes an ice divide 

over the Imandra basin and the Khibiny/Lovozero Mountains, and is considered to be the 

local-LGM FIS configuration (Figure 5.21b). During this stage of glaciation, the FIS margin 

would have extended offshore and would likely have been confluent with the BSIS (Hughes 

et al., 2016; Stroeven et al., 2016; Newton and Huuse, 2017). Fast ice flow documented in 

SL43 may therefore have extended into the Kola Trough and drained into the Djuprenna Ice 

Stream in the Barents Sea (Ottesen et al., 2008; Winsborrow et al., 2010a).  

The FIS becomes increasingly topographically constrained throughout deglaciation in 

Region 3. The spatial distribution and orientation of flowsets also suggests a shift to a 

dominant northeast ice flow direction that requires an ice divide in Finnish Lapland during 

deglaciation (Figure 5.21d-j). Furthermore, although not shown in Figure 5.21d-j, it is likely 

that ice sheet thinning exposed mountain summits as nunataks during deglaciation. Flowsets 

SL28, SL48, SL53, SL54, SR12, and SR14 are considered to represent the earliest stages of 

deglaciation (Figure 5.21c). Flowsets SL59 and SL61, which indicate northeast ice flow 

south of the Karelide Mountains, may also be associated with this stage, but they cannot be 

confidently placed in the relative age sequence and are excluded from the reconstruction. 

Nevertheless, the distribution and orientation of the flowsets necessitates an initial 
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southward migration of the ice divide. Although SL28 and SL64 represent ice flow that is 

largely independent from topographic influence, SL48 indicates topographically controlled 

ice flow on the Rybachy Peninsula, and SL53 is considered to represent a local 

topographically-induced ice flow configuration as ice drained into Kola Bay (Figure 5.21c). 

This suggests a thinning ice sheet with an ice flow configuration becoming topographically 

controlled. SL51 (which is accompanied by SR15) superimposes SL54 and indicates a 

subsequent northeast ice flow direction in northern Russian Lapland (Figure 5.21d). A 

‘smudged’ imprint of lineations in SL27 and ribs in SR11 could represent ice sheet thinning 

on the eastern flanks of the Lovozero Mountains, similar to SL25. However, SL27 is 

interpreted as a time-transgressive flowshift event on account of the significant ice sheet 

configuration change on the northern western Kola Peninsula (from broadly northward to 

eastward ice flow direction) associated with this flowset (Figure 5.21d). Additionally, the 

apparent retreat around the Lovozero Mountains documented in SL27 suggests that, as the 

FIS thinned, it was forced to flow around the massifs in Region 3.  

Subsequent oscillations in ice sheet configuration in the area north of the Khibiny and 

Lovozero Mountains are documented in flowsets (i) SL26 and SL36; (ii) SL33 and SL36; 

(iii) SL34; (iv) then SL37 (Figure 5.21e-h). Flowsets SL34, SL36, SL37, SL40-42, and SL44

document continued topographically controlled ice flow in response to ice sheet thinning

around the mountains on the western Kola Peninsula. This ice sheet thinning around the

Khibiny and Chunatundra Mountains likely was accompanied by ice streaming south of the

Khibiny Mountains (Figures 5.11; 5.21g-h). The location and orientation of ice streams

influenced the configuration of the FIS in this region: the northwest-southeast orientation of

the Kanozero Ice Stream facilitated southeastward ice flow toward the White Sea, while the

subsequent Imandra Ice Stream shifted ice flow direction to the east. Following the

termination of ice streaming, the time-transgressive retreat SL49 documents the southward

retreat of the FIS margin across northern Russian Lapland (Figure 5.21i). SL44 is considered

to represent a flow event at the same time; however, this flowset suggests ice flow to the

southeast (Figure 5.21i). SL44 therefore indicates ice sheet thinning around the

Monchetundra and Volchi Tundra Mountains, which would have necessitated local

topographically constrained ice flow around the massifs (Figure 5.21i). Flowsets SL57 and

SL87 may also be associated with this stage of glaciation, but they cannot be placed in the

relative age sequence to verify this.



 

178 
 

Flowsets SL56 and SL62 document the final stage of glaciation in northern Russian Lapland. 

The northeast ice flow event SL52 suggests ice sheet thinning as the FIS retreated 

southwards through the Karelide and Salnyye Tundra Mountains (Figure 5.21j). SL62, 

however, is a conflicting ice flow geometry to the south just east of the Chunatundra 

Mountains. This necessitates a thin ice sheet that cannot flow over the Chunatundra and 

Monchetundra Mountains, and must therefore flow around it. As such, a southward flowing, 

topographically confined glacier extending from the ice margin is proposed (Figure 5.21j). 

Although the reconstruction presented in Figure 5.21 captures most of the ice flow events 

recorded in Map 6, SL38 does not fit into this reconstruction. SL38 is a splaying pattern of 

lineations at the mouth of the River Kuniyok valley, indicating north-northwest ice flow 

from the Khibiny Mountains (Figure 5.22). This suggests a glacier retreating up-valley into 

the Khibiny massif rather than the FIS retreating down-valley out of the mountains. Low 

confidence (1) lineations in the River Kuniyok valley support this interpretation (Figure 

5.23), although field mapping is required to verify these features (see Chapter 4). As the FIS 

occupied the Khibiny Mountains during the Late Weichselian and retreated down-valley (see 

Chapters 2 and 4), such glaciation configuration suggests mountain glaciation that can only 

have occurred either before or after FIS glaciation. However, it is not possible to determine 

the relative age of this ice flow event from the subglacial bedform assemblage.  

5.4.4 Region 4: southern Russian Lapland 

The assemblage of ice flow evidence in Region 4 (Figure 5.18) also reveals contrasting ice 

flow geometries: (i) northwest-southeast orientated ice flow (indicated by SL74, SL75, 

SL79, SL84, SR1, and SR4-7, supported by subglacially streamlined bedrock; (ii) broadly 

west-east orientated ice flow (indicated by SL81-83, SR2 and SR3, and supported by 

subglacially streamlined bedrock); and (iii) southwest-northeast orientated ice flow 

(indicated by SL76, SL77, SL80, and SL85, and supported by subglacially streamlined 

bedrock). SL78 also suggests ice flow to the south-southwest – this is in direct conflict with 

all other available ice flow geometry data. As such, it is tentatively proposed that SL78 

represents an ice flow event from an earlier glaciation, e.g. the Early Weichselian (c. 115-60 

ka), although it is noted that additional evidence is required to verify this.  

The proposed regional ice sheet history therefore considers changing geometries in response 

to the growth and decay of the ice sheet (Figure 5.23). Lineation flowsets SL74, SL75, and 

SL79 and rib flowsets SR4-7 are interpreted as evidence of the initial FIS advance into the  
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Figure 5.22: Flowset SL38 at the mouth of the River Kuniyok valley indicates glacier ice 

flow down-valley in the Khibiny Mountains. Grade 1 lineations (in red) support down-valley 

ice flow in the River Kuniyok valley, although field mapping is required to verify these 

features. Flowset groupings north of the massif are not shown. 

 

Figure 5.23 (next page): Reconstruction of ice flow patterns in southern Russian Lapland. 

(a) Initial southeast orientation ice flow into the White Sea trough, possibly during the 

advance of the FIS in the region. (b) Subsequent ice sheet configuration change indicating 

ice flow to the northeast. (c) SL81 is the only evidence of ice streaming in southern Russian 

Lapland. There are two possible scenarios for subsequent glaciation: (d) an embayment in 

the Kandalaksha Gulf, and ice flow direction to the northeast in the Republic of Karelia; or 

(e) west-east orientated ice flow across southern Russian Lapland. (f) Final deglaciation 

was likely characterised by northwest-southeast orientated ice flow as the FIS margin 

retreated northwest across southern Russian Lapland.
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White Sea basin (Figure 5.23a). This ice flow configuration would necessitate an ice divide 

in northern Finnish Lapland. During the build-up of the FIS, it is likely the ice sheet exploited 

pre-existing topographic depressions, and thus flowed through the Kandalaksha Gulf into 

the Kandalaksha Trough. Ice probably continued to flow into the White Sea, possibly as an 

ice stream (see Section 2.3 of this chapter); however, bedform evidence in Region 4 and in 

the White Sea is not available to verify this. The next ice flow event in the region is recorded 

by SL80. This flowset suggests a major shift in ice sheet configuration from northwest-

southeast to southwest-northeast orientated ice flow (Figure 5.23b). This would necessitate 

a southward migration of the ice divide, which may have been centred on the Gulf of Bothnia 

(Kleman et al., 1997). SL85 may also be part of this ice sheet configuration, but has been 

excluded as it cannot be confidently placed in the relative age sequence. The subsequent 

stage of glaciation – indicated by SL81 and SR3 – exploits this ice divide, changing to a 

dominant west-east orientated ice flow configuration (Figure 5.23c). It is likely that the ice 

margin extended offshore during this stage of glaciation, but without bathymetric data the 

ice flow configuration in the White Sea cannot be confidently reconstructed. SL81 is 

confidently assigned ice stream status (see Section 2.3 of this chapter), but is considered to 

represent the Kuusamo Ice Stream, which would have been active after ice streaming in the 

White Sea. The Imandra Ice Stream (SL72) may have been active at the same time as SL81, 

but this is not discernible in the relative age sequence.  

Two possible scenarios are proposed for the following stage of deglaciation. First, as 

evidenced by time-transgressive retreat flowsets SL76 and SL77, the southwest-northeast 

ice flow geometry suggests a fluctuation in ice sheet configuration in response to an 

embayment forming in the Kandalaksha Gulf (Figure 5.23d). In contrast, SL83 (which is 

also time-transgressive retreat), SR1 and SR2, suggest generally eastward ice flow 

orientation during retreat (Figure 5.23e). In both scenarios, the Imandra Ice Stream is thought 

to have been active (Figure 5.23d-e). The latter ice sheet configuration scenario is preferred 

in this reconstruction as the ice flow configuration of SL83 reflects the dominant ice sheet 

configuration of the Kuusamo Ice Stream. Furthermore, this scenario could conceivably lead 

to the final ice sheet configuration reconstruction for the region, where SL82 and SL84 

indicate generally southeast orientated ice flow behind a north-westward retreating ice 

margin (Figure 5.23f). It is therefore possible that flowsets SL76 and SL77 represent (i) ice 

flow events from a different stage of Late Weichselian glaciation, (ii) ice flow events 
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associated with an entirely different glaciation, or more likely, (iii) local ice flow 

configuration variations within flowsets SL81 and SL83.  

5.4.5 Regional ice sheet histories: summary  

The above geometric correlations along with relative chronological evidence are weaved 

into a 14-stage ice sheet-scale relative time-slice reconstruction of ice flow evolution (Figure 

5.24). The reconstruction documents the advance, local-LGM, and retreat ice flow 

configuration of the FIS on the Kola Peninsula and Russian Lapland. An ice divide is also 

proposed in the region, but it is likely that this is a ‘secondary’ or ‘tertiary’ ice divide as the 

main ice dispersal zone was centred over the Gulf of Bothnia (Kleman et al., 1997). For the 

most part, the regional reconstructions easily fit together, although some compromises have 

been made to accommodate ice sheet-scale dynamics. In Figure 5.24a, flowsets SL9 and 

SL46 have been combined into a single ice sheet configuration, although it is acknowledged 

that they may represent flow events from different points in time. Without evidence of 

southward ice flow in southern Russian Lapland, only a tentative ice divide is drawn in 

Figure 5.24f. Unlike Figures 5.20e and 5.21c, the reconstructed ice divide in Figure 5.24g 

does not extend further west than Lake Umbozero; this is to accommodate the diverging 

flow patterns around the Lovozero Mountains. Moreover, without evidence of southward ice 

flow in southern Russian Lapland, only a tentative ice divide is reconstructed here (Figure 

5.24g). Similarly, the ice divide proposed at the head of SL69 (Figure 5.20h) is not included 

in Figure 5.24k as an ice divide would not be supported by the southward ice flow 

configuration indicated by SL42 over Lake Imandra (Figure 5.21g). Converging ice flow in 

the Kandalaksha gulf in Figures 5.24k-l is likely a consequence of topographic forcing on 

the ice flow configuration. It does, however, remain unclear whether an ice lobe extended 

into the White Sea during these stages of ice flow, as geomorphological data on which to 

base this reconstruction are currently lacking. Finally, the apparently conflicting ice flow 

orientations in the River Nota basin in Figure 5.24n may be representations of locally-

specific ice flow geometries of a thinning and topographically controlled ice sheet. 

Alternatively, the conflicting ice flow orientations may reflect different stages of bedform 

development; this is particularly the case for SL84a, which is interpreted as forming behind 

a retreating ice margin where the subglacial environment is being continually reworked.  
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Figure 5.24 (across four pages): Ice flow configuration reconstruction for the Kola Peninsula and Russian Lapland. Regional assessments 

presented in Figures 5.19-5.23 are combined and arranged into the most-likely scenarios of ice sheet configuration. This ice sheet-scale ice flow 

reconstruction will be used to inform the final glacial reconstruction presented in this thesis. 
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5.6 Summary 

This chapter documents the generalisation of the subglacial bedform assemblage on the Kola 

Peninsula and Russian Lapland and arranges the resulting flowsets into a plausible relative 

time-slice reconstruction of ice flow evolution. In total, 102 bedform flowsets are identified 

from the subglacial bedform map (Map 3) and their genetic classification and a relative 

chronology is established; these data are presented in Map 6. Flowsets are classified in terms 

of their imprint and whether they record the tracks of palaeo-ice streams. The flowsets were 

then arranged into plausible ice sheet configurations – first at a regional level, and then for 

the entire Kola Peninsula and Russian Lapland – that reasonably accommodate the 

individual flowset geometries, relative chronology, and flowset classification evidence. In 

summary, the regional flow pattern scenarios indicate the following:  

• The FIS advanced eastwards across the Kola Peninsula and Russian Lapland,

establishing an ice divide in the region prior to the local-LGM. The ice divide likely

migrated on the central eastern Kola Peninsula in response to the evolving ice sheet

configuration. Ultimately, this ice divide ceased to exist, and ice flowed onto the

Kola Peninsula and Russian Lapland from the main FIS ice divide centred over the

Gulf of Bothnia.

• The FIS likely became established on the Kola Peninsula prior to the glacial advance

in the White Sea basin. Ice sheet configuration along the KIC axis was therefore

characterised by convergent ice flow. However, the convergent ice flow probably

temporarily ceased as the White Sea ice lobe flowed northeastward onto the southern

eastern Kola Peninsula, probably during the local-LGM.

• Deglaciation was characterised by broadly west-east orientated ice flow, with

converging flow patterns along the KIC, and a thinning, westward retreating ice

sheet.

• Four probable ice streams in the region are proposed: (i) the Kuusamo Ice Stream;

(ii) the Kanozero Ice Stream; (iii) the Lovozero Ice Stream; and (iv) the Imandra Ice

Stream. The White Sea Ice Stream is also considered, but the lack of

geomorphological data from the White Sea basin preclude its reconstruction. Since

ice streaming in the White Sea cannot be verified with existing geomorphological

data, the glacier in basin is herein referred to as the ‘White Sea lobe’. Other possible
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ice streams are proposed in the Tuloma and Kola river basins in northern western 

Kola Peninsula and Russian Lapland. Ice streams in the White Sea and River Kola 

basin may have been active during the advance and local-LGM stages of glaciation, 

and the other ice streams were likely active during different stages of deglaciation.   

This ice flow configuration reconstruction will form the basis of the final FIS reconstruction 

presented in Chapter 7. It is also envisaged that the flow information summarised in this 

chapter will be useful for ice sheet modellers wishing to compare model outputs against flow 

pattern evidence.  
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Chapter 6. Fennoscandian Ice Sheet margin positions on the Kola 

Peninsula and Russian Lapland 

6.1 Introduction 

In preceding Chapter 5, it was noted that the concept of flowsets can be extended to glacial 

landforms other than subglacial bedforms (e.g. meltwater and morainic landforms) to 

facilitate the inversion of a glacial geomorphological map. This chapter applies this principle 

to the meltwater and morainic landforms revealed by the geomorphological map (Chapter 4) 

to reconstruct the FIS margin positions on the Kola Peninsula and Russian Lapland. Like 

Chapter 5, a logical stepwise process is imposed here in Chapter 6, although in reality the 

glacial reconstruction is an iterative process that requires revisions and optimisations along 

the way. First, the procedures for summarising landforms are outlined, and the resulting 

landform summaries are detailed. Second, plausible ice margin positions are reconstructed 

from the landform summaries. Throughout this process, reconstructed ice margins are 

assessed alongside the geomorphological data presented in Map 2 to ensure accuracy in the 

final reconstruction. Finally, a numerical age database is established and applied to the 

regional ice margin reconstruction. In Chapter 7, this ice margin reconstruction will be 

combined with the bedform-driven glacial reconstruction presented in Chapter 5 to produce 

a time-slice reconstruction of FIS glaciation on the Kola Peninsula and Russian Lapland.  

6.2 Landform summaries 

The first step for reconstructing ice margin positions is to summarise the landform 

assemblages presented in Maps 4 and 5 into meaningful pieces of information. Unlike 

subglacial bedforms, which are typically arranged in both lateral and elongate patterns, 

meltwater and morainic landforms are usually distributed in a more elongate manner, often 

as complex networks. As such, meltwater and morainic landforms cannot be summarised in 

the same format as bedforms, and are instead summarised as arrows, lines, or points. Eskers, 

lateral and subglacial meltwater channels, and Type 3 hummocky moraine corridors (which 

are thought to be remnants of subglacial meltwater drainage networks; Peterson et al., 2017; 

Lewington et al., 2020) are summarised as arrows in the inferred direction of ice flow after 
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Figure 6.1: Meltwater landform mapping (left panels) is summarised as arrows in the 

inferred direction of ice flow (right panels). (a) Lateral (light blue) and subglacial meltwater 

(dark blue) channels; (b) eskers (red); and (c) Type 3 hummocky moraine (brown) corridors. 

The summary arrow colours are chosen arbitrarily to distinguish the arrows from the 

mapped landforms (whose colours match the symbology used in Maps 4 and 5). 

Original in Colour 
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Hättestrand and Clark (2006b), Greenwood and Clark (2009b), Clark et al. (2012), and 

Hughes et al. (2014) (Figure 6.1). In a glacial system, the meltwater drainage direction is 

largely governed by ice surface slope, although strong local relative relief may drive local 

drainage in a slightly different direction to the regional ice flow (Figure 6.2) (Greenwood et 

al., 2007; Greenwood and Clark, 2009b; Clark et al., 2012). To account for this, detailed 

mapping overlays topographic data (i.e. the ArcticDEM; see Chapter 4, Section 2.1 for 

details) when deriving meltwater drainage network summaries. In this way, it is ensured that 

local topographic influences are accounted for, and it is the regional ice flow directional 

information that is recorded for the reconstruction of ice sheet-scale properties. Figure 6.3 

shows the resulting distribution of the meltwater drainage network summary arrows or 

‘flowsets’. 

Unlike meltwater drainage landforms, ice-marginal landforms do not necessarily record ice 

flow directions and are therefore recorded as lines and points to define ice margin positions 

(Figure 6.4). Moraines associated with the FIS are summarised by a single line representing 

the inferred ice margin position (Figure 6.5) (after Greenwood and Clark, 2009b; Clark et 

al., 2012; Hughes et al., 2014; Hughes et al., 2016; Stroeven et al., 2016), while those 

 

  

Figure 6.2: Illustration of meltwater channel data reduction to summary arrows (green). In 

this example, lateral meltwater channels (light blue) on the flanks of the Pansky Tundra 

suggest meltwater flowed downslope, away from the higher ground (left panel). However, 

the topographic context is used to summarise flights of lateral meltwater channels in the 

direction of ice flow (right panel). The summary arrow colours are chosen arbitrarily to 

distinguish them from the mapped landforms (whose colours match the symbology used in 

Maps 4 and 5). 
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Figure 6.3: Distribution of meltwater summary arrows on the Kola Peninsula and Russian 

Lapland. Summary arrow colours are chosen to reflect the landform symbology in Maps 4 

and 5, and are thus different from those in Figures 6.1 and 6.2 where colours are chosen to 

distinguish the arrows from the mapped features. 

moraines associated with mountain glaciation (which are not needed for an ice sheet 

reconstruction) are excluded. Deriving ice margin positions from moraines is, in general, 

straightforward. For example, a single ridge delineates an ice margin. However, where large 

spreads of hummocky moraines are identified, the spatial distribution of the moraines may 

indicate multiple ice margin positions, or an obvious ice margin position may not be 

apparent. It may also be necessary to use topographic data to extrapolate between moraine 

fragments, for example across valleys. Typically, no differentiation is made between most 

types of moraines at this stage, and all are summarised as a single line with tick marks on 

one side of the line to differentiate between proximal and distal (to the ice margin) surfaces 

(Figure 6.5). There are, however, two exceptions: (i) interlobate moraines – which have two 

ice-contact slopes – are summarised by lines with tick marks on both sides; and (ii) Type 3 
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hummocky moraines, which represent meltwater drainage networks, are summarised as 

arrows (see above). Nevertheless, all moraines (excluding Type 3 hummocky moraines) are 

assumed to represent former ice margins or edges of the ice sheet. Other ice marginal 

landforms – specifically cirque infills, glaciofluvial deposits, and ice-dammed lakes – are 

also used to infer ice margin positions. Cirque infills and glaciofluvial delta apices are 

summarised as points to represent the site-specific information that is revealed by these 

landforms (Figure 6.6a-b), whereas the maximum lateral extent of ice-dammed lakes is 

reconstructed to infer ice contact slopes (Figure 6.6c).  

 

Figure 6.4: Ice marginal landform summaries – moraines, cirque infills, glaciofluvial 

deltas, and palaeo-lake shorelines. Margins identified from moraines are summarised as 

lines connecting discontinuous ice margin positions across large areas. In contrast, cirque 

infills, deltas, and ice-dammed lakes represent location-specific information and cannot be 

summarised as lines. The locations of reconstructed ice-dammed lakes (Figure 6.8) are 

shown as points in this figure for clarity. 

Original in Colour 



 

194 
 

 

Figure 6.5: Moraine mapping (left panels, brown) is summarised as lines marking ice 

margin positions (right panels). Topographic context is used to aid connection of moraine 

fragments (a and b). Tick marks indicate the proximal ice contact side of the inferred ice 

margin positions; (c) for interlobate moraines, which have two ice contact slopes, it was 

necessary to have tick marks on both sides of the inferred ice margin. 
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Figure 6.6: Cirque infills, glaciofluvial deposits, and palaeo-lake shorelines (left panels) 

are summarised to indicate ice margin positions (right panels). (a) Cirque infills (maroon), 

which represent location-specific ice marginal and climatic data, are summarised as points. 

(b) Only glaciofluvial deltas (green) are used as indicators of ice margin positions since ice 

margin positions can be easily distinguished from delta apices (indicated by the points in 

the right panel). (c) Palaeo-lake shorelines (blue-green) are used to reconstruct ice-dammed 
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lakes (right panel). In this example, the red line represents the reconstructed ice margin 

position. 

6.3 Ice margin positions   

The next step takes the landform summaries from Section 2 of this chapter and uses them to 

reconstruct ice margin positions on the Kola Peninsula and Russian Lapland (after 

Greenwood and Clark, 2009b; Clark et al., 2012; Hughes et al., 2016). These reconstructions 

are based on the assumptions of landform formation, preservation, and destruction outlined 

in Chapter 3, Section 3. Moraines, flights of lateral meltwater channels, glaciofluvial deltas, 

and ice-dammed lakes clearly demarcate ice margin positions, but do not necessarily identify 

the direction of retreat. In contrast, eskers, subglacial meltwater channels, and Type 3 

hummocky moraine corridors can be used to infer ice margin positions and the direction of 

retreat. In addition, time-transgressive retreat flowsets – which record the generation of 

bedforms behind a retreating ice margin (reconstructed in Chapter 5) – can also be used to 

infer ice margin positions and the direction of retreat (Clark, 1999; Greenwood and Clark, 

2009b; Clark et al., 2012). The locations of cirque-infills are, however, not used at this stage, 

as these landforms are better used to reconstruct the locations of blue-ice climatic conditions 

(Hättestrand et al., 2008; Sugden and Hall, 2020; Woodward et al., 2022), and more accurate 

reconstructions of ice margin positions are derived from topographic data.  

Initially, each landform type is considered individually before combining the different lines 

of evidence together to produce an overall summary of ice margin positions in the region. 

This allows conflicts and agreements between the different landforms to be discussed. At 

each stage, the landform summaries are viewed alongside the original high-resolution DEM 

and the geomorphological data presented in Maps 4 and 5 so that ice margins can be 

extrapolated across the landscape and to ensure that the reconstructed ice margins are an 

accurate representation of the original information.  

6.3.1 Ice margin positions from moraines  

Moraines are summarised as lines representing terrestrial ice margin positions (Figure 6.4). 

Using topography as a guide, these summaries are used to reconstruct an overall pattern of 

ice margin positions on the Kola Peninsula and Russian Lapland. In addition, ice margin 

positions in marine environments associated with FIS glaciation are reconstructed from 

geological data presented by Sorokin (1987), Petrov et al. (2014), and Rybalko et al. (2018). 
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However, the data presented by these authors are not summarised like terrestrial moraines 

as these data are already considered to be in a low-resolution summary format. For the same 

reason, no attempt is made at this stage to unite the terrestrial and marine margin positions.  

The resulting ice margin positions are presented in Figures 6.7-6.8. The most significant ice 

marginal zone on the eastern Kola Peninsula is a near continuous ice margin reconstructed 

between Lumbovskiy Bay and Umba. Although not easily seen in Figure 6.7, it is 

acknowledged that this margin is interpreted as an interlobate moraine assemblage (Map 5)  

 

 

Figure 6.7: Ice margin positions derived from moraines. Terrestrial ice margin positions 

(shown in brown) are based on mapped moraines presented in this thesis (Map 5). Marine 

margin positions (shown in grey) are based on geomorphological data presented by Sorokin 

(1987), Petrov et al. (2014), and Rybalko et al. (2018). In both cases, margins that are 

directly supported by moraine evidence are represented by a solid line, and broken lines 

connect moraines margins where it was deemed logical to do so, on the basis of topographic 

context. Boxes indicate areas shown in more detail in Figure 6.8a-c. 
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– thus indicating an ice margin between two dynamically different ice masses – and may 

also be associated with FIS advance. To acknowledge morphological similarities, inferred 

genetic origins, and the distance between the moraines, a broken line is used to link the 

interlobate moraine at Lake Nizhneye Khlebnoye (see Chapter 4, Section 5.3) with the Keiva 

IIa moraine at Varzuga (Figure 6.7).  

Elsewhere on the peninsula and in Russian Lapland, the distribution of moraines can be 

organised into two broad groups: (i) moraine clusters in upland areas, and (ii) spreads of 

hummocky moraines and ridges on the lowland shield terrain. Mountain ice sheet glaciation 

is exemplified by the distribution of moraines in the Khibiny massif (Figure 6.8a). The 

detailed reconstruction in the mountains shows ice lobes retreating down-valley and suggests 

the summits were exposed as nunataks during deglaciation. In Russian Lapland, moraine 

ridges and small clusters of hummocky moraines indicate local ice margin positions, with a 

notable ice margin position between Motovskiy Bay and Kirkenes (Figure 6.7). However, 

elsewhere in Russian Lapland it is not possible to extend ice margin positions across the 

landscape because moraines are too sparsely distributed for margins to be drawn.  

Multiple ice margin positions aligned approximately south-north are reconstructed on the 

western Kola Peninsula (Figure 6.7). Within the spreads of hummocky moraines presented 

in Map 5, several sub-parallel ice margin positions are identified (Figure 6.8b). These 

concentrated ice marginal zones document standstills in FIS retreat associated with west-

east ice flow geometry. In the Serebryanskoe Reservoir basin, however, a lobate moraine 

assemblage aligned west-east (Figure 6.8c) may indicate a northward ice flow orientation.  

Finally, ice margin reconstructions in the marine areas reveal retreat standstills in the Barents 

Sea region and a topographically constrained ice lobe retreat pattern in the White Sea.  

 

Figure 6.8 (next page): Detail of moraine ice margin positions for selected areas: (a) 

Khibiny Mountains; (b) between Lake Umbozero and the Turiy Peninsula; and (c) 

Serebryanskoe Reservoir. Locations are shown in Figure 6.7. In (c) the asterisk indicates 

the west-east aligned lobate ice margin associated with a possible northward ice flow 

direction (indicated by the arrow). All other surrounding ice margins are likely associated 

with broadly west-east ice flow geometry (indicated by the arrows). 
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However, there is considerable uncertainty in this reconstruction owing to the lower-

resolution geological data presented by Sorokin (1987), Petrov et al. (2014), and Rybalko et 

al. (2018) (compared to the geomorphological data in this thesis).  

6.3.2 Ice margin positions from eskers  

In Chapter 4, Section 5.2 eskers are interpreted to form in two different settings: (i) behind 

a retreating ice margin of a single ice mass; or (ii) in an interlobate setting between two 

dynamically different areas of an ice sheet. Reconstructing ice margin positions from eskers 

must therefore consider these different formational environments before interpretation. 

Where eskers are associated with a retreating margin, ice margin positions are drawn 

perpendicular to the summarised ice flow direction (Figure 6.3). In contrast, where eskers 

are considered to have interlobate origins, a recess is drawn along the crest of the summary 

arrow to represent the confluence of two ice masses (Figure 6.3). Arrows are drawn in both 

cases to indicate the direction of retreat.  

The resulting retreat pattern presented in Figure 6.9 indicates a general east-west direction, 

inland from the coasts of the western Kola Peninsula and Russian Lapland, and a divergent 

retreat pattern along the axis of the KIC. A lack of eskers on the central eastern Kola 

Peninsula precludes a glacial reconstruction in this area from these landforms alone. Eskers 

on the Tersky coastline, indicating retreat towards the White Sea, require an ice lobe in this 

basin. Moreover, the two interlobate eskers identified in Chapter 4, Section 5.2 are thought 

to represent the divergence of the ice masses in the White Sea basin and on the Kola 

Peninsula. Eskers in topographic lows surrounding mountainous areas of the western Kola 

Peninsula and Russian Lapland suggest ice margin retreat was directed around higher 

ground. Finally, eskers in southern Russian Lapland reveal two apparent retreat patterns: (i) 

broadly east-west; and (ii) broadly southeast-northwest. This contrasting retreat pattern may 

suggest local topographically influenced ice/meltwater flow directions or two separate ice 

lobes representing distinct ice flow phases.  

6.3.3 Ice margin positions from meltwater channels  

Like moraines, lateral meltwater channels document retreating ice margin positions 

(Greenwood et al., 2007). In contrast, subglacial meltwater channels and Type 3 hummocky 

corridors are more like eskers, and are thought to form behind a retreating ice margin of a 

single ice mass (Greenwood et al., 2007). Ice margin positions are therefore reconstructed 
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from lateral meltwater channels, whereas subglacial meltwater channel and Type 3 

hummocky corridor summary arrows are used to infer the direction of ice flow. Figure 6.10 

details the resulting ice margin positions and inferred ice flow directions.  

  

Figure 6.9: Ice margin positions derived from esker summaries. Solid red lines represent 

margins inferred from esker flowsets, with broken lines connecting inferred margins where 

it was deemed logical to do so, on the basis of topographic context. Arrows indicate the 

direction of retreat. 

The meltwater channel record reveals a general east-west retreat pattern inland from the 

coasts on the Kola Peninsula and Russian Lapland, and a divergent retreat pattern along the 

axis of the KIC. The reconstruction also shows that the pattern of retreat was closely related 

to topography. This is, of course, partly related to the genetic origins of lateral meltwater 

channels, which inherently form at an ice margin that is against, for example, a hillside 

(Greenwood et al., 2007). Nevertheless, a key observation is that lateral meltwater channels 

at the summits of mountains and other higher ground suggests ice sheet thinning during 

retreat, which resulted in the deglaciation of higher ground before deglaciation of ice in the 
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lowlands (Figure 6.11). In addition, the spatial distribution of lateral meltwater channels 

suggests ice flow during retreat was topographically constrained. This is most apparent in 

valleys surrounding the Khibiny, Chunatundra, and Salnyye Tundra Mountains, where 

lateral meltwater channels concentrated in valleys indicate ice lobes deflected around the 

massifs.  

  

Figure 6.10: Ice margin positions and ice flow directions derived from meltwater channel 

summaries. Solid blue lines represent margins inferred from lateral meltwater channel 

summaries, with broken lines connecting inferred margins where it was deemed logical to 

do so, on the basis of topographic context. Dark blue arrows indicate ice flow direction 

presumed close to the ice margin inferred from subglacial meltwater channels and Type 3 

hummocky moraine corridors. 
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Figure 6.11: Meltwater channel summaries (after Figure 6.10) and upland areas that must 

have become ice-free before lateral meltwater channel development (in red). Red areas 

therefore delineate topographic highs that emerged as nunataks before FIS retreat from the 

surrounding lowland areas. 

6.3.4 Ice margin positions from time-transgressive retreat bedform flowsets  

In Chapter 5, time-transgressive retreat flowsets are used to reconstruct ice flow geometry 

and configuration associated with the deglaciation of the FIS. However, as time-

transgressive retreat flowsets are reliable indicators of changing flow patterns close to the 

ice margin, they can be used additionally to indicate retreating ice margin positions. Thus, 

ice margin positions are drawn perpendicular to the inferred ice flow direction presented in 

Map 6, and arrows are drawn to indicate the direction of retreat. 

Figure 6.12 shows the pattern of retreat inferred from time-transgressive retreat flowsets. In 

the majority of cases ice retreats generally east-west across the shield terrain of the region 

and in the White Sea basin, with ice flow diverted around the Chunatundra and Lovozero 
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Mountains. However, a time-transgressive retreat flowset at the mouth of the River Kuniyok 

valley suggests ice margin retreat into the Khibiny Mountains (Figure 6.12). In Chapter 5, 

Section 4.3 this flowset is interpreted as evidence of mountain glaciation: thus, this ice 

margin reconstruction is excluded from the reconstruction presented in Section 3.6 in this 

chapter. Conflicting ice margin positions are reconstructed in southern Russian Lapland 

(Figure 6.12). In Chapter 5, Section 4.4, three possible explanations for this conflict are 

proposed: (i) ice flow events from different stages of deglaciation, (ii) ice flow events 

associated with an entirely different glaciation, or (iii) local ice flow geometry variations 

within other flowsets. This conflict is explored in further detail in Section 3.6 of this chapter.  

 

   
Figure 6.12: Ice margin positions derived from time-transgressive retreat flowsets of 

subglacial lineations. Arrows indicate the direction of retreat. The asterisk indicates an 

inferred ice margin position that is more likely associated with mountain glaciation rather 

than FIS glaciation, and is therefore excluded from the ice margin synthesis shown in Map 

7 (also Figure 6.16). 
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6.3.5 Ice margin positions from glaciofluvial deltas and ice-dammed lakes 

Like moraines, glaciofluvial deltas and ice-dammed lakes document retreating ice margin 

positions (see Chapter 4). Ice margin positions are therefore reconstructed from glaciofluvial 

delta and ice-dammed lake summaries using topography as a guide to extrapolate the 

location-specific information across the landscape. Arrows are also drawn in the inferred 

direction of retreat.  

Figure 6.13 details the resulting ice margin reconstructions. Owing to the sparse record of 

glaciofluvial deltas and ice-dammed lakes, ice sheet-scale retreat patterns across the region 

are usually not apparent. Instead, the reconstructions indicate local topographically 

constrained ice margin positions. For example, ice-dammed lakes in the Khibiny Mountains  

 

 

Figure 6.13: Ice margin positions derived from glaciofluvial delta summaries (in green) and 

reconstructed ice-dammed lakes (in purple). Arrows indicate the direction of retreat. 
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suggest the massif was deglaciated prior to the surrounding lowlands. Nevertheless, some 

ice-sheet scale retreat patterns are revealed. Glaciofluvial deltas on the Svyatoy Nos 

Peninsula and on the Tersky Coastline between Sosnovka and Chavanga, for example, 

suggest ice margin retreat associated with an ice lobe in the White Sea Throat. In addition, 

a significant lobate ice margin position is indicated by glaciofluvial deltas on the eastern 

shores of Lake Pyaozero in southern Russian Lapland. 

6.3.6 Ice margin position synthesis  

6.3.6.1 Procedure for combining the evidence  

The six independent lines of evidence for ice margin positions presented across Figures 6.7-

6.13 and discussed above are combined to build a pattern of successive ice margin positions. 

The collective distribution (shown in Figure 6.14) covers the majority of the region, with 

only minor gaps in the data in the vicinity of Krasnoshchelye and in Russian Lapland. All 

data are viewed together on top of the topographic data, and an ice margin pattern consistent 

with the six independent lines of evidence is drawn (e.g. Figure 6.15).  

It is, however, important to consider the relative ages of glacial landforms when 

reconstructing the ice margin positions, since older landforms cannot have formed and thus 

be positioned temporally after younger landforms (Kleman and Borgström, 1996; 

Greenwood and Clark, 2009b; Clark et al., 2012; Hughes et al., 2016). Eskers and flights of 

lateral meltwater channels are time-transgressive phenomena that form progressively 

alongside a retreating ice margin (Greenwood et al., 2007). Thus, it is likely that many eskers  

and lateral meltwater channels formed during the last deglaciation. However, it is difficult 

to ascertain the relative age of meltwater channels where cold-based glaciation – such as on 

the central eastern Kola Peninsula – may have preserved channels from previous glaciations. 

Similarly, because direct observation of the subglacial environment of contemporary ice 

sheets is difficult, it is more problematic to ascertain the timing of subglacial meltwater 

channel formation (Greenwood et al., 2007; Greenwood and Clark, 2009b). Subglacial 

meltwater channels that dissect occasional subglacial lineations, for example, may be 

contemporary with or younger than the lineation field. Further uncertainty arises where 

cross-cutting meltwater drainage networks apparently form, such as along the Murmansk 

coastline (Map 4). Such meltwater assemblages may represent multiple stages of subglacial 

meltwater drainage during a single glaciation, or drainage events from multiple glaciations.  
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Figure 6.14: Collective distribution of ice margin positions derived from moraines (brown), 

eskers (red), lateral meltwater channels (blue), time-transgressive retreat subglacial 

lineation flowsets (dark green), glaciofluvial deltas (light green), and ice-dammed lakes 

(purple). The colour scheme matches Figures 6.7-6.13. 

Figure 6.15 (next page): Example of reconstructing ice margin positions from the six 

independent lines of evidence. The left panel shows the six independent lines of evidence 

(moraines (brown), eskers (red), lateral meltwater channels (blue), time-transgressive 

retreat subglacial lineation flowsets (dark green), glaciofluvial deltas (light green), and ice-

dammed lakes (purple); the colour scheme matches Figures 6.7-6.13). Ticks are shown on 

the ice contact side of the lines. The right panel details the ice margin synthesis. Solid lines 

indicate margin positions constrained by geomorphological evidence, while broken lines 

represent estimated extensions to margins based on the topographic context of margins. 

Arrows show the direction of retreat. In general, the six lines of evidence are mutually 

corroborative, documenting ice sheet thinning and topographically constrained ice margins 

around the Pansky Tundra, and a major standstill in retreat. 
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Thus, where it is not possible to determine the relative ages of meltwater drainage systems, 

it is assumed that all channels were active at some point during the last glaciation.  

In the majority of cases, ice marginal landforms represent deglacial landforms. It is therefore 

relatively straightforward to determine the relative age of ice margin positions derived from 

moraines, glaciofluvial deltas, and ice-dammed lakes. However, morphological 

characteristics of the KIC, including drumlinised surfaces of the Keiva IIa moraine, suggest 

that this is a time-transgressive landform assemblage, formed at an east- and northeast-

migrating junction between dynamically different ice masses in the White Sea and on the 

Kola Peninsula, probably during the build-up of the ice sheet. Moreover, Korsakova (2009, 

2021), Lunkka et al. (2018), and Korsakova et al. (2019) identify sedimentary evidence of 

several till deposits interspersed with non-glacial fluvial sands and gravels that suggest the 

Keiva moraines may have formed over multiple glaciations (see Chapter 3, Section 2.3.1). 

The KIC is therefore considered to be both an ice sheet advance and deglacial landform.  

Ice margins are first considered on a regional basis, then combined for the whole study area. 

Synthesis of the ice margins from the different lines of evidence is an iterative process, with 

margins reviewed and redrawn as different scenarios are considered and the regional 

reconstructions are brought together. Where data are sparse, ice margins are extrapolated 

across the landscape on the basis of topographic setting and the principle of 

morphostratigraphy. In areas of complex topography and where data are especially sparse, 
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margins are left unconnected. As discussed in Chapter 4, Section 6.5.4, the 

geomorphological mapping presented in this thesis is considered to be approximately 85% 

complete, thus the reconstructed ice margins are considered to be robust. However, further 

field mapping could serve to fill any remaining gaps in the reconstruction. In general, the 

evidence is mutually corroborative (e.g. Figure 6.15), although some minor conflicts and 

contradictions between the different lines of evidence exist and are discussed below.  

6.3.6.2 Ice margin synthesis result  

The reconstructed ice margin summary derived from the six lines of evidence is presented 

in Map 7 (also Figure 6.16). Map 7 predominantly shows the terrestrial and marine ice 

margin retreat pattern, but also includes the KIC, which is thought to be both an advance and 

retreat landform assemblage. The ice margin positions do not necessarily represent a moraine 

or standstill position (although every attempt is made to include them), and the links across  

 

 

Figure 6.16: Reconstructed ice margin positions on the Kola Peninsula and Russian 

Lapland, and the surrounding marine environments. This information is detailed in Map 7. 
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the landscape (broken lines) are achieved by pattern filling rather than geochronology, as 

temporal information is yet to be included. Map 7 also includes the local-LGM ice margin 

reconstruction presented by Larsen et al. (2014), which is regarded as the best estimate for 

the maximum lateral extent of the FIS in northwest Arctic Russia (see Chapter 2, Section 

3.1). Reference is made extensively to Map 7. The key observations arising from the 

reconstructed ice margins and minor conflicts in the reconstruction can be summarised as 

follows: 

The KIC is a time-transgressive landform assemblage, associated with both the build-up and 

deglaciation stages of FIS glaciation. The morphology of the KIC – which includes 

moraines, eskers, lateral meltwater channels, and glaciofluvial deltas – suggests it was 

formed between two dynamically distinct ice masses: (i) ice located on the Kola Peninsula, 

and (ii) ice flowing though the White Sea basin. The main formational stage of the KIC was 

probably during the build-up of the last FIS, and it is likely the KIC formed at an east- and 

northeast-migrating junction of the FIS. The Keiva moraines are not, however, a single 

continuous ridge, which implies the KIC formed during several phases of glacial advance 

and retreat:  

• The Keiva IIa and IIb moraines overlap each other for a stretch of ~ 25 km between 

the Rivers Strelna and Chapoma (Figure 6.17; Map 7), which suggests the two 

moraines were formed in a successive manner during two phases of ice expansion. It 

is unclear whether Keiva IIa or IIb formed first. However, eskers grading into both 

sides of the Keiva IIa moraine and partially overriding a fragment of the Keiva IIb 

moraine suggests the ice margin retreated southwards from the Keiva IIa moraine 

over the Keiva IIb moraine.  

• Evidence of the partial destruction and drumlinisation of the Keiva IIa moraine near 

Varzuga (Map 2) suggests the moraine was modified during regional ice sheet 

overriding, possibly during the local-LGM. Alternatively, the Keiva IIa moraine may 

have been reworked by an expansion of the White Sea lobe during deglaciation. 

However, the evidence to support the readvance of the White Sea lobe is ambiguous, 

thus the simpler regional ice sheet overriding scenario is adopted.  

• The Keiva I moraine is cross-cut by ice margins that have been reconstructed from 

lateral meltwater channels and eskers (Figure 6.17; Map 7). This contradictory  
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Figure 6.17: Detail of reconstructed ice margins around the River Strelna. Landform 

summaries (top panel) are used to reconstruct ice margins (bottom panel). Overlapping 

landform assemblages suggest the Keiva IIa and IIb (indicated by the red lines in the bottom 

panel) moraines were formed during two phases of ice expansion. Conflicting moraine and 

lateral meltwater channel/esker assemblages also suggest the Keiva I moraine (indicated by 
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the blue lines in the bottom panel) is a lateral moraine formed during the readvance of the 

White Sea lobe.  

evidence can be accommodated if the White Sea lobe underwent a sustained 

readvance during deglaciation, which resulted in the formation of the Keiva I 

moraine. Thus, it is pertinent to reinterpret the Keiva I moraine as a lateral moraine 

of the White Sea lobe (rather than an interlobate moraine).  

Initially, the FIS does not undergo a monolithic retreat, but is framed as two dynamically 

different ice masses: (i) terrestrial glaciation on the Kola Peninsula and Russian Lapland, 

and (ii) marine glaciation in the White Sea. Moraines and meltwater landforms on the eastern 

Kola Peninsula indicate that the FIS divided along the axis of the KIC during deglaciation 

(Map 7; Figure 6.16). Moraines, glaciofluvial deltas, and lateral meltwater channels on the 

Svyatoy Nos Peninsula indicate retreat to the southeast: this opposes the retreat pattern 

revealed by lateral meltwater channels and moraines south of the River Iokanga (Figure 

6.16). This suggests the White Sea lobe extended as far north as the Barents Sea and thus 

retreated from the Mouth of the White Sea area. Glacial landforms on the Tersky coastline 

document the retreat and possible readvance (see above) of the ice lobe into the White Sea 

(Map 7; Figure 6.16). Quaternary geological evidence on the sea floor also indicates the 

retreat of an ice lobe into the White Sea (Map 7; Figure 6.16). However, connections between 

ice margins reconstructed from glacial landforms presented in this thesis and those based on 

previously published data (Sorokin, 1987; Petrov et al., 2014; Rybalko et al., 2018) are not 

always apparent. As noted above (Chapter 4, Section 6.5.4) this discrepancy may be 

attributed to the lower-resolution data presented by these authors. As such, this thesis uses 

reconstructed marine margins as an indication of what might have happened, and assumes 

the terrestrial margin reconstruction to be the best representation of the retreat pattern in the 

region.  

Deglaciation was characterised by ice sheet thinning. Lateral meltwater channels and cirque 

infill deposits near the summits of upland areas document ice sheet thinning across the 

region, which would initially have exposed highpoints as nunataks. This is most apparent on 

the plateaux of the Khibiny Mountains (see Chapter 4, Section 5.2). Lateral meltwater 

channels on the Keiva Upland also document ice sheet thinning, and suggest ice divided into 

distinct ice lobes along the crest of this upland area (Figure 6.18).  
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Figure 6.18: Detail of reconstructed ice margins on the central eastern Kola Peninsula. 

Landform summaries, in this case predominantly lateral meltwater channels (blue, top 

panel), are used to reconstruct ice margins (bottom panel). Lateral meltwater channels at 

or near the summits of upland areas indicate ice sheet thinning during deglaciation, which 

forced ice lobes to flow into surrounding topographic lows. Lateral meltwater channels also 

demarcate the frontal margins of ice lobes in some valleys in the region. 

Ice sheet thinning forced outlet glaciers to retreat down-valley in the mountains of the region 

(Map 7; Figure 6.16). Lateral meltwater channels at the summits of mountains document 

initial ice sheet thinning. However, subsequent ice sheet thinning established 

topographically constrained outlet glaciers in the mountains. This glacier retreat is not 

typified by any particular direction other than down-valley (Map 7; Figure 6.16). For 

example, moraines and lateral meltwater channels in the Khibiny Mountains document 

glacier retreat in a radial manner out of the massif (Figure 6.19). In addition, palaeo-lake 
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shorelines and glaciofluvial deposits suggest ice-dammed lakes formed in the ice-free 

valleys during glacier retreat (Figure 6.19). Similarly, arcuate moraine assemblages coupled 

with lateral meltwater channels and an esker complex document the retreat of glaciers down-

valley in the Lovozero Mountains (Map 7; Figure 6.16). In the Kolvitsky Tundra, moraines 

in the valleys and on some mountain summits suggest northward and eastward retreat of 

outlet glaciers (Map 7; Figure 6.16). Finally, moraines and lateral meltwater channels 

document glaciers retreating southward through the Karelide Mountains (Map 7; Figure 

6.16).  

Ice persists as lowland lobes as the ice sheet thins and upland areas become ice-free (Map 

7; Figure 6.16). After the down-valley retreat of outlet glaciers, lateral meltwater channels 

and moraines flanking massifs document major ice lobes that were deflected around upland 

areas in the region (Map 7; Figure 6.16). A notable flight of lateral meltwater channels 

coupled with eskers and moraines on the southern flank of the Lovozero Mountains suggests 

that a major ice lobe flowed eastward around the massif while continually thinning. Lateral 

meltwater channels, eskers, and some moraines also suggest that opposing ice lobes retreated 

away from each other in the Lake Umbozero basin (Figure 6.20). Lateral meltwater channels 

and moraines reveal a complex retreat pattern around the Chunatundra and Monchetundra 

Mountains. On the eastern flanks of the massifs, moraines reveal ice lobes retreating to the 

south-southeast. In contrast, moraines on the eastern flank of the Monchetundra Mountains 

and lateral meltwater channels on the western flank of the Chunatundra Mountains indicate 

ice lobes retreating northward (Figure 6.21).  

Lowland ice lobes characterise retreat across the shield terrain (Map 7; Figure 6.16). 

Eskers, time-transgressive retreat lineation flowsets, and lateral meltwater channels indicate 

retreating lobate ice margins on the Kola Peninsula and Russian Lapland, while moraines  

 

Figure 6.19 (next page): Detail of reconstructed ice margins in the Khibiny Mountains. 

Landform summaries (top panel) are used to reconstruct ice margins (bottom panel). 

Reconstructed ice margins reveal outlet glaciers retreating down-valley, out from the centre 

of the massif. Palaeo-lake shorelines on valley sides also document ice-dammed lakes at the 

margins of some retreating glaciers.   
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Figure 6.20: Detail of reconstructed ice margins around Lake Umbozero. Although glacial 

landforms are lacking for the area covered by the lake (left panel), the reconstructed ice 

margins (right panel) documents opposing ice lobes retreating away from each other. 

Landform evidence also suggests these ice lobes, which occupy lowland terrain, are 

deflected around the Khibiny and Lovozero Mountains. 

document major standstills in retreat. The reconstructed ice margins presented in this thesis 

suggest the retreat pattern of ice lobes is topographically influenced. As discussed above, 

some lobes were deflected around mountainous areas. For example, lateral meltwater 

channels on the flanks of the Khibiny Mountains and Kolvitsky Tundra suggest ice lobe 

retreat (which is indicated by eskers in the Lake Kanozero basin) was topographically 

constrained by the two massifs. However, topographically influenced ice margins are also 

revealed by lateral meltwater channels in lowland areas, such as around Kanevka (Figure 

6.18). Although the overall retreat pattern is in good agreement, in some locations the 

different lines of evidence appear to contradict each other: 

• A belt of hummocky moraines between Lake Umbozero and Umba documents a 

major north-northwest south-southeast aligned ice marginal zone. However, 

surrounding eskers in the Lake Kanozero and Lake Vyalozero basins suggest ice 

retreated to the northwest (Map 7; Figure 6.16). Two possible scenarios might 

explain this contrasting landform assemblage. First, ice sheet retreat was interrupted 
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Figure 6.21: Detail of reconstructed ice margins around the Chunatundra and 

Monchetundra Mountains. Moraines on the eastern flanks of the massifs reveal ice lobes 

retreating southward (from the Chunatundra Mountains) and northward (from the 

Monchetundra Mountains). Lateral meltwater channels to the west of the Chunatundra 

massif also reveal a northward retreating ice lobe. 

by a standstill at the moraine belt, and eskers in the Lake Vyalozero basin represent 

a local retreat pattern. Alternatively, the ice sheet retreated to an undefined position 

south of the Khibiny Mountains, and subsequently advanced to the position indicated 

by the moraine belt. However, without stratigraphic evidence to support the  

readvance status of these moraines, the former scenario of an ice margin standstill 

must be adopted. 

• Eskers, meltwater channels, and some moraines in the northern western Kola 

Peninsula indicate the general southwestward retreat pattern. However, a southwest-

northeast aligned arcuate belt of hummocky moraines just west of the Serebryanskoe 

Reservoir suggests ice margin retreat was to the west (Figure 6.22). This apparently 

contradictory evidence, which results in a cross-cutting of ice margins, can be 

explained by two different scenarios. First, ice sheet retreat between the 

Serebryanskoe Reservoir and Teriberka was interrupted by a standstill at the moraine  
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Figure 6.22: Detail of the reconstructed ice margins around the Serebryanskoe Reservoir. 

The landform summaries (left panel) reveal conflicting ice margin retreat patterns in the 

region. Since evidence to support a significant readvance of the ice margin in this region is 

lacking, the reconstructed ice margins (right panel) suggest ice lobes retreating to the 

southwest at different rates, with moraines documenting standstills or small (< 100’s m) 

readvances in ice lobe retreat. 

belt, while an ice lobe over the Serebryanskoe Reservoir continued to retreat  

southward. Local arcuate moraine assemblages that suggest ice flow to the east may 

represent topographically influenced ice flow events at the ice margin. Alternatively, 

the ice sheet retreated to an undefined location, and subsequently advanced northeast 

towards Teriberka to the position indicated by the moraine belt. However, the 

evidence to support the readvance status of these moraines is far from equivocal, and 

in the absence of corroborating stratigraphical information the former scenario is 

assumed (Map 7; Figure 6.22).  

• Similarly, a southwest-northeast aligned belt of hummocky moraines and aligned 

lateral meltwater channels in the River Vostochnaya Litsa basin contradicts ice 

margins indicated by eskers and a time-transgressive retreat lineation flowset. The 

landform assemblage can be associated (but may not be contemporaneous) with the 

Lovozero Ice Stream (see Chapter 5, Section 2.3). This apparently contradictory 
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evidence can be accommodated by two different scenarios. First, the general 

southwestward ice sheet retreat in the region (indicated by the eskers and time-

transgressive retreat flowset) was interrupted by a standstill in the River Vostochnaya 

Litsa basin (indicated by the moraines and lateral meltwater channels). Alternatively, 

the Lovozero Ice Stream represents a glacier surge event, thus the hummocky 

moraines represent ice stream shear margins (Stokes and Clark, 1999, 2001, 2002). 

Additionally, the channels that were originally interpreted as lateral meltwater 

channels but flow parallel to eskers may in fact be subglacial meltwater channels 

(other channels in the region are interpreted as subglacial channels; see Map 4). Since 

the evidence to support a major readvance of an ice margin is disputable, an ice 

margin standstill is adopted (Map 7; Figure 6.16). 

• Conflicting ice flow geometries revealed by time-transgressive retreat flowsets on 

the White Sea coastline of southern Russian Lapland (see Chapter 5, Section 4.4) are 

also apparent in the meltwater landforms: eskers suggest broadly north-south aligned 

margins, whereas lateral meltwater channels indicate approximately west-east 

aligned margins (Figure 6.23). Since the majority of the landform evidence suggests 

a dominant east-west retreating ice margin, a simple and coherent westward ice 

margin retreat pattern is adopted (Figure 6.23). Thus, a possible explanation for the 

occurrence of the broadly west-east aligned lateral meltwater channels is that they 

formed either during advance of the ice sheet or a previous glaciation. More likely, 

although the channels exhibit the characteristics of lateral meltwater channels, they 

may have been misclassified and instead represent subglacial features. Consequently, 

it is unlikely that flowset SL76 represents an independent retreat pattern, and that the 

associated subglacial lineations represent local ice flow geometry variations within 

other flowsets (see Chapter 5, Section 4.4).  

Figure 6.23 (next page): Detail of the reconstructed ice margins in southern Russian 

Lapland. The landform summaries (top panel) reveal conflicting ice margin retreat patterns 

in the region. The channels that were originally interpreted as lateral meltwater channels 

but flow parallel to eskers are reinterpreted as possible subglacial channels. In addition, in 

Chapter 5 the time-transgressive retreat flowsets indicating ice margin retreat to the 

southwest were interpreted as local flow variations of the main westward retreat pattern. 
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Consequently, a simple and coherent westward ice margin retreat pattern is adopted (bottom 

panel): i.e. not the reconstruction in bold. 
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• Overlapping meltwater landforms, moraines, and time-transgressive retreat flowsets 

around Kuoloyarvi (Map 7; Figure 6.16) represent the retreat of two ice lobes that 

may have undergone phases of readvance during retreat. However, the evidence to 

support the readvance status of these ice lobes is not clear cut, and a ‘concertina’ of 

ice margins is reconstructed in an attempt to accommodate all possible ice margin 

positions.  

6.4 Numerical age constraints and their application to the ice margin positions 

The glacial landform evidence from the Kola Peninsula and Russian Lapland reveals a 

sequence of events that has been used above, and in Chapter 5, Section 3, to piece together 

a relative chronology of ice sheet evolution. Ideally, a relative chronology of ice sheet 

evolution should be tied to an absolute timescale of events (Hughes et al., 2014; Hughes et 

al., 2016; Stroeven et al., 2016). This allows (i) the reconstructed ice sheet-scale dynamics 

to be linked with finer-scale dynamics dated in the field, (ii) the ice sheet to be viewed within 

the wider-scale Earth system to address questions of climatic and oceanic forcing of, and 

responses to, ice sheet dynamics, and (iii) an understanding of the speed of ice sheet changes 

observed in the geological and geomorphological record. 

To tie the relative chronological reconstruction developed in this thesis to an absolute 

chronology of events, it is necessary to collate all the published numerical dates that relate 

to the FIS. Existing databases such as Hughes et al. (2016) and Stroeven et al. (2016) present 

few chronological controls with an intermittent distribution for the region, and lack 

numerical dates published in Russian journals. The remainder of this chapter details the 

compilation process, presents the resulting database, and describes how the dates are 

incorporated within the ice margin reconstruction. Part of this database is detailed in Boyes 

et al. (2021a), but is it is expanded with extra numerical dates and summarised here. Most 

of the text in the remainder of this chapter is also presented in Boyes et al. (2021a). 

6.4.1 Database of published absolute dates 

It is difficult to confidently couple geomorphology-based ice sheet reconstructions with 

high-resolution ice and marine core climate records due to our inability to date subglacial 

bedforms (Figure 6.24), the imprecision of dating methods, and uncertainty regarding the 

mechanisms controlling ice sheet-climate interactions (Briner, 2011; Alexanderson et al., 

2014; Stokes et al., 2015; Hughes et al., 2016; Stroeven et al., 2016). As a result of the dating  
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Figure 6.24: Conceptual diagrams of how chronological information can be incorporated 

within ice sheet reconstructions (modified from Kleman et al., 2006). (a) Absolute dates from 

a variety of dating methods can only date the absence of ice, i.e. events that occur before ice 

sheet build-up or after ice sheet retreat. By examining the spatial pattern of dates, ages can 

be attached to reconstructed ice margin positions. (b) Relative age information from 

superimposed bedforms and sediment stratigraphies can be used to establish the 

relationships of ice flow events with each other. 

methods currently available, the majority of absolute (numerical) dates relate to ice-free 

conditions (Briner, 2011; Hughes et al., 2011; Hughes et al., 2016), i.e. they are minimum 

dates for ice sheet retreat or maximum dates for ice sheet advance, and thus bracket the time 

period that the ice sheet existed in any given area (Figure 6.24). Radiocarbon dating is most 

commonly used to determine ice margin chronologies (Dyke et al., 2003; Briner, 2011; 

Alexanderson et al., 2014; Stokes et al., 2015; Hughes et al., 2016), where minimum dates 

for deglaciation (and maximum dates for ice sheet advance) can be derived from organic 

sediments overlying (or underlying) till or moraines. However, radiocarbon dating defines a 

relatively crude bracket for glaciation due to the time lag involved between ice melt and 

vegetation succession – this can be particularly problematic in Arctic environments where 

organic production can be very low, resulting in a prolonged time period between ice retreat 

and organic production (Alexanderson et al., 2014). Terrestrial cosmogenic nuclide (TCN) 

dating allows direct exposure dating of glacial landforms and deposits, and optically 

stimulated luminescence (OSL) dating has been attempted for glaciofluvial deposits and 

loess sediments (Alexanderson et al., 2014; Stokes et al., 2015). Both TCN and OSL dating 
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provide a more direct means of dating ice sheet margins, but tend to have high associated 

errors often in the order of 1,000s of years (Alexanderson et al., 2014; Stokes et al., 2015; 

Hughes et al., 2016; Stroeven et al., 2016).  

Another, less commonly used, method for dating ice margins is palaeomagnetic dating, 

which is most widely known for its use with marine sediments. Palaeomagnetic dating 

measures polarity transitions, excursions, and secular variations of the palaeomagnetic field 

recorded in sediments (Stupavsky and Gravenor, 1984; Saarinen, 1999; Korte et al., 2019), 

and can be applied to dating proglacial sediments (Stupavsky and Gravenor, 1984; 

Bakhmutov et al., 1992, 1993, 1994). Strictly speaking, palaeomagnetic dating is a relative 

dating tool as it requires calibration against absolute dating methods (Stupavsky and 

Gravenor, 1984; Korte et al., 2019), often radiocarbon dated lake sediments (Stupavsky and 

Gravenor, 1984; Bakhmutov et al., 1992, 1993, 1994; Saarinen, 1999). However, 

palaeomagnetic dating can provide good age estimations, and has been applied successfully 

to dating glacial varves in northwest Russia (Stupavsky and Gravenor, 1984; Bakhmutov et 

al., 1992, 1993, 1994).  

6.4.1.1 Compilation of the database 

A thorough search of the published literature for dates relating to the Late Weichselian 

glaciation on the Kola Peninsula and Russian Lapland is undertaken. This includes dates 

derived from glacial and non-glacial studies (e.g. basal radiocarbon dates from Holocene 

climate reconstruction studies). Since the glacial reconstruction presented in this thesis 

constitutes only a small sector of the FIS, dates from the surrounding areas in northwest 

Russia, Finland, Norway, and the Barents Sea (within ≲ 150 km from the mapped area) were 

used to put the reconstruction presented in this thesis into an ice sheet-scale context. The 

results of the search are presented in Table A1 in the appendix, and presented in Figure 6.25. 

A census date of October 2021 is applied to this database, and dates published after this are 

not included.  

Each numerical age was entered into a Microsoft Excel spreadsheet and used to create an 

ArcGIS point shapefile (.shp) for use within a GIS. Each date is attributed to the source 

publication; where dates are obtained from secondary publications, citation is made to both 

the original source and secondary publication. The shapefile retains all metadata (Table 6.1 

and Table A1) from the spreadsheet as fields within the associated attribute table. In some 

instances, geographical co-ordinates are missing (either from the original source or 
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secondary publication). In such cases, where maps were provided alongside the published 

dates, co-ordinates were derived by identifying the site on Google Earth Pro mapping 

software. Where neither co-ordinates nor map locations were given, the co-ordinate 

information was derived using a site name search in Google Earth Pro mapping software; 

these sites are flagged within the metadata as ‘N/A’. Coordinates are reported in decimal 

degrees and the WGS84 datum, following the recommendations of Hughes et al. (2016). 

From across the 55 papers and two databases examined, 209 dates from a total of 83 locations 

were found and are included in the database (Figure 6.25 and Table A1). Dates in Table A1  

 

 

Figure 6.25: Locations of the dates relating to the Late Weichselian FIS on the Kola 

Peninsula and Russian Lapland (labelled with their Thesis_ID) contained within the 

database compiled from published literature. Full details are given in Table A1. Points are 

coloured according to the dating method: TCN (blue); OSL (red); radiocarbon (black); and 

palaeomagnetic (yellow). All date locations are shown, and this figure does not discriminate 

the reliability of the dates. 
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are listed in alphabetical order by author, and assigned an identification code (Thesis_ID); 

dates 1-75 are from within the area mapped in Chapter 4, and dates 76-209 from beyond.  

6.4.1.2 Consistency across the dataset 

To maintain consistency across the dataset, numerical ages were recalculated and/or 

recalibrated where appropriate. This enables site-to-site comparisons, for which internal 

consistency of the dataset is considered the most important virtue. It is beyond the scope of 

this thesis to discuss the details of absolute age calculation and inaccuracies in the different  

 

Table 6.1: Metadata recorded for each date obtained from landforms and sediments across 

the Kola Peninsula, Russian Lapland, and surrounding area; these metadata are 

summarised in Table A1 in the appendix. 

Thesis_ID Unique database identification number 
 

Location Site name 
Latitude and Longitude: °N °E (WGS84) 
Comment on the precision of the location if not from original source e.g. 
taken from map, based on place name, etc.  
 

Sample information Laboratory ID number 
Site type: lake core, sediment exposure, surface 
Elevation (m above sea level) 
Depth (m) (if applicable) 
Terrestrial cosmogenic nuclide data: thickness (cm), density (g/cm3), 
shielding, erosion rate (cm/yr), 10Be concentration and uncertainty 
(atoms/g), 10Be standard 
Dated material 
 

Dating method Radiocarbon (14C), Accelerator Mass Spectrometry Radiocarbon (14C AMS), 
and Conventional (14C Conv); Optically stimulated luminescence (OSL); 
Terrestrial cosmogenic nuclide (TCN10Be); Palaeomagnetic 
 

Ages Uncalibrated/uncorrected age and error (as reported) 
Calibrated/corrected age and error. Radiocarbon ages calibrated to 
INTCAL20 (Reimer et al., 2020) or Marine20 (Heaton et al., 2020). 
TCN10Be ages recalculated using ‘Arctic’ production rate (Young et al., 
2013). 
Any pertinent comment (e.g. stratigraphic context, reliability of date) 
 

Glaciodynamic 
context 

Glacial context classification: advance, deglacial, margin, ice-free, exposure 
time (cumulative) 
Comments on the glaciodynamic context and reliability: acceptable, 
unacceptable, reinterpretation 
Reliability of the age: 3 = reliable; 2 = possibly reliable; 1 = unreliable 
 

Citation information Source reference (author, year, Digital Object Identifier (DOI)) 
Compilation reference (author, year) (where applicable)  
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dating techniques. For an examination of the various issues the reader is referred to 

Guilderson et al. (2005; for radiocarbon dating), Balco (2011; for TCN dating), Fuchs and 

Owen (2008; for OSL dating), and Korte et al. (2019; for palaeomagnetic dating).  

Radiocarbon ages were recalibrated using the OXCAL v4.4 radiocarbon calibration software 

with the INTCAL20 (Reimer et al., 2020) or Marine20 (Heaton et al., 2020) calibration 

curves (for terrestrial and marine sampling locations, respectively), and are reported here as 

cal. kyr BP (i.e. before 1950). Where radiocarbon dates cannot be recalibrated because 

insufficient data are provided within the original source (or secondary) publication, the 

reported date is recorded and flagged within Table A1 noting the information that is missing. 

TCN age estimations are recalculated using the CRONUS-EARTH online calculator v3.0 

(Balco et al., 2008) and the ‘Arctic’ production rate calibration dataset of Young et al. 

(2013); this was chosen on account of the study region’s position between 66° and 70°N 

within the Arctic circle. Ages derived from OSL and palaeomagnetic techniques are not 

recalculated since such dates are clearly reported with sufficient background data (e.g. dose 

rates) in order to confidently reassess their quality (Hughes et al., 2016). Where TCN, OSL, 

and palaeomagnetic dates are reported with insufficient data within the source (or secondary) 

publication, the reported date is recorded and flagged within Table A1 noting the information 

that is missing. TCN, OSL, and palaeomagnetic ages are reported relative to the year of 

sampling/analysis (ka) following standard convention. A consistent datum is not imposed 

across dates derived from different methods since the maximum deviation between dates is 

negligible in terms of the time-scales involved within the reconstructions. Table A1 presents 

the results of the age recalculation. 

6.4.1.3 Glaciodynamic classification of the dates 

The geomorphological and sedimentary context provided in the source publication is also 

recorded for each date in Table A1. This information is used to determine the glaciodynamic 

context and reliability of the dates. To derive the glaciological meaning of the end date, dates 

were classified following the procedure of Bryson et al. (1969) and Hughes et al. (2016) into 

the following categories: advance, deglacial, margin, ice-free, and exposure time 

(cumulative). Some dates cannot be classified due to improper reporting in the source 

publication (i.e. the dates are not provided with contextual or stratigraphical information or 

data for calibrating radiocarbon dates). Such dates are reported as N/A in Table A1.  
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Advance dates indicate that the ice cover of a particular location occurred after the given 

age, therefore constraining the advance of the ice sheet. These ages can be derived from, for 

example, OSL dated glaciofluvial sediments buried beneath, or incorporated within, till 

deposits. Deglacial dates indicate ice-free conditions at a location before the given age. 

These ages are derived from dating post-glacial sediments overlying till deposits. Where 

ages are derived from sediments sandwiched between two tills the date is classified as an 

advance date in reference to the upper till unit as it represents the most recent glacial event, 

but it is noted that the date may also be a deglacial date for the lower till. Additionally, the 

date may constrain an oscillating ice margin rather than the initial advance of the ice sheet, 

although a date from beneath the lower till would be needed to confirm this. A margin date 

is where there is reason to consider the ice margin is close by at the given age. Such dates 

may be derived from in situ TCN dated boulders along the crest of a moraine ridge. Ice-free 

dates indicate non-glacial (i.e. ice-free) conditions that occurred after ice sheet retreat, thus 

providing an age bracket for glaciation at a location. These ages are often derived from 

radiocarbon dated basal lake sediments. Finally, exposure time (cumulative) dates indicate 

relict rock surfaces, either bedrock or boulders, that are preserved beneath cold-based ice. 

These dates are solely derived from TCN dating.   

Of the 205 classified dates, 15 are advance, 37 are deglacial, 3 are margin, 122 are ice-free, 

and 28 are exposure time (cumulative). The majority of ages in the database are considered 

ice-free ages as they are often from Holocene climate and sea level change studies, rather 

than glacial reconstructions, and thus do not provide deglaciation constraints. Figure 6.26 

shows classified dates in the database, revealing the distribution of ages over time. Some 

dates associated with the Early Weichselian glaciation are included as they serve to clarify 

glacial deposits not associated with the Late Weichselian glaciation. Older exposure time 

(cumulative) dates from glaciation studies and potentially associated with glacial landforms 

mapped in Chapter 4 are also included as they can be used to make inferences about ice 

dynamics throughout the last and preceding glaciations.  
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Figure 6.26: Absolute ages relating to the Late Weichselian glaciation on the Kola 

Peninsula and Russian Lapland, showing the distribution through time. This figure does not 

discriminate the reliability of the ages; thus, all ages are shown. The majority of the dates 

are classified as ice-free (56 %). 

6.4.1.4 Reliability of the dataset 

During the compilation of the database, no discrimination was made on the quality or 

reliability of the dates (Figure 6.26 does not discriminate against the reliability of the 

individual dates). However, not all of the dates are used in further analysis. Dates were 

scrutinised for contextual, stratigraphical, and sample property information as reported in 

the source publication, taking into consideration the source publication’s interpretations of 

the reliability of a date. In some cases, it was also necessary to assess the reliability of a date 

by comparing the date and its location with the mapped landforms and the glacial 

reconstruction presented in this thesis, and with other published dates from the same site. 

Like the geomorphological mapping presented in Chapter 4, the dates presented in this thesis 

are graded for their reliability based on the following criteria: 

• Reliable (3): Date provided with full contextual, stratigraphical, and sample property 

information. Glaciodynamic interpretation is deemed to be correct. 

• Possibly reliable (2): Date provided with some contextual, stratigraphical, and 

sample property information. Glaciodynamic interpretation may be incorrect. 

• Unreliable (1): Date provided with no contextual, stratigraphical, and sample 

property information. Glaciodynamic interpretation may be incorrect. 

Of the 209 dates presented in Table A1, 14 unreliable (1) dates are rejected and therefore not 

considered for further analysis. Of the rejected dates, 10 are from radiocarbon dating and 4 

from OSL dating. Figure 6.27 shows the individual histograms and spatial distribution of the 
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accepted dates of each date category for the time period of interest, i.e. the Late Weichselian 

40-9 ka.  

6.4.1.5 Temporal patterns of the dataset 

Before applying the dates to the ice margin reconstruction, temporal patterns that could be 

recognised from the ages alone are examined. Ice-free ages frame the last glacial period on 

the Kola Peninsula and Russian Lapland to between 30 and 10 ka (Figure 6.27). Advance 

dates are spread between c. 26 and 14 ka, but a cluster c. 22 to 19 ka suggests the main stage 

of ice sheet build-up occurred between 30 and 20 ka, and that the local maximum lateral 

extent of the ice sheet was attained after 20 ka. This is later than most other sectors of the 

FIS (Hughes et al., 2016; Stroeven et al., 2016). Figure 6.27 also demonstrates an overlap in 

time between advance and deglacial dates. The overlap suggests that (i) the maximum lateral 

extent of the ice sheet was reached at different times at different parts of the ice margin 

and/or (ii) retreat was interrupted by oscillations and sustained readvances, i.e. some advance 

dates are really readvance dates. The number of deglacial dates steadily rises between 20 

and 13 ka, and a significant increase of ice-free dates after 13 ka is observed (Figure 6.27). 

Ice-free dates across all areas are older than 10 ka (Figure 6.27). This suggests ice margin 

retreat across the Kola Peninsula and Russian Lapland occurred between 16 and 11 ka, with 

final deglaciation of the region taking place c. 11 ka. 

6.4.2 Application of dates to the glacial reconstruction 

The temporal distribution of dates provides some insight into the timing of glaciation on the 

Kola Peninsula and Russian Lapland. To understand the temporality of the ice sheet over the 

spatial domain, the dates need to be applied to the reconstructed ice margins presented earlier 

in this chapter (Map 7; Figure 6.16). Owing to the nature of the empirical data employed by 

palaeo-glaciologists, many numerically constrained glacial reconstructions focus on the 

retreat pattern of ice sheets (Figure 6.24; Hughes et al., 2011; Hughes et al., 2016). However, 

it would be wasteful to not consider reconstructing the timing of ice sheet advance, even if 

the dating record for ice sheet advance is scant. Therefore, dates pertaining to the build-up 

and deglaciation of the FIS are examined alongside the reconstructed ice margin pattern  

 

Figure 6.27 (next page): Absolute ages organised by classification, and maps of distribution 

of dates by type. Unreliable dates are excluded, see text for details (n = 14). 
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presented in Map 7 on an area-by-area basis, setting the glacial reconstruction into a 

timeframe that is consistent with the local dates constraining glaciation. The ‘dated’ margins 

are then considered collectively at the regional- or ice sheet-scale, to link spatially separate 

parts of the ice margin and examine discrepancies. Figures 6.28-6.32 compare the 

reconstructed ice margin evolution pattern with the date database. 

6.4.2.1 Eastern Kola Peninsula 

Ice-free conditions during the Ålesund interstadial on the eastern Kola Peninsula is 

constrained by dates from three locations on the northeastern coastline (Figure 6.28). It is 

postulated that the region remained ice-free throughout the Middle Weichselian (c. 60-40 

ka), although a lack of ages for the central eastern Kola Peninsula mean it is not possible to 

verify this.  

The advance of the Late Weichselian FIS is considered to have occurred c. 20 ka. This is 

supported by an OSL date of sands in a deltaic deposit at the western end of Keiva IIa 

moraine (Thesis_ID 27). Lunkka et al. (2018) suggest this age could be an overestimation 

due to the potential for incomplete bleaching of sediments in an inferred deep water, 

glaciolacustrine environment. However, Lunkka et al. (2018) propose that other OSL dates, 

which they interpret as being deposited in similar environments, are accurate depositional 

ages. Further, the stratigraphic position of the OSL date is indicative of deposition prior to 

the local-LGM. It is therefore conceivable that the 20.2 ± 1.4 ka is also an accurate 

depositional age, and is interpreted as an advance age.  

Deglaciation of the KIC is constrained by multiple dates that suggest deglaciation before c. 

13 ka (Figure 6.28). Stroeven et al. (2016) TCN date boulders at the western end of the KIC 

near Lake Babozero (Thesis_ID 55-57) that suggest deglaciation c. 16 ka. In support of the 

TCN dates is a bulk organic radiocarbon date (Thesis_ID 17) presented by Kremenetski and 

Patyk-Kara (1997), which is taken from Lake Babozero on the northern margins of the Keiva 

IIa moraine, ~ 1 km from the TCN dates. The 15.0 ± 1.2 cal. kyr BP date of sand-rich basal 

sediments is regarded as a minimum deglaciation age. Pollen analyses of overlying loam 

sediments indicate arboreal vegetation after deglaciation, which radiocarbon dating 

(Thesis_ID 18; Kremenetski and Patyk-Kara, 1997) suggests occurred c. 12 ka. OSL dating 

of sandy sediments ~ 50 km west from the TCN dates provides further support for 

deglaciation c. 15 ka (Thesis_ID 28 and 29). The palaeo-meltwater flow direction 

measurements and glaciotectonised glaciofluvial sediments that directly underly Late 
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Figure 6.28: Ice margin positions and dates on the eastern Kola Peninsula. Points are 

coloured according to the dating method: TCN (blue); OSL (red); radiocarbon (black); and 

palaeomagnetic (yellow). In this and the following figures, radiocarbon dates are reported 

as ‘cal. kyr BP’, while TCN, OSL, and palaeomagnetic dates are reported as ‘ka’. 

Weichselian till deposits indicate palaeo-ice flow direction from the west (Lunkka et al., 

2018) thus suggesting deposition associated with a westward retreating ice margin. An OSL 

date retrieved from a sandy deltaic foreset at Ponoy (Thesis_ID 31) is indicative of 

deglaciation c. 16 ka. Kolka (1996) also identifies 606 glacial varves within a deltaic deposit 

north of the Keiva I moraine (Bakhmutov et al., 1992, 1993, 1994; Kolka, 1996). The 13.5 

± 0.4 ka palaeomagnetic date (Thesis_ID 1) from these varves (Bakhmutov et al., 1992, 

1993, 1994; Kolka, 1996) is regarded a minimum deglaciation age. Finally, a possible 

readvance of the White Sea ice lobe c. 14 ka is constrained by OSL dated (Thesis_ID 32 and 
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33) glaciotectonised glaciofluvial sediments overlying and underlying a glacial till (Lunkka 

et al., 2018). Deglaciation elsewhere on the eastern Kola Peninsula cannot be accurately 

constrained, and only a single age (Thesis_ID 10) indicates ice-free conditions c. 11 ka 

(Figure 6.28).  

6.4.2.2 Murmansk Coast 

Several radiocarbon dates from the Murmansk coastal region (Figure 6.29) collectively 

suggest the region was ice-free by at least c. 10 ka. Although these dates provide some 

constraint on the timing of deglaciation in the area, only three dates (Thesis_ID 48, 74, and 

75) can be interpreted as representing minimum deglaciation ages. This is because the 

macrofossils for these dates were sampled directly above basal diamicts (Snyder et al., 1997; 

Yevzerov, 2012). An older age estimation from lake sediments near Teriberka (Thesis_ID 

49), which was sampled ~ 15 cm above basal diamict in non-laminated, sandy marine 

sediments (Snyder et al., 1997), is likely an overestimation due to an increased marine 

reservoir effect and/or reworking of sediments. All other radiocarbon dates from the 

Murmansk coastal region (Figure 6.29) are interpreted as representing ice-free conditions. 

This is because the stratigraphic position of the sampling location is not directly above basal 

diamict (Snyder et al., 1997; Corner et al., 1999; Corner et al., 2001; Tolstobrov et al., 2018). 

In addition, the pollen stratigraphy of the lake cores suggests ice-free conditions prior to the 

Younger Dryas, and records the cooling climate during the Younger Dryas through, for 

example, the rise of Salix and corresponding increase of Artemisia pollen (Snyder et al., 

1997; Kremenetski et al., 2004).  

 

 

Figure 6.29: Ice margin positions and dates on the Murmansk coastal area. Locations of 

radiocarbon dates are indicated by black points. 
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6.4.2.3 Central western Kola Peninsula 

Stroeven et al. (2016) use TCN methods to date a number of boulders on the western Kola 

Peninsula (Figure 6.30). Determining the timing of deglaciation is difficult owing to a lack 

of contextual information provided with the dates. Collectively, however, the TCN dates 

(Thesis_ID 60 and 65) suggest deglaciation of the Khibiny Mountains and the area around 

Revda c. 15-13 ka. The oldest TCN dates (Thesis_ID 58, 64, and 66) are interpreted as 

cumulative exposure ages, although a lack of contextual information provided with the dates 

(Stroeven et al., 2016) precludes verification of this interpretation.  

Several radiocarbon dates have also been retrieved from lake sediment cores across the 

western Kola Peninsula (Figure 6.30). Two dates from small lakes near Lake Ekostrovskaya 

Imandra are interpreted as representing a minimum deglaciation age c. 11 ka. This is because 

the diatom assemblages of the radiocarbon dated basal sediments suggest deposition in a 

proglacial environment (Tolstobrova et al., 2016). Sediment cores from lakes near Umba 

also reveal proglacial sediments, which are interpreted as varves (Kolka et al., 2013b). Bulk 

radiocarbon dating of organic sediments within the glacial varves (Thesis_ID 13 and 14;  

Kolka et al., 2013b) are indicated as representing an ice margin position c. 13 ka. Other 

radiocarbon dates from several locations across the western Kola Peninsula (Figure 6.30) 

can only be used to confirm ice-free conditions after the Younger Dryas owing to the 

sampling positions within probable post-glacial sediments (Solovieva and Jones, 2002; 

Ilyashuk et al., 2013; Nikolaeva et al., 2015; Kolka et al., 2020; Lenz et al., 2021b).  

 

Figure 6.30: Ice margin 

positions and dates on the 

western Kola Peninsula. 

Dates shown in Figure 6.31 

are excluded for clarity. 

Points are coloured 

according to the dating 

method: TCN (blue) and 

radiocarbon (black). 
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6.4.2.4 Southern Russian Lapland 

The timing of deglaciation in southern Russian Lapland is uncertain as all available 

radiocarbon dates can only be used to constrain ice-free conditions after 10.2 ka (Figure 

6.31). However, one anomalously older date (Thesis_ID 16) suggests ice-free conditions 

near Chupa were initiated by 12.3 ± 0.3 cal. kyr BP. While this date may be an accurate 

representation of the initiation of ice-free conditions, it is also possible that the sediments 

have been reworked or the dates influenced by the marine reservoir effect (Snyder et al., 

1997; Korsakova et al., 2016). TCN dated boulders and cobbles (Thesis_ID 61-63) near 

Kovdor are interpreted as cumulative exposure ages since they significantly pre-date 

acceptable deglacial ages ~ 60 km to the east.  

 

 

Figure 6.31: Ice margin positions and dates in southern Russian Lapland. Dates shown in 

Figure 6.30 are excluded for clarity. Points are coloured according to the dating method: 

TCN (blue) and radiocarbon (black). 
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6.4.2.5 Additional numerical ages from outwith the study area 

Numerical dates from outwith the mapped area (Figure 6.32) generally support the above 

interpretations. Radiocarbon dating in Finland and Norway, and OSL dating in the 

MezenBay and Kanin Peninsula, northwest Russia, indicate ice-free conditions during the 

Ålesund interstadial. Ice sheet advance c. 20 ka on the Varanger Peninsular in Norway is 

recorded in a bulk organic radiocarbon date of organic sediments within and below the Late 

Weichselian till (Thesis_ID 159-162). Ice sheet advance in the Mouth of the White Sea after 

19 ka is reflected in OSL dating of glaciofluvial sand directly beneath the Bobrovo till (the 

stratigraphic unit associated with the Late Weichselian glaciation in northwest Russia) 

(Thesis_ID 142, on Morzhovets Island) and TCN dating of bedrock on the Kanin Peninsula 

(Thesis_ID 149). No numerical age estimations are available to accurately constrain the 

timing that the FIS reached its maximum lateral extent in northwest Arctic Russia. However, 

based on the available advance and retreat dates from the KIC, Mezen Bay, and the Kanin 

Peninsular, it is conceivable that the local-LGM occurred sometime between 19 and 16 ka. 

Deglaciation of Mezen Bay occurred c. 13 ka according to several OSL dates of fluvial and 

glaciofluvial sands deposited above the Bobrovo till (Thesis_ID 112, 141, 143, and 144). 

Numerous TCN dated boulders and bedrock surfaces on the Varanger Peninsular and around 

Kirkenes in Norway indicate deglaciation occurred between 15 and 12 ka (Figure 6.32). 

Radiocarbon dating of lake and marine sediments in the White Sea, Republic of Karelia, and 

Finnish Lapland cannot be used to constrain deglaciation as they likely represent ice-free 

conditions (Figure 6.32).  

 

  

Figure 6.32 (across the next three pages): Ice margin positions and dates from outwith the 

reconstructed area. Only dates within the 9-40 ka age bracket are shown. Dates shown in 

Figures 6.28-31 are excluded for clarity. Points are coloured according to the dating 

method: TCN (blue); OSL (red); and radiocarbon (black). 
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Figure 6.32 
(cont.) 
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Figure 6.32 (cont.) 

6.4.2.6 Regional assessment of chronology  
Before assigning ages to the ice margin reconstruction, it is important to note that there are 

large areas of the Kola Peninsula and Russian Lapland that are devoid of dates, notably, on 

the central eastern Kola Peninsula. In addition, in some cases there is disagreement with 

dates from surrounding areas, for example in southern Russian Lapland. This hinders 

attempts to interpret the spatial and temporal evolution of the FIS across the entire region, 

and many more absolute dates are required, especially those targeted at reconstructed ice 

margin positions. However, the database presented in this thesis acts as a crucial first step 

toward numerically constraining glaciation on the Kola Peninsula and Russian Lapland. The 

ages are, therefore, assigned to selected ice margin positions, and in many cases can only be 

extrapolated across relatively short distances to reduce introducing further uncertainties to 

the overall reconstruction. 

Figures 6.33 and 6.34 show the advance and retreat margins, respectively, with the ages 

assigned from the regional assessments of the dates. This information is also included on 

Map 7. If the age is followed by a positive sign (+), the margin is at least that age and could 

be older. If the age is followed by a negative sign (-), the margin is no older than that age 

and probably younger. If a margin is known to fall between two or more dates, an age range 

is given. Finally, ages followed by Å are used to indicate a location where the dates are 

associated with ice-free conditions during the Ålesund interstadial.  

The region was likely ice-free during the Ålesund interstadial, after which the FIS advanced 

across the Kola Peninsula and Russian Lapland by c. 20 ka. The local-LGM occurred around 

19-16 ka, after which the FIS retreated. Based on limited dating evidence from the KIC, it is 

postulated that the eastern Kola Peninsula was deglaciated by 14 ka. Most of the western 
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Kola Peninsula and Russian Lapland deglaciated after the Younger Dryas stadial c. 12 ka. 

Available numerical dates suggest deglaciation was rapid, with the region ice-free by at least 

10.5 ka.  

 

 

Figure 6.33: The reconstructed KIC (thin grey line), which is associated with the build-up 

of the FIS, the Keiva I ice marginal zone (black line), and the maximum lateral extent of the 

FIS (thick grey line), with ages atta ched to the ice margin positions where possible. Some 

ages that cannot be attached to a margin are placed at the sampling location. Negative signs 

(-) indicate the age is a maximum one for the margin, whereas dates followed by Å indicate 

ice-free conditions during the Ålesund interstadial. Following this, the majority of 

discrepancies can be accommodated. This information is also presented on Map 7. 
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Figure 6.34: The reconstructed ice margin positions associated with the retreat of the FIS, 

with ages attached to the ice margin positions where possible. Ages that cannot be attached 

to a margin – i.e. those beyond the reconstructed area – are placed at the sampling location. 

This information is also presented on Map 7. Age ranges are applied to the margins where 

possible. When age ranges cannot be applied, positive signs (+) indicate that the age is a 

minimum one for the margin, whereas negative signs (-) indicate the age is a maximum one. 

Following this, the majority of discrepancies can be accommodated. 

6.5 Summary 

A systematic analysis of the Kola Peninsula and Russian Lapland has been conducted, 

yielding a pattern of ice sheet retreat and, at least in part, ice sheet build-up. This analysis 

was based on six independent aspects of landform evidence (moraines, eskers, lateral 

meltwater channels, time-transgressive retreat flowsets, glaciofluvial deltas, and ice-

dammed lakes), and the widespread agreement between the landforms provides reassurance 

that the final reconstruction is robust. The reconstructed ice margins are presented in Map 7. 

It is apparent that an interplay between ice on the eastern Kola Peninsula and in the White 
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Sea led to the formation of the KIC during ice sheet build-up, and influenced the deglaciation 

pattern on the eastern Kola Peninsula and the White Sea region. The deglaciation pattern on 

the peninsula and Russian Lapland indicates retreat by several ice lobes, whose locations are 

controlled by topography as the ice sheet thinned and mountainous areas became exposed. 

In general, the six lines of evidence are corroborative, but some inconsistencies do occur. In 

some cases, the discrepancies can be accommodated with alternative interpretations of the 

geomorphological data. In others, conflicting evidence may indicate readvances of the ice 

margin, but without stratigraphic evidence it is not possible to verify this.  

Numerical ages also have been applied to the ice margin reconstruction. A thorough search 

of the Quaternary literature was undertaken to amass a database of published dates relating 

to the build-up and retreat of the FIS on the Kola Peninsula and Russian Lapland. Over 200 

dates were collated, and 195 are regarded as reliable. Dates have been classified according 

to their interpreted glaciodynamic context to simplify interpretations and derive their 

glaciological meaning. Map 7 details the advance and retreat ages assigned to the ice margin 

reconstruction. Although the dating record is sparse, the ages are, in general, consistent 

across the region. The ages suggest the region was ice-free prior to the Late Weichselian 

glaciation. The FIS reached its maximum lateral extent sometime between 19 and 16 ka, and 

deglaciation is considered to have ended c. 10 ka. It is clear from the chronology, however, 

that considerable work needs to be done to constrain the timing of glaciation.  

The retreat pattern is yet to be integrated with the flow evolution information to build 

snapshots of ice sheet configuration. Incorporation of the retreat pattern with the relative 

chronological information held in the ice flow geometry and configuration identified in 

Chapter 5 may solve some of the issues raised in this attempt to attach absolute dates to the 

glaciation pattern and vice versa. This will also enable us to ascertain more confidently 

which dates are truly problematic and need to be revisited, and allow the best locations for 

targeted numerical dating to be identified to better constrain glaciation in the region.  
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Part D:  

Discussion and conclusion 

 

View north in the Vubyavryok Valley, central Khibiny Mountains  
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Chapter 7. Late Weichselian Fennoscandian Ice Sheet glaciation on 

the Kola Peninsula and Russian Lapland: discussion 

7.1 Introduction 

Existing published geomorphological data cannot be used to accurately reconstruct the 

pattern, style, or timing of the FIS on the Kola Peninsula and Russian Lapland. As discussed 

in Chapter 2, the key unknowns for the study area included: 

• The position and configuration of ice divides. 

• The flow geometry and configuration of the ice sheet. 

• The location and role of ice streams. 

• The pattern of ice sheet build-up in association with the KIC. 

• The pattern of ice margin retreat and a framework of deglaciation. 

• The evolution (through time) of each of the above properties. 

• The dynamics of the ice sheet, and its interplay with potential drivers of change. 

• The correlation of events with the wider climate system. 

In this thesis, high-resolution ice sheet-scale glacial landform mapping, synthesis, and 

interpretation has been applied to the Kola Peninsula and Russian Lapland to develop our 

understanding of the last FIS in the region. The resulting ice flow configuration and margin 

position reconstructions presented in Chapters 5 and 6 are argued to best fit the landform 

legacy of glaciation. These reconstructions are grounded, qualitatively, in assumptions of 

glacial geomorphological processes and guided by analogues from contemporary and other 

palaeo-ice sheets (see Chapters 3-6).  

To facilitate the discussion of the reconstructions in Chapter 5 and 6, a sequential time-slice 

reconstruction (inspired by Hughes et al., 2016; Stroeven et al., 2016; Dalton et al., 2022) is 

established and evaluated here. Particular attention is given to evaluating the four potential 

models of deglaciation developed in Chapter 2. As noted in Section 3.4 (of Chapter 2), 

models of the LGIT invoking glaciation by the Ponoy Ice Cap or the Kara Sea Ice Sheet 

(Models 3 and 4, respectively) can be dismissed. However, contrasting models of 
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deglaciation remain: (Model 1) initial rapid deglaciation of the FIS on the eastern Kola 

Peninsula, leaving ice lobes occupying the surrounding lowlands and straits, which retreated 

westward during the LGIT; or (Model 2) coherent westward retreat of the FIS, inland from 

the coasts, throughout the LGIT. The chapter concludes by assessing the limitations of the 

thesis and proposing suggestions for future research.  

7.2 Time-slice reconstruction 

In this section, the relative sequences of events reconstructed in Chapters 5 and 6 are 

evaluated and integrated to reconstruct ice sheet extent and flow configuration through time. 

The aim is to present a spatial resolution that captures the broad geographic trends that likely 

existed during both build-up and retreat of the ice sheet. Thus, the time-slice reconstruction 

is bedform driven, and ice margins that best-fit each ice flow configuration scenario are 

selected. Additional data and previous reconstructions from outwith the study area (e.g. 

Ekman and Iljin, 1991; Niemelä et al., 1993; Polyak et al., 1995; Demidov et al., 2006; 

Winsborrow et al., 2010a; Larsen et al., 2014; Petrov et al., 2014; Hughes et al., 2016; 

Stroeven et al., 2016; Newton and Huuse, 2017; Romundset et al., 2017; Anjar et al., 2021; 

Streuff et al., 2022) are also drawn upon to place the reconstruction within the wider FIS 

system. The numerical ages are considered last, and are used in an attempt to assign the 

reconstructions to a specific time-slice. This approach is based on methods outlined by 

Hughes et al. (2016) and Stroeven et al. (2016). 

As a relative sequence of events, the time-slice reconstruction presented in this chapter is 

considered an accurate representation of the geomorphological evidence contained in Map 

2. However, there are several sources of spatial and temporal uncertainty. The most 

significant is associated with gaps in the numerical age database (see Chapter 6, Section 4). 

Three possible ice margin positions are therefore reconstructed for each time-slice: most-

credible, maximum, and minimum. The most-credible line is the margin position that is 

considered most probable based on all the available geomorphological and chronological 

data, and is the focus of the discussion. The maximum and minimum reconstruction lines 

represent the uncertainty (primarily in the chronological record, but also the 

geomorphological record) as a distance from the most-credible line, and support the main 

discussion.  

A series of 10 maps is presented that depict ice sheet extent and flow configuration through 

time from 29-11 ka (Figures 7.1 and 7.2). Between the local-LGM and 11 ka ice sheet 
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margins are delineated every 1,000 years, and show most-credible lines, maximum, and 

minimum to represent uncertainty estimates as described above. Flowlines and ice divide 

positions for the most-credible reconstructions are also shown. Three reconstructions of ice 

sheet extent and ice flow configuration that capture the general pattern and possible timings 

of ice sheet build-up (29-26; 25-22; 21-20 ka) are also presented. Rather than defined time-

slices, these reconstructions represent snapshots of ice sheet evolution for a period of time. 

For these ‘snapshot’ time-slices, the ice margin is shown as solid lines where there are good 

constraints for the position, and broken lines to indicate uncertainty and limited evidence; 

the flowlines and ice divides that best fit these reconstructions are included.  

 

Figure 7.1 (across two pages): Pre-local-LGM time-slice reconstruction. Solid lines 

indicate limits where there is good evidence for an ice margin position. Broken lines indicate 

limits where evidence is sparse or non-existing and evidence has been extrapolated between 

sites. Flowlines are depicted as arrows, and ice divides as a thick black line. Flowlines 

outside the study area that are adopted from other studies (e.g. Winsborrow et al., 2010a; 

Newton and Huuse, 2017) are shown as broken arrows. The maximum possible extent of 

cold-based ice is indicated by blue shaded areas. (a) 29-26 ka. (b) 25-22 ka. (c) 21-20 ka. 
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Figure 7.1 (cont.) 
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Figure 7.2 (across four pages): Time-slice reconstruction of the evolution of ice sheet extent 

and flow configuration during the LGIT. Three ice margins are shown to represent 

uncertainty in the data: most-credible (solid line and shaded area), maximum (large-dash 

line), and minimum (small-dash line). Flowlines (solid-lined arrows), definite ice stream 

pathways (red solid-lined arrows), and ice divide positions (thick solid lines) for the most-

credible reconstruction are also shown. Flowlines outside the study area that are adopted 

from other studies (e.g. Winsborrow et al., 2010a; Newton and Huuse, 2017) are shown as 

broken arrows. Ice masses at the periphery of the ice sheet are not shown. The maximum 

possible extent of cold-based ice is indicated by blue shaded areas.  (a) Since the local-LGM 

is poorly chronologically constrained, the local-LGM time-slice represents a boundary 

period of 19-17 ka. (b) 16 ka. (c) 15 ka. (d) 14 ka. (e) 13 ka. (f) 12 ka. (g) 11 ka. 
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Figure 7.2 (cont.) 
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Figure 7.2 (cont.) 
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Figure 7.2 (cont.) 

Original in Colour 



 

252 
 

7.3 Palaeo-glaciological implications of the reconstruction 

7.3.1 Pre-local-LGM time-slice reconstructions (c. 29-20 ka) 

The Late Weichselian FIS advanced broadly eastwards across Russian Lapland and the Kola 

Peninsula (indicated by flowsets SL9, SL46, SL47; see Chapter 5, Section 4), probably 

incorporating any mountain glaciers that may have existed in the region, and establishing a 

secondary ice divide (Figure 7.1). This pattern of ice sheet build-up strengthens the existing 

model of ice sheet advance in the region (see Chapter 2, Section 3.1) by adding detail that 

has not been previously apparent and corroborating the presence of an ice divide in the 

region. During the build-up of the ice sheet, the FIS and BSIS become confluent, and likely 

influenced each other’s dynamics (Ottesen et al., 2008; Winsborrow et al., 2010a; Newton 

and Huuse, 2017). However, evidence from the Russian sector of the Barents Sea and the 

study area is lacking, and therefore it is difficult to make any interpretations of how they 

interacted during these time-slices. In the study area, a lack of low-shear basal sediments 

identified by previous field studies (Niemelä et al., 1993; Yevzerov and Nikolaeva, 2000; 

Hättestrand et al., 2007; Kleman et al., 2008; Petrov et al., 2014) likely inhibited a rapid 

advance of the cold-based ice margin. This is further evidenced by the limited number of 

bedforms attributed to this stage of glaciation, especially on the central eastern Kola 

Peninsula (see Map 3). The slow-paced ice sheet advance would be dependent on prolonged 

cool climatic conditions since the region’s location in a precipitation shadow would have 

restricted the formation of an independent ice dispersal centre (Flint, 1947; Mangerud et al., 

2008a; Mangerud et al., 2008b; Larsen et al., 2016; Patton et al., 2017). However, persistent 

cool climatic conditions alone cannot explain how the FIS advanced across northwest Arctic 

Russia.  

Under an idealised ice sheet build-up model (Figure 7.3a), precipitation over higher ground 

would facilitate the growth of an ice mass that would develop in a uniform radial pattern 

(Flint, 1947). However, in Fennoscandia, the higher ground where the ice sheet established 

is concentrated along the Norwegian coastline (Figure 7.3b, c). Ice sheet advance into the 

Norwegian Sea was therefore impeded by the continental shelf (Flint, 1947; Winsborrow et 

al., 2010a; Mangerud et al., 2011; Hughes et al., 2016; Stroeven et al., 2016). Thus, 

continued ice mass accumulation and redistribution of the accumulation area by westerly 

winds forced the eastward migration of the primary ice divide from the Scandinavian 
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Figure 7.3: Conceptual models of ice sheet build-up. (a) Under an idealised ice sheet growth 

pattern, equally distributed precipitation would facilitate the growth of an ice mass over 

higher ground, which would expand in a radial fashion. (b) However, in Fennoscandia, the 

higher ground where the ice sheet established is concentrated along the western coastline. 

Although maritime air masses encourage ice mass accumulation in the mountains, ice mass 

expansion into the Norwegian Sea is restricted by the Norwegian Shelf edge, and continued 

ice mass growth requires an eastward migration of the primary ice divide from the 

Scandinavian Mountains over the Gulf of Bothnia. This is an idealised diagram of ice sheet 

expansion, based on the topography shown in (c). (c) DATED-1 FIS time-slice 

reconstructions (Hughes et al., 2016) highlighting the expansion of the FIS from the 

Scandinavian Mountains. The innermost time-slice (green) documents the initial inception 

of the FIS in the highest terrain. The subsequent time-slices document the expansion of the 

FIS across the shield terrain and the restricted expansion into the Norwegian Sea. 

Mountains over the Gulf of Bothnia (Flint, 1947; Kleman et al., 1997; Winsborrow et al., 

2010a; Hughes et al., 2016). This migration of the ice dispersal centre would have enabled 

the lateral extension of the ice margin into northwest Russia.  

The expansion of the White Sea lobe indicated by flowsets SL74, SL75, SL79, and SR4-7 

(Figure 7.1c; see Chapter 5, Section 4.4) is more likely a response to the subglacial 

environment in the White Sea basin. Basal sliding over water-saturated sediments as well as 

soft-sediment subglacial deformation – both of which are typical of warm-based glaciation 

– are thought to have facilitated the expansion of fast-flowing low-gradient ice lobes across 

northwest Russia (Hättestrand et al., 2007; Larsen et al., 2014; Larsen et al., 2016; Stroeven 

et al., 2016). Similar warm-based glacial conditions are likely to have existed in the White 
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Sea basin and will have facilitated the ice flow events recorded by subglacial bedforms in 

the Kandalaksha Gulf. A subglacial lake may have formed in the deepest parts of the 

Kandalaksha Trough (Larsen et al., 2014), although geomorphological evidence is required 

to verify this and to fully understand the implications of a subglacial lake on the dynamics 

of the White Sea lobe.  

Polythermal conditions, as evidenced by cold-based ice on the Kola Peninsula and warm-

based ice in the White Sea basin, are not unusual within an ice sheet, and may explain the 

formation of the KIC. An abundance of lateral meltwater channels formed in isolation of 

subglacial bedforms and glacial sediments on the central eastern Kola Peninsula (Map 2) 

strongly suggests that the peninsula-based ice mass was persistently cold-based throughout 

the last glaciation. While it is feasible that there could have been periods where warm-based 

ice existed, it is more likely that the short eskers (typically < 3 km) grading into the northern 

side of the Keiva II moraines formed at the margins of a predominantly cold-based ice mass. 

Similar short, near-marginal eskers have also been identified at the margins of other 

predominantly cold-based ice masses (Dyke, 1993; Lundqvist, 1997; Hättestrand and 

Stroeven, 2002; Storrar et al., 2014a). In contrast, an abundance of glacial sediments and 

eskers on the Tersky coastline (Map 2) suggest persistently warm-based subglacial 

conditions of the White Sea lobe. In addition, ice contact features on both sides of the Keiva 

II moraines (Figure 7.4), including the eskers, clearly indicate that the KIC was formed 

between the two ice masses – (i) located on the eastern Kola Peninsula, and (ii) in the White 

Sea – which is typical of interlobate landform assemblages (Punkari, 1997; Hättestrand et 

al., 2007). Since sediments are lacking on the central eastern Kola Peninsula (which is 

common for cold-based ice masses), the sediments comprising the KIC likely derived from 

the White Sea lobe. However, the arcuate morphology of the KIC, especially between 

Varzuga and Lumbovskiy Bay, is indicative of an ice margin associated with eastward 

flowing ice on the peninsula (Figure 7.4). Considering that the KIC comprises sediments 

from several glaciations, not just the Late Weichselian (Korsakova, 2009; Lunkka et al., 

2018; Korsakova et al., 2019; Korsakova, 2021), it is conceivable that the advancing cold-

based ice margin pushed sediments into their current position on the eastern Kola Peninsula 

during the last glaciation. Similar pushed ice marginal deposits have been identified at the 

margins of other predominantly cold-based ice masses (Fitzsimons, 1996; Benn and 

Clapperton, 2000; Lønne and Lyså, 2005; Fitzsimons and Howarth, 2020), although  
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Figure 7.4: The arcuate assemblage of the Keiva IIa and IIb moraines (brown) within the 

KIC may represent the frontal margins of a lobate FIS margin on the eastern Kola 

Peninsula. The arrows indicate individual arcuate moraines observed along the KIC, which 

likely represent the ice margin associated with the 25-22 ka time-slice (Figure 7.1b). Inset: 

eskers (red lines) grading into both sides of the Keiva IIb moraine (brown) indicate two ice 

contact slopes on the KIC. The landform symbology matches Map 2. 

Evidence of glaciotectonised sediments in the Keiva II moraines are needed to verify the 

dynamics of ice sheet advance. Any Late Weichselian deposits (see Lunkka et al., 2018) 

would probably have been deposited during the subsequent advance of the White Sea lobe, 

and the moraines would have been consolidated at the confluence of the two ice masses. 

OSL dating of glaciofluvial sediments near Varzuga indicates that the best estimate for the 
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initial advance of the White Sea lobe along the Tersky coastline is c. 20 ka (Figure 7.1c). 

This model of KIC formation, which is grounded in the geomorphological evidence from 

the region, provides further support against LGIT Model 3 (see Chapter 2, Section 3.4.2) 

and indicates that the Kola Peninsula was not glaciated by the independent Ponoy Ice Cap 

during the Late Weichselian.  

7.3.2 Dynamics during the local-LGM (c. 19-17 ka) 

During this time-slice the bedform evidence suggests that the White Sea lobe advanced 

through the White Sea Throat (indicated by SL22; see Chapter 5, Section 4.4) to the 

maximum lateral extent margin off the western coast of the Kanin Peninsula (Figure 7.2a). 

The inaccessibility of this region partly contributes to the lack of numerical dates, placing 

the best estimate for the timing of the local-LGM at c. 19-17 ka. Deformation of the Keiva 

Iia moraine at Varzuga could indicate a regional readvance of the White Sea lobe during 

deglaciation. However, flowsets SL30 and SL63, and drumlinisation of the fragmentary 

moraine segments at Varzuga, indicate regional ice flow from the southwest that can only 

have been achieved following an ice-flow geometry change over the eastern Kola Peninsula 

prior to deglaciation. As such, northeastward ice flow onto the peninsula from the White Sea 

basin likely occurred during the local-LGM (Figure 7.2a). This ice flow configuration is 

more complex than that proposed by existing glacial reconstructions, which suggest that ice 

flowed radially from an ice divide on the Kola Peninsula rather than from the White Sea 

during the local-LGM (see Chapter 2, Section 3.2). 

Such a significant configuration change could be a consequence of a thickening White Sea 

lobe that was able to flow independently from topography – as indicated by possible ice flow 

diagonally across the Kandalaksha Trough (Punkari, 1993, 1995, 1997; Boulton et al., 2001; 

Stokes and Clark, 2001; Svendsen et al., 2004; Putkinen and Lunkka, 2008) – and thus 

influence ice flow configuration on the central eastern Kola Peninsula. If the White Sea lobe 

was an ice stream during the Late Weichselian (with low surface gradients and consequently 

low driving stresses on the peninsula; Hättestrand et al., 2007; Larsen et al., 2014; Larsen et 

al., 2016; Stroeven et al., 2016), the ice stream must have ‘slowed down’ and/or there was a 

reduction in ablation to initiate thickening and an ice flow configuration change. This slow-

down may have been a response to the White Sea lobe coming into contact with the BSIS 

margin, and thus being unable to advance further. Similar observations of switching ice flow 

directions in response to reorganised ice stream activity and ice sheet thickness changes have 
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been observed in both palaeo (Stokes and Clark, 2003; Ó Cofaigh et al., 2010) and 

contemporary ice sheets (Conway et al., 2002; Siegert et al., 2004; Winter et al., 2015). 

Thickening ice may also have induced basal melting on the peninsula, thus facilitating the 

ice sheet configuration change (Joughin et al., 2003; Beem et al., 2010; Winsborrow et al., 

2010b). However, high-resolution geomorphological evidence from the White Sea basin is 

necessary to verify these interpretations.  

Other possible ice stream activity may have been initiated in northern Russian Lapland, 

where bedform evidence (flowsets SL43 and SL54) suggests fast northward ice flow toward 

the Barents Sea (Figure 7.2a). Previously reconstructed ice stream flow patterns in the 

Barents Sea suggest the FIS and BSIS coalesced during the local-LGM (Andreassen et al., 

2008; Ottesen et al., 2008; Patton et al., 2015; Newton and Huuse, 2017). It is thought that 

the BSIS was also close to its maximum lateral extent at this time, although some uncertainty 

in the Russian sector of the Barents Sea suggests the BSIS may have begun retreating 

(Hughes et al., 2016; Newton and Huuse, 2017). Nevertheless, the fast ice flow documented 

in northern Russian Lapland (sometimes known as the Tuloma Ice Stream; see Chapter 5, 

Section 2.3) likely fed the Djuprenna Ice Stream via the Kola Trough parallel to the coast. 

Ice streams are thought to have considerable influence on an ice sheet’s configuration 

(Stokes and Clark, 2001; Conway et al., 2002; Sejrup et al., 2003; Stokes et al., 2009; Winter 

et al., 2015), and it is probable that the Djuprenna Ice Stream had a similar influence on the 

FIS during the LGIT. The propagation of high-velocity ice drainage into Russian Lapland 

from the Djuprenna Ice Stream likely altered the FIS configuration, and probably encouraged 

ice flow from the main FIS ice divide in Finland (indicated by SL51 and SL54; see Chapter 

5, Section 4.3), rather than a secondary ice divide in Russian Lapland (Figure 7.2a, b). This 

would have restricted ice flow onto the Kola Peninsula from the main FIS ice divide and 

may have facilitated the thinning of the FIS in the region. This ice sheet configuration 

contrasts with existing glacial reconstructions that suggest a secondary ice divide was 

present in the region during the local-LGM (see Chapter 2, Section 3.2). 

7.3.3 Onset of deglaciation (c. 16 ka) 

The timing of the first deglaciation time-slice is 16 ka (Figure 7.2b): this is based on an OSL 

date from the River Ponoy area (see Chapter 6, Section 4.2.1). In this time-slice, both the 

FIS and BSIS are in retreat, although uncertainty in the Barents Sea means the BSIS may 

have deglaciated the region to the north of the study area completely by 16 ka (cf. Polyak et 
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al., 1995; Winsborrow et al., 2010a; Patton et al., 2015; Newton and Huuse, 2017). In the 

study area, the ice sheet underwent a significant configuration change at the onset of 

deglaciation. The White Sea lobe no longer dominated ice flow on the eastern Kola Peninsula 

(indicated by SL20, see Chapter 5, Section 4.2), suggesting northeastward ice flow onto the 

peninsula may have been a relatively short-lived event. This change in ice flow configuration 

could be a response to the retreating BSIS margin, which may have initiated higher ice flow 

velocities – possibly ice streaming – in the White Sea lobe as the two ice margins separated 

and a ‘buttress’ effect against the White Sea lobe was lost. This would have induced thinning 

of the ice lobe, which would have become increasingly topographically constrained during 

retreat, and thus unable to substantially influence ice flow on the Kola Peninsula. Moreover, 

an increased flow velocity would probably have facilitated the drainage of ice from the 

interior of the FIS. Similar fast ice flow activation and ice sheet drainage in response to a 

reduction of ice margin buttressing has been observed in other ice sheets, although this 

typically occurs in marine ice streams that terminate with an ice shelf (Scambos et al., 2004; 

Bradwell et al., 2008; Winsborrow et al., 2010b; Johnson et al., 2014). At this stage, a marine 

terminating ice margin is not thought to be case for the White Sea lobe as palaeo-sea levels 

were considerably lower than present (Figure 7.5; Lambeck et al., 2014). Alternatively, or 

even simultaneously, channelised subglacial drainage systems (revealed by eskers combined 

with large proglacial channels south of Lumbovskiy Bay; Map 4) suggest an efficient 

subglacial drainage network (Storrar et al., 2014a, 2014b). This may indicate an increase in 

subglacial meltwater drainage, possibly in response to increased surface melt percolating to 

the bed, and thus a fast ice flow response by the White Sea lobe (Joughin et al., 2003; Beem 

et al., 2010; Winsborrow et al., 2010b). On the Kola Peninsula, the ice sheet also responded 

by returning to a radial flow pattern, probably from a short ice divide centred over the 

Khibiny Mountains (Figure 7.2b). 

Ice margin retreat on the eastern Kola Peninsula c. 16 ka was therefore characterised by two 

dynamically different ice masses with different retreat patterns. On the central eastern Kola 

Peninsula, lateral meltwater channels document the westward retreat of a persistently cold-

based ice margin. In contrast, the White Sea lobe, which was warm-based (indicated by 

eskers and subglacial meltwater channels, see Map 4), retreated southwest through the White 

Sea Throat. In addition, unmodified lateral meltwater channels identified on the surface of 

the Keiva II moraines (Map 4) suggest meltwater was routed at the confluence of the two ice  
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Figure 7.5: Contours delineating palaeo-sea levels for selected time periods during the Late 

Weichselian. Contours for 22.5, 18, 15, and 13 ka are based on equivalent sea level estimates 

presented by Lambeck et al. (2014): these data are not corrected for isostasy, so only provide 

an approximate reconstruction. The highest palaeo-sea level estimate associated with the 

Younger Dryas-Holocene transition c. 11.7 ka is adjusted for isostasy, but remains an 

approximation of the palaeo-sea level. The 11.7 ka contour is based on (i) marine shorelines 

observed during the construction of the geomorphological map presented in this thesis (e.g. 

inset, palaeo-marine shorelines on the Rybachy Peninsula), (ii) marine shorelines mapped 

and/or dated by Hättestrand and Clark (2006a), Pasanen et al. (2010), Romanenko and 

Shilova (2012), Yevzerov (2012), Kolka et al. (2013a), and Korsakova et al. (2016), among 

others, and (iii) glacio-isostatic uplift reconstructions presented by Pasanen et al. (2010). 

margins as they separated. The FIS therefore ‘unzipped’ along the axis of the KIC (Figure 

7.2b). This unzipping of the ice margin was probably strongly influenced by the two different 

sources and directions of ice flow. Similar ice margin retreat patterns have been observed in 

other ice sheets (Greenwood and Clark, 2009b; Chiverrell et al., 2016; Greenwood et al., 
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2018). The topography around the KIC may also have encouraged the unzipping ice margin 

(Finlayson et al., 2011; Lane et al., 2014), as the ice sheet retreated onto higher ground on 

the peninsula, whereas the White Sea lobe retreated onto lower terrain. This initial pattern 

of deglaciation, in particular the unzipping of the ice margin along the KIC, supports LGIT 

Model 2 (see Chapter 2, Section 3.3.2).  

Faster ice flow in northern Russian Lapland (possibly the Tuloma Ice Stream; see Chapter 

5, Section 2.3) likely continued to contribute to the Djuprenna Ice Stream via Varangerfjord 

and the Kola Trough (Figure 7.2b). However, the ice sheet configuration shifted to 

southwest-northeast orientated ice flow in response to an inland propagation of high-velocity 

drainage and ice now flowing from the main ice divide in Finland (Figure 7.2b). A local 

variation in ice flow direction east of the Kola Bay (indicated by flowset SL53) also attests 

to the significant influence of the Djuprenna Ice Stream on the configuration of the FIS. 

Similar configuration changes in response to ice stream driven thinning have been observed 

in other palaeo-ice sheets (Stokes and Clark, 2003; Boulton and Hagdorn, 2006; Stokes et 

al., 2009; Livingstone et al., 2012). Existing glaciation models for the Kola Peninsula and 

Russian Lapland rarely consider drainage of the ice sheet through Djuprenna (see Chapter 

2), and LGIT glaciation Models 1 and 2 do not reconstruct an ice flow pathway from northern 

Russian Lapland into Djuprenna (see Chapter 2, Section 3.3). This is typically due to the 

unavailability of bathymetry data (cf. Winsborrow et al., 2010a). However, consideration 

and interpretation of marine sectors of an ice sheet alongside terrestrial data serve to 

highlight the importance of marine glaciation on the dynamics of an ice sheet.  

The Lovozero Ice Stream may also have been active by this stage (Figure 7.2b). Possible 

subglacial meltwater channels at the margins of flowset SL28 (see Chapter 6, Section 3.6.2) 

suggest the activation of the Lovozero Ice Stream may have been facilitated by the routing 

of meltwater to the lateral margins of the ice stream, which would have ‘wetted’ the bed and 

encouraged basal sliding (Punkari, 1997; Winsborrow et al., 2010b; Perol et al., 2015). 

Alternatively, ice streaming may have been activated in response to ice sheet configuration 

and volume changes following the retreat of the BSIS (Siegert et al., 2004; Stokes et al., 

2016a). However, it remains difficult to assess the implications of the Lovozero Ice Stream 

on the wider dynamics of the FIS because the available geomorphological evidence does not 

reveal significant ice sheet dynamic changes on the peninsula in response to the activation 

of the Lovozero Ice Stream. The Lovozero Ice Stream may therefore have been a short-lived 
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episode of higher-velocity ice drainage that had relatively little impact on the configuration 

and deglaciation pattern of the FIS. 

7.3.4 Ice sheet retreat c. 15 ka 

Geomorphological and numerical age evidence indicates that ice margin retreat and ice sheet 

thinning continued on the Kola Peninsula in the 15 ka time-slice (Figure 7.2c). Although the 

ice margin continued to unzip along the axis of the KIC, the central eastern Kola Peninsula 

did not rapidly deglaciate (as in LGIT Model 1; see Chapter 2, Section 3.3.1), nor did the 

White Sea lobe collapse (like LGIT Model 2; see Chapter 2, Section 3.3.2). Rather, 

deglaciation was probably characterised by relatively steady east-west ice margin retreat 

(Figure 7.2c).  

By 15 ka, it is also likely that the BSIS had deglaciated the region to the north of the study 

area (although evidence to support this interpretation is limited; Polyak et al., 1995; 

Winsborrow et al., 2010a; Patton et al., 2015; Newton and Huuse, 2017). As such, the 

northern FIS margin will have terminated in a marine environment in the Kola Trough at 

this time (Figure 7.2c). Marine terminating ice margins are thought to be susceptible to rapid 

retreat in response to oceanic temperature fluctuations (Winsborrow et al., 2010a; Mangerud 

et al., 2013; Winsor et al., 2015; Greenwood et al., 2018). This is especially the case where 

the ice sheet is grounded (i.e. attached to the bed) on a reverse bed slope (i.e. where the 

subglacial surface slopes towards the ice divide), because the ability of an ice margin to 

remain grounded decreases and calving increases non-linearly with grounding line depth 

(Hughes, 1981; Gomez et al., 2010; Kleman and Applegate, 2014). Although the exact 

position of the ice margin is unclear from the available geomorphological evidence, it is 

possible the FIS experienced a reverse bed in the Kola Trough. Regardless, the ice margin 

would have been susceptible to marine-induced instability.  

During an instability event, ice flow speed significantly increases, resulting in an atypically 

large transfer of mass from the ice sheet interior to the margins (Figure 7.6; Dowdeswell et 

al., 1991; Kleman and Applegate, 2014). This can be exacerbated by an increase in subglacial 

meltwater drainage (Joughin et al., 2003; Beem et al., 2010; Winsborrow et al., 2010b; 

Tuckett et al., 2019). Between 16 and 15 ka, prolonged and unsustainably high mass 

discharge induced by marine instability likely resulted in the collapse of the Djuprenna Ice  
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Figure 7.6: Conceptual (a) temporal and (b) spatial frameworks for ice stream instability 

events (modified from Kleman and Applegate, 2014). An instability event is a distinct phase 

of high discharge that thereafter enters a period of calm, or alternatively undergoes a 

collapse. Whether the glacial system follows the ‘calm’ or ‘collapse’ path is governed by a 

set of controls different from those that initiated the event. 

Stream (Figure 7.6; Winsborrow et al., 2010a; Kleman and Applegate, 2014; Patton et al., 

2015). During this event, the FIS would have drained through the Tuloma River basin 

(indicated by flowset SL54), and a consequent ‘drawdown’ of the ice sheet may have 

contributed to ice sheet thinning in northern Russian Lapland. By 15 ka ice streams may not 

have been active in the study area; this is why there are few time-transgressive bedform 

patterns or moraines associated with a retreating ice stream (Map 2), suggesting the ice 

streams ‘switched off’ (Stokes and Clark, 1999, 2001). Thus, the FIS on the northern Kola 

Peninsula and northern Russian Lapland may have entered a period of calm (Figure 7.6). 

This may have been brought on either by (i) the significant ice sheet volume and 

configuration change, or (ii) climatic cooling (Conway et al., 2002; Siegert et al., 2003; 

Rippin et al., 2006; Stokes et al., 2009; Stokes et al., 2016a). However, since a major climatic 

cooling anomaly is not thought to have occurred c. 15 ka (Rasmussen et al., 2006; Kindler 

et al., 2014; Rasmussen et al., 2014), it is more likely that the reduction in ice flow velocity 

was a consequence of the major ice sheet volume and configuration change.  

It is unlikely that the White Sea lobe was influenced by marine instability at this stage as 

palaeo-sea levels likely remained below the margins of the glacier (Figure 7.5; Lambeck et 

al., 2014). It is feasible, however, that a bedrock-dammed proglacial lake established on the 
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reverse bed slope in the White Sea Throat in front of the glacier during retreat 

(geomorphological data in the White Sea basin are required to verify this).  

Retreat of the terrestrial ice margin on the Kola Peninsula was characterised by ice sheet 

thinning. This is evidenced by lateral meltwater channels (see Chapter 6, Section 3.6) and 

cirque infill deposits (see Chapter 4, Section 5.3) at the summits of the upland areas, and 

indicates that the highest summits were exposed as nunataks during deglaciation (Figure 

7.7). Moreover, the presence of lateral meltwater channels located on valley sides suggests 

that sustained ice sheet thinning deflected ice lobes around higher ground (see Chapter 6, 

Section 3.6). Such constrained ice flow in response to ice sheet thinning likely occurred on 

the Keiva Upland around 15 ka, i.e. after the initial deglaciation from the Ponoy River mouth  

 

 

Figure 7.7: Alternative styles of ice sheet thickness changes during retreat. (a) An ice sheet 

that maintains its thickness during deglaciation. (b) An ice sheet that thins during 

deglaciation. The last FIS thinned on the Kola Peninsula and Russian Lapland during 

deglaciation. Nunataks were therefore revealed prior to the retreat of the ice margin 

positions, and flow patterns were largely controlled by subglacial relief rather than ice 

surface slope. Ice surface and topographic profiles (both vertically exaggerated: ice surface 

an unspecified amount; topography 9.1 times) are based on Figure 7.8. 

Original in Colour 



 

264 
 

c. 16 ka (Figure 7.2c). Evidence of lobate ice margin retreat on the eastern Kola Peninsula 

contrasts with LGIT Model 2 (see Chapter 2, Section 3.3.2), where Hättestrand and Clark 

(2006b) suggest that the FIS margin coherently retreated inland, rather than ice lobes 

deflected around upland areas.  

The contrasting landform assemblages in the mountainous areas may also reveal insights 

into the fluctuating climatic conditions and ice dynamics during the LGIT. Lateral meltwater 

channels at the summits of plateaux in the Khibiny Mountains, for example, were likely 

eroded by supraglacial meltwater that passed over a recently deglaciated area before flowing 

over the glacier surface again (see Chapter 4, Section 5.2). A lack of meltwater chutes, which 

transfer water from the ice sheet surface to the bed, identified in the mountains suggest it is 

unlikely the meltwater was routed to the subglacial environment. It is probably therefore that 

the ice sheet remained cold-based in the mountains throughout deglaciation (Hättestrand and 

Johansen, 2005; Fjellanger et al., 2006; Greenwood et al., 2007; Hättestrand et al., 2008; 

Irvine-Fynn et al., 2011). Polythermal conditions within an ice sheet can lead to localised 

warm-based areas (Kleman and Borgström, 1994; Hättestrand and Stroeven, 2002; 

Hättestrand and Clark, 2006b; Kleman et al., 2008; Jamieson et al., 2014). However, eskers 

in the Lovozero, Salnyye Tundra, and Karelide Mountains, all indicators of warm based 

conditions (Hättestrand and Clark, 2006b; Greenwood et al., 2007; Storrar et al., 2014a), are 

landforms associated with the retreat of valley glaciers during latter stages of deglaciation. 

It is also possible that the relict channels located on the mountain summits were formed 

within one melt season – similar to rapid shifts that that have been observed in supraglacial 

drainage systems on the Greenland Ice Sheet (Fountain and Walder, 1998; Fjellanger et al., 

2006; Andersen et al., 2015; Nienow et al., 2017; Yang et al., 2018). Nevertheless, surface 

melting of an ice sheet implies relatively warm air temperatures during this stage of 

deglaciation (Bertler et al., 2006; Trusel et al., 2012). Furthermore, such channels are only 

formed below the equilibrium line altitude and thus demonstrate that during deglaciation the 

equilibrium line altitude was probably located higher than the summits of the region’s 

mountains throughout the LGIT (Linge et al., 2006; Hughes et al., 2016).  

In contrast, cirque infills are likely remnants of blue-ice glacial conditions that indicate 

ablation through sublimation in response to cool katabatic winds and low precipitation (van 

den Broeke and Bintanja, 1995; Liston et al., 1999; Hättestrand and Johansen, 2005; 

Hättestrand et al., 2008; Fogwill et al., 2012; Sugden and Hall, 2020; Woodward et al., 

2022). Such climatic conditions would have precluded rapid ice sheet thinning and retreat 
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(Hättestrand and Johansen, 2005; Sinisalo and Moore, 2010; Fogwill et al., 2012). However, 

without numerical dating evidence it is not possible to determine the absolute timing of blue-

ice climatic conditions. Based on ice surface profiles of contemporary ice sheets (Figure 

7.8), it is likely that the earliest that mountain summits were exposed as nunataks, and thus 

cirque infills could have started developing, was c. 15 ka. Moreover, since cirque infill 

deposits are found at elevations below the lateral meltwater channels at the mountain 

summits, cool blue-ice conditions must have occurred after a period of warmer climatic 

conditions.   

Blue-ice areas in Antarctica are considered to be evidence of long-term climatic stability, in 

the order of hundreds of thousands and even tens of millions of years (Sinisalo and Moore, 

2010; Fogwill et al., 2012; Woodward et al., 2022). Considering the glaciation of the study 

area only lasted ~ 20 kyr (see Chapter 6, Section 4.1.5), possible blue-ice areas could not 

have existed on similar timescales in northwest Arctic Russia. Nevertheless, cirque infill 

deposits in the study area may still indicate long-term climatic stability in the order of 

hundreds to thousands of years. It is, however, simplistic to consider that cirque infill 

development across the study area was contemporaneous. Sugden and Hall (2020) suggest 

that cirque infills identified at different locations and elevations can represent multiple stages  

 

 

Figure 7.8: Ice surface profiles of contemporary ice sheets (derived from Ng et al., 2010) 

compared with the topography of the Kola Peninsula and Russian Lapland (derived from 

ArcticDEM data). Both profiles are vertically exaggerated 7.5 times. Ice surface profiles of 

the Greenland Ice Sheet and the East and West Antarctic Ice Sheets can be used to estimate 

the surface profile of the last FIS, and to infer potential nunatak and cirque infill deposit 

locations. The major upland areas shown are: (1) Salnyye Tundra Mountains; (2) 

Monchetundra Mountains; (3) Kolvitsky Tundra; (4) Khibiny Mountains; (5) Lovozero 

Mountains; (6) Pansky Tundra; (7) central eastern Kola Peninsula; (8) Tersky Coast. 
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Of blue-ice climatic conditions throughout a single glaciation, i.e. new cirque infill deposits 

formed as the ice sheet thinned and exposed new mountain summits. Thus, cirque infills 

across the study area likely formed at different times between 15 and 11 ka, although 

precisely timing individual blue-ice areas is currently not possible. Alternatively, the 

significant thicknesses of the deposits could represent accumulation over several glacial 

cycles, as would be expected in a sediment trap (Sugden and Hall, 2020; Woodward et al., 

2022).  

7.3.5 Dynamic ice margin c. 14 ka 

Geomorphological evidence indicates that ice sheet thinning continued on the Kola 

Peninsula and Russian Lapland in the 14 ka time-slice (Figure 7.2d). In contrast to Ekman 

and Iljin (1991), no evidence of a distinctive Older Dryas ice marginal zone is identified on 

the western Kola Peninsula (see Chapter 2, Section 2.2.3). It is therefore more likely that the 

ice margin was retreating, rather than undergoing a temporary standstill c. 14 ka (Figure 

7.2d).  

The northern FIS margin flowed through several fjords in the study area, the largest being 

Varangerfjord and Kola Bay. Fjord glaciers are thought to exert considerable influence on 

the mass balance of the contemporary Greenland Ice Sheet owing to their sensitive and rapid 

responses to oceanic and atmospheric perturbations (Murray et al., 2010; Thomas et al., 

2011; Nick et al., 2013). Responses to oceanic and atmospheric warming observed in 

Greenland include ice flow acceleration, glacier-ice sheet thinning, and ice margin retreat of 

outlet glacier termini (Howat et al., 2007; Murray et al., 2010; Moon et al., 2012; Joughin et 

al., 2020; Pearce et al., 2022). Fjord glaciers therefore have the ability to induce instability 

events by propagating glacier ice drainage further inland (Figure 7.6), and thus contribute to 

the drawdown of an ice sheet (Briner, 2011; Nick et al., 2013).  

Given the above, it is reasonable to suggest the fjord glaciers in northern Russian Lapland 

would have responded to LGIT oceanic and atmospheric perturbations in a similar manner. 

Numerical ages from the Varanger and Rybachy Peninsulas suggest that the fjords were 

occupied by the FIS during the 14 ka time-slice (Figure 7.2d), although the glaciers were 

likely retreating during this time, and by 13 ka the fjords were ice-free (Figure 7.2e). 

Reconstructed retreat rates of fjord glaciers in Norway indicate that wide and deep fjords 

induce episodes of rapid retreat (> 100 m a-1), whereas retreat rates of narrow and shallow 

fjords are slower (< 100 m a-1) (Mangerud et al., 2013; Stokes et al., 2014; Mangerud et al., 
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2019). The difference in retreat rates is attributed to the ability of smaller fjords to support 

ice shelves that buttress the ice margin and the relatively lower shear stresses attainted in 

smaller fjord glaciers (Briner et al., 2009; Mangerud et al., 2013; Stokes et al., 2014; 

Mangerud et al., 2019). It is also likely that fjord glacier retreat was influenced by the ingress 

of warmer water from the Atlantic Ocean following the deglaciation of the BSIS, an effect 

that would have been reduced in smaller fjords (Stokes et al., 2014; Pearce et al., 2022). It 

is therefore conceivable that the ice margin in the largest fjords in the study area, 

Varangerfjord and Kola Bay, retreated fastest, and that ice margin retreat rates were 

considerably lower in the narrowest fjords such as Pechenga Bay.  

In contrast, geomorphological, sedimentary, and chronological evidence in the Keiva I ice 

marginal zone suggests the White Sea lobe underwent a readvance (Figures 7.2d, 7.9). Such 

a readvance in the White Sea is not considered in either LGIT Models 1 or 2 (see Chapter 2, 

Section 3.3). The Keiva I moraine, along with lateral meltwater channels and glaciofluvial 

deltas on the northern side of the moraine, document an ice margin position likely established 

during a glacier readvance stage. Moreover, the surface of the Keiva I moraine decreases in 

height in the direction of ice flow (Figure 7.9c), which is typical of lateral moraines 

(Hättestrand et al., 2007; Lukas et al., 2012). This contrasts with the Keiva II moraines, 

whose surfaces rise along the southwest-northeast axis of the moraines (Hättestrand et al., 

2007). Lunkka et al. (2018) identify a massive silty sand diamicton with occasional cobble- 

and pebble-sized clasts, interpreted as a till deposit, surrounded by glaciofluvial sands that 

are thought to have been deposited in a glaciolacustrine environment (Figure 7.9b). 

Moreover, the sands directly beneath the diamict are glaciotectonised (Lunkka et al., 2018), 

suggesting they were probably deformed during the advance of the White Sea lobe (Hart and 

Roberts, 1994; Phillips et al., 2002; Poppe et al., 2012). OSL dating of the sand deposits 

suggests this readvance occurred sometime between 14.2 and 12.3 ka (Figure 7.9b). Thus, 

the most credible ice margin reconstruction (Figure 7.2d) represents the advancing ice 

margin, which may not have reached its maximum position by 14 ka.  

The advance of the White Sea lobe c. 14 ka may have been a response to climatic cooling 

during the Older Dryas. However, a similar response is not observed on the Kola Peninsula, 

and thus climatic cooling alone cannot explain the glacial advance in the White Sea. 

Glaciolacustrine sediments surrounding diamicton in the Keiva I moraine (Figure 7.9b; 

Lunkka et al., 2018) support a proglacial lake hypothesis for the White Sea Throat (see 

above). Proglacial lakes can influence the subglacial hydrology of a glacier by interrupting  
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Figure 7.9: Geomorphological and sedimentary evidence that suggests the White Sea lobe 

underwent a readvance during the LGIT. (a) Glacial geomorphology of the Keiva I ice 

marginal zone.  The symbology of the meltwater channels matches Map 4 (proglacial – light 

blue, lateral – blue, subglacial – dark blue); other landform symbols match Map 2 (eskers – 
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red, moraines – brown, glaciofluvial deposit – green). The red star indicates the position of 

the sedimentary exposure recorded in (b). (b) Lunkka et al. (2018) identify a glacial 

diamicton surrounded by glaciofluvial sands. OSL dates suggest the diamict was deposited 

c. 14-12 ka: Thesis_ID 32: 14.2 ± 1.2 ka; Thesis_ID 33: 12.3 ± 1.0 ka; Thesis_ID 34: 9.7 ± 

1.0 ka. Modified from Lunkka et al. (2018). (c) Surface profiles (vertically exaggerated 9.2 

times) of the topography (grey) and Keiva I moraine (red) derived from the ArcticDEM; the 

axis of the profile is show in (a). The surface of the Keiva I moraine slopes from southwest 

to northeast in the inferred ice flow direction, which is typical of lateral moraines. 

subglacial meltwater drainage, thus elevating basal water pressures and encouraging glacier 

surging, especially where the glacier is topographically confined (Clayton et al., 1985; 

Breemer et al., 2002; Lovell et al., 2012; Carrivick and Tweed, 2013; Larsen et al., 2014; 

Greenwood et al., 2015). Very large proglacial lakes can also moderate local summer air 

temperatures and relatively retard summer ice ablation (Carrivick and Tweed, 2013), 

potentially exacerbating climatic cooling associated with the Older Dryas. As such, a 

combination of climate-driven ice expansion and secondary internal and external feedbacks 

are considered to have induced the White Sea lobe readvance. The relatively rapid advance 

of the White Sea lobe would have hastened the drawdown of ice from the interior of the ice 

sheet. This ice sheet thinning may have contributed to significant ice sheet configuration 

changes and the initiation of the Kanozero Ice Stream (see below). 

7.3.6 Ice sheet retreat c. 13 ka 

Geomorphological and chronological evidence suggests that, by 13 ka, the White Sea lobe 

was retreating, although it remains unclear how far into the White Sea the ice lobe extended 

(Figure 7.2e). The readvance of the lobe is therefore considered to be a short-lived event. 

Like the initial advance of the White Sea lobe, the readvance stage also likely resulted in a 

low-gradient thin ice lobe that would have been susceptible to rapid melt induced by 

atmospheric warming (Joughin and Alley, 2011; van As, 2011; Carr et al., 2013); large 

proglacial meltwater channels on the Tersky coastline (see Chapter 4, Section 5.2) attest an 

ice sheet that was melting during retreat. In addition, the frontal ice margin may have calved 

into an aquatic environment. Although sea levels rose rapidly during Meltwater Pulse 1a – a 

significant sea level rise event c. 14 ka associated with the collapse of large ice sheets 

(Stanford et al., 2006; Cronin, 2012; Lambeck et al., 2014; Brendryen et al., 2020) – it is 

unclear whether the White Sea basin would have been connected to the Barents Sea by 13 
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ka (Figure 7.5). If sea levels in the White Sea did rise sufficiently, oceanic forcing as a result 

of marine transgression could have facilitated the collapse of the White Sea lobe in a similar 

manner to the retreat of fjord glaciers (see above). Alternatively, the ice lobe may have 

calved into a proglacial lake, which could have developed on the reverse slope at the ice 

margin. In either case, retreat across a reverse bed slope in the White Sea would have 

hastened the retreat of the ice margin (Hughes, 1981; Gomez et al., 2010; Kleman and 

Applegate, 2014).  

Subglacial bedforms suggest that two ice streams – the Kanozero and Kuusamo Ice Streams 

(see Chapter 5, Section 2.3) – were likely active c. 13 ka at the head of the White Sea lobe. 

These ice streams may therefore represent the inward propagation of high-velocity ice 

drainage during the collapse of the White Sea lobe. Alternatively, the Kanozero and 

Kuusamo Ice Streams may be independent events that activated in response to ice sheet 

configuration and volume changes following the collapse of the White Sea lobe (Siegert et 

al., 2004; Stokes et al., 2016a). Either way, this suggests that internally driven instabilities 

unrelated to climate forcing may have driven ice sheet configuration changes during the 

LGIT. In addition, it is likely that both ice streams sustained the thinning of the ice sheet, as 

evidenced by time-transgressive thinning flowsets in the Lake Imandra basin (SL42), and 

drained ice from the interior of the ice sheet.  

The precise position of the ice margin on the Kola Peninsula and Russian Lapland is also 

uncertain. It is likely that the ice margin was retreating across the region c. 13 ka; subglacial 

meltwater corridors – indicated by Type 3 hummocky moraines (Map 5) – may indicate a 

rapidly retreating ice margin in response to an increased delivery of surface melt water to 

the subglacial environment (Mäkinen, 2003; Peterson et al., 2017; Peterson and Johnson, 

2018; Lewington et al., 2020; Ojala et al., 2021). TCN dating also suggests the Lovozero 

massif and the central Khibiny Mountains were ice-free during this time (see Chapter 6, 

Section 4.2.3). However, numerically dated glacial sediments identified elsewhere in 

Fennoscandia suggest the FIS margin retreated significantly during the Allerød interstadial 

(c. 13.9-12.9 ka), before undergoing a substantial readvance in response to climatic cooling 

during the Younger Dryas stadial (Figure 7.10; Briner et al., 2014; Mangerud et al., 2016; 

Mangerud et al., 2017; Mangerud et al., 2019). Some glacial sediments identified on the 

Kola Peninsula suggest a similar ice sheet response may have occurred in the study area (see 

Chapter 2, Section 2.2.3). However, published sedimentary descriptions indicating a 

substantial ice margin readvance are limited, and numerical dates of possible Allerød 
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interstadial deposits do not exist. Thus, although glacial landforms could have been 

reworked by a readvancing ice margin, and following the assumptions of the glacial 

inversion model outlined in Chapter 3, Section 3, a significant ice margin retreat and 

subsequent readvance is not shown in the most-credible ice margin reconstruction (Figure 

7.2).  

 

 

Figure 7.10: Time-distance diagrams of selected FIS margins in western Norway (modified 

from Andersen et al., 1995b; Vorren and Plassen, 2002; Hjelstuen et al., 2009; Mangerud 

et al., 2013; Briner et al., 2014; Mangerud et al., 2016). Each curve demonstrates a 

considerably reduced lateral ice sheet extent during the Allerød interstadial (c. 13.9-12.9 

ka), followed by a readvance of the ice sheet during the Younger Dryas stadial (c. 12.9-11.7 

ka). All x-axes are relative distance and do not scale with each other. 
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7.3.7 The Younger Dryas stadial (c. 12 ka) 

The 12 ka time-slice (Figure 7.2f) is associated with the Younger Dryas stadial. A large 

amount of confidence is attributed to the ice marginal reconstruction in the study area at this 

time-slice, highlighted by the general coincidence of the minimum and maximum margin 

reconstructions with the most-credible line. In Fennoscandia, the last extensive zone of end 

moraines (i.e. closest to the interior of the ice sheet) is typically associated with the Younger 

Dryas (Andersen et al., 1995a; Hughes et al., 2016; Stroeven et al., 2016). Thus, the ice 

margin reconstruction presented in Figure 7.2f reflects the moraine deposits (Map 5) that are 

attributed to the Younger Dryas ice marginal zone on the western Kola Peninsula and 

northern Russian Lapland. Several numerical ages indicate that this ice marginal zone was 

established c. 12 ka. This is similar in age to other Younger Dryas ice marginal zones in 

Fennoscandia, where the FIS is thought to have retreated and subsequently readvanced 

(Figure 7.10; Briner et al., 2014; Hughes et al., 2016; Mangerud et al., 2016; Mangerud et 

al., 2017; Mangerud et al., 2019). The Younger Dryas ice marginal zone in Figure 7.2f most 

closely resembles the previously proposed position outlined by LGIT Model 1 (see Chapter 

2, Section 3.3.1). However, the new reconstruction in this thesis suggests a more crenulated 

margin on the western Kola Peninsula, and that an ice lobe extending into the White Sea 

may not have occurred (see below).  

The extensive hummocky moraine deposits on the western Kola Peninsula are arranged in 

arcuate assemblages on the lowland shield terrain (Map 5). Similar arcuate moraine 

assemblages identified alongside fan-shaped distributions of subglacial bedforms and eskers 

are documented in parts of the Salpausselkä moraine complex in Finland (Rainio et al., 1995; 

Stroeven et al., 2016), and are thought to be associated with glacier surge events (Stokes and 

Clark, 1999, 2001; Stroeven et al., 2016). However, many of the ice marginal formations on 

the Kola Peninsula and Russian Lapland are often not identified in association with 

subglacial bedforms (Map 2). Thus, a possible ice margin advance on the peninsula must 

have been climatically influenced, rather than induced by glacier surging.  

Type 2a hummocky moraines dominate the Younger Dryas ice marginal zone on the western 

Kola Peninsula (Map 5). The debris inputs for this type of moraine must be supraglacial, 

subglacial, or englacial (Hoppe, 1952; Gravenor and Kupsch, 1959; Johnson et al., 1995; 

Mollard, 2000; Boone and Eyles, 2001). However, supraglacial debris is unlikely in the study 

area owing to the absence of high bedrock cliffs above much of the ice sheet surface, which 
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would preclude the provision of extraglacial rock debris. Thus, debris must have had either 

subglacial or englacial origins. Two possible formation models for these moraines are 

therefore proposed in the literature. First, the Type 2a hummocky moraines form from water-

saturated subglacial sediments that are squeezed into basal cavities under glacial ice (Figure 

7.11a; Hoppe, 1952; Gravenor and Kupsch, 1959; Johnson et al., 1995; Mollard, 2000; 

Boone and Eyles, 2001; Evans, 2009; Yevzerov, 2015; Vashkov and Nosova, 2019). 

Alternatively, the moraines could be accumulations of previously englacial debris that 

formed at the surface of a stagnant, down-wasting ice margin (Figure 7.11b; Gravenor and 

Kupsch, 1959; Aartolahti, 1974; Lagerbäck, 1988; Johnson et al., 1995; Mollard, 2000; Ebert 

and Kleman, 2004; Knudsen et al., 2006; Evans, 2009; Hibbard et al., 2021). Since 

sedimentary analysis would be required to verify any genetic interpretations, no preference 

is given for either formational model in this thesis, and it is plausible that a combination of 

both models occurred. In both scenarios though, the moraines are thought to have formed at 

an advancing ice margin. However, the Type 2a hummocky moraines on the western Kola 

Peninsula are not always associated with subglacial bedforms indicative of warm-based flow 

events. These moraines may, therefore, be indicative of a cold-based ice margin, which 

would have advanced in response to deteriorating climatic conditions during the Younger 

Dryas. The preservation of large Type 2a hummocky moraine spreads also suggests that 

large areas of ice became detached from the ice margin during deglaciation (Hoppe, 1952; 

Gravenor and Kupsch, 1959; Johnson et al., 1995; Mollard, 2000; Demidov et al., 2006; 

Evans, 2009), possibly in response to a warming climate, thus preventing reworking of the 

moraines.  

Moraines in northern Russian Lapland are more complex, as end moraine ridges are 

associated with subglacial bedforms, the latter of which are indicative of warm-based 

glaciation (Map 2). Moraine ridges in northern Russian Lapland display similar 

morphologies to moraine ridges in northern Norway (Andersen et al., 1995b; Hättestrand 

and Clark, 2006a; Stroeven et al., 2016; Romundset et al., 2017), which some interpret as 

examples of climatically controlled standstills in ice margin retreat (Andersen et al., 1995b; 

Stroeven et al., 2016). Additionally, it is likely that significant stretches of the ice margin 

would have been marine terminating (Figure 7.5), possibly as fjord glaciers. However, the 

more pronounced topographic relief of northern Norway (characterised by deep fjords and 

mountains) will have inhibited a consistent ice margin readvance (Stroeven et al., 2016).  
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Figure 7.11: Alternative formational models of Type 2a hummocky moraines. (a) Subglacial 

deformation of sediments under the weight of an ice mass squeezes sediments into subglacial 

cavities, thus forming ridges associated with Type 2a hummocky moraines (modified from 

Hoppe, 1952; Gravenor and Kupsch, 1959). (b) Englacial debris (Stage 1) is outcropped as 

the ice surface thins. Over time stagnated glacial ice under a layer of now supraglacial 

diamicton will down waste and separate into individual ice blocks (Stage 2-3). Supraglacial 

debris is transferred away from topographic highs and deposited in topographic lows via 

mass movement and meltwater action. Unequal melt rates displace debris around extant 

dead-ice blocks. As a result, once all the ice has ablated, the present-day topography leaves 

a series of rings, ridges, and troughs (modified from Ebert and Kleman, 2004; Knudsen et 

al., 2006). 
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This contrasts with the subdued topography of Russian Lapland, which may be more 

conducive to an ice margin readvance. Sedimentary evidence is therefore needed to verify 

whether the reconstructed ice margin represents a standstill (as shown in Figure 7.2) or a 

readvance event. 

The Imandra Ice Stream is located within the inferred Younger Dryas FIS extent. The lobate 

morphology at the downstream end of this flowset (SL72) is associated with moraines and 

proglacial glaciofluvial outwash deposits (Map 2). In addition, eskers superimposed upon 

subglacial lineations, which would not be preserved beneath the continually deforming bed 

of an ice stream (Stokes and Clark, 1999, 2001; Clark et al., 2012; Storrar et al., 2014b), 

suggest the Imandra Ice Stream may have deactivated before deglaciation. It is therefore 

proposed that this ice stream was active during the Younger Dryas, and may initially have 

been a surge-type event driving the readvance of the ice margin before its transition to ice 

streaming. Surge activity that transitions to ice streaming also has been observed in 

Antarctica (Bindschadler, 1997; Engelhardt and Kamb, 2013) and the Arctic (Willis et al., 

2018; Zheng et al., 2019), with mechanisms such as ice mass accumulation and ice sheet bed 

lubrication inducing these glacier surge-ice stream events (Stokes and Clark, 2001; 

Engelhardt and Kamb, 2013; Willis et al., 2018; Zheng et al., 2019). However, without 

strong evidence to support ice sheet bed lubrication, and because an increase in FIS volume 

thought to be a response to climatic cooling during the Younger Dryas (Hughes et al., 2016; 

Patton et al., 2017), ice mass accumulation is likely to have been the driver of the Imandra 

Ice Stream activation and (probable) ice sheet readvance. This further suggests that internal 

ice sheet mechanisms were a key determinant of ice sheet configuration changes during the 

LGIT.  

It is also likely that the Kuusamo Ice Stream remained active c. 12 ka. However, it is 

uncertain whether this extended as an ice lobe into the White Sea, or whether the ice stream 

was retreating, thus forming an embayment in the ice margin in the Kandalaksha Gulf 

(Figure 7.2f). Nevertheless, each possible ice margin scenario highly likely terminated in a 

marine environment (Figure 7.5). Reconstructions of the Younger Dryas stadial dynamics 

of the Jakobshavn Isbræ glacier in West Greenland indicate that, although the Greenland Ice 

Sheet volume increased in response to climatic cooling, the ice stream collapsed c. 12.2 ka 

(Ó Cofaigh et al., 2013; Rinterknecht et al., 2014; Oksman et al., 2017). Rinterknecht et al. 

(2014) and Oksman et al. (2017) argue that the retreat of the Jakobshavn Isbræ Ice Stream 

was, in part, triggered by warm ocean water incursion linked to strengthened oceanic 
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currents. Oksman et al. (2017) also suggest that reduced surface melting of the Greenland 

Ice Sheet in response to deteriorating climatic conditions precluded weakening of the warm 

oceanic currents. Although not directly influenced by warmer Atlantic waters, it is possible 

that marine transgression prior to and during the Younger Dryas, coupled with a decrease in 

meltwater outputs, resulted in the FIS margin around the Kandalaksha Gulf terminating in a 

relatively warm marine environment. As such, it is possible that the Kuusamo Ice Stream 

was retreating during the Younger Dryas under the influence of warmer sea waters, like 

Jakobshavn Isbræ glacier in West Greenland. Sustained ice streaming during the Younger 

Dryas would probably have maintained a drawdown of ice from the interior of the FIS, thus 

offsetting any ice mass increases that may have occurred in response to cooling climatic 

conditions. However, detailed geomorphological mapping, numerical dating, and 

paleoenvironmental reconstructions of the White Sea basin are needed to verify this theory.  

Although not shown in Figure 7.2f, geomorphological evidence also suggests ice masses at 

the periphery of the ice sheet in the region. The most convincing suite of landforms are found 

in the Lovozero Mountains, where the geomorphology suggests a plateau icefield with outlet 

glaciers (Rea and Evans, 2003; Rea, 2006; Evans et al., 2012). In contrast, there is no 

convincing evidence in the Khibiny Mountains; thus, it might be that there were no 

peripheral ice masses there. This may be due to the form of the massif; plateaux in the 

Khibiny are very narrow compared to the Lovozero, and therefore would not have been 

conducive to the development of glacier ice during a relatively short climatic event like the 

Younger Dryas (Harrison et al., 1998, 2001; Rea and Evans, 2003; Rea, 2006; Evans et al., 

2012; Evans, 2016). 

Ice dynamics in the study area during the Younger Dryas are closely linked with climate. 

The almost continuous ice marginal zone can be extended westward, linking with 

chronologically well-constrained Younger Dryas moraines in northern Norway (Rainio et 

al., 1995; Romundset et al., 2017). The ice marginal zone on the Kola Peninsula may also 

correlate to the Younger Dryas ice marginal zone in Finland (the Salpausselkä II Moraine) 

and elsewhere in northwest Russia (the Rugozero Moraine) (Rainio et al., 1995; Hughes et 

al., 2016; Stroeven et al., 2016). Such continuity – over 1,000 km of ice margin distance – 

combined with limited evidence for fast ice flow dynamics (subglacial lineations) alongside 

much of the ice marginal zone on the Kola Peninsula, supports climatic control for the 

formation of the Type 2a hummocky moraines. The activation of the Imandra Ice Stream in 

response to ice sheet thickening also supports a climatically influenced ice sheet. Moreover, 
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the development of small ice masses at the periphery of a large ice sheet, such as those 

proposed for the Lovozero Mountains, require prolonged cool climatic conditions similar to 

those that characterised the Younger Dryas stadial (Evans et al., 2012; Evans, 2016).  

7.3.8 Final deglaciation (c. 11 ka) 

The FIS retreated rapidly across the study area in response to significant climatic warming 

after the Younger Dryas, although the rate of retreat is unclear owing to a sparse network of 

somewhat unreliable numerical dates (see Chapter 6, Section 4.2.4-6). Glacial landforms 

suggest the ice margin was very crenulated and split into lobes and valley glaciers, but the 

margin position is often determined by topography rather than climate. For example, 

subglacial lineations and lateral meltwater channels indicating a southward flowing ice lobe 

just west of the Chunatundra Mountains (Figure 7.2g) suggest a thinning ice margin that 

cannot flow through or over topographic highs, and must instead flow around them. In 

addition, lateral meltwater channels and moraines in the Salnyye Tundra and Karelide 

Mountains demonstrate that summits were initially exposed as nunataks, prior to the retreat 

of ice lobes down-valley. This pattern of ice sheet retreat is more complex than previous 

reconstructions have suggested, and does not correspond with either LGIT Models 1 or 2 

(see Chapter 2, Section 3.3). 

Other glacial landforms, however, suggest the ice sheet also responded to climatic 

fluctuations during retreat. Although the Kuusamo Ice Stream was probably rapidly 

retreating across southern Russian Lapland, an arcuate assemblage of glaciofluvial deltas on 

the western shore of Lake Pyaozero may indicate a temporary standstill during the Preboreal 

oscillation (c. 11.4 ka) – a short-lived cooling event after the Younger Dryas stadial 

(Rasmussen et al., 2014). Other ice streams in Finland responded to climatic ameliorations 

in a similar way (Ekman and Iljin, 1991; Rainio et al., 1995; Stroeven et al., 2016). 

Alternatively, esker and glaciofluvial deltas associated with the Pyaozero ice marginal zone 

may indicate a readvance of the Kuusamo Ice Stream in response to basal sliding driven by 

supraglacial meltwater routing to the bed (Punkari, 1993, 1995, 1997; Bell, 2008; Ahokangas 

et al., 2021). However, while flowset SL82 probably represents a later ice margin readvance 

event, no similar bedform signature is identified alongside the Pyaozero ice marginal zone. 

As such, a temporary standstill in response to climatic ameliorations is assumed, and 

suggests that the FIS was sensitive to minor climatic oscillations during the LGIT. 
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An apparent increase in esker enlargements (see Chapter 4, Section 5.2) on the proximal side 

of the Younger Dryas ice marginal zone (Figure 7.12) is also observed in the study area. 

Dewald et al. (2021) – who mapped these landforms in Scandinavia – suggest that esker 

enlargements are indicative of subglacial conduit collapse along high discharge meltwater 

drainage routes in response to increased ablation under warmer climatic conditions. 

Moreover, Dewald et al. (2021) propose that subglacial conduits collapse when the roof of 

a conduit becomes sufficiently thin, in response to (i) conduit growth, (ii) ice surface  

 

 

Figure 7.12: Locations of esker enlargements identified in this study and neighbouring 

Scandinavia (modified from Dewald et al., 2021). The inset figures detail the position of 

esker enlargements along individual eskers (red, top figure), and an example of an esker 

enlargement from the ArcticDEM imagery used in this thesis (bottom). Most esker 

enlargements are located on the proximal side of the Younger Dryas ice marginal zone (the 

most-credible reconstruction from Figure 7.2f is shown), which may indicate a rapidly 

retreating ice margin. 
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lowering, or (iii) a combination of both. It is therefore conceivable that eskers and esker 

enlargements in Russian Lapland are indicative of high subglacial meltwater drainage and 

considerable ice sheet thinning in response to climatic warming.  

Rapid ice sheet retreat may also be a response to internal ice sheet mechanisms. The internal 

rotational flow of ice sheets often results in the outcropping of internal ice layers (Figure 

7.13; Bøggild et al., 2010; Wientjes and Oerlemans, 2010). Where these internal layers are 

debris-rich (e.g. Figure 7.13) the ice surface can be darkened, and thus the albedo lowered. 

As a response, the ice surface melt increases, which in turn lowers the ice surface albedo 

further (Bøggild et al., 2010; Wientjes and Oerlemans, 2010; van As et al., 2013). This 

positive feedback loop can significantly facilitate the retreat of an ice mass, and is 

increasingly observed at contemporary glaciers and ice sheets (Wientjes and Oerlemans, 

2010; Box et al., 2012; van As et al., 2013). Type 2a hummocky moraines are considered to 

be derived from englacial debris (see above). It is therefore likely that englacial debris layers 

were exposed at the surface of the FIS, and may have contributed to the demise of the ice 

sheet due to a reduction in albedo as described above. However, quantitatively evaluating 

the extent of possible dark surfaces of palaeo-ice sheets is not possible, and outcropping of 

dark ice layers may have been spatially restricted to locations where hummocky moraines 

are found.  

7.3.9 Retreat rates on the Kola Peninsula and Russian Lapland 

Retreat rates across the Kola Peninsula and Russian Lapland for the LGIT evolution vary 

considerably. Figure 7.14 compares the ice sheet retreat distances identified by the most-

credible ice margin reconstructions in Figure 7.2 along three transects in the study area. 

Retreat rates on the eastern Kola Peninsula and in the White Sea were variable and high, 

mostly in the 50-200 m yr-1 range, between the local-LGM and 13 ka. In contrast, retreat 

rates in northern Russian Lapland were low (< 50 m yr-1) for the same period. All transects 

in the study area indicate very slow retreat or probable stasis during the Younger Dryas, and 

subsequent rapid retreat of 80-180 m yr−1 until final deglaciation.  

While the contrasting retreat rates could reflect the total lengths of the three transects, it is 

more likely that the rates reflect the influence of dominante ice flow directions, ice 

streaming, and the role of climate on ice sheet retreat. During early deglaciation (i.e. before 

13 ka), ice flow configuration was dominated by southwest-northeast ice flow from 
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Figure 7.13: Outcropping internal debris-rich layers darken an ice sheet’s surface, thus 

making it more susceptible to melt. (a) PlanetScope imagery of the Barnes Ice Cap (Baffin 

Island, Canada) showing outcropping internal layers. Debris-rich ice has a lower albedo 

than debris-free ice near the margin has a higher albedo. (b) Conceptual diagram of 

rotational flow of an ice sheet and the ou tcropping of internal layers near the ice margin. 

the main FIS ice dispersal zone that was centred over the Gulf of Bothnia. The FIS therefore 

directly flowed from the ice divide and across northern Russian Lapland (Figure 7.2) and 

was able to sustain a state relatively close to equilibrium during initial ice sheet retreat. Low 

ice margin retreat rates and a dynamic state close to equilibrium have also been proposed 
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Figure 7.14: Time-distance curves along three transects since the local-LGM. The distances 

are based on the most-credible ice margin reconstructions. Although retreat rates differ in 

detail, a slow or absent retreat during the Younger Dryas stadial and subsequent rapid ice 

margin retreat is apparent in all three profiles.   

for the western FIS in Norway (Hughes et al., 2016; Stroeven et al., 2016). However, unlike 

northern Russian Lapland, it is likely that the low ice margin retreat rates in Norway were a 

result of the region’s proximity to precipitation sources rather than a dominant ice flow 

configuration (Figure 7.3). In contrast, the thinning ice sheet forced ice to flow around 

upland areas on the Kola Peninsula, rather than directly from the ice divide (Figure 7.2). As 

a result, the ice margin on the easten Kola Peninsula could not maintain a dynamic state 

close to equilibrium and retreated rapidly. Although the White Sea lobe directly flowed from 

the main FIS ice dispersal zone, this sector of the study area experienced the most rapid 

retreat rates in northwest Arctic Russia (up to 240 m yr-1) and a phase of significant ice 

margin readvance c. 14 ka (Figure 7.14). This rate of ice margin retreat is similar to the 50-

200 m yr-1 retreat rates observed in the eastern and southern margins of the FIS (Stroeven et 

al., 2016). Like ice streams in northwest Russia and northern Europe, the rapid retreat rates 

observed in the White Sea were likely influenced by the collapse of the over-extending ice 

lobe that expelled significant volumes of ice mass from the interior of the ice sheet (Larsen 

et al., 2014; Hughes et al., 2016; Stroeven et al., 2016). Finally, the significant reduction or 

reversal of ice sheet retreat rates and a subsequent rapid retreat until deglaciation observed 

across areas of the Kola Peninsula and Russian Lapland have also been observed across the 

wider FIS (Stroeven et al., 2016). This ice sheet-wide response highlights the significance 

of global climatic events on the dynamics of ice sheets (Stroeven et al., 2016; Patton et al., 
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2017), and firmly posits the Younger Dryas-Holocene transition as a critical test of ice sheet 

response to climatic change.  

7.3.10 Ambiguity in the reconstruction 

The research presented in this thesis addresses many of the outstanding uncertainties of the 

pattern, style, and timing of FIS glaciation during the Late Weichselian. Although it is 

difficult to determine ice margin positions during the advance of the last ice sheet, bedform 

evidence adds more detail to our understanding of ice sheet build-up. More detail also has 

been added to our understanding of ice sheet retreat in northwest Arctic Russia, and it is now 

apparent that neither LGIT Models 1 or 2 (see Chapter 2, Section 3.3) are correct.  

While the initial pattern of ice margin retreat resembles retreat patterns proposed by Hughes 

et al. (2016) and Stroeven et al. (2016), meltwater landform evidence on the central eastern 

Kola Peninsula indicates a thinning ice sheet with ice lobes deflected around topographic 

highs (Figure 7.2). Ice marginal landforms and numerical ages are used to build upon 

existing histories of the White Sea lobe: where Demidov et al. (2006) and Hughes et al. 

(2016) suggest a consistently retreating ice lobe, the new evidence presented in this thesis 

suggests that the White Sea lobe underwent a notable readvance c. 14 ka (Figure 7.2). 

Importantly, the reconstruction presented in Figures 7.1 and 7.2 is derived from multiple 

lines of evidence. The reconstruct therefore best reflects both the subglacial bedform and ice 

marginal landform records.   

While the new reconstruction presented in this thesis does not identify any evidence of ice 

margin standstills associated with the Older or Oldest Dryas stadials (cf. Yevzerov and 

Nikolaeva, 2000) (see Chapter 2, Section 2.2.3 and Chapter 4, Section 6.3), detailed lanform 

mapping is used to reconstruct the ice margin associated with the Younger Dryas stadial c. 

12 ka (Figure 7.2f). This new reconstruction most closely resembles the Younger Dryas ice 

margin position proposed by Ekman and Iljin (1991), who base their reconstruction on 

morainic landform evidence. However, the new reconstruction presented in Figure 7.2 is 

notably different from other Younger Dryas ice margin reconstructions (see Chapter 2, 

Section 3.3) that do not attempt to reflect all available evidence (Svendsen et al., 2004; 

Hughes et al., 2016; Stroeven et al., 2016; Lunkka et al., 2018). A new glacial reconstruction 

derived from multiple lines of evidence that reveals the pattern, style, and timing of FIS 

advance and retreat on the Kola Peninsula and Russian Lapland is therefore proposed. 
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The geomorphological map and reconstruction, however, are largely restricted to the 

terrestrial part of the ice sheet bed, i.e. that which is currently above sea level. Furthermore, 

geomorphological mapping was restricted to the Kola Peninsula and Russian Lapland, 

approximately 5 % of the total former FIS extent. A new, but complementary 

geomorphological reconstruction of the flow pattern evolution of the rest of the FIS is 

currently being undertaken at the University of Sheffield (Butcher et al., in prep.); our 

respective results are yet to be combined. Nevertheless, this thesis represents a major step 

forward in the collation of evidence of the last FIS, and has presented a new and more 

accurate glacial reconstruction for one of the most complex sectors of the FIS.  

There are, however, some areas of uncertainty. The evolution of the White Sea lobe, for 

example, remains ambiguous. Bathymetry data for the region were unavailable for this study, 

and the glacial reconstruction had to be based on previously published lower-resolution 

Quaternary geological data. Deliberately, and to keep interpretations as objective as possible, 

no systematic attempt was made to incorporate interpretations of White Sea glaciation from 

the literature within this thesis. Nevertheless, because of the dearth of geomorphological data 

pertaining to the White Sea lobe, the reconstruction had to utilise some previous work. This 

thesis cannot, therefore, claim to provide an accurate reconstruction of the White Sea lobe, 

but a revised exposition based on the currently available evidence. 

There also remains some uncertainty in the timing of glaciation in northwest Arctic Russia. 

This thesis establishes a database of known published numerical ages in an attempt to 

chronologically constrain the glacial reconstruction. While this database more than 

quadruples the number of numerical ages within the mapped region (compared to the 

DATED-1 database; Hughes et al., 2016), large areas do not have any numerical ages. This 

precludes developing a robust chronology for the study area. Notably, the timing of the 

maximum lateral extent of the FIS in northwest Arctic Russia remains elusive, and it is 

unclear whether the FIS margin retreated and subsequently readvanced prior to the Younger 

Dryas stadial. 

7.4 Comparison with numerical ice sheet models 

The research presented in this thesis provides much needed empirical data for testing and 

validating numerical ice sheet models in northwest Arctic Russia. Although numerical ice 

sheet modelling has not been carried out as part of this study, it is prudent to compare this 

new reconstruction with previous modelling attempts to scrutinise any outstanding conflicts. 
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From Figure 7.15, it is apparent that existing numerical models (Patton et al., 2016; Patton 

et al., 2017; Gowan et al., 2021) do not replicate the empirical data identified in this study. 

This will be due, in part, to the different empirical constraints used by these models. 

However, previous modelling attempts had little, if any, glacial geomorphological data 

constraints in the study area (Patton et al., 2016; Patton et al., 2017). Nevertheless, it could 

be expected that a numerical ice sheet model – which encompasses chronologically 

constrained climate data and similar assumptions of ice sheet dynamics outlined in Chapter 

3 (Patton et al., 2016; Patton et al., 2017; Gowan et al., 2021) – will reflect the empirically 

derived ice sheet reconstruction. Since the numerical modelling results do not resemble the 

empirically derived ice sheet reconstruction (Figure 7.15), it is possible that some glacial 

processes are not captured by previous modelling attempts.  

Although the numerical ice sheet model presented by Patton et al. (2016) is able to replicate 

the local-LGM southwest-northeast ice flow configuration across the eastern Kola Peninsula 

from the White Sea (Figure 7.2a), this model cannot replicate the empirically derived ice 

sheet build-up pattern shown in Figure 7.1. Instead, their model suggests that the ice margins 

on the eastern Kola Peninsula and in the White Sea basin advanced at a similar rate (Patton 

et al., 2016). Patton et al. (2016) note, however, that this ice sheet build-up pattern and their 

model does not permit the development of the KIC. It is therefore likely that their numerical 

ice sheet model does not facilitate the initial advance of cold-based ice and subsequent rapid 

advance of warm-based ice lobes, instead favouring the advance of warm-based ice margins 

in all areas. In contrast, the numerical ice sheet model presented by Gowan et al. (2021) best 

reflects the empirically-derived reconstruction presented in Figure 7.1, suggesting that this 

model is able to facilitate the advance of large cold-based ice masses and the subsequent 

advance of warm-based ice lobes.  

The lobate ice margin retreat pattern reconstructed in this thesis is not reconstructed in the 

numerical ice sheet models presented by either Patton et al. (2017) or Gowan et al. (2021) 

(Figure 7.15). Instead, the numerical ice sheet models reconstruct ‘smooth’ ice margins that 

favour ice sheet symmetry. In contrast, the empirical evidence suggests that the FIS 

dynamically evolved in the study area and exploited topographic depressions, resulting in a 

crenulated ice margin during retreat (Figure 7.2). Although the resolution of the numerical 

ice sheet models compared to the reconstruction presented in this thesis precludes detailed 

comparison beyond the broadest patterns of ice sheet configuration and extent, it should be  
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Figure 7.15: Comparison of the most-credible LGIT time-slices with numerical ice sheet 

model results. (a) The most-credible LGIT time-slice reconstruction presented in this thesis. 

(b) Retreat pattern and chronology according to (Patton et al., 2017). (c) Retreat pattern 

and chronology according to Gowan et al. (2021). Note, this numerical ice sheet model was 

conducted in 2,500 year time-steps and results in a limited reconstruction for the Kola 

Peninsula and Russian Lapland.  
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expected that a numerical ice sheet model reflects empirically derived evidence such as ice 

lobes flowing around massifs. This suggests that numerical ice sheet models need more 

consideration for ice-dynamical drivers in individual sectors rather than attempting to attain 

ice sheet symmetry.  

The other significant difference between the empirical evidence and the numerical ice sheet 

models is the timing of glaciation (Figure 7.15). Since the timing of the reconstruction 

presented in this thesis is based on disparate numerical ages, it is possible that the numerical 

ice sheet models accurately reconstruct the timing of glaciation where the existing empirical 

evidence cannot. However, if the timing of glaciation presented in this thesis is correct, then 

it is possible that the numerical ice sheet models are unable to replicate the delayed ice sheet 

response to climate that is thought ot have happened in northwest Arctic Russia. 

Alternatively, the numerical models might have too much emphasis on climatic controls 

rather than ice-dynamical drivers. Like the White Sea Basin, Larsen et al. (2014) argue that 

proglacial lakes and saturated subglacial sediments facilitated the overstretching of outlet 

glaciers in the several river basins in northwest Russia. However, the numerical ice sheet 

model presented by Patton et al. (2016) is unable to reconstruct these ice lobes. Similarly, 

existing numerical ice sheet models (Patton et al., 2017; Gowan et al., 2021) do not 

reconstruct a readvancing White Sea lobe c. 14 ka. This suggests that numerical ice sheet 

model simulations of the FIS currently do not capture the role of proglacial lakes on ice sheet 

dynamics (see Section 3.5 of this chapter). 

7.5 Directions for future research 

The inversion approach utilised in this thesis has yielded a framework for the evolution of 

the FIS on the Kola Peninsula and Russian Lapland, identified the fundamental elements of 

ice sheet history at a range of spatial and temporal scales, and provided insights into the 

wider palaeo-glaciology of the ice sheet. This new, high-resolution glacial reconstruction 

does not explicitly support any particular previous glaciation model for the region, but 

reveals a new model of glaciation on the Kola Peninsula and Russian Lapland. Importantly, 

the results of this thesis can be used by the numerical modelling community as boundary 

conditions for numerical ice sheet, isostatic, and climate models or alternatively for testing 

and validating such models (e.g. Patton et al., 2016; Patton et al., 2017). 

An obvious next step is to combine the reconstruction presented in this thesis with an ice 

sheet-scale reconstruction. To facilitate this, it will be necessary to extend high-resolution 
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geomorphological mapping to adjacent areas. Since previous Younger Dryas ice marginal 

zone reconstructions in northwest Russia, not just the Kola Peninsula and Russian Lapland, 

have relied on lower resolution Quaternary geological maps (e.g. Ekman and Iljin, 1991; 

Niemelä et al., 1993), margin positions in the Republic of Karelia must also be scrutinised 

with a high-resolution geomorphological map. Similarly, geomorphological mapping of 

marine environments is crucial if we are to understand the dynamics of the White Sea lobe 

and the interaction between the FIS and the BSIS.  

The glacial reconstruction would also benefit from additional field investigations to 

scrutinise the landforms, investigate their internal structures, and collect much needed 

samples for numerical dating. It is necessary to focus and target fieldwork to key landforms 

and ice margin positions, using Map 2 and the reconstruction presented in this thesis as a 

framework to identify ideal sampling locations. The key locations that should be investigated 

further are: 

1. The KIC – one of the most prominent landform systems on the Kola Peninsula, and 

a key element for reconstructing the build-up and retreat dynamics of the FIS. 

2. The Younger Dryas ice marginal zone – a significant ice margin position in the study 

area that is important for understanding ice sheet response to rapid climatic changes.  

3. The fjords in northern Russian Lapland – to determine retreat rates and dynamics of 

fjord glaciers. 

7.6 Summary 

This chapter combines the different elements of the glacial reconstruction presented across 

Chapters 4-6 in a time-slice reconstruction of FIS evolution on the Kola Peninsula and 

Russian Lapland. The time-slice reconstruction reveals a pattern of ice sheet build-up and 

retreat in the region, and the implications of this reconstruction have been examined. It is 

apparent that the growth and decay of the FIS in northwest Arctic Russia is strongly 

influenced by external forcing such as climatic changes, although numerical modelling is 

required to fully investigate the reasons for the dynamic behaviour of the ice sheet. 

Ambiguities in our understanding of FIS dynamics in the region remain, but future field 

research and production of bathymetry datasets will provide a means to investigate these 

uncertainties.  
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Chapter 8. Conclusion 

8.1 Introduction 

The central aim of this thesis was to reconstruct the ice sheet-scale pattern, style, and timing 

of the last FIS on the Kola Peninsula and Russian Lapland. This has been achieved by 

systematically mapping and inverting the glacial landform assemblage of the region to 

decipher the palaeo-ice flow properties and margin positions of the ice sheet, and by 

establishing and applying a database of previously published numerical ages. This chapter 

highlights the key findings of the research presented in this thesis. 

8.2 A new glacial geomorphological map 

High-resolution glacial geomorphological mapping of the Kola Peninsula and Russian 

Lapland has identified 245,997 mapped glacial landforms, including over 76,000 morainic 

landforms and around 96,000 meltwater channel fragments. This represents a significant 

increase in the volume and detail of geomorphological data in the region. For example, there 

is a ~ 1,200 % increase in the total number of individually mapped landforms compared to 

the last map produced for this area by Hättestrand and Clark (2006a), the latter of which was 

the highest-resolution glacial geomorphological map available before this thesis.  

Such high-resolution mapping has revolutionised the ability to reconstruct the last FIS in the 

region by allowing small-scale ice sheet characteristics to be recreated while still considering 

the ice sheet-scale. The geomorphological map (Map 2) also allows individual landforms or 

landform assemblages to be identified for further analysis in the field. Moreover, 

glaciodynamic inferences, based on the unique morphologies and genetic assumptions of the 

different landform types, can now be made. For example, where previous studies only used 

areas of hummocky moraine to reconstruct ice margin positions, multiple distinct ice margin 

positions within relatively small areas can now be identified, and an ice margin readvance 

and subsequent down-wasting during the LGIT can be inferred.  

High-resolution glacial geomorphological mapping has also facilitated the production of a 

comprehensive diagnostic criteria table for the identification of glacial landforms in 

remotely-sensed data (Table 4.1). While these diagnostic criteria were established for this 

thesis, the table has been designed such that they can be used in the analysis of other 

previously glaciated landscapes. 
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8.3 Ice flow configuration reconstruction 

Mapping > 66,000 subglacial bedforms has facilitated the reconstruction of the last FIS flow 

configuration through time. This has been achieved by condensing the bedform data into 102 

flowsets that document the glaciodynamic information of individual ice flow events. This is 

considerably more than previous investigations (Kleman et al., 1997; Winsborrow et al., 

2010a) and serves to show the complexity in the bedform record that previously had been 

missed. Conclusions that can be drawn from the reconstructed ice flow configuration 

include:  

• Ice advanced eastwards across the region from Scandinavia, establishing a 

predominantly cold-based ice mass on the Kola Peninsula and a warm-based ice lobe 

in the White Sea. 

• An ice divide was present on the Kola Peninsula and Russian Lapland. The 

reconstruction suggests that this ‘secondary’ ice divide was short-lived as ice 

predominantly flowed across the region from the main ice dispersal zone that was 

centred over the Gulf of Bothnia.  

• The White Sea lobe flowed northeastward onto the peninsula from the White Sea 

basin during the local-LGM and dominated ice flow configuration on the eastern 

Kola Peninsula.  

• The ice sheet was polythermal throughout the last glaciation, with large areas of 

cold-based ice surrounded by warm-based conditions. The central eastern Kola 

Peninsula was a notable persistently cold-based zone throughout the Late 

Weichselian.  

• The Kola Peninsula and Russian Lapland was glaciated solely by the FIS and not an 

independent Ponoy Ice Cap or the Kara Sea Ice Sheet during the LGIT. 

• Deglaciation on the western Kola Peninsula and Russian Lapland characterised by 

ice sheet thinning, with topography constraining ice flow around upland areas.  

• Four definite palaeo-ice streams have been identified: (i) the Kuusamo Ice Stream; 

(ii) the Kanozero Ice Stream; (iii) the Lovozero Ice Stream; and (iv) the Imandra Ice 

Stream. These ice streams were active at different stages of the LGIT. Other possible 
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ice streams in the Tuloma and Kola River basins and the White Sea may have been 

active during advance and local-LGM stages of glaciation. 

8.4 Ice margin advance and retreat pattern  

The glacial geomorphological mapping also has been used to reconstruct the ice margin 

build-up and retreat pattern on the Kola Peninsula and Russian Lapland. This represents the 

first attempt to synthesise and drawn upon multiple lines of evidence, and reveals a more 

comprehensive record of glaciation than previous attempts that focus solely on moraines or 

lateral meltwater channels. Conclusions that can be drawn from the ice margin 

reconstruction include: 

• The KIC – a ~ 400 km long, time-transgressive landform assemblage – formed at 

the confluence of a cold-based ice mass centred on the Kola Peninsula and the warm-

based White Sea lobe. The Keiva II moraines, which are the main constituents of the 

KIC, were probably formed during the advance of the FIS and reworked during the 

local-LGM and the LGIT. Unlike previous reconstructions, the Keiva I moraine is 

interpreted to be a lateral moraine associated with a readvance of the White Sea lobe 

during deglaciation. 

• Initial ice sheet retreat was characterised by the separation of dynamically different 

ice masses (i) on the Kola Peninsula and (ii) in the White Sea along the axis of the 

KIC.  

• The style of retreat became increasingly lobate, suggestive of ice sheet thinning. A 

strong signal of ice sheet thinning is revealed by summits exposed as nunataks 

behind the retreating margin. 

• The FIS retreated down-valley in the mountains on the Kola Peninsula and Russian 

Lapland. This is contrary to ordinary presumptions of glaciers retreating up-valley 

in upland areas.   

• The Younger Dryas ice marginal zone is characterised by crenulated belts of 

hummocky moraines on the Kola Peninsula, large cross-valley end moraines at the 

periphery of the Khibiny Mountains, and end moraines in northern Russian Lapland.  

• Mountain glaciers also existed in the Lovozero Mountains following FIS retreat, 

probably during the Younger Dryas stadial. 
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• After the Younger Dryas stadial, the ice margin retreated southwards through the 

Karelide Mountains, and a temporary standstill of the margin is documented in 

southern Russian Lapland. 

8.5 Time-slice reconstruction 

To attach information on the timing of glaciation, a database of 209 numerical ages was 

compiled from the literature, recalculated/recalibrated (where appropriate), their locations 

digitised as a GIS point shapefile, and classified into the following categories: advance, 

deglacial, margin, ice-free, and exposure time (cumulative). The numerical ages were then 

combined with the reconstructed ice margins and ice flow configurations to produce palaeo-

glaciological time-slice maps of the Late Weichselian. Conclusions that can be drawn from 

the combined pattern and timing include: 

• The FIS reached its maximum lateral extent in northwest Arctic Russia c. 19-17 ka, 

later than many other sectors of the ice sheet. The disparity between the Norwegian 

continental shelf maximum c. 27-26 ka and the much later maximum in Arctic Russia 

was influenced by the topography of Fennoscandia; ice sheet growth to the west was 

impeded by the continental shelf, and continued ice sheet growth gradually 

redistributed ice mass eastwards.   

• FIS glaciation on the Kola Peninsula and Russian Lapland was strongly influenced 

by a fluctuating climate. Prolonged cool climatic conditions during ice sheet build-

up facilitated the eastward advance of the ice margin, as the region’s location in a 

precipitation shadow would have restricted the formation of an independent ice 

dispersal centre. During deglaciation, a varying climate is revealed by contrasting 

landform assemblages in the mountains: cirque infill deposits are probably blue-ice 

moraines that suggest ablation by sublimation during cooler climatic conditions, 

whereas meltwater channels above and below infill deposits indicate surface melting 

during warmer climatic stages. Esker enlargements, mostly in Russian Lapland, are 

also indicative of high subglacial meltwater drainage and considerable ice sheet 

melting and thinning in response to climatic warming during the latter stages of 

deglaciation.  

• Palaeo-ice streams in the region often were the consequence and drivers of changes 

in ice sheet configuration. For example, the Kanozero Ice Stream probably activated 



 

292 
 

in response to the collapse of the White Sea lobe, but also facilitated the drawdown 

and thinning of ice from the Lake Imandra basin. 

• The retreat of the White Sea lobe was not influenced by marine transgression until 

very late in the LGIT. Palaeo-sea levels during most of the Late Weichselian were 

considerably lower than present, and the shallow sill in the Mouth of the White Sea 

would have prevented ocean waters entering the White Sea basin during the LGIT. 

Instead, a proglacial lake may have established on the reverse bed slope in the White 

Sea basin and facilitated the readvance of the White Sea lobe c.14 ka. Marine 

transgression during the Younger Dryas stadial probably introduced a relatively 

warm marine terminating environment and facilitated the retreat of the Kuusamo Ice 

Stream.  

• The FIS underwent a readvance on the Kola Peninsula during the Younger Dryas 

stadial. The activation of the Imandra Ice Stream was likely a surge-type response to 

an increase in FIS mass. In contrast, extensive hummocky moraines independent of 

subglacial bedforms elsewhere on the peninsula suggests that cold-based ice margin 

readvance was climatically rather than influenced by glacier surging. 

• Extensive belts of Type 2a hummocky moraines may be indicative of outcropping 

internal ice layers and a darkened ice surface. Such low-albedo ice surfaces would 

have been subject to a positive feedback loop that would have encouraged the demise 

of the ice sheet. 

This time-slice reconstruction highlights the interplay between the last FIS and the wider 

Earth system, and presents empirical data in a format that is ideal for testing and validating 

numerical ice sheet and climate models. The reconstructed pattern of glaciation provides 

robust constraints on the build-up and retreat of the FIS on the Kola Peninsula and Russian 

Lapland. The ad hoc approach to collecting numerical dates in the region has thus far 

focussed sampling to locations that are easily accessible, while leaving large areas devoid of 

numerical constraints. The numerical dating controls therefore are only partial and subject 

to change. By presenting the reconstruction as a framework of build-up and retreat, a means 

for identifying key locations for further investigation and targeting numerical dating is now 

available. It is therefore hoped that this reconstruction motivates the collection of targeted 

numerical data such that the Kola Peninsula and Russian Lapland becomes as well-
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constrained as other sectors of the FIS and thus a critical test of numerical ice sheet and 

climate models. 
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Appendix 

Appendix 1: Numerical age database 

List of absolute dates related to the Late Weichselian glaciation of the Kola Peninsula and Russian Lapland collected from published literature. 

This table serves as a summary of the data enclosed within the numerical age database that accompanies this thesis (see Chapter 6, Section 4). 

Some of this database is published and can be accessed in Boyes et al. (2021a). The Thesis_ID is an arbitrary identification label applied to each 

date: Thesis_ID 1-75 dates are from within the study area, Thesis_ID 76-209 dates are from the surrounding area. The source included in this table 

is the primary reference for the date. In some cases, the primary publication could not be found and the data used in this thesis are derived from 

the DATED-1 database (Hughes et al., 2016); this is indicated by an asterisk (*). The dating material column documents the type of sample used, 

as reported in the source publication. The location column details the site name and latitude-longitude coordinates reported in decimal degrees and 

the WGS84 datum, following the recommendations of Hughes et al. (2016). In some cases, the location is derived from the site name (this is 

indicated by a dagger †), the location has been derived from map evidence presented in the source publications (this is indicated by a double dagger 

‡), or is derived from the DATED-1 database (this is indicated by an asterisk *). The dating method column details the type of date presented; 

radiocarbon (14C, 14C AMS; 14C Conv); Terrestrial Cosmogenic Nuclide (TCN); optically stimulated luminescence (OSL); palaeomagnetic. The 

date column presents the recalculated age (cal. kyr BP for radiocarbon dates; ka for TCN, OSL, and palaeomagnetic dates). For clarity in this table, 

age calculation information is not presented. The age comment is a summary of stratigraphic and contextual information from the source 

publication, and an evaluation of the reliability of the date: acceptable (where the source data and interpretations are considered correct), 

unacceptable (where the date is considered unusable for the reconstruction), reinterpretation (where the available data suggest the source 

publications’ interpretations may be incorrect). The glaciodynamic context column describes the nature of date in terms of the chronology of ice 
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sheet: see Chapter 6, Section 4.1.3. for details. The date confidence details the reliability of the age and glaciodynamic interpretations: 3 = reliable, 

2 = possibly reliable, 1 = unreliable; see Chapter 6, Section 4.1.4. for details. 

Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

1 Bakhmutov et 
al., (1992, 
1993, 1994); 
Kolka (1996) 

Ust-Pyalka 
River † 

66.2350 39.4740 Varved lake 
sediments 

Palaeomagnetic 13.5 ± 0.4 Acceptable: 
sampling of 
glacial varves 
near Keiva I 
moraine, the 
sample was 
likely deposited 
at or close to an 
ice margin. Age 
label from an 
age range.  

Deglacial 2 

2 Corner et al. 
(1999) 

Kirkenes-Nikel 69.5201 30.2187 Gyttja 14C 9.6 ± 0.3 Acceptable: 
sampling of 
gyttja above the 
base of the lake 
sediment core 
suggests ice-free 
conditions. 

Ice-free 3 

3 Corner et al. 
(1999) 

Kirkenes-Nikel 69.6417 30.1957 Gyttja 14C 10.0 ± 1.4 Acceptable: 
sampling of 
gyttja above the 
base of the lake 
sediment core 
suggests ice-free 
conditions. 

Ice-free 3 

4 Corner et al. 
(2001) 

Polyarmy 69.1850 33.4000 Gyttja 14C AMS 10.4 ± 0.1 Reinterpretation: 
sampling of 
gyttja above the 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

base of the lake 
sediment core, 
and relative 
position to 
moraines, 
suggests ice-free 
conditions. 

5 Corner et al. 
(2001) 

Polyarmy 69.1750 33.4090 Gyttja 14C AMS 10.4 ± 0.2 Reinterpretation: 
sampling of 
gyttja above the 
base of the lake 
sediment core, 
and relative 
position to 
moraines, 
suggests ice-free 
conditions. 

Ice-free 3 

6 Corner et al. 
(2001) 

Polyarmy 69.1750 33.4090 Gyttja 14C AMS 10.5 ± 0.3 Reinterpretation: 
sampling of 
gyttja above the 
base of the lake 
sediment core, 
and relative 
position to 
moraines, 
suggests ice-free 
conditions. 

Ice-free 3 

7 Corner et al. 
(2001) 

Polyarmy 69.1870 33.4120 Gyttja 14C AMS 10.3 ± 0.1 Reinterpretation: 
sampling of 
gyttja above the 
base of the lake 
sediment core, 

Ice-free 2 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

and relative 
position to 
moraines, 
suggests ice-free 
conditions. 

8 Davydova 
and Servant-
Vildary 
(1996) 

Lake Kovdor 67.3000 33.0000 - 14C 9.0 Unacceptable: 
no context, 
stratigraphic, or 
chronometric 
data provided. 

Ice-free 1 

9 Davydova 
and Servant-
Vildary 
(1996) 

Lake Mitrophan 66.3000 33.0000 - 14C 9.0 Unacceptable: 
no context, 
stratigraphic, or 
chronometric 
data provided. 

Ice-free 1 

10 Grönlund 
and Kauppila 
(2002) 

Lake 
Soldatskoje 

68.2670 38.4670 Gyttja 14C 10.9 ± 0.1 Acceptable: 
sampling of 
gyttja above the 
base of the lake 
sediment core 
suggests ice-free 
conditions. 
Also, sandy 
sediment at the 
base of the core 
may be post-
glacial marine 
sediments.  

Ice-free 3 

11 Ilyashuk et 
al. (2013) 

Lake Kupal'noe 67.6592 33.6260 Plant fragments 14C AMS 9.8 ± 0.2 Acceptable: 
sampling 
location of plant 
macrofossil and 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

diatom/pollen 
stratigraphy 
suggests ice-free 
conditions. 

12 Kolka et al. 
(2013b) 

Umba 66.7295 34.2416 Bulk organic 14C 11.5 ± 0.3 Acceptable: 
sampling of 
above the base 
of the lake 
sediment core 
suggests ice-free 
conditions. 

Ice-free 3 

13 Kolka et al. 
(2013b) 

Umba ‡ 66.7158 34.2189 Bulk organic 14C 13.2 ± 0.7 Reinterpretation: 
sampling of 
glacial varves 
suggest an ice 
margin position.  

Margin 3 

14 Kolka et al. 
(2013b) 

Umba 66.7144 34.2222 Bulk organic 14C 12.6 ± 0.2 Reinterpretation: 
sampling of 
glacial varves 
suggest an ice 
margin position.  

Margin 3 

15 Kolka et al. 
(2020) 

Lake Tikozero 
‡ 

67.5134 33.2761 Gyttja 14C 9.9 ± 0.4 Acceptable: 
sampling of 
gyttja above 
sandy sediment 
in lake core 
indicates ice-
free conditions. 

Ice-free 3 

16 Korsakova et 
al. (2016) 

Chupa 66.2767 32.6911 Aquatic plant 
fragments 

14C 12.3 ± 0.3 Acceptable: 
sampling of 
gyttja above 

Ice-free 2 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

sandy sediment 
in lake core 
indicates ice-
free conditions. 

17 Kremenetski 
and Patyk-
Kara (1997) 

Lake Babozero 66.4667 37.4333 Bulk organic 14C 15.0 ± 1.2 Acceptable: 
sampling of 
gyttja sediment 
in lake core 
indicates ice-
free conditions. 

Ice-free 3 

18 Kremenetski 
and Patyk-
Kara (1997) 

Lake Krugloye 66.3667 37.5833 Bulk organic 14C 11.8 ± 0.7 Acceptable: 
pollen analyses 
and dating 
loamy sediments 
higher up in the 
core indicates 
ice-free 
conditions. 

Ice-free 3 

19 Kremenetski 
et al. (2004) 

KP3 69.0719 36.0111 Decal. Sediments 14C AMS 10.7 ± 0.2 Acceptable: 
pollen analyses 
and sampling 
location in the 
core indicates 
ice-free 
conditions. 

Ice-free 3 

20 Kremenetski 
et al. (2004) 

KP3 69.0719 36.0111 Humic acids 14C AMS 10.8 ± 0.4 Acceptable: 
pollen analyses 
and sampling 
location in the 
core indicates 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

ice-free 
conditions. 

21 Lenz et al. 
(2021b) 

Lake Imandra 67.7158 33.0851 Organic 
macrofossils 

14C AMS 11.5 ± 0.3 Acceptable: this 
silty gyttja date 
represents ice-
free conditions. 
Other dates 
lower in the core 
are likely too 
old.  

Ice-free 3 

22 Lenz et al. 
(2021b) 

Lake Imandra 67.7158 33.0851 Organic 
macrofossils 

14C AMS 11.2 ± 0.2 Acceptable: this 
silty gyttja date 
represents ice-
free conditions. 
Other dates 
lower in the core 
are likely too 
old.  

Ice-free 3 

23 Lunkka et al. 
(2018) 

Varzuga South 66.3964 36.6489 Sand rich 
sediment 

OSL 88.0 ± 7.0 Acceptable: 
sand sample 
from fluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

24 Lunkka et al. 
(2018) 

Varzuga South 66.3964 36.6489 Sand rich 
sediment 

OSL 70.0 ± 8.0 Acceptable: 
sand sample 
from fluvial 
sediments likely 
a well-bleached 
sediment 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

suitable for 
dating.  

25 Lunkka et al. 
(2018) 

Varzuga South 66.3964 36.6489 Sand rich 
sediment 

OSL 6.2 ± 0.8 Acceptable: 
sand sample 
from fluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

26 Lunkka et al. 
(2018) 

Varzuga North 66.4253 36.5344 Sand rich 
sediment 

OSL 61.0 ± 5.0 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments may 
be bleached 
sediment 
suitable for 
dating. 

Ice-free 2 

27 Lunkka et al. 
(2018) 

Varzuga East 66.4128 36.6089 Sand rich 
sediment 

OSL 20.2 ± 1.4 Reinterpretation: 
sand sample 
from deltaic 
deposit may be 
bleached 
sediment 
suitable for 
dating.  

Advance 2 

28 Lunkka et al. 
(2018) 

Varzuga East 66.4128 36.6089 Sand rich 
sediment 

OSL 15.0 ± 1.0 Acceptable: 
sand sample 
from 
glaciofluvial 
sediments likely 

Deglacial 2 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

a well-bleached 
sediment 
suitable for 
dating.  

29 Lunkka et al. 
(2018) 

Varzuga East 66.4128 36.6089 Sand rich 
sediment 

OSL 13.0 ± 1.1 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

30 Lunkka et al. 
(2018) 

Strelna North 66.3467 38.6253 Sand rich 
sediment 

OSL 11.9 ± 0.1 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

31 Lunkka et al. 
(2018) 

Ponoy 67.0939 41.0908 Sand rich 
sediment 

OSL 15.9 ± 1.0 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

32 Lunkka et al. 
(2018) 

Babya 66.4853 40.1728 Sand rich 
sediment 

OSL 14.2 ± 1.2 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Advance 2 

33 Lunkka et al. 
(2018) 

Babya 66.4853 40.1728 Sand rich 
sediment 

OSL 12.3 ± 1.0 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

34 Lunkka et al. 
(2018) 

Babya 66.4853 40.1728 Sand rich 
sediment 

OSL 9.7 ± 1.0 Reinterpretation: 
sand sample 
from possible 
glaciofluvial 
sediments likely 
a well-bleached 
sediment 
suitable for 
dating.  

Ice-free 3 

35 Nikolaeva et 
al. (2015) 

Lake 1 ‡ 67.5827 32.4933 Gyttja 14C 9.8 ± 0.4 Acceptable: 
sampling above 
possible 
proglacial 
sediments 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

suggests ice-free 
conditions.  

36 Nikolaeva et 
al. (2015) 

Lake 5 67.5330 31.7530 Gyttja 14C 9.3 ± 0.7 Acceptable: 
sampling above 
possible 
proglacial 
sediments 
suggests ice-free 
conditions.  

Ice-free 3 

37 Nikolaeva et 
al. (2015) 

Lake 6 67.4600 31.7680 Gyttja 14C 9.2 ± 0.8 Acceptable: 
sampling above 
possible 
proglacial 
sediments 
suggests ice-free 
conditions.  

Ice-free 3 

38 Nikolaeva et 
al. (2016) 

Lake Mynmash 67.5254 31.8036 Gyttja 14C 10.2 ± 0.5 Acceptable: 
sampling above 
possible 
proglacial 
sediments 
suggests ice-free 
conditions.  

Ice-free 3 

39 Punning et 
al. (1971)* 

Tchapoma * 68.1030 38.8830 Shell 14C 39.7 ± 1.1 Acceptable: 
shell fragments 
suggest ice-free 
conditions of 
stratigraphy 
overlying till. 

Ice-free 3 

40 Punning et 
al. (1971)* 

Ponoy * 67.0320 41.2020 Shell 14C 38.4 ± 1.1 Acceptable: 
shell fragments 

Ice-free 3 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

suggest ice-free 
conditions. 

41 Putkinen and 
Lunkka 
(2008) 

Lake Tuhkala 65.6330 30.6360 Gyttja 14C AMS 10.2 ± 0.1 Acceptable: date 
supports ice-free 
conditions. 

Ice-free 3 

42 Putkinen et 
al. (2011) 

Lake Topozero 65.7834 31.5579 Gyttja 14C AMS 29.5 ± 0.3 Unacceptable: 
calibrated age 
taken from 
paper, no data 
given to 
recalibrate; age 
considered 
overestimation 
due to possible 
contamination 

Ice-free 1 

43 Putkinen et 
al. (2011) 

Lake Topozero 65.7834 31.5579 Gyttja 14C AMS 27.2 ± 0.2 Unacceptable: 
calibrated age 
taken from 
paper, no data 
given to 
recalibrate; age 
considered 
overestimation 
due to possible 
contamination 

Ice-free 1 

44 Romanenko 
and Shilova 
(2012) 

Kindo 
Peninsula ‡ 

66.5458 33.0526 Shell 14C 8.0 ± 0.2 Acceptable: 
shell sample 
suggests ice-free 
conditions, but 
no context 
given.  

Ice-free 2 
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Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

45 Romanenko 
and Shilova 
(2012) 

Kindo 
Peninsula ‡ 

66.5457 33.1044 Sapropel 14C 9.4 ± 0.1 Acceptable: 
sampling 
location above a 
boulder deposit 
suggests post-
glacial ice-free 
conditions.  

Ice-free 2 

46 Romanenko 
and Shilova 
(2012) 

Kindo 
Peninsula ‡ 

66.5442 33.1063 Peat 14C 7.8 ± 0.1 Acceptable: 
dating suggests 
ice-free 
conditions, but it 
is unclear if this 
sample is from 
the base of the 
core. 

Ice-free 2 

47 Romanenko 
and Shilova 
(2012) 

Kindo 
Peninsula ‡ 

66.5445 33.0962 Sapropel 14C 8.6 ± 0.2 Acceptable: 
sampling 
location above a 
boulder deposit 
suggests post-
glacial ice-free 
conditions.  

Ice-free 2 

48 Snyder et al. 
(1997) 

Lake 
Yarnyshnoe-3 

69.0667 36.0667 Algae 14C AMS 13.3 ± 0.3 Acceptable: 
macrofossil 
sample directly 
above basal 
diamict suggests 
minimum 
deglacial age.   

Deglacial 3 

49 Snyder et al. 
(1997) 

Lake 
Yarnyshnoe-1 

69.0833 36.0333 Algae 14C AMS 14.3 ± 0.3 Unacceptable: 
likely 
overestimation 

N/A 1 
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due to marine 
reservoir effect. 

50 Snyder et al. 
(1997) 

Lake 
Podpakhtinskoe 

69.1333 35.9500 Algae 14C AMS 11.9 ± 0.3 Reinterpretation: 
sampling 
location ~ 86 cm 
above base of 
core can only 
indicate ice-free 
conditions.  

Ice-free 3 

51 Solovieva 
and Jones 
(2002) 

Lake Chuna  67.9500 32.4830 Gyttja 14C AMS 9.2 ± 0.2 Acceptable: lack 
of stratigraphic 
information 
means this date 
can only be 
regarded ice-
free. 

Ice-free 3 

52 Stroeven et 
al. (2016) 

Keiva IIb 66.8595 40.1738 Boulder TCN 357.4 ± 12.7 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 

53 Stroeven et 
al. (2016) 

Keiva IIb 66.8595 40.1738 Boulder TCN 288.0 ± 10.1 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 
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54 Stroeven et 
al. (2016) 

Keiva IIb 66.8595 40.1738 Boulder TCN 472.3 ± 15.8 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 

55 Stroeven et 
al. (2016) 

Keiva IIa 66.3648 37.6444 Boulder TCN 16.0 ± 0.5 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

Deglacial 3 

56 Stroeven et 
al. (2016) 

Keiva IIa 66.3648 37.6444 Boulder TCN 16.2 ± 0.8 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

Deglacial 3 

57 Stroeven et 
al. (2016) 

Keiva IIa 66.3648 37.6444 Boulder TCN 15.3 ± 0.5 Acceptable: 
provided with 
chronometric 

Deglacial 3 
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data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

58 Stroeven et 
al. (2016) 

Khibiny 
Mountains 

67.6658 33.6549 Boulder TCN 16.8 ± 1.0 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

Exposure time 
(cumulative) 

2 

59 Stroeven et 
al. (2016) 

Khibiny 
Mountains 

67.6673 33.6581 Boulder TCN 12.1 ± 0.7 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

Ice-free 2 

60 Stroeven et 
al. (2016) 

Khibiny 
Mountains 

67.6673 33.6581 Boulder TCN 14.7 ± 0.8 Acceptable: 
provided with 

Deglacial 3 
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chronometric 
data, but no 
context or 
stratigraphic 
information. 
Sample location 
appears to be on 
crest of moraine 
ridge. 

61 Stroeven et 
al. (2016) 

Yonskiy 67.5028 31.2315 Cobble TCN 17.3 ± 0.9 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 

62 Stroeven et 
al. (2016) 

Yonskiy 67.5028 31.2315 Boulder TCN 24.0 ± 1.8 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 

63 Stroeven et 
al. (2016) 

Yonskiy 67.5028 31.2315 Boulder TCN 73.8 ± 2.7 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 
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64 Stroeven et 
al. (2016) 

Revda 68.0079 34.4190 Boulder TCN 15.5 ± 0.8 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

2 

65 Stroeven et 
al. (2016) 

Revda 68.0079 34.4190 Boulder TCN 13.7 ± 0.5 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Deglacial 2 

66 Stroeven et 
al. (2016) 

Revda 68.0079 34.4190 Boulder TCN 21.2 ± 0.7 Acceptable: 
provided with 
chronometric 
data, but no 
context or 
stratigraphic 
information. 

Exposure time 
(cumulative) 

3 

67 Svendsen et 
al. (2004) 

Monchegorsk † 67.9395 32.8929 Glaciofluvial 
sediments 

OSL 35.0 Unacceptable: 
no details given, 
just a maximum 
age. 

Ice-free 1 

68 Svendsen et 
al. (2004) 

Varzuga † 66.4130 36.6090 Glaciofluvial 
sediments 

OSL 12.0 Unacceptable: 
no details given, 
just a maximum 
age. 

Ice-free 1 
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69 Svendsen et 
al. (2004) 

Strelna † 66.3470 38.6250 Glaciofluvial 
sediments 

OSL 13.0 Unacceptable: 
no details given, 
just a maximum 
age. 

Ice-free 1 

70 Svendsen et 
al. (2004) 

N/A N/A N/A Glaciofluvial 
sediments 

OSL N/A Unacceptable: 
no details given, 
just an age 
range. 

N/A 1 

71 Tolstobrov et 
al. (2018) 

Teriberka 69.1770 35.0815 Gyttja 14C 11.5 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-free 
conditions. 

Ice-free 3 

72 Tolstobrova 
et al. (2016) 

Lake 
Osinovoye 

67.5717 32.6361 Gyttja 14C 11.3 ± 0.8 Acceptable: 
diatom 
assemblage 
suggests a 
proglacial 
environment.  

Deglacial 3 

73 Tolstobrova 
et al. (2016) 

Lake 
Osinovoye 

67.5717 32.6361 Bulk organic 14C 11.2 ± 0.6 Acceptable: 
diatom 
assemblage 
suggests a 
proglacial 
environment.  

Deglacial 3 

74 Yevzerov 
(2012) 

Rybachy 
Peninsula 

69.7400 32.3250 Bulk organic 14C 13.7 ± 0.2 Acceptable: 
macrofossils 
sampled directly 
above basal 
diamict.   

Deglacial 3 
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75 Yevzerov 
(2012) 

Rybachy 
Peninsula 

69.7400 32.3250 Bulk organic 14C 13.3 ± 0.2 Acceptable: 
macrofossils 
sampled directly 
above basal 
diamict.   

Deglacial 3 

76 Darmody et 
al. (2008) 

Pyhä-Nattanen 68.1223 27.3701 Bedrock TCN 60.0 ± 2.7 Acceptable: 
provided with 
context and 
chronometric 
data.  

Exposure time 
(cumulative) 

3 

77 Darmody et 
al. (2008) 

Riestovaara 68.0436 27.1501 Bedrock TCN 42.1 ± 2.3 Acceptable: 
provided with 
context and 
chronometric 
data.  

Exposure time 
(cumulative) 

3 

78 Fjellanger et 
al. (2006) 

Haknalanèearru 70.5010 28.8840 Bedrock TCN 35.3 ± 2.2 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

2 

79 Fjellanger et 
al. (2006) 

Haknalanèearru 70.5010 28.8820 Bedrock TCN 24.0 ± 2.0 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

2 
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80 Fjellanger et 
al. (2006) 

Haknalanèearru 70.5010 28.8730 Bedrock TCN 17.1 ± 1.3 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation. 

Deglacial 2 

81 Fjellanger et 
al. (2006) 

Haknalanèearru 70.5010 28.8730 Bedrock TCN 18.7 ± 1.5 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation. 

Deglacial 2 

82 Fjellanger et 
al. (2006) 

Haknalanèearru 70.4990 28.8590 Bedrock TCN 37.7 ± 2.4 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation. 

Exposure time 
(cumulative) 

2 

83 Fjellanger et 
al. (2006) 

Haknalanèearru 70.4982 28.8566 Bedrock TCN 24.7 ± 1.8 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation. 

Exposure time 
(cumulative) 

2 

84 Fjellanger et 
al. (2006) 

Haknalanèearru 70.4983 28.8553 Bedrock TCN 39.5 ± 2.5 Acceptable: 
provided with 
context 
information, 

Exposure time 
(cumulative) 

2 



 

 

340 

Thesis_ID Source Location Dating material Method Date Age comment Glaciodynamic 
context 

Context 
confidence 

Name Latitude Longitude 

lacking sample 
density data for 
recalculation.  

85 Fjellanger et 
al. (2006) 

Kongsfjorden 70.6410 29.0410 Bedrock TCN 14.7 ± 1.3 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Deglacial 2 

86 Fjellanger et 
al. (2006) 

Kongsfjorden 70.640 29.0370 Bedrock TCN 45.6 ± 3.0 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

2 

87 Fjellanger et 
al. (2006) 

Kongsfjorden 70.3690 29.0310 Bedrock TCN 16.7 ± 1.4 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Deglacial 2 

88 Fjellanger et 
al. (2006) 

Kongsfjorden 70.6350 29.0080 Bedrock TCN 17.4 ± 1.4 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Deglacial 2 
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89 Heikkinen 
and Äikää 
(1977) 

Pieni 
Kankaanlampi 

66.7347 27.9214 Clay 14C 12.3 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-
free, although 
context may not.  

Ice-free 2 

90 Heikkinen 
and Äikää 
(1977) 

Pieni 
Kankaanlampi 

66.7347 27.9214 Clay 14C 13.3 ± 0.4 Acceptable: 
stratigraphy 
suggests ice-
free, although 
context may not.  

Ice-free 2 

91 Heikkinen 
and Äikää 
(1977) 

Savukoski 67.8170 29.4000 Peat 14C 10.5 ± 0.4 Acceptable: 
stratigraphy 
suggests ice-
free, although 
context may not.  

Ice-free 3 

92 Heikkinen 
and Äikää 
(1977) 

Savukoski 67.8069 29.3032 Diamictous earth 14C 20.1 ± 0.5 Unacceptable: 
information 
from Hughes et 
al. (2016). 
Diamictous 
earth between 
two till units 
suggests fresh 
water 
environment, 
but age does not 
match the 
microfossil 
composition of 
the stratigraphy.  

Ice-free 1 
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93 Heikkinen et 
al. (1974) 

Sodankylä 68.0830 27.1500 Wood and 
charcoal 
fragments 

14C 47.0 ± 4.5 Acceptable: 
palaeosol 
between two 
tills. 

Ice-free 3 

94 Helmens et 
al. (2000) 

Sokli 67.8000 29.3000 Wood 14C AMS 9.2 ± 0.2 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

95 Helmens et 
al. (2000) 

Sokli 67.8000 29.3000 Wood 14C AMS 47.6 ± 5.2 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

96 Helmens et 
al. (2000) 

Sokli 67.8000 29.3000 Wood 14C AMS 42.0 Unacceptable: 
no error 
provided; 
considered 
infinite age. 

N/A 1 

97 Helmens et 
al. (2007) 

Sokli 67.8000 29.3000 Sand OSL 48.0 ± 1.6 Acceptable: 
bleached sand 
sediments.  

Ice-free 3 

98 Helmens et 
al. (2007) 

Sokli 67.8000 29.3000 Terrestrial 
macro-fossils 

14C 54.0 Unacceptable: 
age beyond 
calibration data. 

N/A 1 

99 Hirvas and 
Kujansuu 
(1979)* 

Loukoslampi * 67.1387 27.6087 Gyttja 14C 35.3 ± 0.9 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 
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100 Hirvas and 
Kujansuu 
(1979)* 

Loukoslampi * 67.1387 27.6087 Gyttja 14C 37.5 ± 2.2 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

101 Hirvas and 
Kujansuu 
(1979)* 

Loukoslampi * 67.1387 27.6087 Gyttja 14C 35.3 ± 1.1 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

102 Hirvas 
(1991)* 

Sotajoki * 67.7476 28.9866 Gyttja 14C 40.8 ± 1.2 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

103 Hyvärinen 
(1973)* 

Bruvatnet * 70.1800 28.4014 Gyttja 14C 12.0 ± 0.7 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

104 Jungner 
(1979)* 

Pieni 
Näätälampi * 

65.8001 29.7124 Gyttja 14C 11.8 ± 0.7 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

105 Jungner 
(1979)* 

Pieni 
Näätälampi * 

65.8001 29.7124 Gyttja 14C 11.9 ± 0.7 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

106 Jungner 
(1979)* 

Kourulampi * 66.3706 29.2991 Gyttja 14C 12.0 ± 0.8 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 
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107 Jungner 
(1979)* 

Maaselänpuro * 66.0205 28.1005 Gyttja 14C Conv 11.7 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

108 Jungner and 
Sonninen 
(1983)* 

Sompiojärvi * 68.0951 27.4617 Clayey silt and 
organic matter 

14C Conv 13.1 ± 0.7 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

109 Jungner and 
Sonninen 
(1983)* 

Sompiojärvi * 68.0951 27.4617 Clayey silt and 
organic matter 

14C Conv 16.3 ± 1.2 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

110 Jungner and 
Sonninen 
(1983)* 

Säynäjälampi * 66.1798 28.9561 Gyttja 14C Conv 13.3 ± 0.6 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

111 Jungner and 
Sonninen 
(1983)* 

Säynäjälampi * 66.1798 28.9561 Gyttja 14C Conv 13.4 ± 0.7 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

112 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1550 43.6112 Sand OSL 12.7 ± 1.0 Acceptable: 
sampled above 
Bobrovo till. 

Deglacial 3 

113 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1830 42.7000 Sand OSL 54.0 ± 4.0 Acceptable: 
sampled below 
Bobrovo till. 

Ice-free 2 

114 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1830 42.7000 Sand OSL 52.0 ± 5.0 Acceptable: 
sampled below 
Bobrovo till. 

Ice-free 2 
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115 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1830 43.7170 Sand OSL 59.0 ± 8.0 Acceptable: 
interpreted ice-
marginal 
sediments.  

Margin 2 

116 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1882 43.7213 Sand OSL 37.0 ± 2.0 Acceptable: 
sample between 
Syomzha and 
Cape Tolstik 
Tills, but not in 
a position to 
suggest 
deglacial or 
advance. 

Ice-free 3 

117 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1830 43.7830 Sand OSL 63.0 ± 5.0 Acceptable: 
above till. 

Ice-free 3 

118 Kjær et al. 
(2003) 

Cape 
Kargovsky 

66.1830 43.7830 Sand OSL 64.0 ± 6.0 Acceptable: 
above till. 

Ice-free 3 

119 Kjær et al. 
(2003) 

Cape Tolstik 66.0500 44.0670 Sand OSL 59.0 ± 5.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

120 Kjær et al. 
(2003) 

Cape Tolstik 66.0500 44.0670 Sand OSL 62.0 ± 5.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

121 Kjær et al. 
(2003) 

Cape Tolstik 66.0500 44.0670 Sand OSL 61.0 ± 5.0 Acceptable: 
sample between 
two distinct till 
units.  

Ice-free 3 

122 Kjær et al. 
(2003) 

Cape Tolstik 66.0500 44.0670 Sand OSL 67.0 ± 5.0 Acceptable: 
sample between 

Ice-free 3 
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two distinct till 
units.  

123 Kjær et al. 
(2003) 

Cape Tolstik 66.0500 44.0670 Sand OSL 66.0 ± 7.0 Acceptable: 
sample between 
two distinct till 
units.  

Ice-free 3 

124 Kjær et al. 
(2003) 

Syomzha 66.1500 44.0830 Sand OSL 62.0 ± 5.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

125 Kjær et al. 
(2003) 

Syomzha 66.1500 44.0830 Sand OSL 44.0 ± 3.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

126 Kjær et al. 
(2003) 

Syomzha 66.1500 44.0830 Sand OSL 54.0 ± 5.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

127 Kjær et al. 
(2003) 

Syomzha 66.1500 44.0830 Sand OSL 53.0 ± 5.0 Acceptable: 
below Viryuga 
till. 

Advance 3 

128 Kjær et al. 
(2003) 

Syomzha 66.1717 44.0945 Sand OSL 12.6 ± 1.0 Acceptable: 
above Bobrovo 
till. 

Ice-free 3 

129 Kjær et al. 
(2006) 

East Tarkhanov 68.5330 43.6830 Glaciolacustrine OSL 63.0 ± 5.0 Acceptable: 
sample between 
two distinct till 
units.  

Ice-free 3 

130 Kjær et al. 
(2006) 

Tarkhanov 
River 

68.4830 43.6500 Fluvial sand OSL 58.0 ± 3.0 Acceptable: 
sample between 

Ice-free 3 
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two distinct till 
units.  

131 Kjær et al. 
(2006) 

Pestsovaya 68.3170 44.1330 Lacustrine sand OSL 64.0 ± 4.0 Acceptable: 
sample between 
two distinct till 
units.  

Ice-free 3 

132 Kjær et al. 
(2006) 

Pestsovaya 68.3170 44.1330 Shore face sand OSL 66.0 ± 5.0 Acceptable: 
below till units. 

Ice-free 3 

133 Kolka et al. 
(2012) 

Kuzema 65.3761 33.8858 Gyttja 14C 10.0 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

134 Kolka et al. 
(2012) 

Kuzema 65.3814 33.7197 Gyttja 14C 9.6 ± 1.0 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

135 Kolka et al. 
(2012) 

Kuzema 65.3617 34.0128 Gyttja 14C 9.9 ± 0.3 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

136 Kolka et al. 
(2012) 

Kuzema 65.3697 34.0219 Gyttja 14C 9.7 ± 0.6 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

137 Kolka et al. 
(2013a) 

Engozero 65.7900 33.9408 Gyttja 14C 11.1 ± 1.5 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 
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138 Kolka et al. 
(2013a) 

Engozero 65.7714 33.2731 Gyttja 14C 11.6 ± 0.9 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

139 Kolka et al. 
(2013a) 

Engozero 65.7486 34.2103 Gyttja 14C 10.9 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

140 Kolka et al. 
(2013a) 

Engozero 65.7914 34.4611 Gyttja 14C 10.1 ± 0.5 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

141 Larsen et al. 
(2006) 

Morzhovets 66.7550 42.4445 Glaciofluvial 
sand 

OSL 11.0 ± 0.9 Acceptable: 
above Bobrovo 
till. 

Deglacial 3 

142 Larsen et al. 
(2006) 

Morzhovets 66.7550 42.4445 Glaciofluvial 
sand 

OSL 19.0 ± 1.5 Acceptable: 
below Bobrovo 
till. 

Advance 3 

143 Larsen et al. 
(2006) 

Cape 
Abramovsky 

66.4030 42.2785 Fluvial sand OSL 12.0 ± 1.0 Acceptable: 
above Bobrovo 
till. 

Deglacial 3 

144 Larsen et al. 
(2006) 

Koida 66.4215 42.6213 Fluvial sand OSL 20.0 ± 1.4 Acceptable: 
above Bobrovo 
till. 

Deglacial 3 

145 Larsen et al. 
(2006) 

Cape 
Abramovsky 

66.4000 43.2670 Tidal sand OSL 57.0 ± 4.0 Acceptable: 
sample 
interpreted as 
tidal sand. 

Ice-free 3 
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146 Liiva et al. 
(1979) 

Kepa 65.1667 32.1667 Gyttja 14C Conv 10.1 ± 0.3 Acceptable: 
stratigraphy 
suggests ice-free 
conditions.  

Ice-free 3 

147 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5220 43.6200 Bedrock TCN 56.7 ± 3.7 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 

148 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5220 43.6200 Bedrock TCN 60.8 ± 4.3 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 

149 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5220 43.6200 Bedrock TCN 20.4 ± 1.7 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Deglacial 2 

150 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5564 43.8106 Erratic boulder TCN 104.0 ± 8.3 Acceptable: 
provided with 
context 
information, 
lacking sample 

Exposure time 
(cumulative) 

3 
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confidence 

Name Latitude Longitude 

density data for 
recalculation.  

151 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5564 43.8106 Erratic boulder TCN 60.3 ± 6.9 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 

152 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5564 43.8106 Erratic boulder TCN 88.9 ± 6.3 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 

153 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5550 44.7445 Erratic boulder TCN 40.3 ± 3.3 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 

154 Linge et al. 
(2006) 

Kanin 
Peninsula 

68.5550 44.7445 Erratic boulder TCN 46.1 ± 3.4 Acceptable: 
provided with 
context 
information, 
lacking sample 
density data for 
recalculation.  

Exposure time 
(cumulative) 

3 
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Context 
confidence 
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155 Olsen et al. 
(1996)* 

Leirelva * 70.2830 30.2670 Sand OSL 26.0 ± 3.0 Acceptable: 
deposit below 
MIS2 till. Date 
reported as 
radiocarbon 
calibrated ages, 
unclear how 
dates are 
calculated. 

Advance 2 

156 Olsen et al. 
(1996)* 

Leirelva * 70.2830 30.2670 Sand OSL 26.0 ± 3.0 Acceptable: 
deposit below 
MIS2 till. Date 
reported in 
format of 
radiocarbon 
calibrated ages, 
unclear how 
dates are 
calculated. 

Advance 2 

157 Olsen et al. 
(1996)* 

Skjellbekken * 69.3830 29.4500 Organic 14C AMS 38.9 ± 1.6 Acceptable: 
deposit below 
MIS2 till. 

Ice-free 3 

158 Olsen et al. 
(1996)* 

Skjellbekken * 69.3830 29.4500 Organic 14C AMS 30.2 ± 0.7 Acceptable: 
deposit below 
MIS2 till. 

Ice-free 3 

159 Olsen et al. 
(1996)* 

Leirelva * 70.2830 30.2670 Bulk organic 14C AMS 20.9 ± 0.4 Acceptable: 
deposit below 
MIS2 till. 

Advance 3 
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Context 
confidence 

Name Latitude Longitude 

160 Olsen et al. 
(1996)* 

Leirelva * 70.2830 30.2670 Bulk organic 14C AMS 20.7 ± 0.4 Acceptable: 
deposit below 
MIS2 till. 

Advance 3 

161 Olsen et al. 
(1996)* 

Leirelva * 70.2830 30.2670 Bulk organic 14C AMS 22.7 ± 0.3 Acceptable: 
deposit below 
MIS2 till. 

Advance 3 

162 Olsen et al. 
(1996)* 

Komagleva * 70.2720 30.3340 Bulk organic 14C 19.9 ± 0.5 Acceptable: 
sample within 
MIS2 till. 

Advance 3 

163 Polyak et al. 
(2000) 

Pechora Sea 70.2460 41.4950 Shell 14C AMS 10.5 ± 0.3 Acceptable: 
above laminated 
mud and 
diamicton. 
Calibrated with 
Marine20 curve. 

Ice-free 3 

164 Polyak et al. 
(2000) 

Pechora Sea 70.2460 41.4950 Shell 14C AMS 10.6 ± 0.4 Acceptable: 
above laminated 
mud and 
diamicton. 
Calibrated with 
Marine20 curve. 

Ice-free 3 

165 Polyakova et 
al. (2014) 

White Sea 65.0900 36.9000 Bulk organic 14C 8.5 ± 0.2 Acceptable: 
Stratigraphic 
information 
unavailable, but 
compilation 
suggests early-
Holocene 
sediments. 

Ice-free 2 
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context 

Context 
confidence 

Name Latitude Longitude 

Calibrated with 
Marine20 curve. 

166 Polyakova et 
al. (2014) 

White Sea 65.2600 38.8200 Bulk organic 14C 8.8 ± 0.2 Acceptable: 
Stratigraphic 
information 
unavailable, but 
compilation 
suggests early-
Holocene 
sediments. 
Calibrated with 
Marine20 curve. 

Ice-free 2 

167 Polyakova et 
al. (2014) 

White Sea 65.2500 38.5900 Bulk organic 14C 9.3 ± 0.2 Acceptable: 
Stratigraphic 
information 
unavailable, but 
compilation 
suggests early-
Holocene 
sediments. 
Calibrated with 
Marine20 curve. 

Ice-free 2 

168 Prentice 
(1981) 

Megra † 66.1528 41.6175 Mammoth tooth 14C AMS 36.4 ± 0.9 Unacceptable: 
location and 
stratigraphic 
information 
unavailable 

Ice-free 1 

169 Prentice 
(1982) 

Østervatnet 70.1530 29.4650 Gyttja 14C 13.4 ± 0.2 Acceptable: 
stratigraphy 
suggests ice-free 
age, but Prentice 
(1981) argues 

Ice-free 2 
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Context 
confidence 

Name Latitude Longitude 

the pollen 
stratigraphy 
suggests the age 
is 2 kyr too old. 

170 Prentice 
(1982) 

Holmfjellvatnet 70.2287 30.3015 Gyttja 14C 12.0 ± 0.4 Acceptable: 
stratigraphy 
suggests age is 
ice-free.  

Ice-free 3 

171 Prentice 
(1982) 

Holmfjellvatnet 70.2287 30.3015 Gyttja 14C 10.4 ± 0.2 Acceptable: 
stratigraphy 
suggests age is 
ice-free.  

Ice-free 3 

172 Prentice 
(1982) 

Bergbyvatnet 70.3270 29.2190 Gyttja 14C 12.4 ± 0.4 Acceptable: 
stratigraphy 
suggests age is 
ice-free.  

Ice-free 3 

173 Prentice 
(1982) 

Bergbyvatnet 70.3270 29.2190 Gyttja 14C 12.3 ± 0.5 Acceptable: 
stratigraphy 
suggests age is 
ice-free.  

Ice-free 3 

174 Putkinen and 
Lunkka 
(2008) 

Stjernevatnet 70.4834 29.0561 Gyttja 14C 10.7 ± 0.4 Acceptable: 
stratigraphy 
suggests age is 
ice-free.  

Ice-free 3 

175 Putkinen and 
Lunkka 
(2008) 

Lake Röhö 65.4344 31.1942 Gyttja 14C AMS 10.7 ± 0.1 Acceptable: 
confirmatory 
age for 
Thesis_ID 172. 

Ice-free 3 
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Name Latitude Longitude 

176 Putkinen and 
Lunkka 
(2008) 

Lake Röhö 65.4344 31.1942 Gyttja 14C AMS 10.9 ± 0.2 Acceptable: 
sample taken 
above varved 
clays. 

Ice-free 3 

177 Repkina et al. 
(2018) 

Kalevala 65.1390 31.7740 Organic 14C AMS 10.2 ± 0.1 Acceptable: 
stratigraphy 
suggests ice-
free. 

Ice-free 3 

178 Repkina et al. 
(2018) 

White Sea 64.8956 37.8718 Bulk organic 14C 9.5 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

179 Repkina et al. 
(2018) 

White Sea 65.1537 40.0260 Bulk organic 14C 9.5 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

180 Repkina et al. 
(2018) 

White Sea 65.1531 40.0265 Bulk organic 14C 9.5 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

181 Repkina et al. 
(2018) 

White Sea 65.1346 40.0344 Bulk organic 14C 10.2 ± 0.3 Acceptable: 
Stratigraphic 

Ice-free 2 
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information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

182 Repkina et al. 
(2018) 

White Sea 65.3103 39.7750 Bulk organic 14C 9.5 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

183 Romundset et 
al. (2017) 

Finnmark 70.6848 29.1306 Boulder TCN 18.4 ± 0.9 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Exposure time 
(cumulative) 

2 

184 Romundset et 
al. (2017) 

Finnmark 70.6849 29.1555 Boulder TCN 15.1 ± 0.7 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

185 Romundset et 
al. (2017) 

Finnmark 70.7014 29.2963 Boulder TCN 14.9 ± 0.9 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

186 Romundset et 
al. (2017) 

Finnmark 70.7017 29.2933 Boulder TCN 15.0 ± 0.7 Acceptable: age 
provided with 
context and 

Deglacial 3 
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chronometric 
data. 

187 Romundset et 
al. (2017) 

Finnmark 69.7971 29.7770 Boulder TCN 12.4 ± 0.5 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

188 Romundset et 
al. (2017) 

Finnmark 69.7954 29.7737 Boulder TCN 14.6 ± 0.7 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Exposure time 
(cumulative) 

2 

189 Romundset et 
al. (2017) 

Finnmark 69.7952 29.7746 Boulder TCN 12.3 ± 0.6 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

190 Romundset et 
al. (2017) 

Finnmark 69.7945 29.7834 Boulder TCN 12.4 ± 0.6 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

191 Romundset et 
al. (2017) 

Finnmark 69.7448 29.8255 Boulder TCN 7.0 ± 0.4 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Ice-free 3 

192 Romundset et 
al. (2017) 

Finnmark 69.7447 29.8260 Boulder TCN 6.3 ± 0.6 Acceptable: age 
provided with 
context and 

Ice-free 3 
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chronometric 
data. 

193 Romundset et 
al. (2017) 

Finnmark 69.7423 29.8200 Boulder TCN 13.5 ± 0.6 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

194 Romundset et 
al. (2017) 

Finnmark 69.7384 29.8222 Boulder TCN 12.3 ± 0.7 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

195 Romundset et 
al. (2017) 

Finnmark 69.7157 29.9444 Boulder TCN 12.7 ± 0.6 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

196 Romundset et 
al. (2017) 

Finnmark 69.7175 29.9406 Boulder TCN 11.0 ± 0.5 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

197 Romundset et 
al. (2017) 

Finnmark 69.7186 29.9276 Boulder TCN 12.3 ± 0.7 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

198 Romundset et 
al. (2017) 

Finnmark 70.3339 30.8142 Boulder TCN 149.2 ± 4.7 Acceptable: age 
provided with 
context and 

Exposure time 
(cumulative) 

3 
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chronometric 
data. 

199 Romundset et 
al. (2017) 

Finnmark 70.3335 30.8910 Boulder TCN 14.7 ± 4.7 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

200 Romundset et 
al. (2017) 

Finnmark 70.3322 30.8857 Boulder TCN 14.2 ± 0.6 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

201 Romundset et 
al. (2017) 

Finnmark 70.3350 30.8881 Boulder TCN 16.4 ± 0.8 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Exposure time 
(cumulative) 

2 

202 Romundset et 
al. (2017) 

Finnmark 70.3356 30.8892 Boulder TCN 14.4 ± 0.9 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Deglacial 3 

203 Romundset et 
al. (2017) 

Finnmark 70.3460 30.9041 Boulder TCN 12.3 ± 0.8 Acceptable: age 
provided with 
context and 
chronometric 
data. 

Ice-free 3 

204 Shotton and 
Williams 
(1973) 

Sokli 67.8069 29.3032 Plant fragments 14C 39.4 Unacceptable: 
no error 
provided for 

Deglacial 1 
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chronometric 
data. 
Stratigraphic 
location 
immediately 
overlying till. 

205 Shotton and 
Williams 
(1973) 

Sokli 67.8069 29.3032 Plant fragments 14C 38.0 ± 3.2 Acceptable: 
Stratigraphy 
suggests ice-
free. 

Ice-free 3 

206 Subetto et al. 
(2012) 

White Sea 65.1150 35.7717 Bulk organic 14C 10.8 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

207 Subetto et al. 
(2012) 

White Sea 65.1133 35.7717 Bulk organic 14C 10.4 ± 0.1 Acceptable: 
Stratigraphic 
information 
unavailable, but 
source suggests 
early-Holocene 
sediments 

Ice-free 2 

208 Tauber 
(1964) 

Kuusamo 66.1675 28.9965 Gyttja 14C Conv 11.9 ± 0.6 Acceptable: 
Stratigraphy 
suggests ice-
free. 

Ice-free 3 
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209 Tauber 
(1964) 

Kuusamo 66.1675 28.9965 Gyttja 14C Conv 13.7 ± 0.2 Acceptable: 
Stratigraphy 
suggests ice-
free. 

Ice-free 3 
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Appendix 2: Map folio 

The thesis is accompanied by seven maps, enclosed unbound in the print version for ease of 

use. For those viewing the digital version of this thesis, in-text map references (e.g. Map 1) 

are hyperlinked to the digital maps at the end of the document. 

Map 1: The Kola Peninsula and Russian Lapland 

Details the major geographical, waterbody, and urban place names on the Kola Peninsula, 

Russian Lapland, and surrounding areas.  

Map 2: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Main Map 

Details all the mapped glacial landforms on the Kola Peninsula and Russian Lapland. 

Map 3: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Subglacial 

Bedform Map 

Details the mapped subglacial bedforms on the Kola Peninsula and Russian Lapland. 

Map 4: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Meltwater 

Landform Map 

Details the mapped meltwater landforms on the Kola Peninsula and Russian Lapland. 

Landform classifications for meltwater channels and glaciofluvial deposits are detailed.  

Map 5: Glacial geomorphology of the Kola Peninsula and Russian Lapland: Morainic 

Landform Map 

Details the mapped morainic landforms on the Kola Peninsula and Russian Lapland. 

Landform classifications for moraine deposits and ridges and cirque infills are detailed.  

Map 6: Subglacial lineation and rib flowsets on the Kola Peninsula and Russian Lapland 

Details the subglacial lineation and rib flowsets on the Kola Peninsula and Russian Lapland. 

Flowsets in Map A are coloured arbitrarily, and flowsets in Map B are coloured according 

to their interpreted glaciodynamic context. 

Map 7: Ice margin positions on the Kola Peninsula and Russian Lapland 

Details the reconstructed ice margin positions on the Kola Peninsula and Russian Lapland. 

Numerically constrained ice margins are also shown.  
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Map 2:  Glacial geomorphology of the Kola Peninsula and Russian Lapland: Main Map

The last Fennoscandian Ice Sheet: 
a palaeo-glaciological reconstruction on the Kola Peninsula and Russian Lapland
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Explanatory notes
All data mapped (2018-2021) by B.M Boyes from relief shaded visualisations of the ArcticDEM digital 
surface models (provided by the Polar Geospatial Center under NSF-OPP awards 1043681, 1559691, 
and 1542736) and PlanetScope Orthoscene data (courtesy of Planet). Mapping was conducted through 
visual identification and onscreen vectorisation of individual landforms within a Geographic Information 
System. Systematic repeated passes of the entire region were made. Field mapping was also conducted 
in a limited number of areas to support digital mapping. Elevation data for the terrestrial basemap are from 
the European Space Agency (2021), bathymetry data used for the ocean basemap are from the GEBCO 
Compilation Group (2020), and country outlines are from the Database of Global Administrative Areas 
(GADM, 2018). Place names are derived from AO Aerogeodesy (2019) Murmansk Oblast.

Please refer to the accompanying thesis for a full description of the map, methods, and caveats for 
interpretation.
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Explanatory notes
All data mapped (2018-2021) by B.M Boyes from relief shaded visualisations of the ArcticDEM digital 
surface models (provided by the Polar Geospatial Center under NSF-OPP awards 1043681, 1559691, 
and 1542736) and PlanetScope Orthoscene data (courtesy of Planet). Mapping was conducted through 
visual identification and onscreen vectorisation of individual landforms within a Geographic Information 
System. Systematic repeated passes of the entire region were made. Field mapping was also conducted 
in a limited number of areas to support digital mapping. Elevation data for the terrestrial basemap are from 
the European Space Agency (2021), bathymetry data used for the ocean basemap are from the GEBCO 
Compilation Group (2020), and country outlines are from the Database of Global Administrative Areas 
(GADM, 2018). Place names are derived from AO Aerogeodesy (2019) Murmansk Oblast.

Please refer to the accompanying thesis for a full description of the map, methods, and caveats for 
interpretation.

Scale: 1: 675,000 (when displayed at ISO A0 size) Coordinate system: CGS WGS 1984 Projection: Transverse Mercator
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Map 3:  Glacial geomorphology of the Kola Peninsula and Russian Lapland: Subglaical Bedform Map

The last Fennoscandian Ice Sheet: 
a palaeo-glaciological reconstruction on the Kola Peninsula and Russian Lapland
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Explanatory notes
All data mapped (2018-2021) by B.M Boyes from relief shaded visualisations of the ArcticDEM digital 
surface models (provided by the Polar Geospatial Center under NSF-OPP awards 1043681, 1559691, 
and 1542736) and PlanetScope Orthoscene data (courtesy of Planet). Mapping was conducted through 
visual identification and onscreen vectorisation of individual landforms within a Geographic Information 
System. Systematic repeated passes of the entire region were made. Field mapping was also conducted 
in a limited number of areas to support digital mapping. Elevation data for the terrestrial basemap are from 
the European Space Agency (2021), bathymetry data used for the ocean basemap are from the GEBCO 
Compilation Group (2020), and country outlines are from the Database of Global Administrative Areas 
(GADM, 2018). Place names are derived from AO Aerogeodesy (2019) Murmansk Oblast.

Please refer to the accompanying thesis for a full description of the map, methods, and caveats for 
interpretation.

Scale: 1: 675,000 (when displayed at ISO A0 size) Coordinate system: CGS WGS 1984 Projection: Transverse Mercator
Datum: D WGS 1984   Spheroid: WGS 1984

Map 4:  Glacial geomorphology of the Kola Peninsula and Russian Lapland: Meltwater Landform Map

The last Fennoscandian Ice Sheet: 
a palaeo-glaciological reconstruction on the Kola Peninsula and Russian Lapland
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Explanatory notes
All data mapped (2018-2021) by B.M Boyes from relief shaded visualisations of the ArcticDEM digital 
surface models (provided by the Polar Geospatial Center under NSF-OPP awards 1043681, 1559691, 
and 1542736) and PlanetScope Orthoscene data (courtesy of Planet). Mapping was conducted through 
visual identification and onscreen vectorisation of individual landforms within a Geographic Information 
System. Systematic repeated passes of the entire region were made. Field mapping was also conducted 
in a limited number of areas to support digital mapping. Elevation data for the terrestrial basemap are from 
the European Space Agency (2021), bathymetry data used for the ocean basemap are from the GEBCO 
Compilation Group (2020), and country outlines are from the Database of Global Administrative Areas 
(GADM, 2018). Place names are derived from AO Aerogeodesy (2019) Murmansk Oblast.

Please refer to the accompanying thesis for a full description of the map, methods, and caveats for 
interpretation.

Scale: 1: 675,000 (when displayed at ISO A0 size) Coordinate system: CGS WGS 1984 Projection: Transverse Mercator
Datum: D WGS 1984   Spheroid: WGS 1984

Map 5:  Glacial geomorphology of the Kola Peninsula and Russian Lapland: Morainic Landform Map

The last Fennoscandian Ice Sheet: 
a palaeo-glaciological reconstruction on the Kola Peninsula and Russian Lapland
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Map 7: Ice margin positions 
on the Kola Peninsula 
and Russian Lapland

Reconstructed ice margin positions on the Kola Peninsula, Russian Lapland, 
and the surrounding marine environments. Ice margins on the Kola Peninsula 
and Russian Lapland are reconstructed from morainic and meltwater landform 
evidence presented in Maps 4 and 5. Most ice margins in the region represent 
the deglaciation pattern of the Fennoscandian Ice Sheet. However, the Kola 
Interlobate Complex (which is shaded grey) is also considered to represent 
the advance stages of glaciation. Ice margins in the Barents and White Seas 
are based on Quaternary geological data presented by Sorokin (1987), Petrov 
et al. (2014), and Rybalko et al. (2018). For details of the approach to 
reconstructing ice margin positions in the region, the reader is referred to 
Chapter 6 of the accompanying thesis. 

The local-LGM ice margin position is based on Larsen et al. (2014), which is 
regarded as the best estimate for the maximum lateral extent of the FIS in 
northwest Arctic Russia.

Ages attached to margins are also shown: for details on the compilation and 
application of the numerical age database the reader is referred to Chapter 6 
of the accompanying thesis. Numerical ages associated with the advance of 
the FIS are coloured orange, and those associated with the deglaciation of the 
FIS are coloured red. Positive (+) signs following ages indicate that the age is 
a minimum one, negative (-) signs indicate that the age is a maximum one. 
Ages denoted by Å indicate ice-free conditions during the Ålesund interstadial.

Elevation data for the terrestrial basemap are from the European Space 
Agency (2021), bathymetry data used for the ocean basemap are from the 
GEBCO Compilation Group (2020), and country outlines are from the 
Database of Global Administrative Areas (GADM, 2018). Place names are 
derived from AO Aerogeodesy (2019) Murmansk Oblast.

Cartographer: B. M. Boyes, 2022
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