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Streamlined subglacial bedforms, including drumlins, mega-scale glacial lineations, crag-and-tails and roche
moutonn�ees, provide evidence for the past flowof largemid-latitude ice sheets during the late Quaternary. Empirical
reconstructionsof palaeo-ice sheet flow, basedon such landforms, providevaluable insights intohow ice sheets evolve
over time and adjust their internal dynamics in response to climate change.We present a new 25-stage reconstruction
of changing flow directions of the Scandinavian Ice Sheet (SIS) based on systematic mapping of ~240 000 subglacial
bedforms across Norway, Sweden, Finland and parts of NWRussia. Of these, 23 stages depict the ice flow evolution
during advance and retreat of the SIS throughMarine Isotope Stage (MIS) 2. Two additional stages likely represent
flow patterns of an earlier ice sheet (potentially MIS 4 or older). Our reconstruction was enabled by the recent rev-
olution in the availability of high-resolution (1–2 m) digital terrain models. It is based on 611 flowsets, which sum-
marise discrete ice-flow patterns recorded by subglacial lineations and are individually categorised by their
glaciodynamic contexts. The reconstruction honours the relative-age chronology of flowsets indicated by
cross-cutting relationships of the subglacial lineations.We reconstruct, and providemaps of, changing ice-sheet flow
patterns and the migration of ice divides starting with ice-sheet inception, through advance and subsequent deglaci-
ation, and ultimately the fragmentation into independent ice masses. The primary ice divide migrated up to 500 km
anddevelopedabranchedconfigurationduringdeglaciation.The reconstructionofSIS flowpatternswepresent is the
most detailed and comprehensive to date, and the fact that we independently verify many properties of the ice sheet
invoked by earlier workers is testament to the quality, rigour and enduring legacies of those studies. We release flow-
sets, relative chronology and flow-pattern data along with a dataset of ~58 000 lineation linkages which summarise
our detailed landform mapping and were invaluable for reconstructing ice-flow patterns at the ice-sheet-scale. In
releasing these data, we intend for them to serve as useful inputs or comparative data for future studies in palaeogla-
ciology. This includes, for example, approaches combining flow pattern information with numerical ice sheet model-
ling to improve representations of ice sheet behaviour. Such improvements should yield increased robustness of
information on time-varying glacio-isostatic loading by the ice sheet, relevant for sea-level forecasting. Our datasets
also have wide utility for applications beyond palaeoglaciology, such as for mineral exploration.
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The Scandinavian Ice Sheet (SIS) reached its maximum
extent over Fennoscandia and NW Europe ~21 000–
20 000 years ago (Fig. 1), forming the largest compo-
nentof the~5.5 millionkm2EurasianIceSheetComplex
(Svendsen et al. 2004; Hughes et al. 2016) along with the
British-Irish (BIIS; e.g. Clark et al. 2022) and
Barents-Kara (BKIS; e.g. Ing�olfsson & Landvik 2013)
ice sheets. The SIS left behind a rich variety of glacial
landforms across the former ice sheet bed, which can
be used to reconstruct the ice sheet geometry and its evo-
lution over time. Empirical reconstructions of past ice
sheets, based on landform records, can provide insight
into ice sheet dynamics and their effects on
glacio-geomorphic processes (see e.g. Andrews 1982;
Kleman & Borgstr€om 1996; Clark 1997, 2022; Kleman

et al. 1997, 2006; Greenwood & Clark 2009a, b; Hughes
et al. 2014; Stokes et al. 2015; Stroeven et al. 2016). They
can also be compared to the results of numerical ice sheet
models and used tovalidatemodel representations of ice
sheet dynamics and evolution (e.g. Kleman et al. 2002;
N€aslund et al. 2003; Li et al. 2007; Napieralski
et al. 2007; Tarasov et al. 2012; Clason et al. 2014; Patton
et al. 2015, 2016, 2017; Petrini et al. 2018; Ely et al. 2019,
2021, 2024; Gandy et al. 2021; Archer et al. 2023).

By improving our understanding of the range of ice
sheet behaviours evidenced in the palaeo-record of former
icesheetbeds,weshouldbeable tobetterpredict thepoten-
tial responsesofcontemporary icesheets toanthropogenic
climate change and constrain their likely future contribu-
tions to global sea level rise (Stokes et al. 2015). The SIS is
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an important palaeo-analogue for contemporary ice
sheets; it interacted with diverse topographic and
ice-terminalenvironments similar to thosewhich influence
the dynamics and flowof theGreenland andAntarctic ice
sheets (Morlighem 2017, 2020). These include (i)
marine-terminating settings—on the continental shelf
andwithin deep fjords—which are particularly analogous

to margins of the Greenland Ice Sheet (GrIS; Catania
etal. 2020)andsectorsofboth theEastandWestAntarctic
ice sheets, and (ii) expansive terrestrial and
lake-terminating margins across the lowlands of NW
Europe which are analogues for environments that will
be encounteredduring potential future retreat of theGrIS
(Carrivick et al. 2022). The SIS also had significant

Fig. 1. Overview of Fennoscandia and NW Europe showing the non-synchronous (i.e. time-transgressive) maximum extent of the last Scandi-
navian Ice Sheet (SIS, solid white line) based on Hughes et al. (2016). Our core study area—onshore Norway, Sweden and Finland—is outlined
in red. Our extended study area inNWRussia covered portions of the ice sheet bedwithin the latitude range covered by theArcticDEM (southern
boundary indicatedbyblue line),with theexceptionof theKolaPeninsulaandRussianLapland (outlined indarkgrey)whereweused flowsets from
the existing stages of regional flow-pattern evolution from Boyes et al. (2023) for our ice-sheet-scale flow-pattern reconstruction. Analysis of the
portions of the ice sheet bedbetween our core study area and themaximumSIS limitwas the subject of aparallel study byDiemont (2024). Specific
locations referred to in the text are labelled. The data products used for mapping are summarised (see Table 1 for full details), and the locations of
subsequent figures are indicated. Basemap credit: GEBCO 2024 Grid (GEBCO Compilation Group 2024).
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dynamic interactions with the marine-based BKIS to
which it was connected to the north, and which is an
important palaeo-analogue for the contemporary West
Antarctic Ice Sheet (Mercer 1970; Patton et al. 2015).

An aspect of ice sheet behaviour that is critical to
reconstructing and understanding ice sheet evolution is
the pattern of ice flow, its relationship to the centre(s)
of mass of the ice sheet (i.e. the ice divides) and changes
in these properties over time (Boulton&Clark 1990a, b).
It has long been recognised that ice sheet flow patterns
aremore complex than simple radial flow from a central
dome and can vary over time in connection to multiple
factors including climate, ice thickness, bed topography,
substrate geology and terminus environment (Vor-
ren 1977; Kleman et al. 1997; Greenwood &
Clark 2009a, b; Joughin et al. 2010; Hughes
et al. 2014; Patton et al. 2016, 2017; Putnin��s & Henrik-
sen 2017;Margold et al. 2018; Clark et al. 2022). Stream-
lined subglacial lineations including drumlins,
mega-scale glacial lineations, crag-and-tails and roche
moutonn�ees provide key observational records of ice-
flow patterns (Fig. 2), as do smaller (mm–cm) scale gla-
cial striae on bedrock surfaces. There was a time when
streamlined subglacial lineations were considered to
have formed exclusively at short distances (10s km)
behind retreating icemarginsandcould thereforebeused
as signals of ice-marginal retreat (e.g. Boulton et al. 1985
and references therein). However, subsequent research
across Fennoscandia and the Laurentide, Cordilleran
and British-Irish ice sheets (Sollid & Sørbel 1994; Don-
gelmans 1996; Kleman et al. 1997, 2010; Clark
et al. 2000; Greenwood & Clark 2009a, b; Hughes
et al. 2014) has demonstrated that the subglacial condi-
tions required for the generation of subglacial bedforms
span awide range of ice thicknesses, from thin (~100s m)
to thick (orderof kilometres), and that preserved subgla-
cial lineation recordsmay include signals of ice sheet flow
patterns during advance as well as deglaciation.

Cross-cutting and superimposition relationships
between subglacial lineations show that ice flow direc-
tions can shift over time; inmanycases this canbe related
to shifts in wider ice sheet geometry and themigration of
ice divides during ice sheet growth and decay (e.g. Vor-
ren 1977; Dyke & Prest 1987; Boulton & Clark 1990b;
Dongelmans 1996; Kleman et al. 1997, 2006; Clark
et al. 2000; Boulton et al. 2001; Greenwood &
Clark 2009a, b; Winsborrow et al. 2010; Hughes
et al. 2014). Glacial striae also record cross-cutting ice-
flow patterns (e.g. Gl€uckert 1974; Mangerud
et al. 2019), though inmany locations these records often
relate to local-scale (sub-metre) flow variability which
must be filtered out to extract signals of ice-sheet-scale
(and longer term) flow evolution (e.g. Kleman 1990).
Herewe analyse the record of SIS ice flow pattern evolu-
tion, including changes in ice divide positions and ice
sheet geometry recorded by subglacial lineations across
Norway, Finland, Sweden and parts of NW Russia.

There is an extensive body of research analysing the
glacial landform record of the SIS, including signatures
of ice flow. The vast majority has been undertaken at
local (e.g. Kjær et al. 2003; Follestad & Fredin 2007;
Putnin��s & Henriksen 2017; Mangerud et al. 2019) and
regional-to-national scales (e.g. Vorren 1977; Salo-
nen 1986; Nordkalott Project 1986a, b; Hirvas
et al. 1988; Heikkinen & Tikkanen 1989; Putkinen
et al. 2017; Boyes et al. 2021; Greenwood et al. 2023),
and is extremely valuable for understanding landform
genesis and the behaviour of ice-sheet sectors in high
levels of detail. Both onshore and offshore records have
been interrogated (e.g. Ottesen et al. 2005, 2022; Wins-
borrow et al. 2010; Greenwood et al. 2015, 2017,
2023), incorporating a variety of field (e.g. Anund-
sen 1990; Putnin��s & Henriksen 2017) and
remote-sensing techniques (e.g. Punkari 1994; Putkinen
et al. 2017; Sarala & R€ais€anen 2017). In contrast, rela-
tively few studies have performed landform-driven
reconstructions of ice flow at the ice-sheet scale; that
is, to resolve ice-flow patterns holistically across the ice
sheet and reconcile evidence from different ice-sheet sec-
tors. Recent studies have used empirical evidence
(including landforms and dating) to reconstruct the spa-
tial extent of the SIS and its pattern of retreat (e.g.
Hughes et al. 2016; Stroeven et al. 2016), but do not
include new informationabout internal ice-flowpatterns
and their evolution. Those ice-sheet-scale reconstruc-
tions of flow-pattern evolution that do exist (e.g. Lundq-
vist 1986; Dongelmans 1996; Kleman et al. 1997;
Boulton et al. 2001), such as that shown in Fig. 3, have
becomebroadly accepted frameworks for the flowevolu-
tion of the SIS; however, they necessarily relied upon the
decametre-scale remote-sensing datasets thatwere avail-
able, primarily aerial and satellite images (alongside
extensive field-scale observations such as striations
and till fabrics). Since the 2010s, there has been a revolu-
tion in the availability, coverage, continuity and resolu-
tion of remote sensing data over the interior regions of
the SIS (e.g. Dowling et al. 2013; Johnson et al. 2015).
At the time this studywas undertaken, Finland andSwe-
den had complete digital terrainmodel (DTM) coverage
at 2 m pixel�1 derived from LiDAR surveys. Similarly,
Norway had national DTM coverage at 1 m pixel�1

derived from LiDAR surveys and supplemental stereo
photogrammetry in the most mountainous regions
(Norwegian Mapping Authority, Kartverket 2023).
Whencombined, theseDTMsprovide coverageof exten-
sive regions of the ice sheet interior above contemporary
sea level and, importantly, reveal the morphology of the
land surface beneath dense forests which previously
obscured many details of the landform record (Dowling
et al. 2013; Johnson et al. 2015) for both remote and field
mapping approaches. Several studies have used the new
DTMs togenerate detailedmapsof glacial landforms for
some portions of the SIS domain and to explore SIS
dynamics and flow patterns in specific regions (e.g.
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Dowling et al. 2015, 2016; M€oller & Dowling 2016;
Nikarmaa et al. 2017; Peterson et al. 2017; Putkinen
et al. 2017; Putnin��s & Henriksen 2017; Sarala &
R€ais€anen 2017; Goodship & Alexanderson 2020;
€Ohrling et al. 2020; Lunkka et al. 2021; Peterson Becher
et al. 2024; Ploeg & Stroeven 2025).

The seminal flow reconstructions of the SIS by Kle-
man et al. (1997; Fig. 3) and Boulton et al. (2001, which
builds on Dongelmans 1996) preceded widespread digi-
tal map publication and open-access data conventions,
such that the underlying data are effectively inaccessible
for direct reuse or reanalysis. There is a growing demand
for openly accessible datasets in palaeoglaciology, for
example for numerical modelling approaches which
combine empirical data and model reconstructions to
improvemodel representations of past ice sheet configu-
rations and behaviour (e.g. Kleman et al. 2002; Napier-
alski et al. 2007; Stokes et al. 2015; Patton et al. 2017; Ely
et al. 2021, 2024; Archer et al. 2023). This requirement
will likely grow as empirical datasets become more
detailed, and hencemanual extraction of data frompub-
lished maps (e.g. Li et al. 2007; Napieralski et al. 2007;
Patton et al. 2017) becomes increasingly impractical.

Several recent studies have releaseduseful digital data-
sets pertaining to SIS extent and retreat pattern (Hughes
et al. 2016; Stroeven et al. 2016;Batcheloret al. 2019), but
these do not contain new information on ice-flow pat-
terns. Some recent studies have released digital datasets
associated with detailed local-to-national scale maps of
theglacial landformrecordof theSIS,which include sub-
glacial lineations (e.g. Peterson et al. 2017; Putkinen
et al. 2017; Boyes et al. 2021; Leigh et al. 2021; Ploeg
& Stroeven 2025). However, this is not the case for the
majority of glacial landform maps in the literature, nor
the majority of the SIS domain. Further, to facilitate
data-model comparisons, there is a need for datasets
which attempt to separate out complex, overprinted
landform signals of time-varying glacial processes (such
as cross-cutting subglacial lineations; e.g. Fig. 2F) and
overcome scale discrepancies between individual land-
forms (typically 100s m) and ice-sheet-scale models
(with grid sizes of 10s km).

We seek to fulfil the requirement for spatially exten-
sive, spatially consistent, accessible and reusable infor-
mation on the patterns and evolution of SIS ice flow,
derived from subglacial lineations across the entire
onshoreareas ofNorway, SwedenandFinland andparts
of NWRussia. In doing so, we also exploit the opportu-

nities provided by the recent revolution in the coverage
and availability of high-resolution DTMs to reveal new
details of ice flow-pattern evolution in the glacial land-
form record of the SIS.We present a new 25-stage recon-
struction of SIS ice-flow pattern evolution, including
changes in ice flow directions, ice divide positions, and
ice sheet geometry. This includes 23 stages of flow-
pattern evolution as the SIS grew and decayed over the
last glacial period (Marine Isotope Stages, MIS 3–2)
and into the Early Holocene (MIS 1), and two stages
of ice flowwhichmay relate to anolder (MIS 4or earlier)
ice sheet.

Aims, key outputs and scope

Aims

We have three primary aims: to (i) ascertain former ice-
flow directions recorded by macro-scale subglacial line-
ations such as drumlins, mega-scale glacial lineations,
crag-and-tails and roche mouton�ees across the interior
of the SIS, including details revealed by new high-
resolution DTMs; (ii) develop a new reconstruction of
the flow-pattern evolution of the SIS, based on patterns
of subglacial lineations across the ice sheet interior,
which deciphers the relative timings of major shifts in
ice flow geometry and ice divide positions, and provides
more detailed insights into ice flow-pattern evolution
than previous ice-sheet-scale reconstructions; and (iii)
provide useful, accessible datasets which communicate
interpretations of time-varying ice-flow patterns in the
palimpsest subglacial lineation record and can be incor-
porated into a range of contemporary approaches to
studying past ice sheets. For the latter, our primary focus
is to provide outputs that can be used for numerical ice-
sheet modelling approaches which incorporate or com-
pare to empirical data (e.g. Patton et al. 2017; Ely
et al. 2021; Archer et al. 2023).

Our flow-pattern reconstruction derives fromoriginal
mapping of subglacial bedforms (Fig. 2) interpreted as
having formed parallel to former ice flow directions
and mapped using a sampling approach designed to
enable robust and spatially consistent flow-pattern
reconstruction at the ice-sheet scale. Our reconstruction
covers the entiretyof the contemporary onshore areas of
Norway,SwedenandFinland, andadditionally incorpo-
rates areas of NWRussia where landform patterns indi-
cate direct extensions of ice flow from Finland and

Fig. 2. Examples of streamlined subglacial bedforms inFennoscandia, which record past ice-flowdirections (black arrows), visualised in shaded-
relief maps. These examples illustrate the richness and quality of glacial landform information provided by newmetre-scale bare-earth digital ter-
rain models over Fennoscandia. A. Drumlins in N Finland (25.07°E, 65.78°N). B. Mega-scale glacial lineations in central Sweden (14.92°E,
59.13°N). C. Crag-and-tails in N Sweden (16.52°E, 63.81°N). D. Moulded bedrock forms in N Norway (24.79°E, 70.76°N). E. Small bedforms
in NNorway, here expressed in bedrock (24.63°E, 70.75°N). F. Cross-cutting subglacial lineation patterns in central Finland (29.62°E, 65.74°N).
The location of each panel is shown in Fig. 1. Data sources: A and F, National Land Survey of Finland Elevation model 2 m; B and C, GSD-
H€ojddata, grid 2+ © Lantm€ateriet; D and E, National Detailed Height Model (NHM) Kartverket (Norwegian Mapping Authority) resampled
to 2 m (Kartverket 2023).

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 5
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Norway (Fig. 1). With the exception of NWRussia, this
study area corresponds to a contiguous region above
contemporary sea level that is covered by high-quality
and high-resolution (1–2 m pixel�1) bare-earth DTMs
(from which vegetation and cultural objects have been
removed) across which we could deploy a consistent
approach to mapping and analysis (Table 1). We inte-
grate our interpretations with the recent regional-scale
reconstruction of SIS ice flow evolution over the Kola
Peninsula and Russian Lapland by Boyes et al. (2023).

An alternative approach that we chose not to take
could have been to compile existing published mapping
fromnumerous local, regional andnational-scale studies
and to fill in any remaining gaps with original mapping.
While such a compilation would be valuable, there are
several challenges,which ledus away fromthis approach.
First, while the availability of digital mapping files asso-
ciatedwith published studieswithin our study domain is
improving (e.g. Peterson et al. 2017; Putkinen et al. 2017;
Leigh et al. 2021; Ploeg&Stroeven 2025), the underlying
data for the majority of published studies are not readily
available for reuse, necessitating significant time invest-
ment in obtaining, georeferencing and digitising pub-
lished maps. Digital datasets of glacial landforms are
not publicly available formost of our study domain. Sec-
ondly, differences in aims, data sources, methods, map-
ping scales, interpretative approaches and uses of

nomenclature present challenges for reconciling inter-
pretations between different study regions to build an
internally consistent reconstructionat the ice-sheet scale.
This applies even to those studies for which underlying
data are available in digital formats. Thirdly, even
detailed, high-resolution, high-quality maps of glacial
landformsmay not capture some key landform relation-
ships such that relevant evidencemaybemissedor incon-
sistently treated across the ice sheet domainwhen relying
on compilations of previously published maps. Particu-
larly relevant for this study, for example, are cross-
cutting and superposition relationships between individ-
ual subglacial lineations, whichmay not be captured nor
consistently represented by maps for which cross-cut
identification was not a primary objective. Hence, even
where detailed mapping exists, it remains important to
directly scrutinise the landscape to address the specific
aims of a new scientific study. Fourthly, even after com-
piling and reconciling published mapping, significant
spatial gaps in mapping often remain (as illustrated for
the NW Laurentide Ice Sheet in Stoker et al. 2025: fig.
1B), necessitating additional original mapping to
achieve complete coverage.

It is therefore common practice among flow-pattern
reconstructions of ice sheets and major ice-sheet sectors
to base analyses on dedicated, spatially extensive and
spatially consistent mapping efforts (e.g. Dongel-

Table 1. Basemap data products and sources. (1) https://tiedostopalvelu.maanmittauslaitos.fi/tp/kartta, (2) https://www.lantmateriet.se/sv/
(1 m pixel�1 data have superseded 2 m pixel�1 data since our study), (3) https://hoydedata.no/LaserInnsyn (now available from: https://
hoydedata.no/LaserInnsyn2), (4) https://doi.org/10.7910/DVN/3VDC4W, (5) https://services.arcgisonline.com/ArcGIS/rest/services/World_
Imagery/MapServer (Credit: ESRI, Maxar, Earthstar Geographics, and the GIS User Community), (6) https://doi.org/10.5270/ESA-c5d3d65.

Country Data type Bare
Earth?

Source URL Last accessed

Finland 2 m pixel�1 DTM Yes National Land Service of
Finland (n.d.)

(1) 07/11/2019

Sweden 2 m pixel�1 DTM Yes Swedish Ordnance Survey
(Lantm€ateriet) (n.d.)

(2) 30/09/2019

Norway 2 m pixel�1 DTM (downsampled from
1 m pixel�1)

Yes Norwegian Mapping Authority
(Kartverket)

(3) 16/04/2021

NW Russia, >60°N 2 m pixel�1 ArcticDEM v3 mosaic No Porter et al. (2018), via ESRI
ArcGIS Online

(4) 16/01/2024

NW Russia, >60°N 0.6–1.2 m pixel�1 ESRI ArcGIS World Imagery
layer

No ESRI ArcGIS Online (5) 16/01/2024

NW Russia >60°N 30 m pixel�1 Copernicus GLO-30 DSM (COP-
DEM_GLO-30-DGED)

No European Space Agency (n.d.) (6) 28/02/2021

Fig. 3. Reconstructionof ice sheet flowpatternsoverFennoscandiabyKleman et al. (1997), andexamplesof thekeydatasets that contributed to it.
A.Mapof subglacial lineations expressed in glacial sediments (till) overFennoscandia, reproduced andmodified fromKleman et al. (1997: fig. 3).
The mapping includes data compiled from Sollid & Torp (1984), Lidmar-Bergstr€om et al. (1991), Kleman (1992), Punkari (1984), Niemel€a
et al. (1993), the Nordkalott Project (1986b, c), a previously unpublished glacial geomorphological map by C. H€attestrand and original mapping
by Kleman et al. (1997) from stereoscopic satellite images. B. Flow-trace fans generated by Kleman et al. (1997), which incorporate information
from subglacial lineations expressed in glacial till (see panelA), glacial striae, clast fabrics andmeltwater landforms. Themap includes 56 fanswith
interpretations of relative chronology (older and younger), classified into three interpreted glaciodynamic categories. Reproduced and modified
fromKlemanet al. (1997: fig. 4).C.Six timeslicesof ice sheet evolutionoverFennoscandiageneratedbyKleman et al. (1997)basedonthe flowtrace
fans inpanelB,with interpreted connections to timingsof ice sheet evolution.The time slices include interpreted ice flowvectors (arrows), locations
of ice dispersal centres (i.e. zones containing the interpreted ice divide, denotedbyDsymbols) andapproximate ice-sheet outlines.Reproducedand
modified from Kleman et al. (1997: fig. 11).

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 7
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mans 1996; Boulton et al. 2001; Greenwood &
Clark 2008, 2009a, b; Hughes et al. 2010, 2014; Kleman
et al. 2010; Kalm 2012; Principato et al. 2016; Boyes
et al. 2021, 2023; Dulfer & Margold 2021; Szuman
et al. 2021, 2024; Benediktsson et al. 2022; Dulfer et al.
2022; Greenwood et al. 2023; Stoker et al. 2025). Even
ice sheet-scale reconstruction studies, which do incorpo-
rate flow-pattern data from numerous previous studies
are typically underpinned by a significant component
of new coordinated mapping effort (see e.g. Kleman
et al. 1997; Clark et al. 2022, and references therein).
In the case of the reconstruction of the BIIS by Clark
et al. (2022), the initial landform mapping compilation
work alone took more than a decade to complete, for a
significantly smaller ice sheet than the SIS (Clark
et al. 2004, 2018).

Key outputs

In order to interpret the history of ice flow recorded by
subglacial lineations across Norway, Sweden and Fin-
land,we first generated amapof~240 000 subglacial lin-
eations and lineation fields. It is not intended for this
landform-scalemapping to supersede other high-quality
landform maps generated by previous workers in some
areas of our study domain (e.g. Peterson et al. 2017; Put-
kinen et al. 2017; Leigh et al. 2021; Ploeg & Stroe-
ven 2025). Instead, our mapping approach, which
involved systematic sampling of subglacial lineations
at two different scales rather than nominally ‘complete’
mapping of all lineations (see ‘Data and methods’), was
specifically conceived to facilitate interpretation of ice

flow-pattern evolution over a large study domain. Our
focus is on four new analytical products, which build
from landform-scale mapping:

• A map of lineation linkages, which summarise ice
flow orientations indicated by subglacial lineations.

• Flowsets, which compartmentalise discrete packages
of ice flow according to the spatial extents of their
landform imprints, and are classified according to
their interpreted glaciodynamic contexts and the
influence of bed topography upon their internal ice
flow vectors.

• Relative chronology information for flowsets based
on cross-cutting relationships between subglacial lin-
eations.

• Reconstructions of 25 stages of ice-sheet flow geom-
etry evolution over Fennoscandia, including former
icedividepositions andbroad ice flowdirections.This
includes 23 stages which we attribute to the advance
and retreat of the last SIS, and two stages of ice flow
that appear to precede these.

Taken in sequence, these products represent progres-
sive levels of interpretation and abstraction, derived
from mapping of individual landforms, towards inter-
pretations of ice flow-pattern geometry and changes
thereof at the scale of the ice sheet (Fig. 4).

Study scope

Our focus is onshore Norway, Sweden and Finland and
part of NW Russia (Fig. 1). The terrestrial glacial land-

Fig. 4. Flowchart outlining the glacial geomorphological inversion approach used here, and the increasing levels of interpretation of—and
abstraction from—the glacial landform record through the process. Curved arrows indicate iteration loops. Data products included in Data S1
are shown in bold. Adapted from Greenwood & Clark (2009a).

8 Frances E. G. Butcher et al. BOREAS
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form record around the ice sheet periphery, south and
east of the Baltic Sea (e.g. van der Wateren 1995;
Perry 1998; Boulton et al. 2001; Kalm 2012; Astakhov
et al. 2016; Larsen et al. 2016; Szuman et al. 2021) gen-
erally records spatially variable, time-transgressive ice
margins and local ice-flow patterns. A new and detailed
scrutiny of the evolution of the SIS periphery is the sub-
ject of a coordinated parallel study (Diemont 2024).
Here, we use flow patterns identified in our core study
domain to make generalised inferences about the dis-
persal of ice into these peripheral areas.

There are other forms of evidence for palaeo-ice flow
direction, aside from subglacial lineations, which are not
included in this reconstruction. This includes the orien-
tations of small-scale (cm-mm) glacial striae on bedrock
surfaces, clast fabrics in till and erratic dispersal path-
ways (e.g. Gl€uckert 1974; Vorren 1977, 1979; Anund-
sen 1990; Kleman 1990; Mattsson 1997; Kjær
et al. 2003; Smith et al. 2008; Smith&Knight 2011;Man-
gerud et al. 2019), all of which are derived from field-
based observations. Additional landforms observable
in metre-scale DTMs, aside from subglacial lineations,
can also provide indirect evidence of ice flow directions.
For example, eskers and ice-marginal landforms provide
evidence for the local ice-flow orientation and surface
slope close to the ice margin. The reconstruction byKle-
man et al. (1997) combines evidence from subglacial lin-
eations, glacial striae, till fabrics and other landforms,
including eskers and ice-marginal landforms. In this
study,wepurposefullykeepour flow-pattern reconstruc-
tion independent from these additional lines of evidence
for several key reasons:

• Of theavailable linesof evidence, subglacial lineations
have the most direct connection to ice-sheet-scale
flow patterns. Glacial striae can contain useful infor-
mation on regional-scale ice flow, but are also sensi-
tive to local deviations in ice flow around metre-
and decametre-scale bed topography (Kleman 1990).
To extract patterns relevant to ice-sheet-scale flow
from striae—a worthy task that we would like to see
achieved by future studies—signals of local-scale
fluctuations need to be carefully filtered out. Such a
task requires significant, dedicated time investment
and would be greatly enhanced by additional field
campaigns across many parts of the SIS domain.
Additionally, at the time that this study was under-
taken, detailed national-scale striae maps were not
consistently available from all of the relevant geolog-
ical surveys. Those that did exist were not publicly
available in downloadable Geographic Information
System (GIS) formats (with the exception of Finland,
forwhich anational striae dataset canbedownloaded
from the Geological Survey of Finland, GTK)
required for detailed data analysis, filtering, and visu-
alisation against high-resolution DTMs and other
geospatial datasets.

• In any given location, where two or more lines of
empirical evidence indicate the same ice flow direc-
tion, this does not necessarily mean that they reflect
the same ice-flow phase (or event). Our approach
acknowledges that different types of evidence for ice
flow could conceivably develop in the same region,
with coherent spatial relationships, during different
phases of ice-sheet evolution. For example, macro-
scale subglacial lineations have higher preservation
potential thanmm-scale glacial striae, and likely pro-
vide a longer recordof ice sheet flowhistory; striae are
more likely toreflectonly the latter stagesofglaciation
and/or local-scale patterns (Kleman 1990). Similarly,
most eskers are thought to reflect subglacial drainage
near toretreating icemarginsduringdeglaciation (e.g.
Kleman&Borgstr€om1996;Hewitt&Creyts 2019); in
contrast, there is abundant evidence that subglacial
lineations form at various stages during glacial cycles
and can form relatively far from the ice margin (e.g.
Boulton & Clark 1990a; Kleman & Borgstr€om 1996;
Clark 1999; Ely et al. 2023). Subglacialmeltwater fea-
tures formed beneath retreating ice margins are often
superposed upon subglacial lineations with which
they broadly co-align. Hence subglacial lineations,
glacial striae and eskerswhile often spatially contigu-
ous can form at different stages of ice flow evolution.

• We aim to provide a thoroughly documented and
reproducible interpretation of ice sheet flow-pattern
evolution based on the subglacial lineation record,
which can be used to independently verify and test
interpretations arising from other techniques, such
as ice-flow modelling, and revisited as new evidence
arises and knowledge of glacial processes evolves.
Critical to this goal is documenting decision-making
for traceabilityof interpretations and therefore repro-
ducibility. This is inherently more difficult for
approaches which compound multiple lines of quali-
tative evidence—each with their own nuances—in a
single interpretative scheme. This challenge becomes
more acute as the level of detail that can be extracted
from empirical records (and inevitably therefore the
complexity of the evidence base) increases, as has
occurred since the seminal ice-sheet-scale SIS recon-
structions of Kleman et al. (1997) and Boulton
et al. (2001). In generating our reconstruction inde-
pendently of other sources of empirical information,
we aim to provide a valuable tool which can now be
integrated with and compared against other lines of
evidence (see ‘Logical next steps’).

Data and methods

Data

We constructed 2 m pixel�1 DTMmosaics for Norway,
Sweden and Finland (see Table 1 for data sources) using

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 9
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ESRI ArcGIS 10.7. We downsampled 1 m pixel�1

DTMs for Norway to 2 m pixel�1 to reduce data vol-
ume, noting that this downsampling does not apprecia-
bly modify features at the scale of subglacial bedforms
(typically >100 m long) (Napieralski & Nalepa 2010).

We generated multiple shaded-relief maps from each
DTM mosaic, illuminated from solar azimuths of 45°
and 315° (to minimise azimuth-bias: Smith &
Clark 2005), with the Sun at 60° above the horizon. We
also generated shaded-relief maps illuminated from
directly overhead (Sun 90° above horizon, e.g. Hughes
et al. 2010). All shaded-relief maps were generated with
three times vertical exaggeration to emphasise terrain
features. During mapping and throughout flowset-
building, we visualised both the shaded-relief maps
and the elevation information from the DTMs.

There are several areas where subglacial bedforms
record direct ice flow extensions from Finland and Nor-
way into NW Russia, where the quality and availability
of remote sensing data is more limited. In this region,
we deployed an adapted approach using the 2 m pixel�1

ArcticDEM (Porter et al. 2018; strictly a digital surface
model, DSM, which retains vegetation and artificial
structures).While the ArcticDEMprovides 2 m pixel�1

DSMcoverage at latitudes>60°N, it has significant qual-
ity issues in Russia, with numerous data gaps and arte-
facts, and more limited usefulness for landform
mapping in forested regions. To capture direct ice flow
connections into NW Russia (south of the area covered
by the flow-pattern reconstruction of Boyes et al. 2023;
Fig. 1), we used a multi-directional shaded-relief map
(e.g. Boyes et al. 2021) of the 2 m pixel�1 ArcticDEM
streamed directly into ArcGIS from the ArcGIS Online
data-portal, and used the 0.6–1.2 m pixel�1 World
Imagery layer (also via ArcGIS Online) in any data gaps
(Table 1). We then compared this mapping against
shaded-reliefmaps derived from the global 30 m pixel�1

Copernicus DSM (Table 1); in some places landform-
scale topographic features can appear somewhat clearer
in this dataset, despite it having a lower spatial resolution
than the ArcticDEM.

Subglacial bedform mapping using a new multi-scale
sampling approach

While the abundance of high-resolution remote sensing
data brings significant new opportunities for analysing
the glacial landform record, it also presents challenges

for ice-sheet-scale reconstructions using glacial geomor-
phological inversion approaches. Mapping and analysis
ofmetre-scale data over large portions of an ice sheet bed
is extremely labour intensive.However, it is notnecessary
tomap every individual landform in order to build a pic-
ture of the flow evolution of an ice sheet (De Angelis &
Kleman 2005).

We developed a manual, multi-scale sampling
approach to map streamlined subglacial lineations. This
approach (illustrated in Fig. 5) reduces labour intensity,
while still capturing new details of ice sheet flow. Our
approach comprised two initial mapping steps with dif-
ferent degrees of sampling (mapping of a sample of indi-
vidual landforms within a sampled hexagonal grid in
Step 1, then more generalised mapping of ‘grain’ with
no grid sampling in Step 2), followed by data reduction
(Step 3) to produce a map of lineation linkages which
summarises all observed flow directions (Fig. 5). In this
process, we performed three complete passes over our
study domain, at different scales and with different
degrees of sampling.Weused the reduced data (lineation
linkages) to construct flowsets (Step 4) and then referred
back to individual landforms (from Step 1) to interpret
flowset relative-age chronologies based on cross-cutting
and superimposition relationships between their constit-
uent subglacial lineations (Step 5).

A small number of DTM data gaps remained in the
interior ofNorway at the time of Steps 1 and 2 mapping,
predominantly in high-elevation and presently glaciated
regions where glacial bedforms are rare. We integrated
these areas at Step 3 once DTM coverage became avail-
able. The vast majority of mapping for Steps 1 and 2 was
undertaken by a core group of four expert mappers. A
small number of relatively simple areas were mapped
by twoadditionalmapping assistants, under the supervi-
sion of the lead author. All mappers undertook prelim-
inary repeat-mapping exercises to ensure consistency
of approach and interpretation, and all mapping was
reviewed and quality checked by the lead author before
integration.We used theGeological Societyof Finland’s
(GTK) glacial landform map (Putkinen et al. 2017) to
validate early-stage mapping in Finland; this confirmed
that our mapping was robust and that our sampling
scheme provided a good representation of the range of
landform orientations.

We generated two different grids to guide systematic
mapping during Steps 1 and 2, comprising hexagonal
cells with areas of 25 and 100 km2, respectively. We

Fig. 5. Schematic illustrating ourmulti-scalemapping approach togenerating flowsets (fs) and interpreting their relative-age sequences indicated
bycross-cuttingsubglacial lineations (cc—yellowstars).Ourapproachbeginswithsampledmappingof subglacial lineationsat twodifferent scales,
followed bya data-reduction step inwhich summary lines called lineation linkages are generated. These are thenused to generate flowsets (see text
for method). Critical cross cuts identified for intersecting flowsets allow a relative-age sequence to be tabulated. Our ice-sheet-scale flow-pattern
reconstruction must honour the observed superposition relationships and relative age sequencing of flowsets. The guiding principles for recon-
structing ice-sheet-scale flowpatterns aredetailed in the text; theyadditionallyallow those flowsetswhichdonot cross-cut oneanother tobeplaced
into the flow-pattern sequence.

10 Frances E. G. Butcher et al. BOREAS
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selected a hexagonal grid to minimise directional biases
during sampling.Bothgrid sizes allowclear visualisation
of subglacial bedforms and can be viewed on a 27-inch
computer screen at scales of 1:24 000 and 1:50 000,
respectively, while retaining contextual visualisation of
landforms in adjoining hexagons (which also prevents
visual and sampling bias towards the centre of the grid
cell being mapped). Mappers were encouraged to zoom
in further to scrutinise the landformswithin agivenhexa-
gon during mapping. In step 1, we used the 25 km2 hex-
agonal grid with a sampling scheme applied (Fig. 5). In
Step 2,we used the 100 km2hexagonal gridwith no sam-
pling applied; hence, all onshoreparts of the ice sheet bed
with data coveragewere incorporatedvia ourmulti-scale
approach.

In Step 1,we sampled~33 250 hexagons overNorway,
Sweden and Finland, corresponding to ~67% of hexa-
gons (total ~50 000) in the 25 km2 grid. Within each
sampled hexagon, we mapped a sample of streamlined
subglacial lineations (generally ~3–10, where present)
representing each flowdirection.We tookcare to capture
the spread of landforms representing a given flow direc-
tion throughout each sampledhexagon,withaparticular
emphasis on capturing the distribution along the
inferred flow axis, and any cross-cutting (superimposed)
lineations. Cross-cutting lineations provide useful infor-
mation on the sequence of ice flow events that generated
the lineations. Mapping of geomorphologically diverse
landscapes generatedbycomplex anddynamicprocesses
requires pragmatism; hence, the above schemewas estab-
lished as the minimum level of mapping, and mappers
were encouraged to use their judgement to capture com-
plexities of ice flow. This included an allowance for map-
ping a larger sample of landforms where necessary to
capture flow complexity. We did not map subglacial lin-
eations that were clearly associated with contemporary
glaciers in Norway and Sweden. The glacial landform
recordof theSIS includes a significant componentof gla-
cially streamlined bedrock forms (Fig. 2D, E); in places
these can be oriented parallel to bedrock strike. To aid
our mapping, and to help distinguish glacially stream-
lined bedrock forms from geological structures in bed-
rock, we zoomed out frequently to consider the wider
context ofmapped features, beyond the specific hexagon
being mapped.

In Step 2, we used the 100 km2 hexagonal grid (com-
prising ~12 500 hexagons, with no sampling applied) to
perform a second pass over the entire mapping area. We
mapped additional lineation fields as summary lines
which we term ‘grain’ (Fig. 5). This included fields of
subglacial lineations (or extensions of them) represent-
ing ice flow directions that were not captured by land-
form and hexagon sampling in step 1, and particularly
large landforms which exceeded the scale of the
25 km2 hexagons. In practice, it was rare that large land-
forms had not been captured in Step 1, giving us confi-
dence that the grid scales selected were appropriate. We

retained all recognisable subglacial lineations in our
mapping, regardless of their posited ages in relation to
the last glacial period; such interpretations were made
later. For example, there are fields of subglacial linea-
tions (along with eskers and ice-marginal landforms)
in N Fennoscandia which previous studies have attrib-
uted to ice sheets preceding the Last Glacial Maximum
(LGM) (e.g. Kleman 1992; Kleman et al. 1997; Green-
wood & Hughes 2022a).

Steps 1 and 2 provided a comprehensive map of ice
flowdirections over the onshore portions of the SIS inte-
rior (Fig. 6). The map contains 210 909 lineation cres-
tlines and 30 342 grain lines (total 241 251 lines).

In order to interpret flow patterns at the ice-sheet
scale, a data reduction step was necessary to improve
the clarity of visualisation over length scales relevant
to ice-sheet-scale flow dynamics (i.e. up to hundreds of
kilometres). In Step 3 (Fig. 5), we passed systematically
over the mapping area for a third time, guided by the
100 km2 hexagon grid, visualising both the mapping
and basemap data. We summarised the landform obser-
vations from Steps 1 and 2 as lineation linkages (Fig. 5).
We also carefully generated linkages to fill in the small
mapping gaps in areas ofNorway that lackedDTMcov-
erage at the time of mapping Steps 1 and 2 (hashed areas
in Fig. 6). Our lineation linkages reduce the landform
observations into amap that can be visualised more eas-
ily at smallermap scales (Fig. 7; having an average length
of 5 km, and a maximum length of 30 km), without
extrapolating over large distances between observed
landforms. The number of mapped lineations repre-
sented varies depending on landform abundance, size,
density, topographic context, and thedegreeof curvature
within the landform field. The lengths and densities of
lineation linkages are influenced by the scale and com-
plexity of the landforms and landform fields that they
summarise. Landform fields with smaller individual
landforms or higher levels of complexity required closer
scrutiny and a level of representation that prevented
them from being lost as ‘noise’ compared to linkages
representing larger or simpler landform fields. The vast
majority of lineation linkages were digitised as straight
lines unless there was a particularly clear self-
explanatory curve (for example where landforms clearly
followed a significant topographic feature such as a val-
ley or side of a fjord).

Lineation linkages provide a dataproduct that is inter-
pretable at the ice-sheet scale andyet closely tied to land-
form observations, without the application of a
significant level of interpretation regarding ice flow con-
nections between disparate locales.Whereas Steps 1 and
2combinedmappingby six individuals to ensure internal
consistency within the dataset, lineation linkages were
generated by a single mapper over Sweden and Finland,
and a second mapper over Norway, with those linkages
being reviewed by the first mapper. Individual landform
mapping (Steps 1 and 2) was quality-checked during this

12 Frances E. G. Butcher et al. BOREAS
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process, with the lowest-confidence landform observa-
tions filtered out. We applied a three-class confidence
scale to lineation linkages: (1) ‘high-medium confi-
dence’, (2) ‘low confidence’ and (3) ‘very low confi-
dence’. High-medium confidence linkages generally

represent clearly streamlined landforms, be they in thick
sediments, regionswith thin sediment coveror expressed
in exposed bedrock. Low-confidence lineation linkages
generally represent landforms that likely represent a for-
mer ice flow direction but, for example, (i) are less pro-

Fig. 6. Orientations of subglacial lineation crestlines (n = 210 909) and grain (n = 30 342) mapped in Steps 1 and 2 of our multi-scale sampled
mappingapproach. SeeFig. S1 for a largermap.Hashedareas showareaswhereDTMsdidnot provide coverage at the timeofmappingSteps1 and
2; these were carefully in-filled during Step 3 when DTMs became available—they are largely in high-relief areas where subglacial lineations are
sparse.Data credit for shaded-relief basemap:Airbus,USGS,NGA,NASA,CGIAR,NLS,OS,NMA,Geodatastyrelsen,GSA,GSI and theGIS
User Community.
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Fig. 7. Comparison ofA. lineation crestline andgrainmapping, andB. lineation linkagemappingoverSFinland, illustrating the greater clarityof
flowpatterns affordedby lineation linkageswhenviewingat the scale of ice sheet-scale flowpatterns. Ice flowdirection is broadly towards the south
and east. In general, the longer lines in panelA are Step 2 grainmapping. Panel B reveals several broadly divergent flowpatterns representingwell-
studied ice lobes inFinland: theN€asij€arvi Ice Lobe (top left quadrant of panels) andLakeDistrict Ice Lobe (right third of panels) (e.g. Aario 1977;
Punkari 1980; Putkinen et al. 2017). The W–E trending linkages (reds and oranges) in the bottom left of the panels are part of the Baltic Sea Ice
Lobe. Note that unlike traditionalmaps of glacial lineations, where themapped line length represents lineation length, the key information here is
theorientationof subglacial lineations; line lengths result fromhowwehave summarised this information so that it canbe interpreted at the scaleof
ice sheet flow. Extent shown in Fig. 1.

14 Frances E. G. Butcher et al. BOREAS
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nounced (oftenbeing subtle, low-relief features), (ii) have
been significantlymodifiedby later cross-cutting subgla-
cial lineations or (iii) exhibit relativelyweak streamlining
in anareawherebedrock structure is visible in the surface
topography, thus reducing confidence that the streamlin-
ing is trulyglacial inorigin.The final confidencecategory
(‘very lowconfidence’) represents landforms thatwesus-
pect to be best explained as bedrock structure, but for
which there are some hints of glacial streamlining. The
vast majority of the latter category were not used to gen-
erate flowsets, particularly where they were not associ-
ated with similarly oriented lineation linkages with
higher levels of confidence.

To capture direct extensions of subglacial lineation
fields into NW Russia, south of the study area of Boyes
et al. (2023), we performed reconnaissance-style
lineation-linkage mapping over Russian Karelia, using
the ArcticDEM and the ArcGIS Online World Imagery
layeras abasemap(seeTable1).Due toquality issues and
the retention of vegetation and cultural structures in the
ArcticDEM, our lineation linkages are less detailed here
than those in the core study region and should be consid-
eredas a contextual supplement toour core linkagedata-
set.

Flowset building and glaciodynamic interpretation

Wedeployed, and built upon, the glacial geomorpholog-
ical inversion approach established via numerous previ-
ous studies (e.g. Boulton & Clark 1990a, b; Kleman &
Borgstr€om 1996; Clark 1997, 1999; Clark et al. 2000;
Klemanet al. 2006;Greenwood&Clark2009a,b).Flow-
sets derived from the record of subglacial lineations via
lineation linkages are the major interpretative tool used
in this approach. Flowsets are cartographic representa-
tions of discrete packages of ice flow. They illustrate
the generalised ice flow directions recorded by groups
of subglacial lineations interpreted tohave formedunder
similar glaciodynamic regimes (e.g. Clark 1999) during
the same general phase of ice flow evolution. In our
approach, the cartographic boundaries of flowsets
uniquely delimit areas of subglacial lineations. This dif-
fers from the ‘fans’ generated for the SIS by Kleman
et al. (1997; Fig. 3B), which compound evidence pro-
vided by subglacial lineations, striae, till fabrics, and
meltwater landforms into indivisible interpretative units
(see Kleman & Borgstr€om 1996). Our approach
acknowledges that subglacial lineations, meltwater
drainage and ice-marginal landforms could conceivably
develop in the same region, with coherent spatial rela-
tionships, during different phases of ice sheet evolution.
These features can be spatially contiguous but non-
synchronous. We constructed flowsets based on the lin-
eation linkages and, given the sampled nature of our
mapping approach, visualised the landform record in
shaded-relief and DTM basemaps for context through-
out this process. The vast majority of lineation linkages

are accounted for by the resulting flowsets, with the
exception of some isolated or anomalously oriented lin-
eation linkages that did not form sufficiently coherent
spatial patterns to be included in a flowset.

We labelled those flowsets in which a significant num-
ber of constituent subglacial lineations appear to com-
prise a component of bedrock. Bedrock that is exposed
or near to the surface often creates distinctive textures
and morphologies in shaded relief maps (e.g. Fig. 2D,
E). We also labelled those flowsets in which subglacial
lineations alignwith linear-to-curvilinear bedrock struc-
tures. This information is included in the flowset shape-
file (Data S1).

Several flowset classification schemes havebeen estab-
lished by previous studies to describe the glaciodynamic
context under which their associated subglacial linea-
tions formed (e.g. Clark 1990, 1997, 1999; Kleman 1992,
1994; Kleman&Borgstr€om 1996; Clark et al. 2000; Kle-
man et al. 2006; Greenwood & Clark 2009a; Hughes
et al. 2014). We adapt previous flowset classification
schemes anduse these to infer the glaciodynamic context
of eachofourSIS flowsets (Fig. 8,Table2).Twotop-level
categories are ‘isochronous’ and ‘time-transgressive’
flowsets. Isochronous flowsets represent relatively stable
ice flow conditions; subglacial lineations within such
flowsets typically exhibit high levels of parallel confor-
mity, with any variations in lineation orientations exhi-
biting gradual spatial trends that do not produce
cross-cuttingof lineationswithin the flowset. Incontrast,
time-transgressive flowsets exhibit more internal com-
plexity, reflectingdynamic ice flowconditionswhich can-
not be satisfactorily subdivided into coherent, discrete
imprints of isochronous ice flow (Kleman &
Borgstr€om 1996; Clark 1997, 1999; Clark et al. 2000;
Greenwood & Clark 2009a). This classification thus
allowsus to identify flowsets that indicateminor changes
in ice flow conditions, such as ice thinning, thickening,
retreat or migration of the flowline axis due to a shifting
ice divide and/or margin geometry (Fig. 8).

The specific inferred glaciodynamic context for each
flowset is influenced by the degree towhich internal flow
vectors (i.e. constituent lineation linkages) follow, sense
or ignore bed topography (Table 2). The probable ice
thickness and proximity to the ice margin that can be
inferred is dependent upon the ratio of ice thickness to
the magnitude of the local topographic relief. In high-
relief areas, a greater thickness of ice is likely required
than in flatter areas for ice flow direction to become
insensitive to bed topography. Hence, topographically
influenced flowsets in areas such as the Scandinavian
mountains and the Norwegian fjords could represent
the flowof relatively thick ice further from the icemargin
compared to those in relatively low-relief regions of Swe-
den and Finland.

Isochronous flowsets may reflect spatially continuous
areas of consistent, sub-parallel ice flow vectors (sheet
flow), which may exhibit minimal or minor influence

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 15
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of underlying topography upon the orientation of con-
stituent lineations, and may have formed either during
a short-lived flow event or under stable ice flow condi-
tions over a longer period. In some cases, isochronous

subglacial lineations appear to converge and/or diverge
at their up and/or down-flow ends while only sensing
or ignoring underlying topography. Alternatively, iso-
chronous flowsets may be confined to valleys.We distin-

Fig. 8. Schematic representations of flowset glaciodynamic classifications based on their landform imprints, and examples of a new meltwater
route-directed flowset classification. A. Isochronous sheet-flow and isochronous sheet-flow fragments; sheet-flow flowsets comprise lineation
imprints of spatially extensive flow, whereas sheet-flow fragments are relatively small such that the spatial extent of linear flow they represent
is unknown; they could be linear segments of more spatially extensive linear or curving flow vectors. B. Isochronous convergent and/or divergent
flow.Someflowsetsareonlyconvergentoronlydivergent,whileothers exhibit a continuation fromconvergent todivergent.Note that flow imprints
in valleys were not included in this category; rather they are included as a distinct sub-category. C. Isochronous valley-confined flow. Note that
cross-cutting or overprinted time-transgressive signatures could also occur in valley-confined settings. D. Time-transgressive flowline migration,
which could relate to migration of the ice divide, migration of the outlet due to ice-margin reconfiguration, or a combination of both. E. Time-
transgressive retreat, representing complex overprinting of landforms generated behind a retreating icemargin. F. Time-transgressive thinning or
thickening represented by cross-cutting of landform imprintswith different degrees of topographic influence on ice flow vectors (including hills or
valleys), butwith no overall change to the general flowdirection. The relative ages of cross-cutting landforms inform the interpretation of whether
icewas thinningor thickening.G.Meltwater-route-directed flowsets, inwhich subglacial lineation imprints appear to curve towards, and terminate
at, subglacial meltwater routes. H. Examples of meltwater-route-directed flowsets in Finland (29.04°E, 66.34°N—location shown in Fig. 1) on a
shaded-relief map, and their relationships to meltwater routes mapped by Dewald et al. (2022). Inset shows examples of landforms within
meltwater-directed flowset fs59. Panels D–Fare adapted and redrawn fromGreenwood & Clark (2009a: fig. 10). Basemap data source for panel
H: National Land Survey of Finland Elevation model 2 m 11/19.
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Table 2. Flowset classification templates used for our SIS flow-pattern reconstruction, adapted from the approaches developed by Boulton &
Clark (1990b), Clark (1990, 1997, 1999), Kleman & Borgstr€om (1996), Kleman et al. (1997, 2006), Clark et al. (2000), Greenwood &
Clark (2009a) and Hughes et al. (2014).

Flowset classification Lineation properties Lineation orientation relationship
to topography

Glaciodynamic context

Isochronous—sheet
flow (SHEET)

• No cross-cutting.
• High parallel conformity.
• Spatially extensive.
• Spatial variations in linea-

tion orientations are grad-
ual.

Lineations ignore local topography. • Extensive area of consistent ice flow.
Thick ice compared to magnitude of
local topographic relief.

• In areas of high topographic relief, flow
likely in interior zone of ice sheet.

• In areas of low topographic relief, could
represent flow closer to the ice margin.

Lineations partially ‘sense’ local
topography (i.e. some deviations
with underlying topography, but
may not directly follow valley axes).

• Extensive area of consistent ice flow. Ice
is not thick enough with respect to the
magnitude of local topographic relief
for flow to completely ignore topogra-
phy, but is not thin enough for topogra-
phy to dominate flow geometry.

• Ice margin may be closer than above.

Isochronous sheet—
flow fragment (SHEET
FRAG)

• As above, but over a smaller
area.

Lineations ignore local topography. • Spatially limited area of consistent ice
flowcompared toSHEET.Couldreflect
extent of original bedform formation,
or poorer preservation of bedforms.

• Thick ice compared to magnitude of
local topographic relief.

• In areas of high topographic relief, flow
could be in interior zone of ice sheet.

• In areas of low topographic relief, could
represent flow closer to the ice margin.

Lineations partially sense local
topography.

• Spatially limited area of consistent ice
flowcompared toSHEET.Couldreflect
extent of original bedform formation,
or poorer preservation of bedforms.

• Ice is not thick enough with respect to
the magnitude of local topographic
relief for flow to completely ignore
topography, but is not thin enough for
topography to dominate flow geometry.

Isochronous
convergent/divergent
flow (CONV, DIV, or
CONV_DIV)

• No cross-cutting
• Lineations converge upflow

and/or diverge down-flow,
forming a splayed pattern.

• Spatial variations in linea-
tion orientations are grad-
ual.

Lineations ignore local topography. • May suggest zone of relatively fast ice
flow.

• Convergent signatures may represent
flow in interior zone of ice sheet, or flow
of relatively thick ice towards an embay-
ment at the ice margin.

• -Divergent signatures may represent
flow of ice nearer to the ice margin that
is relatively thick compared to the mag-
nitude of topographic relief.

Partially sense topographic features
such as large valleys or depressions.

• Asabove, but icemaybe thinner relative
to magnitude of relief and/or the ice
margin may be closer. Though in high-
relief areas, ice could still be thick
enough to overtop peaks.

Lineations funnel into valleys from
wider headward zone. Funnelling
zone may ignore or only partially
sense local topography.

• Ice flow sourcing from large area with
relatively thick ice.

• Candidate for zone of particularly fast
ice flow.

(continued)

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 17
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guish spatially extensive signatures of sheet flow from
smaller, topographically unconfined sheet fragments.
Caution is required in interpreting the glaciodynamics
of such flowsets; given the large spatial scales of ice-flow
sectors of the SIS, relatively small patches of highly par-
allel lineations could form in a range of contexts. They
could represent either fragmentary imprints ofmore spa-
tially extensive, highly parallel sheet flow or linear seg-

ments of broadly curving ice flow vectors that have not
been preserved in the subglacial lineation record.

Over time, several sub-classifications of time-
transgressive flowsets have developed, reflecting differ-
ences in the dominant glaciodynamic conditions
reflected in the landform imprint (e.g.Kleman1994;Kle-
man & Borgstr€om 1996; Clark et al. 2000). We include
three sub-classifications adapted from Greenwood &

Table 2. (continued)

Flowset classification Lineation properties Lineation orientation relationship
to topography

Glaciodynamic context

• Potential outlet glacier; relatively thin/
slow-flowing ice may remain on adja-
cent high ground.

Isochronous—valley-
confined flow
(VALLEY)

• No cross-cutting.
• High parallel conformity.
• Spatial variations in linea-

tion orientation vary along
the axes of the host valley(s).

Lineations are constrained by
valleys and follow valley axes, but
may ignore or only partially sense
local-scale topographic features on
valley floors.

• Thin ice relative to the magnitude of
topographic relief. Ice could be valley-
confined, but thin (cold-based?) ice
may remain on higher ground.

• Flow near to marginal zone. In areas of
high topographic relief, ice could be rel-
atively thick and margin could be rela-
tively far away, but likely closer than
for topographically unconfined sheet
flow.

Lineations follow topographic
features such as valleys, and also
deviate around small-scale
topographic features on valley
floors.

• Thin, valley-confined ice.
• Margin likely nearby.

Time-transgressive—
flowline migration
(FLOWMIGR)

• Lower parallel conformity.
• Spatial discontinuities in lin-

eation orientations.
• Lineations may cross-cut.
• May exhibit overprinted

curved patterns.

May ignore, sense or follow
topography. The topographic axis
followed by lineations may switch.

• Changing flowpattern due tomigration
of ice divide and/or outlet, or dynamic
onset of CONV, DIV, or CONV_DIV
flow.

Time-transgressive—
behind retreating ice
margin (RETREAT)

As FLOWMIGR, plus:
• May exhibit overprinted,

backstepping curved or
splayed patterns.

• Flowset planform may have
crenulated lateral margins.

May ignore, sense or follow
topography.

• Rapid variation in ice flow direction
beneath thin ice near a retreating ice
margin.

Time-
transgressive—thinning/
thickening ice
(THINNING,
THICKENING)

• Low parallel conformity.
• Cross-cutting clustered

around topographic
features.

Evidence for changes in thedegree to
which lineations follow topography.
If changes reflected in lineation
cross-cuts:
Ignoring to sensing/following topog-
raphy = thinning
Following/sensing to ignoring topo-
graphy = thickening.

• Changing thickness of ice relative to
local topography, that is, thinning or
thickening ice.

• Ice margin may be retreating towards
(thinning) or advancing away (thicken-
ing) from area.

Meltwater-route
directed1 (MELT
ROUTE)

• High parallel conformity.
• Terminate at margins of

subglacial meltwater routes
(tunnel valleys or eskers),
and at an oblique angle to
them (up to 90°).

• May exhibit abrupt changes
in orientation approaching
meltwater routes.

Deflection towardsmeltwater routes
dominates lineation orientations.

• Ice flow locally deflected towards sub-
glacial meltwater drainage pathways.

• Flow axis and local ice margin could
deviate significantly from regional fl-
ow/margin configuration1.

Unknown
(UNKNOWN)

• Few lineations, and/or lim-
ited spatial distribution.

• Too few lineations for glaciodynamic
interpretation.

1As a result of our hypothesis that subglacial lineations in meltwater-route-directed flowsets could have orientations which deviate significantly
from regional-scale ice flow directions (see text for explanation), these flowsets were not used to reconstruct ice-sheet-scale flow directions.
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Clark (2009a) andHughes et al. (2014): (i) ice sheet flow-
line migration in response to ice divide and/or margin
migration, (ii) ice sheet retreatand (iii) ice thinning/thick-
ening.

In some cases, we apply multiple classifications to
time-transgressive flowsetswhichweconsider to indicate
a combination of margin retreat, ice sheet thinning
and/or flowline migration. This reflects the fact that
any one of these dynamics is often accompanied by
one or both of the other processes, particularly during
deglaciation. Some small flowsets lacked sufficient line-
ations to ascribe a confident glaciodynamic classifica-
tion and were categorised as ‘unknown’.

Within our adapted framework, we also establish a
new class of flowset which does not have a legacy in pub-
lished literatureon ice sheet flow-pattern reconstruction.
We term this class ‘meltwater-route-directed’ flowsets.
These flowsets comprise small fields of subglacial bed-
forms which occur adjacent to subglacial meltwater
routes (including eskers and tunnel valleys; Dewald
et al. 2022), andhost small, highly parallel subglacial lin-
eations which are oriented obliquely to the meltwater
route (at angles up to 90° from themeltwater route axis).
In some locations, the lineations curve inwards as they
approach a meltwater route from a less oblique orienta-
tion up-flow. The constituent lineations often cross-cut
subglacial bedforms which exhibit more parallel align-
ment tomeltwater routes.Wedonotascribe either an iso-
chronous or time-transgressive classification to these
flowsets and return to our interpretation of them and
their implications for glaciodynamics and ice flow-
pattern reconstruction in the results.

Whereas some previous studies identified ice streams
—corridors of particularly fast flow which drain large
volumes of ice from ice sheets—as a glaciodynamic sub-
category of isochronous flowsets (e.g. DeAngelis &Kle-
man 2005; Greenwood & Clark 2009a; Hughes
et al. 2014;Boyes et al. 2023),weoptednot to include this
category in our classification scheme. This approach
acknowledges that the lineation imprints of ice streams
may not always be isochronous and could reflect time-
transgressive dynamics such as retreat, thinning,
and/or flowline migration during ice streaming. Ice
streams can host particularly elongate subglacial linea-
tions interpreted as indicators of fast ice flow, but their
robust identification requires the application of a set of
additional morphological criteria beyond subglacial lin-
eations (e.g. Stokes & Clark 1999, 2001, 2002; Margold
et al. 2015), which is beyond the scope of this work.

Our flowset classification scheme does not stipulate
that certain classes of flowset relate to a specific phase
of ice sheet evolution (i.e. ice sheet advance or deglacia-
tion). The top-level classification of isochronous versus
time-transgressive flowsets simply pertains to the divisi-
bility of discrete imprints of ice flow in the subglacial lin-
eation record; isochronous flowsets exist where the
subglacial lineation imprint is divisible into discrete flow

patterns, while time-transgressive flowsets represent
compound imprints of time-variable ice flow. While
time-transgressive retreat flowsets (as well as meltwater
route-directed flowsets) most likely relate to deglacia-
tion, other time-transgressive flowsets could relate to
either advance or retreat phases. Time-transgressive
thinning/thickening flowsets could reflect wider changes
in ice thickness during overall ice sheet retreat/advance,
or shorter-termormore localizedvariations in theheight
of the ice surface during either of these phases. Isochro-
nous flowsets can relate to ice sheet advance or retreat
phases; an isochronous flowset could form beneath ice
in the ice-sheet interior, or closer to an advancing or
retreating ice margin (Table 2). To begin ascertaining
the different stages of ice flowevolution towhich individ-
ual flowsets likely relate, we next placed them into
relative-age sequences indicated by cross-cutting and
superimposition relationships.

Flow-pattern evolution

Subglacial lineations provide a fragmentary record of
ice flow evolution. This is because subglacial bedforms
do not form on every part of the ice sheet bed, and in
many areas, are likely to have been either eroded or
buried by later processes (cf. Kleman 1994). Hence,
our flowsets represent a multi-layered, fragmentary
palaeoglaciological ‘jigsaw puzzle’ (see e.g. Kleman
& Borgstr€om 1996: fig. 2). In this multi-layered puz-
zle, individual layers contain groups of flowsets that
represent a coherent, glaciologically plausible spatial
pattern of ice flow during a broad stage of ice sheet
evolution. Different layers represent distinct stages
of ice sheet evolution. Between these stages, the size
and shape, ice divide position (i.e. centre-of-mass)
and/or flow patterns of the ice sheet (or major ice-
sheet sectors) may have changed. Thus, the sequencing
of the stages should capture the overall evolution of
the ice sheet flow geometry through time.

To begin separating plausible stages of ice sheet flow
geometry, and to place them in temporal order, we iden-
tified locations where two or more flowsets intersect.
Often, subglacial lineations that belong to distinct inter-
secting flowsets exhibit superimposition (i.e. cross-
cutting) relationships, which provide direct evidence
for the relative-age sequence of the ice flow events that
formed them (Figs 2F, 5). We used these landform
cross-cuts to establish the relative-age sequence of flow-
sets and narrow down the range of possible stages they
could belong to. We identified a ‘critical cross-cut’ for
each flowset intersection where cross-cutting subglacial
lineationswere observed andmarked their locations in a
dedicated GIS layer (points shapefile—Data S1) con-
taining the relative-age information. We also mapped
the crestlines of the critical cross-cuts in another layer
(polyline shapefile—Data S1), which records the orien-
tations of the constituent subglacial lineations.

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 19
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We synthesised the critical cross-cut information into
a table (Table S1), which represents the relative-age
sequences observed. Figure 5 illustrates this process,
with horizontal bars representingobserved cross-cutting
relationships. 44% of our flowsets are ‘floating’
(Table S1); that is, they either lack distinct cross-cutting
relationships with intersecting flowset(s) or are spatially
separated from other flowsets. Floating flowsets thus
have unconstrained relative ages based on subglacial lin-
eation cross-cuts alone, and could fit into any layerofour
figurative jigsaw puzzle. Similarly, cross-cutting rarely
generates contiguous relative-age sequences across large
sectors of the ice sheet (e.g. Greenwood & Clark 2009a;
Kleman et al. 2010;Hughes et al. 2014).Hence, groupsof
cross-cutting flowsets often have unconstrained relative
ages to flowsets inneighbouringareas, andcould slide up
or down the sequence relative to them (represented by
vertical bars in Table S1).

Each layer of our SIS jigsaw puzzle should contain
flowset groupings that represent a glaciologically coher-
ent spatial pattern consistent with a broad stage of ice
sheet flow evolution. Thus, we applied two further, more
interpretative steps, first at the regional scale, then at the
ice-sheet scale (Fig. 4), with iteration between the two.
We divided the ice sheet into 14 ‘working regions’, defin-
ing region boundarieswhere cross-cutting between flow-
sets in adjacent regions was minimal, and flagging
‘connector flowsets’ which did cross-cut in (and thus
could be used to link) multiple regions. We used the crit-
ical cross-cuts togenerate 120 initial interpretative ‘flow-
set pattern groups’, which represent groups of flowsets
with coherent spatial patterns which could have formed
under similar regional-scale ice flow configurations and,
based on cross-cutting relationships (or a lack thereof),
at similar stages of ice flow evolution. We aimed to
explain regional flowset patternswith theminimum level
of complexity while honouring relative-age information
provided by cross-cutting landforms. When ascribing
connector flowsets to pattern groups, we considered
their patterns and cross-cutting relationships with flow-
sets in the relevant adjacent region. This process placed
many flowsets—including floating flowsetswhich lacked
cross-cutting information—into initial inferred relative-
age sequences at the regional scale. Some floating flow-
sets did not form spatially coherent patternswithin their
respective regions, and remained unassigned to pattern
groups; where possible they were incorporated at the
ice-sheet scale later.

We used our first iteration of the pattern groups to
identifypotential correlationsbetweenadjacentworking
regions, ensuring that cross-cutting information from
connector flowsets was honoured. This reduced the pat-
tern groups into a set of initial draft stages of flow-
pattern evolution, which we then iterated. Stages do
not necessarily represent an exact snapshot in time,
rather abroad phase of ice flow at the ice-sheet scale that
can be inferred from spatially coherent groups of flow-

sets preserved across the SIS bed. The formation of sub-
glacial lineations may have been somewhat
asynchronous between different flowsets in any given
stage. Flowsets assigned to any given stage should also
honour a set of basic assumptions of ice sheet behaviour,
informed by observations of contemporary ice sheets
(e.g. following Clark et al. 2006; Greenwood &
Clark 2009b; Hughes et al. 2014). We used the following
guiding principles to iterate upon our initial stage assig-
nations for individual flowsets, and generate a final set of
ice sheet stages which represent a glaciologically plausi-
ble scenario for the flow-pattern evolution of the SIS:

• Ice sheets tend to initiate in mountainous areas (e.g.
Barry et al. 1975; Ives et al. 1975; Andrews &
Barry 1978; Fredin 2002; Oerlemans 2002; Bahadory
et al. 2021),before flowingout intoadjacent lowlands.

• Ice sheet flow radiates from an ice divide. There will
always be at least one (primary) ice divide, though
subsidiary divides may also occur, either branching
from the major divide or being connected to the pri-
mary divide across a saddle (a lower-elevation ice
divide between thicker icemasses) in the ice sheet sur-
face.

• Contemporary ice sheets in Antarctica and Green-
land are broadly symmetrical, with a similar exten-
sion in most directions from their primary ice
divides. The topography of the former bed of the
SIS—with a spine of high-relief mountains only a
short distance from the Norwegian continental shelf
break to the west, and extensive low-relief regions to
the east—likely necessitates more significant asym-
metry in ice sheet planform.We therefore allowasym-
metry; that is, a greater extension of the ice sheet
eastwards from the ice divide.

• Ice can extendbeyond the contemporary landmass of
Fennoscandia, including across the Gulf of Bothnia
and Baltic Sea, into the North Sea, White Sea and
Barents Sea and out to the Norwegian continental
shelf. Depending on the thickness of ice at any given
time, ice flow may have been influenced by topo-
graphic depressions offshore, including in the Gulf
of Bothnia, the Baltic Sea, the Skagerrak and Katte-
gat straits, and the White Sea. The SIS is known to
have connected with the BKIS to the north and the
BIIS to the southwest (Hughes et al. 2016 and refer-
ences therein; Sejrup et al. 2022).

• Subglacial lineations arenot expected to formdirectly
underneath the ice divide, where ice velocity tends
towards zero. Therefore, flowsets must relate to ice
flow at some distance from the ice divide. To explain
flowsets that are in close proximity to one another but
summarise subglacial lineations which indicate
opposing flow directions, it is usually necessary to
invoke migration of the ice divide (Fig. S2; e.g. Boul-
ton &Clark 1990a, 1990b). Similarly, flowsets do not
necessarily extend all the way to the ice margin posi-
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tion, which may be a significant distance down-flow
from the termination of subglacial lineations.

• Changes in ice flow configuration are required, at
least locally, to explain observed superimposition of
cross-cutting landforms. Local-scale ice flow fluctua-
tions do not necessarily require major reconfigura-
tion of ice-sheet-scale flow and can be caused by
local thinning or thickening, and advance or retreat.

• Major reconfiguration of ice sheet flow can occur
asynchronously across different sectors of an ice
sheet, for example, due to spatially variable rates of
ice advance and/or retreat (e.g. Clark et al. 2022:
fig. 11).

• Time-transgressive flowsets inherently represent
changes in ice flow direction and/or ice
divide/margin position that cannot be robustly sepa-
rated into distinct packages (i.e. two or more isochro-
nous flowsets). Thus, different portions of a time-
transgressive flowset may have been ‘active’ in differ-
ent stages of ice flow evolution. In these cases, an ice
divide or ice margin could be located over portions of
time-transgressive flowsets that are interpreted as
relating to adifferent stage of ice sheet flowevolution.

• The state of an ice sheet at anygiven stagewill be influ-
enced by its antecedent state. Hence, a given stage of
ice flow evolutionmay be constructedwith ‘memory’
of preceding stage(s). In using flowset evidence to
reconstruct stages of ice-flow evolution, where
choices are available, it is preferable to choose that
scenario which requires the minimum level of com-
plexity.

• While the glacial landform record is assumed to pri-
marily derive from the most recent ice sheet, it is
thought that landforms from earlier glaciations form
part of the preserved evidence in Fennoscandia (e.g.
Hoppe 1952;Hirvas et al. 1988; Lagerb€ack 1988;Kle-
man et al. 1997;Alexanderson et al. 2022;Greenwood
& Hughes 2022a). We therefore do not attempt to
explain all of the identified flowsets within a single
ice advance and retreat cycle. We take a ‘no precon-
ceptions’ approach, in which we identify flowsets
potentially relating to earlier glacial cycles purely
based on flowset pattern and relative age relation-
ships recorded by cross-cutting landforms.

The process of assigning individual flowsets to final
ice-sheet-scale stages was necessarily iterative. Flowsets
were first considered individually and in the context of
regional pattern groups (see above). Considering
regional pattern groups at the ice-sheet scale resulted
in many flowsets—and particularly ‘floating’ flowsets
with no cross cuts—being detached from their original
regional pattern groups and reconciled into different
stages of ice flow. During this iterative process, we
ensured that the relative-age sequences (Table S1) were
honoured. We identify 14 flowsets which represented
minor reconfigurations of regional-scale flow that did

not warrant a separate stage of flow evolution at the
ice-sheet scale (fs610, fs668, fs892, fs257, fs50, fs706,
fs29, fs30, fs875, fs971, fs104, fs693, fs695, fs696; see
Data S2).We interpret these flowsets as describing inter-
mediate, local-scale flow fluctuations occurring between
our reconstructed stages of ice flow; this substage infor-
mation is recorded inTablesS1 andS2, inDataS2, and in
the flowset shapefiles (Data S1). Some flowsets appear in
multiple stages (up to three), for example, wherewe infer
stability of a sector of the ice sheet while another sector
evolves.Wecorrelatedour stageswith ice-flow stages and
flowset groupings of Boyes et al. (2023) over the Kola
Peninsula and Russian Lapland (see Table S2).

Final groupings of flowsets into ice-sheet-scale stages
differ significantly from the original pattern groupings
we generated at regional scales; hence we have not
included the initial pattern groupings in our published
datasets to minimise confusion for those re-using the
data. However, we found that the pattern group
approach was an extremely useful—perhaps essential
—methodological step to reduce the rich and complex
relative age and flow-pattern information into amanage-
able format upon which we could then iterate.

We used the extent and configuration of flowsets in
each stage to infer the position(s) of the ice divide(s)
and generalised ice-sheet-scale flow vectors. We also
infer an ‘ice bounding line’ to represent the approximate
size and shape of the ice sheet that is required to contain
the flow information for each stage.We strongly empha-
sise that these ice bounding lines do not represent exact
ice extents or margin positions, nor do they necessarily
represent exactly time-synchronous configurations;
rather they are a representation of the approximate ice
sheet geometry thatwould be compatiblewith the recon-
structed ice-flow-pattern configuration. Connecting our
flow patterns to specific ice margin positions is beyond
the scope of the present study, requiring extensive inte-
gration with mapping of ice-marginal landforms across
the ice sheet domain and significant additional interpre-
tation to connect them to detailed ice-flow patterns.

As a general rule, while generating our stage recon-
structions, we avoided making inferences about their
placement in absolute time. The exceptions were stages
containing flowsets entirely within, or just beyond, the
generallywell-establishedmaximumlimits achieveddur-
ing MIS 2 and the Younger Dryas (YD; see Andersen
et al. 1995a, b; Hughes et al. 2016; Stroeven et al. 2016;
Batchelor et al. 2019; Mangerud, Hughes, et al. 2023b;
Boyes et al. 2024). Flowsets ascribed toStage 17 and sub-
sequent stages were not allowed to extend beyond the
outermost YD extent delimited in Hughes et al. (2016:
fig. 8) andBoyes et al. (2024), and themost areally exten-
sive bounding line for all stages could not extend beyond
the maximum-achieved extent of the last SIS (based on
Hughes et al. 2016). Where necessary, we modified the
inferred flow vectors, ice divides and outer bounding
lines inferred by Boyes et al. (2023) over the Kola Penin-

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 21

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70050 by O

pen A
ccess Sheffield - U

N
IV

E
R

SIT
Y

 O
F SH

E
FFIE

L
D

 , W
iley O

nline L
ibrary on [26/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Fig. 9. Lineation linkages over Fennoscandia (n = 53 433) and NWRussia (n = 4355), colourised by orientation. Note that orientation is with
respect to the map frame rather than true north. See Fig. S3 for a larger map andData S1 for the shapefile data. The map includes the following:
lineation linkagesgenerated in step3ofourmulti-scalemappingapproachoverNorway,SwedenandFinland; supplementaryreconnaissance-style
linkages extending into and beyond Russian Karelia (see Data and methods); and lineation linkages from Boyes et al. (2023) over the Kola Pen-
insula andRussianLapland.Note, the specific approaches to linkage generationdiffer somewhat betweenour studyand that ofBoyes et al. (2023),
but they are shown here (with transparency applied) to illustrate the relationship to ice-flow orientations in our mapping area. For visual clarity,
orientations are represented on a 0°–180° colour scale, but note that the dataset (Data S1) also includes orientations on a 0°–360° scale. The small
DTMgaps that existed inNorwayduringmappingSteps 1 and2 (Fig. 5)were carefully filled induring the generationof lineation linkages, asDTM
coverage became available. Our linkage dataset extends to the ice sheet’s eastern maximum limit; the easternmost linkages (included in the larger
map inFig. S3) are not visualised here to improve clarityover themain studyarea. SeeFig. S4 for lineation linkages colourisedbyconfidence.Data
credit for shaded-relief basemap: Airbus, USGS, NGA,NASA, CGIAR,NLS, OS, NMA,Geodatastyrelsen, GSA,GSI and theGISUser Com-
munity.
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sula and Russian Lapland based on the wider ice sheet
context. Given the ice-sheet-wide scale of our flow-
pattern reconstruction, this typically resulted in a simpli-
fied representation of localised complexitieswith respect
to Boyes et al. (2023).

Results

Ice flow directions recorded by subglacial bedforms over
the interior of the Scandinavian Ice Sheet

We generated 53 433 lineation linkages over Norway,
Sweden and Finland, and a further 4355 supplementary
reconnaissance-style lineation linkages (see Data and
methods) over NW Russia. Figure 9 (see also Fig. S3)
shows a map of our lineation linkages along with those
generated over the Kola Peninsula andRussian Lapland
byBoyes et al. (2023). In both the coremapping area and
NW Russia, the proportion of our linkages ranked as
medium-to-high confidence exceeds 90%. Low-
confidence linkages represent <10% of the population,
and very low confidence linkages represent ~1%. Linea-
tion linkages categorised by confidence are shown in
Fig. S4.

Flowsets and glaciodynamic interpretations

We generated 611 flowsets over Norway, Sweden, Fin-
land, and extending into Russian Karelia (Figs 10, S5).
Our flowsets have a cumulative area of 1.59 9
106 km2. Of this area, 32% is accounted for by over-
laps between flowsets; the total Earth surface area cov-
ered by one or multiple flowsets is 1.08 9 106 km2.
Flowsets cover the majority of Sweden and Finland
(both 93% coverage), but only 52% of Norway. For
the flow-pattern reconstruction, we additionally adopt
171 flowsets of Boyes et al. (2023), and the regional
flow-pattern stage groupings to which they were
assigned in that study. These flowsets were based on
landform mapping that extended 5 km into Finland
and Norway; they intersect with six of our flowsets,
with good flowline agreement in the overlapping areas.
The remainder of the Boyes et al. (2023) flowsets ini-
tiate outside of our mapping area.

Flowset sizevaries significantly, from1.14 km2 (fs820,
a valley-confined flowset on a small Norwegian island)
to 103 760 km2 (fs297, a time-transgressive thinning
and retreat flowset in S Sweden). Flowset size exhibits
a significant positive skew, with a median area of
152 km2 and a mean area of 2597 km2; this results from
the large numbers of small flowsets that occur within the
complex, high-relief terrains of Norway and the Scandi-
navian mountains. Flowsets in low-relief regions of Fin-
land and Sweden tend to be more spatially extensive.

Of the 611 flowsets generated in this study, 63 (10%)
were marked as low confidence, and 5 (1%) as very low
confidence. These flowsets tend to be small, accounting

for just ~3% of the cumulative flowset area. Flowsets
were given these confidence classifications if, for exam-
ple, they hosted a significant proportion of low or very
low confidence lineation linkages, sparse lineation link-
ages or occurred in areas where bedrock structure made
the identification of glacially streamlined features more
challenging. The ice flow direction was deemed uncer-
tain for a small number of flowsets (19), accounting for
0.05% of the cumulative flowset area. In these cases,
we made our best judgement of the likely flow direction
based on the morphology of subglacial lineations, and
marked the uncertainty with a note in the flowset shape-
file (Data S1).

We identified 359 pairs of cross-cutting landforms
(‘critical cross-cuts’) which indicate the relative-age
sequences of our flowsets. They represent cross-cuts
between342unique flowsets.The remaining269 flowsets
are floating in the relative-age sequence (Fig. S6), being
spatially isolatedor lacking cross-cutting landformswith
other flowsets. Twenty-eight critical cross-cuts were
marked as ‘lower confidence’, where the relative-age
sequence of cross-cutting landforms was uncertain.
The relative-age sequence of flowsets (illustrated in
Fig. 5) is synthesised in Table S1, which also contains
informationon flowset assignments to interpreted stages
of ice flow evolution, described later.

We classified 456 flowsets (~75% of total) as isochro-
nous, 72 (~12%) as time-transgressive, and 24 (~4%) as
meltwater route-directed (Table 3, Fig. 11). The remain-
ing 59 (~10%) flowsets had insufficient landform infor-
mation to assign a glaciodynamic classification. While
isochronous sheet flow fragments and isochronous
valley-confined flowsets are the most numerous, they
each account for small percentages of the cumulative
flowset area (3% and 1%, respectively). The most exten-
sive glaciodynamic signatures, as a proportion of the
cumulative flowset area are isochronous sheet flow
(43%), isochronous divergent flow (19%), time-
transgressive flowline migration (15%) and time-
transgressive thinning (11%). Seven time-transgressive
thinning flowsets exhibited supplementary signatures
of flowline migration or retreat (Table 3).

Isochronous flowsets occur throughout the domain
(Fig. 11A). Isochronous sheet flow dominates over cen-
tral Sweden and N Finland and also extends across Fin-
land into NW Russia. Sheet flow also occurs over the
Scandinavianmountains in theTrøndelag regionofNor-
way. Isochronous divergent flowsets are largely concen-
trated inSSwedenand south-central Finland,with some
smallerdivergent flowsets locatedcloser to theScandina-
vianmountains inSwedenandNorwayand inSNorway.
Isochronous convergent and valley-confined flow dom-
inates over the Scandinavian mountains and along the
Norwegian coast. Some convergent flowsets also occur
around the Gulf of Bothnia, but sheet flow is the most
dominant signature here. Isochronous sheet fragments
are distributed throughout the domain.

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 23
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Time-transgressive flowsets exhibit strong spatial
clustering (Fig. 11B). Flowsets with signatures of flow-
line migration occur predominantly over NE Sweden,
N Norway, and northern-central Finland, with addi-

tional significant examples on the SW coasts of Sweden
and Norway. Flowsets with signatures of thinning occur
predominantly in S Norway, south-central Sweden and
among E–W oriented flowsets in the Scandinavian

Fig. 10. MapofflowsetsgeneratedoverNorway,Sweden,Finland,andextending intoRussianKarelia.Flowsetsarecolourisedbyconfidence.See
DataS1 for shapefiledata.Also shownare flowsetsover theKolaPeninsula andRussianLapland (blueoutline) fromBoyes et al. (2023).Themap is
best viewed at full scale in Fig. S5. Flowsets that are ‘floating’ in the relative-age sequence (i.e. which lack cross-cutting relationships with other
flowsets) are shown in Fig. S6. Flowsets colourised by the influence of topography on their internal ice flow vectors are shown in Fig. S7, and
flowsets colourised by their glaciodynamic classifications are shown in Fig. S8. Data credit for shaded-relief basemap: Airbus, USGS, NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrelsen, GSA, GSI and the GIS User Community.
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mountains. A single flowset interpreted to represent ice
thickening was identified in S Norway (fs284). Flowsets
with signatures of ice retreat occur predominantly in S
Sweden and south-central Finland, with an additional
significant example extending into Norway fromNFin-
land.

We identified a small number of meltwater-route-
directed flowsets (Fig. 11C), predominantly in central
Finland (Fig. 8H) with additional examples in N Nor-
way and S Finland. These flowsets have small areas
(maximum = 278 km2, median = 57 km2), and are at
the limits of our linkage- and flowset-mapping resolu-
tions. Meltwater-route-directed flowsets account for
<1% of the cumulative flowset area. We briefly explore
the implications for ice-flow patterns of this new glacio-
dynamic classification (see ‘Data and methods’) before
we reconstruct ice flow-pattern evolution at the ice-sheet
scale. Meltwater-route-directed flowsets often appear in
groups, as discrete flowsets arranged along (and in some
cases on both sides of) major subglacial meltwater corri-
dors represented by tunnel valleys and/or eskers (e.g.
Dewald et al. 2022). They are particularly abundant

along a 55 km-long portion of a major subglacial melt-
water corridor in E Finland (Fig. 8H), with the charac-
teristic deviations in subglacial lineation orientations
varying consistently along the sinuous profile of the
meltwater route. Such flowsets appear similar to features
interpreted by Dowling et al. (2016) as representing ice
flow into ice-marginal calving bays. Punkari (1994) also
observed local deviations of glacial striae towards melt-
water routes within larger deglacial flow patterns. We
thus interpret our meltwater-route-directed flowsets as
representing localised diversions of ice and/or subglacial
meltwater flow towards major corridors of subglacial
meltwater drainage. Such diversions could be driven by
localised variations in the basal hydraulic gradient
and/or in the icemargin geometryover the outlets of sub-
glacial drainage conduits (be they lake or land-
terminating ice-margin embayments). In the
meltwater-route-directed flowsets we observe, the linea-
tion imprints lack cross-cutting and hence could repre-
sent localised isochronous flow events. However, given
the probable time-transgressive nature ofmeltwater cor-
ridor formation behind retreating ice margins (e.g. St-

Table 3. Statistics for flowset glaciodynamic classifications and relationships of their constituent subglacial lineations to bed topography. Note
that percentages do not sum to 100%due to rounding. Those ‘relationship to topography’ sub-classes forwhich no flowsetswere identified are not
included in the table.

Flowset classification Number of
flowsets

% of all flowsets
(n = 611)

% Flowset cumulative
area (cumulative
area = 1.59 9 106 km2)

Relationship to
topography

Number of flowsets in
topographic subclass

Isochronous—sheet flow 65 11% 43% Ignore 31
Sense 34

Isochronous—sheet-flow fragment 130 21% 3% Ignore 52
Sense 78

Isochronous—convergent 38 6% 2% Ignore 1
Sense 32
Funnel 5

Isochronous—divergent 64 10% 19% Ignore 26
Sense 38

Isochronous—convergent and
divergent

3 <1% <1% Sense 2
Funnel 1

Isochronous—valley-confined 156 26% 1% Ignore2 6
Sense2 99
Follow2 51

Time-transgressive—flowline
migration

15 2% 15% Ignore 4
Sense 11

Time-transgressive—behind
retreating ice margin

15 2% 4% Sense 15

Time-transgressive—thinning1 41 7% 11% Sense 34
Funnel 1
Follow 6

Time-transgressive—thickening 1 <1% <1% Sense 1
Meltwater route directed 24 4% <1% Ignore 11

Sense 13
Unknown 59 7% <1% Ignore 22

Sense 25
Unknown 12

1Within the time-transgressive—thinning class, 4 flowsets showednotable supplementary signatures of time-transgressive flowlinemigration, and
3 showed notable supplementary signatures of time-transgressive retreat.

2By definition, valley-confined flowsets follow broad-scale topography. Hence, for valley-confined flowsets, the topographic characterisations
shown here refer to the relationship to local topography on the valley floor.
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Fig. 11. Flowset glaciodynamic classifications. A. Isochronous flowsets, colourised by subclassifications described inTable 2 andFig. 8. B. Time-
transgressive flowsets, colourised by subclassifications described in Table 2 andFig. 8. Note that the primary classifications are shown here. Some
time-transgressive flowsets had secondary classifications (e.g. evidence for retreat in addition to thinning), which are recorded in the flowset sha-
pefile (Data S1). C. Meltwater-route-directed and unclassified flowsets. See Fig. S8 for a larger map of flowset glaciodynamic classification.
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Onge 1984; Kleman & Borgstr€om 1996; Lewington
et al. 2020; Dewald et al. 2022; V�erit�e et al. 2024) and
the occurrence of multiple meltwater route-directed
flowsets along significant lengths of individual meltwa-
ter routes (Fig. 8H), we do not ascribe either an isochro-
nous or time-transgressive classification to this flowset
class. We deemed that these flowsets should not be used
for reconstructing ice-sheet-scale flow patterns because,
according to our hypothesis, the orientations of their
constituent subglacial lineations relate to local varia-
tions in subglacial hydraulic pressure gradients and
could deviate from the regional ice flow direction by
up to 90°, effectively parallel to the regional ice margin.
As a result, while we use cross-cutting relationships of
these flowsets to inform our interpretation of the mini-
mum size of the ice sheet in the stages in which they
appear, we do not use them as a basis for constructing
ice-sheet-scale flow patterns.

The orientations of subglacial lineations in amajority
of flowsets exhibit some degree of sensitivity to bed

topography (Table 3). There are 156 isochronous
valley-confined flowsets, which follow broad-scale
topography though display varying degrees of topo-
graphic sensitivity to local variations within their host
valley floors. Of the 455 remaining flowsets, 32% com-
prise subglacial lineations whose orientations ignore
underlying topography, while 62% sense topography,
2% funnel down topography from wider catchments
and 1% closely follow topography (but are not valley-
confined). 3% of flowsets were deemed to have insuffi-
cient information for topographic classification.

Ice sheet flow-pattern evolution over Fennoscandia

We reconstructed 25 interpretative stages of SIS flow-
pattern evolution (Figs 12, 13, S9, S10, Tables S1, S2,
Data S1, S2). These stages honour the cross-cutting rela-
tionships indicated by critical cross-cuts, and the guiding
principles for ice-sheet-scale flow-pattern reconstruction
(see ‘Data andmethods’). They include two stageswhich

Fig. 12. Stages 1 and 2 ofour ice flow-pattern reconstruction.Note that the inferred ice geometries illustrated bydashed lines (whichwe term ‘ice
bounding lines’) are not precise icemargin positions; rather they depict a generalised size and shape of the ice sheet inferred based on flow-pattern
information. We interpret these stages as recording bedform signatures of a pre-MIS-2 (likely MIS 4 or older) ice sheet, which were preserved
through the advance and retreat of the last SIS. TT denotes time-transgressive flowsets (see ‘Data and methods’, and Table 2). See Fig. S9 for
A3 versions of the stage maps, and Fig. S10 for A3 versions with individual flowset IDs referred to in the text. Data S2 contains larger A0 maps
of flowsets colourisedby stage, andDataS1 contains the shapefile data for each stage.Data credit for shaded-relief basemap:Airbus,USGS,NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrelsen, GSA, GSI and the GIS User Community.
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Fig. 13. Stages of flow-pattern evolution of the last SIS, reconstructed based on subglacial lineations over Norway, Sweden, Finland and NW
Russia. Note that the inferred ice geometries illustrated by dashed lines (which we term ‘ice bounding lines’) are not precise ice margin positions;
rather they depict a generalised size and shape of the ice sheet inferred based on flow-pattern information. The red line is the non-synchronous
maximum extent of the last SIS (see Hughes et al. 2016). Grey flowsets over the Kola Peninsula and Russian Lapland are from Boyes et al. (2023;
correlations to their stages are noted in the relevant panel). TT denotes time-transgressive flowsets (see ‘Data and methods’, Table 2). In areas
lacking flowsets inanygiven stage, reconstructionwasperformedby interpolatingbetweenareaswith flowsets,whilealso considering the ‘memory’
of thepreceding stageandknowledgeof theevolutionarytrajectory required toachieve theconfiguration in the subsequentstage.Flowaxes extend-
ing into the ice sheetperiphery, beyondourmappingdomain (i.e. S andEof theBaltic Sea), are highlygeneralisedandbased solelyon reconstructed
ice flow from the ice sheet interior. Similar toKleman et al. (1997), we donot attempt to reconstruct details of flowout to the highly crenulated and
time-asynchronous maximum extent of the last SIS. See Fig. S9 for A3 versions of the stage maps, and Fig. S10 for A3 versions with individual
flowset IDs referred to in the text.Data S1 contains shapefile data for each stage. See alsoFig. S6 for amapof ‘floating’ flowsets, whichdonot have
relative age information from cross-cutting subglacial lineations, and Data S2 for larger A0 maps of flowsets colourised by stage. Data credit for
shaded-relief basemap: Airbus, USGS, NGA, NASA, CGIAR, NLS, OS, NMA, Geodatastyrelsen, GSA, GSI and the GIS User Community.
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we infer may relate to a relatively old ice sheet which pre-
ceded the advance of the last (MIS 2) SIS (Fig. 12). We
reiterate that the bedform imprints and hence flowset
groupings in any given stage may be time-asynchronous

and that the bounding lines reconstructed for each stage
(see ‘Data and methods’) represent the approximate ice
sheet size and shape evidencedby flowsets, as opposed to
specific documented ice margin positions derived from

Fig. 13. Continued
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mappedmoraines or other ice-contact landforms. These
boundaries are thus highly schematised, and we do not
attempt to force them to follow specific known ice mar-
gin positions defined by moraines and other ice-contact

landforms, nor to a particular chronological event or
associated timing. The actual ice margin positions may
have been more extensive and/or more crenulated than
depicted in Figs 12 and 13. The sections that follow

Fig. 13. Continued
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include references to individual flowset ID numbers.
These can be viewed stage-by-stage in Fig. S10, and in
larger maps in Data S2.

An early ice sheet advance (Stages 1–2). – The oldest
flowsets in the relative-age sequence record two stages
of south-eastward ice flow across N and central Sweden

Fig. 13. Continued

BOREAS Flow-pattern evolution of the Scandinavian Ice Sheet 31

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70050 by O

pen A
ccess Sheffield - U

N
IV

E
R

SIT
Y

 O
F SH

E
FFIE

L
D

 , W
iley O

nline L
ibrary on [26/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and intoNFinland. Stage 1 (Figs 12, S10) reflects a con-
sistent pattern of flowsets extending from near to the
Scandinavian mountains in N Sweden and across the
northern parts of the Gulf of Bothnia (fs63, fs887,

fs79, fs80and fs249).We infer an icedivideover theScan-
dinavian mountains, potentially connected via a saddle
to a second inferred ice dome over high ground in SNor-
way. In Stage 2, ice flow extended further into Finland,

Fig. 13. Continued
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and ice flow in central Sweden reoriented towards the
topographic depression in the southern part of the Gulf
of Bothnia (from fs249 in Stage 1 to fs93 in Stage 2). We
note that Stages 1 and 2 are broadly similar to flow pat-
terns identified by Kleman et al. (1997) and ascribed to
flow of ice sheets during the early Weichselian.

A small ice sheet centred on the Scandinavian mountains
(Stage 3). – In Stage 3 (Figs 13, S9, S10), flowsets con-
fined to Norway andW Sweden record a more spatially
limited ice flow geometry than Stages 1 and 2, with thin-

ner, more topographically influenced ice centred on the
Scandinavian mountains. This leads us to infer that the
older Stages 1 and 2 do indeed reflect two evolutionary
stages of an earlier ice sheet (e.g. Kleman et al. 1997),
and that Stage 3 represents the first major imprint of
the last SIS preserved in subglacial lineations (see ‘Dis-
cussion’). Stage 3 flowsets trend away from the spine
of the Scandinavianmountains and evoke two ice divides
separated by a saddle in S Norway. This flow pattern is
consistent with an inferred ice divide in SNorway, which
curved along the head of Sognefjord, which likely pro-

Fig. 13. Continued
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vided efficient ice drainage under such a divide configu-
ration. We infer, based on the pattern of flowsets, that S
and E Sweden and Finland were ice-free in Stage 3.

Advance of ice to the continental shelf edge, and into NW
Russia and the northern European plain (Stages 4–8). –
Stage 4 (Figs 13, S9, S10) represents a renewed advance
of ice across the Gulf of Bothnia into W Finland. Flow-
sets in this stage (fs193, fs196, fs197, fs198, fs68, fs245,
fs24) represent extensive sheet flow across most of Swe-
den and necessitate the persistence of an ice divide over
the Scandinavian mountains. Assuming enlargement of
a southern dome over Norway relative to Stage 3, we
infer a simplified N–S-oriented southern divide, con-
nected to the main divide via a saddle.

In Stage 5, ice advanced into S Sweden and Finland,
and across the Kola Peninsula and Russian Lapland
(stage A flowsets in Boyes et al. 2023). A consistent reor-
ientation of extensive sheet flow across Sweden (e.g.
fs850, fs202) requires a general rotation of the major
eastward flow axis towards the SE, implying a clockwise
rotation of the ice divide position. This is consistent with
an apparent rotation of the flow axis in SNorway (fs94),
which necessitates migration of the ice divide to the
southeast of the mountains. The interpreted ice-flow
axes and ice sheet geometry were relatively complex in
Stage 5, reflecting the interaction of ice flow with the
Bothnian and White Sea basins. Following the guiding
principle of broad ice sheet symmetry, we assume that
the ice extended offshore around the Norwegian coast.

In Stage 6, the zone of major sheet-flow imprints (e.g.
fs25, fs7, fs860, fs862, fs855, fs949) shifts from Sweden
intoFinlandandNWRussia. Small flowsets in SSweden
(fs122, fs240) also imply ice flow into theBaltic Seabasin
and potentially further south. We correlate Stage 6 with
flowsets in stageCofBoyes et al. (2023). Southward flow
from the Kola Peninsula and Russian Lapland into the
White Sea implies the establishment of an east–west-
oriented ice divide over the peninsula, which we infer
to represent an eastward extensionof themain ice divide.
Substantial flowsets (e.g. fs254, fs342, fs260, fs757)
extend westwards across the Scandinavian mountains
from W Sweden to the Norwegian Sea, collectively
implying relatively thick ice flowing from a divide east
of themountains.Weposit that theSISmayhave reached
the continental shelf edge aroundStage 6and established
its known connections to the BIIS and BKIS to the east
and north, respectively.

In Stage 7, westward ice flow continued to pass over
the Scandinavian mountains, with additional NW-
trending imprints in S Norway (e.g. fs303). Ice likely
extended further into NW Russia (fs948, fs611) and
south of the Baltic Sea. Northward flow extended across
NNorway fromFinland (e.g. fs149, fs82) and across the
Kola Peninsula and Russian Lapland (correlated with
Boyes et al. 2023 stage F flowsets) towards the Barents
Sea. This suggests a further clockwise rotation of the

positionof the icedivide,migrating towards thenorthern
tip of the Gulf of Bothnia and extending across Finland
and NW Russia into the White Sea.

Stage 8 suggests a relatively stable pattern of ice flow
relative to Stage 7, but with a transition to divergent
ice flow (fs232) in S Sweden suggesting a minor change
in ice geometry within and beyond this region.

Initial deglaciation (Stages 9–16). – We infer that Stage
9 (Figs 13, S9, S10) correlates approximately with the
commencement of extensive deglaciation of the SIS.
Eight subsequent stages describe the evolution of the
ice sheet through deglaciation towards the well-
established YD ice sheet limits. Stage 9 captures a series
of significant regional ice flow reconfigurations. Ice flow
across S Sweden reoriented westward towards Kattegat
(fs901). In central Norway, valley-confined flow
imprints (fs756, fs399, fs400) suggest ice thinning over
the Scandinavianmountains, potentially associatedwith
retreat from the continental shelf. Northward flow per-
sisted towards the Barents Sea, with a slight clockwise
rotation of this flow axis (e.g. fs165, fs158, fs172, and
Boyes et al. 2023 stage G flowsets). This leads us to infer
a significant shortening of the northern extent of the pri-
mary ice divide and its migration back towards Sweden.
A secondary divide could have persisted over high
ground in the Kola Peninsula (as inferred in the corre-
lated stageGofBoyes et al. 2023), connected to themain
divide by a saddle.

Our flowsets alone do not give a particularly strong
indication of the geometry of ice flow during break up
of ice in the North Sea and detachment of the SIS from
the BIIS. However, we infer that these events occurred
around Stage 9, allowing accommodation space for
minor reconfiguration of ice flow around the S coast
of Sweden in Stage 10. In Stage 10, ice flow trended
through the Baltic Sea basin (evidenced by fs106 and
fs114 on Gotland and €Oland, respectively), and curved
around the southern tip of Sweden into Kattegat
(fs121 and fs893). Time-transgressive thinning signa-
tures inNNorwayduring Stage 10 (fs151 and fs562) lead
us to infer that the nearby connectionwith the BKISwas
weakened and/or lost around the time that these flow
patterns were inscribed.

Stage 11 summarises broadly divergent ice flowover S
Sweden, with ice flow trending across—as opposed to
along—the Baltic Sea; evidenced by a reorientation of
flowsets onGotland and €Oland, andSmainlandSweden
(fs105, fs110, fs116, fs243, fs224). Ice continued to flow
acrossFinland (fs878, fs21, fs861, fs859) intoNWRussia
south of the Baltic Sea.We infer loss of the secondary ice
divide over NW Russia; north-westward ice flow across
Russian Lapland (Boyes et al. 2023 stage H flowsets)
insteademanated fromthe endof theprimarydivideover
N Sweden, and ice flow locally curved around the high
ground in the Kola Peninsula. Stage 12 captures flow
reorientation and reconfiguration in S Sweden as the
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ice retreated up and across the Baltic Sea towards the SE
coasts of Gotland and €Oland. Small, valley-confined,
convergent, and time-transgressive thinning flowsets
on the N coast of Norway (e.g. fs188, fs144, fs824,
fs140, fs828) indicate that the ice margin was likely close
to thepresent-daycoastline, perhapsbeginning to retreat
into the fjords in some locations.

In Stage 13, we reconstruct a lobate ice geometry over
S Sweden (e.g. fs233) with the ice margin approaching
Gotland and €Oland (e.g. fs113 and fs111). Small, topo-
graphically controlled and time-transgressive thinning
flowsets along large parts of the central and N Norwe-
gian coasts suggest that the icemarginwas near the coast
(e.g. fs141, fs962, fs990, fs499).Apatternof flowsetswith
axes converging towards Trondheim from the Scandina-
vian mountains (e.g. fs264, fs500, fs985, fs300, fs317),
including flowsets with time-transgressive thinning sig-
natures, suggests that the icewas thinningbut continuing
to source from a divide position east of the mountains
and draining towards Trondheimsfjord; efficient topo-
graphicallydirecteddrainagemayhavehelped to capture
ice flow from thedivide to theNE.Retreating ice over the
Kola Peninsula continued to radiate from the primary
divide (Boyes et al. 2023 stage I flowsets). We include a
large, W–E-trending, but notably time-transgressive
flowset (fs55)whichextends fromNFinland to theWhite
Sea in this stage. We explain the cross-cutting relation-
ships and complex bedform imprints recording time-
transgressive flowline migration within fs55 by the for-
mation of its down-flow (eastern) portion (which repre-
sents ice flowing into the White Sea) around Stage 13,
and the later formation of its up-flow (western) por-
tion—which cross-cuts flowsets assigned to Stage 15
(fs612, fs54, and fs944)—in Stage 21. This interpretation
of fs55 (see Example 2 in Sheet 1 of Table S1) is compat-
ible with the reconstructed sequence of flow changes
between Stages 13 and 21. Fs55 correlates with a flowset
from Boyes et al. (2023) over NW Russia, which we
include in Stage 14 alongside a small flowset that super-
poses fs55 and evokes a minor reconfiguration of the
local flow axis as the ice retreated towards the coast of
theWhite Sea. InStage 14, ice continued to retreat across
S Sweden, generating divergent lobate flow imprints of
time-transgressive retreat (fs238) near the margin. A
minor ice divide over the Kola Peninsula is inferred to
account for southward ice flow towards the White Sea.
This is a modification of the correlated stage K from
Boyes et al. (2023); they interpret topographically influ-
enced ice flow as resulting from the lowering of the ice
sheet surface.

Stage 15 represents a major reconfiguration of the
flow-pattern geometry of the northern SIS. A group of
N- and NE-oriented flowsets (fs612, fs70, fs69, fs146,
fs385), the largest of which represent time-transgressive
flowline migration, leads us to infer that a branched ice
divide developed over N Sweden. One ice divide branch
extended north into the Scandinavianmountains overN

Sweden, while the other terminated near the northern
coast of theGulfof Bothnia. Ice flow converged between
these branches (fs612, fs70, fs69, fs146, fs385) before
curving towards the N Norwegian coast, where small
topographically influenced flowsets (e.g. fs679, fs181,
fs864) suggest that the icemarginwas retreating through
the fjords. In S Finland, an isochronous divergent flow-
set (fs11) sources from the western branch of the ice
divide and corresponds to the Finnish Lake District
ice lobe (Fig. S11; see e.g. Putkinen et al. 2017 and ‘Dis-
cussion’). Extensive bedform signatures of time-
transgressive ice sheet thinning (fs297, fs927, fs403,
fs445) and retreat (fs213) are also observed over S Swe-
den and S Norway. Bedforms in the headward zones of
such flowsets may have formed somewhat later than
those in their down-flow zones and trace back to an ice
divideposition centred closer to theScandinavianmoun-
tains.

In Stage 16, topographically influenced flowsets sug-
gest continued drainage of ice through theNNorwegian
fjords (e.g. fs627, fs553).A second isochronousdivergent
flowset (fs4) corresponding to the Baltic Sea ice lobe
(Fig. S11; see e.g. Lunkka et al. 2021; Putkinen
et al. 2017) extends across SW Finland from the Both-
nian coast to the approximate position of the major Sal-
pausselk€a I ice-marginal zone.

Ice flow evolution around the Younger Dryas, and subse-
quent ice sheet demise (Stages 17–25). – Stage 17 (corre-
latedwith stage L flowsets from Boyes et al. 2023) is one
of two stages for which we considered the well-
established limit of the SIS associated with the YD
(Andersen et al. 1995a; Rainio et al. 1995; Hughes
et al. 2016: fig. 8; Boyes et al. 2023, 2024; Mangerud
et al. 2023b; see ‘Data and methods’). In Stage 17
(Figs 13, S9, S10), two flowsets cross-cut the lateral mar-
gins of the divergent ice lobe represented by fs11 in Stage
15. These flowsets (fs5 and fs857), which we informally
describe as ‘lateral lobe feathers’, terminate around
the Salpausselk€a II ice-marginal zone (Fig. S11), with
the northernmost ‘feather’ recording subsequent time-
transgressive ice-margin retreat. A smaller time-
transgressive retreat flowset with a divergent flow pat-
tern also extends into N Norway from Finland (fs160).
Stage 17 is the only stage among the deglacial stages in
which we found it necessary to invoke a small outward
extension of our reconstructed ice geometry (i.e. poten-
tially necessitating a local ice readvance). This extension
relates to a large isochronous flowset (fs43) which
extends across central Finland to the approximate posi-
tion of the Rugozero ice-marginal zone (e.g. Rainio
et al. 1995; Boyes et al. 2024) in NWRussia. The overall
flowset pattern in the northern SIS is best explained by a
lengthening and slight westward migration of the west-
ern branch of the ice divide that formed in Stage 15.

Stage 18 represents aminor flow reconfiguration,with
the onset of divergent, eastward-trending flow over cen-
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tral Finland (fs38). Flowsets over S Norway indicate
renewed ice flow convergence into the area south of
Trondheimsfjord (e.g. fs977, fs748, fs747, fs969, fs 311)
leadingus to infer separationof the icedivideoverSNor-
way with convergent flow from a saddle connecting this
and the main divide. We also invoke a small westward
migration of the divide in S Norway (i.e. away from
the spine of the Scandinavian mountains), which could
be explained, for example, by ice-sheet thickening during
the YD.

In Stage 19, flowsets over central Finland andRussian
Karelia (fs41, fs946, fs879) reflect a divergent flow pat-
tern which extended to the approximate location of the
Kalevala ice-marginal zone (e.g. Ekman & Iljin 1991;
Rainio et al. 1995; Boyes et al. 2024). This includes a
small, isochronous divergent ice lobe (fs879) and a large
time-transgressive (retreat) flowset (fs41) with a diver-
gent flow pattern reflecting subsequent retreat of the
ice margin into the Gulf of Bothnia. In Russian Lapland
(where we correlate our Stage 19 with stage M flowsets
from Boyes et al. 2023), ice flow diverged towards the
Barents Sea coast and the White Sea. We infer that the
eastern branch of the main divide completely degraded
by Stage 19 (having shortened somewhat through Stages
17 and 18), an interpretation supported by numerous
topographically controlled flowsets (e.g. fs376, fs372,
fs763, fs269), including time-transgressive thinning sig-
natures, which trend north-west along valleys through
the Scandinavian mountains. In Sweden, small flowsets
(e.g. fs214, 215, fs701, fs208) with locally variable, but
broadly southward flow directions also record flow of
thin, topographically influenced ice, and time-
transgressive retreat (e.g. fs700 and fs208) north of the
Middle Swedish End Moraine Zone (see e.g. Johnson
et al. 2019). These include two meltwater-route-directed
flowsets (fs206 and fs702).

In Stage 20, flowsets over SWFinland,�Aland, and SE
Sweden (fs3, fs9, fs100, fs98, fs703, fs225) imply a diver-
gent, lobate flow pattern over the southern part of the
Gulf of Bothnia, with the isochronous divergent flowset,
fs3, inSWFinland, terminating around theSalpausselk€a
III ice-marginal zone (Fig. S11). This correlates with the
Baltic Sea ice lobe in Finland (e.g. Putkinen et al. 2017;
Lunkka et al. 2021). In Stage 21, this lobate pattern per-
sisted as ice retreated towards the Finnish coast, gener-
ating space for adjacent lobate flow corresponding to
the N€asij€arvi ice lobe (e.g. Punkari 1980; Lunkka
et al. 2021) to theNE (fs1, fs2, and fs15; Fig. S11), which
extended from the Bothnian coast to just beyond the
Central Finnish Ice-Marginal Formation (e.g. Repo &
Tynni 1971; Lunkka et al. 2021) (see ‘Discussion). We
infer that the headward zone of fs55 (the down-flow por-
tion of which is attributed to Stage 15) formed over N
Finland during Stage 21.

In Stage 22, a small lobate flowset (fs16) superimposes
the downflow end of fs15, terminating near to the Cen-
tral Finnish Ice-Marginal Formation (Fig. S11); it con-

tains signatures of time-transgressive ice retreat from
this position.We also observe signatures of isochronous
flow converging towards the Gulf of Bothnia from E
Sweden (fs92). This suggests that ice flow became more
sensitive to the topographic influence of the Bothnian
Seabasin as the SIS thinned and retreated, with the flow
axis reorienting along the Gulf of Bothnia and flowing
towards �Aland. Small flowsets on the coasts of Finland
and Sweden (fs46 and fs220) indicate continuation of
divergent, lobate flow over this area. We also infer that
ice retreat continued towards a secondary ice divide in
S Norway.We suggest the topographic influence of Sog-
nefjord likely resulted in the formation of a secondary
divide branching north-westward. Over Russian Lap-
land (where we correlate our Stage 22 with stage N flow-
sets from Boyes et al. 2023), ice flow likely radiated from
the northern endof themain ice divide overScandinavia.

Stages 23–25 describe the deglaciation of the Scandi-
navian mountains. Stage 23 is the final stage in which
we reconstruct a contiguous icemass.We infer a spatially
irregular ice sheet geometry, with a relatively small ice
dome over S Norway, connected to the major divide in
Sweden (east of the Scandinavian mountains) via a sad-
dle. Ice flowed from themain divide across Sweden (fs60
and fs90) and theGulf of Bothnia intoN andWFinland
(fs61, fs36, fs12, fs20), with several meltwater-route-
directed flowsets (e.g. fs59, fs614, fs645) occurring in
N Finland. In S Norway, time-transgressive thinning
andvalley-confined signatures (e.g. fs712, fs719) suggest
ice flow convergence down Sognefjord from the
branched divide established in Stage 22.

In Stage 24, flow patterns indicate that the ice sheet
fragmented into an E–Woriented ice dome over S Nor-
way,with themain ice sheet centred over central Sweden.
The retreat of the now-independent icemass over SNor-
waymayhaveprogressedat adifferent rate than themain
ice sheet. Flowsets such as fs253 and fs72 suggest that ice
flowed radially from both ends of the main ice sheet
divide. The last preserved subglacial bedform imprint
into the Gulf of Bothnia from central Sweden is the
south-eastward oriented fs649; its convergent form sug-
gests icemayhavebeen flowing into an embayment as ice
retreated across this area.

Stage 25 is the final stage in our reconstructed
sequence of SIS flow evolution.Valley-confined flowsets
in S Norway suggest that the independent ice mass here
retreated towardshighground in the coreof the southern
Norwegian massif, near the head of Sognefjord. The
main ice sheet remained centred over Sweden, with flow-
sets (e.g. fs89, fs84, fs268) indicating a final ice divide
position to the east of the Scandinavian mountains
andalignedapproximatelywith them.The configuration
of fs262—a flowline migration flowset—suggests that
the main ice sheet divide split in Stage 25. Ice flow
imprints appear to converge from a short southern and
longer northern ice divide towards a major topographic
lowbetweenmassifs of the Scandinavianmountains east
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of Trondheimfjord. Fs258 suggests ice drained through
this topographic low. Inward pinching of the recon-
structed ice bounding line in this area (Fig. 13)may fore-
shadow fragmentation of themain ice sheet shortly after
Stage 25. Ice draining to the west of the southern divide
of the main ice sheet (fs329 and fs848) in Stage 25 was
controlled by large valleys through the southern massif
of the Scandinavian mountains.

Discussion

Subglacial bedforms as imprints of palaeo-ice flow

Our mapping demonstrates that macro-scale subglacial
lineations cover around 81% of the land surface area of
Norway, Sweden and Finland (based on the cumulative
area covered by at least one flowset). Our sampled map-
ping leadsus to estimate that thereareat least severalmil-
lion subglacial lineations in Fennoscandia. Fields of
bedforms exist almost everywhere where sediment exists
(Figs 6, 14).However, theyarenot unique to regionswith
sediment cover; a considerable number of macro-scale
glacially streamlined landforms are also expressed in
bedrock, albeit less commonly and in lower densities
than in areas of thick sediment cover (Fig. 14; Dowling
et al. 2015).

The new metre-scale bare-earth DTMs we exploited
represent an order-of-magnitude improvement in the
resolution of remote-sensing data (primarily aerial and
satellite images) available for the seminal ice-sheet-scale
flow-pattern reconstructions of the late 20th and early
21st centuries (e.g. Dongelmans 1996; Kleman
et al. 1997; Boulton et al. 2001), which also had to con-
tend with the obscuration of the land surface by vegeta-
tion. The improved clarity of >metre-scale landforms in
the new DTMs is partly what has enabled us to delimit
611 flowsets: an order of magnitude more discrete ice-
flow patterns than were reconstructed by Kleman
et al. (1997: fig. 4) who delimited 56 ‘flow-trace fans’
across Fennoscandia (Fig. 3B). Table S3 provides a
detailed comparison between the flow trace fans of Kle-
man et al. (1997) and our 611 flowsets, which we con-
structed independently using a ‘no preconceptions’
philosophy. Of the 41 fans which occur at least partially
withinour core studydomain (Norway, SwedenandFin-
land), 88% comprise flow patternswhich are captured or
partially captured by our flowsets. Of those fans which
are not (n = 5), or only partially captured (n = 14), the
majority were identified by Kleman et al. (1997) solely
on the basis of glacial striae and/or till fabrics. Impor-
tantly, however, all represent flow directions that are
compatible with the broader flow geometries recon-

Fig. 14. A. Spatial variations in the density of lineation linkages (in km (km2)�1, calculatedwithin a 75 km search radius) over Norway, Sweden
and Finland, on a shaded-relief basemap. The locations of contemporary lakes are shown. B. Thickness and distribution of so-called ‘drift’ (sur-
ficial sediment) redrawn from Kleman et al. (2008). Data credit for panel A basemap: Airbus, USGS, NGA, NASA, CGIAR, NLS, OS, NMA,
Geodatastyrelsen, GSA, GSI and the GIS User Community.
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structed in at least one of the stages of our flow-pattern
reconstruction. Hence, for our study area, 100% of the
flow patterns depicted by Kleman et al. (1997) are cap-
tured within the flow patterns we identify (see Table S3
for detailed remarks for individual fans). We return to
a comparison of their reconstructed relative-age
sequencing later in the discussion.

Many of our flowsets subdivide flow patterns identi-
fied by Kleman et al. (1997) into discrete components,
with the sequencing of our flowsets through our recon-
structed stages revealing greater nuance in the relative
timings of those discrete flow events (Table S3). For
example, Kleman et al. (1997) inferred that their fan 1
likely compounded imprints of both deglacial and older
ice flow; we confirm this, delimiting 33 discrete flowsets
consistent with Fan 1, which occur between Stages 4 and
24 of our reconstruction (Table S3). Similarly, Kleman
et al. (1997)noted that their fan18compoundsnumerous
topographically influenced flow imprints across the
Scandinavian mountains and flowing through the Nor-
wegian fjords; we delimit 47 flowsets consistent with
Fan 18, which occur between Stages 6 and 25 of our
reconstruction (Table S3). In other cases, we separate
flow patterns identified byKleman et al. (1997) into dis-
crete imprints occurring over a narrower range of stages;
for example, we identify 10 flowsetswhich broadly corre-
spond to Fan 48 (a lobate fan extending across central
Finland, and into Russian Karelia), which occur within
Stages 17–19 and23ofour reconstruction (Table S3).We
additionally identify more widespread subglacial linea-
tion imprints of some flow patterns represented by Kle-
man et al. (1997), particularly during stages attributed to
ice sheet advance (TableS3,Fig. S10).Other flowsets add
newflowpatterns anddirections, particularlyat local-to-
regional scales and especially inNorway, whichwere not
represented in the Kleman et al. (1997) reconstruction.

It is striking that 43% of the cumulative area of our
flowsets represents spatially extensive isochronous sheet
flow (Table 3, Figs 11A, S8), which is either topograph-
ically unconstrained or only partially influenced by the
topography of the ice sheet bed (Table 3, Fig. S7). These
topographically insensitive isochronous sheet flowsets
are interpreted to represent ice flow up to hundreds of
kilometres into the ice sheet interior; many occur during
ice sheet advance stages, while others appear to have
formed during deglaciation (Fig. 13). Flowsets hosting
bedformswhich likely formed a relatively short distance
(~10s kms) inwards of a retreating ice margin (time-
transgressive retreat, isochronous divergent, and melt-
water route-directed flowsets) account for ~23% of the
cumulative area of all flowsets delineated across Fennos-
candia. The distances from the icemargin at which other
types of flowset (~34% of cumulative flowset area) are
likely to have formed are more case-specific and often
ambiguous or context-dependent. Along with earlier
studies (e.g. Sollid & Sørbel 1994; Dongelmans 1996;
Kleman et al. 1997;Clarket al. 2000), this balanceunder-

lines that the historic view (e.g. Boulton et al. 1985 and
references therein) that drumlins form only within tens
of kilometres of deglaciating ice margins is unfounded.

Shifting flow patterns and ice divide positions

Arguably, it is the locations of ice divides (which occur in
the thickest areasof an ice sheet) and the associated flow-
pattern geometry that exert first-order controls onwhere
ice can flow at sub-continental scales andwhere ice mar-
gins can be sustained.

InFig. 15, we summarise themigration of themain ice
divides required to satisfy our flowset groupings and rel-
ative chronology through 25 stages of ice flow evolution.
A broadly N–S-oriented ice divide is centred over the
Scandinavian mountains through Stages 1–3. During
ice sheet advance (Stages 3–7), the main divide migrated
eastward, hinging clockwise and moving up to 500 km
away from the Scandinavian mountains and positioned
over relatively flat and low-lying regions of E Sweden
and N Finland, extending to the Kola Peninsula and
theWhiteSea.Ourdatathus reinforces thebroadpattern
and trajectory of divide movement that has become
accepted based on field observations and satellite imag-
ery (Vorren 1977; Lundqvist 1986; Kleman et al. 1997)
and reproduced in some numerical modelling experi-
ments (e.g. Siegert & Dowdeswell 2004; Clason
et al. 2014; Patton et al. 2016, 2017; Gudlaugsson et al.
2017; Arnold & Sharp 2002; Jungdal-Olesen et al.
2024). Our inference that the major centre of mass of
the SIS around the LGM was located close to the coast
of the Gulf of Bothnia in Sweden is in agreement with
previous reconstructions (Kleman et al. 1997: fig. 11;
see also our Fig. 2), and with post-glacial uplift rates,
which show maximum rates of uplift over the city of
Ume�a (just southeast of our Stage 7 ice divide; Vestøl
et al. 2019).

It has longbeenunderstood that theSISevolvedasym-
metrically as a result of the high-elevation Scandinavian
mountains (the location of ice sheet initiation) being
located close to the continental shelf edge to the west,
but also having neighbouring extensive lowland plains
across which ice could advance eastwards (Larsen
et al. 2016; Patton et al. 2016, 2017). To the east of the
main divide, two generally preferred flow directions are
evident: towards the SE and towards the SSE (Fig. 9).
The change between them is mostly explained by the
eastwardmigration of the primary divide so that ice flow
over lowlandSwedenandFinland shifted clockwise.The
lack of intermediate flow directions between these two
modes is intriguing; perhaps rapid divide migration
occurred between these two semi-stable configurations,
or an unknown control on bedform generation and/or
preservation arises through periods of divide migration.

Ice-divide migration of the magnitude that we recon-
struct (up to ~500 km) is at the upper extreme of dis-
tances reconstructed for other ice sheets. The Keewatin
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ice divide of themuch larger Laurentide Ice Sheet is sim-
ilarly reconstructed to have migrated 500 km (Dyke &
Prest 1987; McMartin & Henderson 2004), but the
migration distances of the Quebec-Labrador divide
(Rice et al. 2024) and divides of other ice sheets such
as the Cordilleran Ice Sheet (Dulfer et al. 2022) and
the BIIS (Clark et al. 2022) were much shorter (up to
100 km). The large ice dividemigration of the SIS recon-

structed heremust have profoundly affected the ice sheet
dynamics, surface profiles andextent and its influence on
atmospheric circulation patterns (e.g. Fyke et al. 2018).

Our flow-pattern reconstruction suggests an impor-
tant role of the position of the continental shelf edge in
affecting the thickness of ice attained overdifferent parts
of the Scandinavian mountains. Figures 16 and S7 illus-
trate a northward trend along the Scandinavian moun-

Fig. 15. Migrationandconfiguration changesof ice-sheetdivide(s) overFennoscandia, approximated frompatternsof subglacial lineations.End-
members of ice-divide positions, and select intermediate positions are shown to illustratemajormigration sequences (schematically representedby
arrows) through reconstructed stages (S) of ice flow evolution.A. Stages 1 and 2, attributed to an older, pre-MIS-2 ice sheet. B.Advance of the last
SIS towards the LGM.C. Early deglaciation of the last SIS. D. Around the YD, and towards the demise of the ice sheet. See Fig. S9 to view larger
maps of the reconstructed migration of the ice divide through Stages 1–25, andData S1 for shapefile data of ice divides. Data credit for basemap:
Airbus, USGS, NGA, NASA, CGIAR, NLS, OS, NMA, Geodatastyrelsen, GSA, GSI and the GIS User Community.
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tains in the sensitivity of ice-flow patterns to bed topog-
raphy. Our relative-age sequencing suggests that this
trend existed throughout the evolution of the ice sheet,
including when the ice sheet was approaching its largest

size (e.g. Stage 6, Figs 13, S9, S10). During this stage, ice
flow near Trondheimfjord was topographically uncon-
strained, while further north, towards Tromsø, ice flow
channelled through major valleys. We posit that this

Fig. 16. The influence of topography on ice-flow patternswithin flowsets that we associate with the advance and retreat of the last ice sheet over
Scandinavia (our Stages 3–25). Thick ice over low-relief areas should produce patterns thatmostly ignore topographic bumps andvalleys, whereas
theconverse shouldproduce flowpatterns that tend to followthe topography.Thismeans thatour flowset categorisationsaccording to topographic
influence revealqualitative informationonrelative ice thickness, avital sourceof information forbuildingreconstructionsof ice sheets.Theextreme
positionsof the ice divide (Stage 3 to thewest, andStage 7 to the east) are shown, aswell as the inferred ice divideposition inStage 25, just before the
final demise of the ice sheet. The non-synchronous maximum extent of the last SIS is also shown (fromHughes et al. 2016). Note that while our
flowset classifications in Table 3 distinguish valley-confined flowsets into thosewhich ignore, sense, or follow local topographyon the valley floor,
valley-confined flowsets follow broad-scale topography by definition; hence they are groupedwith flowsets which follow topography in this visu-
alisation. See Fig. S7 for a larger map of flowsets colourised by topographic sensitivity, including flowsets ascribed to Stages 1 and 2 of our recon-
struction. Data S1 contains the shapefile data for flowsets and ice divides. Basemap data credit: General Bathymetric Chart of the Oceans
(GEBCO); NOAA National Centers for Environmental Information (NCEI).
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trend is explained by the northward reduction in the dis-
tance between the Scandinavianmountains and the con-
tinental shelf edge (narrowest close toAndøya), resulting
in steeper ice surface slopes to the north. Ice may there-
fore have flowed faster, and been evacuated to the ocean
more efficiently, where the continental shelf edge was
closer, preventing the ice from attaining sufficient thick-
ness to flow independentlyof bed topography, evenwhen
the ice sheet was at its maximum extent. These patterns
demonstrate the complex interplay between the size and
shapeof ice sheets, the icedividegeometry, thickness, bed
topographies and terminus environments in influencing
the ice flow dynamics.

As the ice sheet retreated from itsmaximumextent, the
ice divide swungback to thewest,with a largermigration
distance in the NE compared to the SW (Fig. 15C, D).
This is consistent with the clustering of time-
transgressive flowline migration flowsets over N Fin-
land, Sweden and ENorway (Figs 11B, S8). The magni-
tude of ice divide migration we reconstruct is broadly
similar to that reconstructed by Kleman et al. (1997:
fig. 7), though our easternmost reconstructed ice divide
position (Stage 7 in Fig. 16) extends further east, across
Finland and into Russian Lapland. Similar is true of the
model simulations by Patton et al. (2016), which have a
branched divide around the head of the White Sea, but
do not reproduce the maximum eastern extent of the
ice sheet; delivery of ice to those regions may necessitate
adivide that indeed extends furthereast than is simulated
in their modelling.

The migration of the ice divide that we reconstruct
may explain the lowbedformdensityobserved in an area
of thick surficial sediment in E Finnish Lapland
(Fig. 14). This area was under the broad axis of the ice
divide as it migrated southward through N Finland
(Stages 5–8, Fig. 15B, consistent with Gl€uckert 1974),
thenunderapersistent saddle connecting themaindivide
toa local ice dispersal centreover theKolaPeninsula and
Russian Lapland (Stages 9–22, Figs 13, 15C, D, S9).
Despite the availability of sediment to mould into bed-
forms, we suggest that long durations under ice divides
explain the relative lackofbedforms in this location com-
pared to other thick-sediment regions. This is consistent
with inferences of previousworkers regarding the preser-
vation of relict landscapes considered to pre-date the last
glacial cycle (e.g. Kleman 1992; Fabel et al. 2002, 2006;
Stroeven et al. 2002; Kleman et al. 2008; Greenwood
et al. 2022; Hughes et al. 2022; Greenwood &
Hughes 2022a, b).

In contrast to the western sectors, the majority of ice
flow imprints to the east of the ice divide show little or
no influence of local topographyon ice flow.This reflects
the relatively low topographic relief and the greater
thickness that the ice sheet needed to attain in order to
extend many hundreds of kilometres over the lowland
plains. Most south and eastward-trending flowsets
attributed to Stages 3–7 (ice sheet advance) indicate that

ice flow direction was not affected by underlying topog-
raphy, with the exception of flow imprints related to ice
advanceover theBothnian depression. In contrast, flow-
sets attributed to deglacial stages (Stages 9–25) include
those that are topographically influenced, likely arising
from ice thinning in tandem with retreat.

Our reconstruction shows that themigration of the ice
divide during deglaciation was not a simple reversal of
that during ice sheet growth.The ice dividedidnot return
to its initial position along the spine of the Scandinavian
mountains. Instead, the primary ice divide persisted east
of the mountains, over Sweden. The youngest flowsets
that we could group into coherent flow geometries show
fragmentation of the ice sheet into two independent ice
masses at Stages 24 and 25, the largest ofwhich remained
centred to the east of the mountains in central Sweden
and flowed towards them. These inferences are consis-
tent with recent reconstructions of ice-dammed lakes,
which place the final deglaciation of the SIS to the east
of the Scandinavianmountains (Høgaas&Longva2016,
2018; Regn�ell et al. 2019, 2023; Ploeg & Stroeven 2025).

Progressively smaller ice caps and glaciers likely sepa-
rated off through the final deglaciation (e.g. Folles-
tad 2003), at smaller scales than we could reconstruct
using flowset analysis. Indeed, the reconstructed flow
vectors in Stage 25 suggest ‘pinching’of the ice geometry
west of Trondheimfjord as a precursor to further frag-
mentation.

Whileour flow-pattern reconstructioncontains signif-
icantly more detail than previous ice-sheet-scale recon-
structions (e.g. Kleman et al. 1997; Boulton
et al. 2001) and provides more nuance in the sequencing
of discrete flow imprints in individual ice-sheet sectors,
thebroad-scale flowevolutionof theSIS is rather similar.
All of the ice flow trace fans delimited by Kleman
et al. (1997), which intersect our study domain are cap-
tured either directly by our flowsets or by the broader
flow geometries that we reconstruct from them
(Table S3). For 92% of these fans, there is agreement
between our reconstruction and Kleman et al. (1997)
in the broad phases of ice flow evolution (i.e. pre-dating
the last SIS, advanceof the last SIS, aroundLGM,or last
deglaciation) in which the major corresponding flow
geometries appear (see Table S3 for detailed remarks).
There are only two Kleman et al. (1997) fans (fans 25
and 39) which represent flow geometries attributed to
a different phase of ice sheet evolution in our reconstruc-
tion (Table S3); both were interpreted by Kleman
et al. (1997) to have formed prior to the last deglaciation
on the basis of a lack of co-aligned eskers indicative of
subglacial meltwater drainage. However, we propose
that subglacial lineations andeskers can formatdifferent
times during deglaciation and find that both are consis-
tent with ice flow geometries attributed to the last degla-
ciation. Our flowset fs84 (Stage 25) alignswith Fan 25 of
Kleman et al. (1997) and, though it is slightly smaller, is
also compatible with the reconstructed flow geometry in
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Stage 24. Fan 39 of Kleman et al. (1997) is compatible
with the flow geometry in Stages 17 and 18. Notably,
our major flowset (fs43), which aligns closely with Fan
39 is that which necessitates an outward expansion of
the inferred minimum ice sheet bounding line in Stage
17 and is interpreted as evidence for a readvance in this
region around the YD cold interval. This may explain
why Kleman et al. (1997) identified no eskers associated
with Fan 39 (Table S3).

That our flow-pattern reconstruction independently
verifies that of Kleman et al. (1997) is testament to the
high quality and robustness of that study and other
attempts to reconstruct the evolution of SIS flow at the
ice-sheet scale (e.g. Dongelmans 1996; Boulton
et al. 2001), incorporating both remote sensing and
field-based techniques. The new details revealed by our
reconstruction augment our understanding of the SIS.
Of note is the occurrence of abranched ice divide during
deglaciation, which develops at Stage 15, followed by a
return to a single divide (consistentwith retreat and thin-
ning lowering the ice surface) by Stage 19, when it con-
nects via saddles to an ice dome over S Norway and a
local ice dispersal centre over Russian Lapland. Some
of the geometries of the ice dispersal centres depicted
in the reconstruction of Kleman et al. (1997: figs 7, 11)
would also likely necessitate branched divide configura-
tions, including for more expansive ice sheet geometries
than in our reconstructed Stage 15. Our flowsets addi-
tionally necessitate a small branch in the ice divide over
S Norway in Stages 22 and 23.

Thebranched ice divide configuration of Stage 15pro-
vides the simplest explanation for the flow patterns and
relative-age sequencing of a group of north and north-
east-trending flowsets centred over N Sweden (fs146,
fs70, fs612, fs69, fs385; Fig. S10). The subglacial linea-
tions in these flowsets have similar morphologies, which
suggest they may have formed under similar conditions.
The largest flowsets (fs146, fs70 and fs612) contain evi-
dence of time-transgressive flowline migration, which
is consistent with their formation during a reconfigura-
tion of the ice divide. Fs146, fs70 and fs612 (in Stage 15)
are positioned close to the northern end of the main ice
divide as configured in the preceding Stage 14; they con-
verge towards anaxis that is directedaway fromthis loca-
tion and west of a saddle that connects the Stage 15 ice
divide to a local ice-dispersal centre to the NE.

Thebranched divide in Stage 15 also accounts for SW-
trending flowsets observed overNorway in Stage 18 (e.g.
fs271, fs977). By Stage 19, this SW-trending flow direc-
tion is replaced by NW-trending flow influenced by val-
leys which cross the spine of the Scandinavian
mountains. Hence, we infer that the western branch of
the ice divide of Stage 15 gradually degraded through
Stages 16–18 as ice drained through themountains, until
ice once again originated from a singular primary divide
over N Sweden in Stage 19. This requires further explo-
ration, for example, with ice flow modelling and via the

integration of additional landform evidence; however, it
demonstrates the potential that flowset analyses unlock
for understanding the complexity of ice sheet dynamics
and their evolution through time.

Remarks on ice streams

There is a large bodyof literature on how subglacial bed-
forms and flowset characteristics can be used to identify
palaeo-ice streams (e.g. Stokes & Clark 1999; Stokes
et al. 2007; Stokes 2018). The identification of specific
palaeo-ice stream imprints is beyond the scope of this
work, but we make some general observations about
our reconstructed flow patterns in relation to major
hypothesised ice streams of the SIS.

Several of our flowsets relate to well-documented
lobate ice-flow patterns trending southeast over Finland
(Fig. S11), which have been interpreted as fast-flowing
ice streams (e.g. fs11, fs15, fs3, fs4; Punkari 1980,
1994; Kleman et al. 1997; Putkinen et al. 2017; Lunkka
et al. 2021). The imprint of theLakeDistrict ice lobeover
S Finland (corresponding to Fan 46 in Kleman
et al. 1997—see Table S3) predominantly corresponds
to a divergent isochronous flowset (fs11) which extends
to the edge of our mapping area at the Finnish Baltic
coast and is associated with Stage 15 (Figs 13, S10,
S11).Whereas Fan 46 inKleman et al. (1997) terminates
at the Salpausselk€a I ice-marginal zone, the coherent
divergent pattern of subglacial lineations we observe
extendsbeyond this (Fig. S11).The terminationsof small
flowsets, which overprint the lateral margins of fs11
(fs857 and fs5) and occur in Stage 17 of our reconstruc-
tion correspond to the Salpausselk€a II ice-marginal
zone. Hence, while fs856 and fs5 provide evidence that
some subglacial lineations formed as the ice margin
crossed the Salpausselk€a ice-marginal zone, the major
subglacial lineation imprint in fs11 may instead reflect
a similarly aligned but somewhat more expansive lobate
ice-flowpattern.Themajordivergent imprintsof subgla-
cial meltwater routes which do terminate along the Sal-
pausselk€a ice-marginal formations (e.g. Putkinen
et al. 2017;Dewald et al. 2022), therefore likely represent
an asynchronous landform imprint which largely post-
dates the major subglacial lineation imprint in this area.

A readvance of ~10s km has been invoked for the Sal-
pausselk€a II ice-marginal zone based on observations of
small subglacial lineations superimposed on ice-
marginal glaciofluvial deposits (Lunkka et al. 2021).
Despite being much less aerially extensive than fs11,
our small flowsets fs857 and fs5, which overprint the lat-
eral margins of fs11, terminate at Salpausselk€a II (fs857
being a time-transgressive retreat flowset; Fig. S11).Dis-
tinct clusters of lineated glaciofluvial deposits identified
by Lunkka et al. (2021: fig. 3) occur within the bound-
aries of these flowsets, with more scattered occurrences
in the intervening area. Hence, while reconstructing
ice-margin readvances was not a goal of our study, it is

42 Frances E. G. Butcher et al. BOREAS

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70050 by O

pen A
ccess Sheffield - U

N
IV

E
R

SIT
Y

 O
F SH

E
FFIE

L
D

 , W
iley O

nline L
ibrary on [26/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



possible that our flowsets fs857 and fs5 (attributed to
Stage 17) relate to a local readvance to the area around
Salpausselk€a II (and in the case of fs857, subsequent
time-transgressive retreat from this position). While
our data do not necessitate local expansion of the gener-
alised ice sheet bounding line in this region, other flow-
sets in Stage 17 do necessitate an expansion of the
bounding line towards the Rugozero ice-marginal zone
further north, likely representing a readvance. Hence,
our results are broadly compatible with previous work
attempting to resolve the relative timing of ice-marginal
deposits in this sector (e.g. Putkinen 2011; Lunkka
et al. 2021; Boyes et al. 2024).

Together, fs5 and fs857 depict a retreated configura-
tion of the Lake District lobe (fs11) in Stage 15. Similar
‘lateral feather’ flowsets (fs2, fs1) overprint the north-
eastern edge of fs11 further up its trunk (Fig. S11). We
find that this ismost consistent as the eastwardextension
of a later lobate ice-flowpattern (fs15)whichwas centred
to the west of the earlier Lake District Lobe in Stage 21,
having a broadly similar but somewhat more expansive
geometry to the N€asij€arvi ice lobe associated with the
Central Finnish Ice-Marginal Formation (e.g. Pun-
kari 1980; Lunkka et al. 2021; Figs 13, S11).

The imprint of the Baltic Sea ice lobe over S Finland
within the region of the Salpausselk€a ice-marginal zone
(e.g. Lunkka et al. 2021) appears to be divisible into two
isochronous flow patterns: one (fs4) which terminates
around Salpausselk€a I in Stage 16, and a superimposed
imprint (fs3) which appears to represent a retreated con-
figuration terminating around Salpausselk€a III in Stage
20 (Figs 13, S11). In this stage, several flowsets (fs3, fs4,
fs98, fs9, fs225, fs100, fs703; Fig. S10) depict a coherent
patternof lobate flowover themouthof theGulfofBoth-
nia, extending from SW Finland, across the �Aland
Islands and into E Sweden, aswas previously recognised
by Kleman et al. (1997).

There has been significant discussion regarding the
influence of the Bothnian and Baltic Sea basins on the
configuration, continuity and longevity of ice stream-
ing through these areas (e.g. De Geer 1884; Pun-
kari 1980, 1994, 1997; Holmlund & Fastook 1995;
Boulton et al. 2001; Stokes & Clark 2001; Lundq-
vist 2007; Greenwood et al. 2015, 2017, 2023; Szuman
et al. 2024). Greenwood et al. (2023), in particular,
provide a comprehensive synthesis of the development
of ideas and evidence for the Baltic Ice Stream along
the axis of the Baltic Sea. Although we provide no
new data on ice flow in these now-submarine regions,
a convergent flowset at the Swedish Bothnian coast in
Stage 22 (fs92) trends southwards into the Gulf of
Bothnia; this flowset correlates to southward-trending
landforms analysed offshore by Greenwood
et al. (2015, 2017), that define the track of an ice
stream which broadly follows the topographic axis
of the Bothnian basin but does not span its full width
(Greenwood et al. 2015, 2017).

It is notable that other flowsets which deflect through
the Gulf of Bothnia imply that significant topographic
influence of the basin only occurred when we infer rela-
tively thin ice advancing or retreating across the area (i.e.
during advance in Stage 5; fs850, fs18, fs10; then during
deglaciation through Stages 17–22; e.g. fs217, fs225,
fs703, fs98, fs92).Most otherobserved imprints adjacent
to the Gulf of Bothnia appear to require flow across, as
opposed to along its axis. This suggests that the topo-
graphic influence of the Gulf of Bothnia diminished as
the ice sheet expanded and did not resume until the ice
margin retreated back towards this area late in the degla-
ciation.Throughmuchof thepeakglaciation, theGulfof
Bothniawas near to the ice divide. Recent work to exam-
ine the offshore landform record in the Baltic Sea
(Greenwood et al. 2015, 2023; Szuman et al. 2024) has
revealedmultiple superimposed imprintsofbothstream-
ing and non-streaming ice flow, which progressively
back-stepped through this basin during deglaciation.
We concur with these interpretations.While we do inter-
pret SW-trending flowsets on the Baltic Sea islands of
Gotland and €Oland in Stage 10 (fs106, fs114; Figs 13,
S10) as having been fed by ice that flowed through the
Gulf of Bothnia, this does not necessarily imply a long,
spatially continuous ice streamoperated along the entire
flow axis shown in Stage 10. Ice streams previously iden-
tified from imprints in the Baltic and Bothnian basins
(Greenwood et al. 2015, 2017, 2023; Szuman
et al. 2024) likely operated at various times between
Stages 10 and 22 of our flow-pattern reconstruction.
There is no new information in our flowsets with which
to assess the hypothesis invoked by Lundqvist (2007)
that readvances occurred during the generalised retreat
of ice through this offshore area.

Ice streams are also thought to have operated in other
sectors of the SIS, with many extending offshore (e.g.
Ottesen et al. 2002, 2005, 2008, 2016; Winsborrow
et al. 2010). While we have not connected our flowsets
to offshore landform records, some could represent
upstream tributaries of large marine-terminating ice
streams flowing through cross-shelf troughs when the
SIS extended beyond the present-day coastline (Ottesen
et al. 2002, 2005, 2008, 2016). Others may represent up-
ice tributaries of offshore ice streams such as the
Bjørnøyrenna ice stream (e.g. fs149 via Ingøydjupet
Trough, as in Winsborrow et al. 2010), and the Norwe-
gian Channel (Norskrenna) ice stream. Flowsets which
could relate to these ice streams mostly occur in our
inferred LGM SIS Stages 7–8 (e.g. fs303, fs260, and
fs149). Numerous other ice streams may have operated
in the later stages of our reconstruction including to
the southeast of the ice divide over Sweden and Finland.
Many of our fjord-directed flowsets along the Norwe-
gian coast likely also represent short-lived pathways of
former outlet glaciers during late-stage deglaciation
(e.g. fs390, fs397). More work is required to identify
the detailed distributions of ice stream imprints across
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the SIS, to connect terrestrial and marine flow patterns
and to assess the timingof ice streamingand itswider sig-
nificance and influence on ice sheet dynamics and ice
loss.

Placing ice flow stages in approximate time

We do not currently have means to directly date ice-flow
patterns recorded by lineations formed in the subglacial
environment (Kleman & Borgstr€om 1996; Kleman
et al. 2006). However, we can use landform super-
imposition (Clark 1993, 1997) to build a relative age
sequence of events, and then use this sequence alongside
other evidence to make broad inferences about the
potential timing of events in our flow-pattern sequence
(e.g. Kleman et al. 1997). Our flow-pattern stages are
almost certainly not equally spaced in time, nor can we
comment on the longevity of each stage. Nevertheless,
we make some tentative inferences about their general
timing and pacing.

During the last glacial cycle (~120 000 years) the SIS
advanced and retreated multiple times; most extensively
during MIS 2 (29–14 ka), but also during MIS 4
(71–57 ka) and early Weichselian stadials MIS 5d and
5b (109 and 87 ka) (Svendsen et al. 2004; Batchelor
et al. 2019; Gowan et al. 2021; ages based on Lisiecki
&Raymo2005).The extent and evolutionof the SISdur-
ing the MIS 3 (57–30 ka) interstadial has been a subject
of significant debate (e.g. Houmark-Nielsen &
Kjær 2003; Alexanderson et al. 2010; Houmark-
Nielsen 2010; Wohlfarth 2010; M€oller et al. 2013,
2020; L€uthgens et al. 2020; Kleman et al. 2021; Man-
gerud et al. 2023a). However, over the last decade, it
hasbecomegenerallyaccepted that theSIS retreated into
theScandinavianmountainsbeforeadvancing toachieve
its maximum areal extent around 20–21 ka (Hughes
et al. 2016; Kleman et al. 2021; Mangerud et al. 2023a).

Based on the relative chronology and pattern of our
flowsets, we interpret that most can plausibly be
explained within a single ice sheet advance and retreat
cycle, and represent the evolutionof the ice sheet through
MIS 2. However, 13 of our flowsets are interpreted to
have formed prior to this, and may represent flow
imprintsof earlier ice sheet(s).This is consistentwithpre-
vious inferences that some Fennoscandian subglacial
lineations represent EarlyWeichselian ice flow (e.g. Hir-
vaset al. 1988;Kleman et al. 1997).The flowpatternsand
cross-cutting relationships of these older flowsets (low
down in the relative-age sequence) allow us to separate
and group them into two different flow stages (Stages
1 and 2; Fig. 12), which depict the growth of a
spatially-extensive ice sheet, and which are difficult to
reconcile with later flow events in a single advance-
retreat cycle. For example, Stage 3, depicts a relatively
small and thin ice sheet centred on the Scandinavian
mountains (Fig. 13). Thereafter, our reconstruction
(Fig. 13) depicts the growth of a large, topographically

unconstrained ice sheet that was centred over E Sweden
and N Finland by Stages 7–8.

Cross-cutting relationships indicate that fs63 (Stage 1;
Figs 12, S10) formed prior to the hummocky Veiki
moraines (Hoppe 1952; Lagerb€ack 1988), which have
recently been dated towithinMIS3 (~56–39 ka;Alexan-
derson et al. 2022). Together with other evidence (see
Mangerud et al. 2023a), we therefore suggest Stages 1
and 2 may represent ice-flow patterns of an ice sheet at
least as old as MIS 4, and possibly older. In N Sweden
and Finland the geometry of Stage 1 flowsets is similar
to the flow patterns depicted in the first stage of the Kle-
man et al. (1997: figs 5, 11) reconstruction, which they
assigned to MIS 5d–5a (110 ka). We do not see a clear
parallel to our Stage 2 represented in their reconstruc-
tion, though our Stages 3, 4, and 5 have some similarities
to the ice sheet geometries they associate to between 100
and 65 ka (Kleman et al. 1997: figs 6, 11), particularly in
terms of the placement of the ice divides. It is interesting
tonote thatwe reconstruct similar early ice-flowpatterns
and divide positions based on relative-age sequencing
and glaciological interpretations of subglacial lineation
flowsets, despite the fact that most of the pre-LGM flow
patternsofKleman et al. (1997) arebasedon fansderived
solely from striae and/or till fabrics (see Table S3). Both
reconstructions therefore capturemore than one cycle of
ice advance and retreat centred on the Scandinavian
mountains before the development of the LGM SIS,
thoughwith slightly different inferred timing.An impor-
tant distinction is that, based on their glaciodynamic
interpretations, Kleman et al. (1997) suggest that the
ice-flow patterns they ascribe to 100 ka represent reces-
sion relative to the ice extent at 110 ka. Here, we present
similar ice flowconfigurations (our Stages 3–5) as part of
a plausible sequence that may document ice-sheet
advance towards the LGM. If we accept that Stages 1
and 2 relate to an MIS 4 or older glaciation, then our
Stage 3 can be placed at the end of MIS 3 or start MIS
2. This appears consistent with both empirical data
and modelling, which suggest a limited ice extent in
MIS 3 and growth of the MIS 2 ice sheet from ice fields
centred on the Scandinavian mountains (Lambeck
et al. 2010; Hughes et al. 2016; Mangerud et al. 2023a;
Jungdal-Olesen et al. 2024).

Flow in Stages 7–8 (Figs 13, S9, S10) is consistent with
the ice sheet extending westward onto the Norwegian
continental shelf, eastward and southward into the Rus-
sian and European plains (i.e. beyond the Baltic Sea),
and converging with the BIIS (from Stage 6) and BKIS
(from Stage 7). These connections are loosely con-
strained by chronological evidence to ~27–18 and
~25–15 ka (Hughes et al. 2016; Brendryen et al. 2020;
Clark et al. 2022; Sejrup et al. 2022), respectively. We
therefore suggest that these stages approximate the inte-
rior flow configuration and ice divide position when the
SIS reached its peak areal LGM extent, constrained to
21–20 ka (Hughes et al. 2016). However, we note that

44 Frances E. G. Butcher et al. BOREAS

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70050 by O

pen A
ccess Sheffield - U

N
IV

E
R

SIT
Y

 O
F SH

E
FFIE

L
D

 , W
iley O

nline L
ibrary on [26/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Stages 7 and 8 potentially represent the ice-flow patterns
of the SIS interior through several thousand years, and
that the local maximum extent of different sectors of
the ice sheet margin was achieved at different times
(e.g. Hughes et al. 2016; Stroeven et al. 2016). Our pos-
tulated LGM ice reconstruction (Stages 7–8) is similar
to that proposed at 22 ka by Kleman et al. (1997; Fig.
7), though we extend the main ice divide further east
and north (Figs 3C, 13).

Stage 8 (Figs 13, S9, S10) is followed by a progressive
and consistent back-stepping of flow imprints across
Fennoscandia, and a general increase in the topographic
sensitivity of flowsets; hence we suggest that Stage 9 rep-
resents the onset of extensive deglaciation. From Stages
10 to 11, flowsets extending from N Norway to the
Barents Sea start to exhibit significant topographic sen-
sitivity consistent with separation from the BKIS. Over-
all,most ofour stages, and70%ofour flowsetsdocument
the ice-flowpatterns during deglaciation (from c. 15 ka),
which is not unexpected given that these subglacial line-
ations have higher preservation potential.

We used the well-established extent of the SIS associ-
atedwith the YD (e.g. Andersen et al. 1995a; Mangerud
et al. 2023b; Boyes et al. 2024) to suggest that Stages
16–18 represent the approximate flow patterns around
the time of this climatic cooling (12.7–11.6 ka; Rasmus-
sen et al. 2014). Stages 9–16 thus capture the evolution of
ice flow through initial deglaciation prior to the YD
(Figs 13, S9, S10). We do not place more precise timing
on these stages, thoughbyStages 13–15 it is reasonable to
infer that ice had retreated from S Sweden and back to
the approximate position of the present-day Norwegian
coastline, accompanied bywidespread ice sheet thinning
with development of abranched divide across the north-
ern sector of the SIS by Stage 15. This implies a possible
timingof c. 18–13 ka forStages 9–16 (Hughes et al. 2016;
Stroeven et al. 2016).

Stage 17 is the only deglacial stage where we found it
necessary—based on flowsets and their relative
sequencing alone—to infer a spatially restricted re-
advance of the ice margin. This re-advance (of uncon-
strained distance) extends towards the position of the
Rugozero ice-marginal zone in NW Russia, which has
been associated with the YD (Rainio et al. 1995; Stroe-
ven et al. 2016; Boyes et al. 2024). This is consistent
with other evidence for a readvance of up to tens of
kilometres at multiple sites around the SIS margin
(e.g. Mangerud et al. 2016, 2019; Høgaas et al. 2018;
Romundset et al. 2019; Lunkka et al. 2021), as a
response to this cold interval which interrupted the gen-
eral trajectory of climate warming. We re-emphasise
that we do not generally attempt to correlate flowsets
with specific ice-marginal landforms, and elsewhere,
our flowsets do not require us to invoke readvances
at any time during deglaciation, including during the
YD. However, this does not necessarily mean read-
vances did not occur, simply that the incorporation of

other lines of evidence and/or more detailed mapping,
is needed to identify them and their precise timing, with
security.

Taking Stages 16–18 as representing ice-flow patterns
around the YD, subsequent stages relate to ice flow evo-
lution into the Early Holocene (from 11.6 ka; Rasmus-
sen et al. 2014). Our Stages 17–23 (Figs 13, S9, S10)
illustrate significant dynamism in the flowpattern across
S Finland and southern parts of the Gulf of Bothnia
(Stages 21–23; e.g. fs92, fs90; Greenwood et al. 2017),
and likely represent flow-pattern changes over relatively
short periods compared to the rest of the sequence. This
dynamism was likely facilitated by large volumes of sur-
face melt and the continued development of proglacial
ice-dammed lakes during retreat (e.g. Regn�ell
et al. 2023, 2024). It may also simply reflect better pres-
ervation of discrete landform imprints that can be sepa-
rated into coherent broader flow patterns with detailed
relative age information; that is, that we capture greater
dynamism as the landform record is better preserved.

Based on the understanding that the final demise of
theSISoccurredbefore9.5 ka (Hughes et al. 2016;Stroe-
ven et al. 2016; Regn�ell et al. 2019, 2023, 2024), Stages
18–25 represent flow-pattern changes that occur in less
than 2000 years. The scenario of final ice sheet demise
presented in Stages 23–25 is likely to be over-generalised
and could be significantly enhanced, revised and
extended with the incorporation of additional evidence,
such as ice-marginal landforms and dating (e.g. Man-
gerud et al. 2019; Regn�ell et al. 2023). This is because rel-
atively thin ice retreating through the rugged topography
of the Scandinavian mountains and Norwegian fjord
systems likely resulted in highly complex, dynamic,
and locally variable flow patterns, with lower potential
for generating coherent flowset records. The temporal
evolution of the geometry of the independent ice masses
mayhaveproceededwithdifferent relative timings; hence
the geometries of the ice masses illustrated in Stages 24
and25maybeasynchronous (cf.Nesje&Matthews2024;
Regn�ell et al. 2024).

While we have reconstructed most of our flow signa-
tures into plausible ice sheet configurations as a series
of stages through the last glacial (MIS 2; Late Weichse-
lian), it is important to note that this is merely the sim-
plest interpretation. Some of the flowsets may record
events from prior glaciations. Additional work to con-
nect flowsets with till stratigraphy and well-dated ice-
marginal landforms is required to build a more precise
chronology of flow evolution.

Logical next steps

The bedform-derived flow patterns presented here form
one of a suite of key ingredients required to generate a
fully integrated empiricalwhole-ice-sheet reconstruction
incorporating multiple lines of evidence. Additional
ingredients for such a reconstruction include (i) subgla-
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cial meltwater routes (e.g. Dewald et al. 2022), (ii) ice-
marginal landforms, (iii) compilations of landform evi-
dence, reduced to flowsets, from beyond our core study
area and offshore (e.g. Ottesen et al. 2005; Winsborrow
et al. 2010;Sejrup et al. 2022;Greenwood et al. 2023;Die-
mont 2024; Szuman et al. 2024) and (iv) a compilation of
relevant ages (e.g. Hughes et al. 2016; Stroeven
et al. 2016). In addition, our flow-pattern reconstruction
could be further refined, and the level of detail enhanced,
with future inclusion of flow indicators such as glacial
striae (e.g. Mangerud et al. 2019) and erratics. In gener-
ating our flow-pattern reconstruction independently of
other sourcesof empirical informationweprovideavalu-
able tool for independently verifying and testing inter-
pretations from other bodies of evidence. We release
our flow-pattern reconstruction data (Data S1) to enable
suchanalyses, and toallow thedatatobe re-analysedand
re-interpreted as new, complementary, or contradictory
evidence arises.

We do not foresee that further improvements in the
quality and resolution of digital terrain models for Nor-
way, Sweden or Finland would provide meaningful
improvements in the detail of ice-sheet-scale flow-
pattern information. However, new local-to-regional-
scale studies based on complete landform mapping—
as opposed to sampledmapping undertaken here—have
significant potential to reveal new information about the
behaviour of the ice sheet within individual sectors and
regions (e.g. Boyes et al. 2023); our ice-sheet-scale recon-
structionmaybeuseful for identifyingparticular areasof
interest overwhich to target such studies. As an example,
the new meltwater-route-directed flowsets we identify
(e.g. Fig. 8H) are small in area, and our sampling
approach to landformmappingmeans that the examples
we identify are not likely to be an exhaustive catalogue of
this type of landform imprint. An extensive search for
such features (including in existing landform maps, e.g.
Putkinen et al. 2017), and detailed analysis of them,
could reveal new information about the interactions of
subglacial meltwater and subglacial bedform evolution.
We outline below some logical next steps for ice-sheet-
scale analysis.

Integration with ice sheet periphery and offshore
records. – A logical next step is to augment our mapped
flow patterns with similar information offshore, and to
the S and E, extending from the core area of the ice sheet
to its periphery.As noted by previousworkers (e.g. Boul-
ton et al. 2001; Larsen et al. 2016), the nature of the land-
form record around the onshore portions of the ice sheet
south and east of the Baltic Sea, and in parts ofRussia, is
notably different from that of our study area. The avail-
ability of high-quality, high-resolution DTMs in these
areas is also far more limited. This transition broadly
correlates with the boundary of the Fennoscandian
Shield (Fig. 1) and aligns approximately with the south-
easternmost extent of spatially contiguous flow imprints

we observe extending into NW Russia from Finland
(Fig. 10). The S and E periphery of the SIS (extending
fromDenmark to Arctic Russia) is the subject of a coor-
dinated parallel study by Diemont (2024), which could
be integrated with the flow-pattern reconstruction we
present here.

Integrationwith records of icemargin positions,meltwater
drainage and dating. – In reconstructing past ice sheets,
most attention has typically focussed on how ice-
marginal landforms (including e.g. moraines, ice-
marginal channels, and eskers) inform the pattern and
timing of deglaciation (e.g. Stroeven et al. 2016). Other
approaches have focussed on reconciling catalogues of
dates to reconstruct ice sheet extent through time (e.g.
‘time-slice’ reconstructions of Dyke & Prest 1987; Dyke
et al. 2003; Hughes et al. 2016; Dalton et al. 2023). Only
rare attempts have combined such ice-marginal or extent
analyses at the ice-sheet scale with flow patterns gener-
ated across the ice sheet bed, including up to several hun-
dreds of kilometres inboard of the margins (e.g. Kleman
et al. 1997; Boulton et al. 2001).We have focussed on the
latter in this paper, with a logical next step to combine
information on the internal flow geometry with ice-
marginal records. It would then be possible to combine
evidence from the landform record with information
from published compilations of age constraints on ice
advance and retreat (e.g. Hughes et al. 2016) to generate
a fully integrated reconstruction of ice sheet evolution
incorporating flow patterns, ice margin positions and
absolute age constraints, similar to that undertaken for
the BIIS, for example, by Clark et al. (2022).

Comparison with other lines of evidence of palaeo-ice
flow. – We focused on subglacial bedforms as indicators
of spatially extensive palaeo-ice sheet flow, purposefully
keeping our reconstruction separate from other lines of
evidence such as glacial striae onbedrock, clast fabrics in
glacial deposits (till) or thedispersal of erratics.There is a
large body of information on these that could be investi-
gated to test or add to our flowsets and interpretations
(e.g. Kjær et al. 2003; Donner 2005), but we note some
difficulties in seeking matches because the processes
are not entirely equivalent. Erratics, for example, do
not typically record flowlines with the ice sheet, but
rather cumulative transport trajectories taken as flow
geometries adjusted over time, potentially over succes-
sive glaciations (e.g. Kleman et al. 2008). Having sepa-
rated discrete flow patterns into flowsets and
interpreted the adjustments of flow trajectories over
time, itmaynowbepossible todevelopbetterpredictions
of the potential erratic transport trajectories. Our linea-
tion linkagedata couldprovide avaluable referencedata-
set for filtering out signals of local-scale flow variability
in compilations of glacial striae (e.g. Kleman 1990) in
order to extract regional signals of ice flow. The compat-
ibility between our reconstructed ice-flow geometries
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and those flowpatterns identifiedbyKleman etal. (1997)
using striae and/or till fabrics (see Table S3) suggests that
glacial striae and till fabric data may not significantly
modify our reconstructed ice-sheet-scale flow patterns.
However, testing this inference is an important future
task, and would additionally provide opportunities to
increase the level of detail pertaining to regional-scale
flow variations (e.g. Mangerud et al. 2019).

Integration into data-model comparison approaches. –
Comparisons between numerical models of palaeo-ice
sheets and empirical observations of the landform
record they left behind are becoming increasingly com-
mon (e.g. Lambeck et al. 2010; Clason et al. 2014; Pat-
ton et al. 2016, 2017; Seguinot et al. 2016; Gandy
et al. 2021; Ely et al. 2024). Ideally, data-model compar-
ison experiments would consider multiple lines of geo-
chronological and geomorphological evidence (Ely
et al. 2021), but most thus far have focussed on recon-
ciling the extent and timing of ice margins and relative
sea level records (e.g. Tarasov et al. 2012; Ely et al. 2019;
Gowan et al. 2021). Tools and approaches for compar-
ing ice flow directional observations with model simula-
tions exist (e.g. N€aslund et al. 2003; H€attestrand
et al. 2004; Li et al. 2007; Napieralski et al. 2007; Archer
et al. 2023) but have often been underused in ice sheet
modelling experiments. One could envisage a number
of different data model comparison experiments using
the datasets we provide; the limited availability and
accessibility such datasets has so far presented a signif-
icant barrier to conducting such experiments. Anymod-
eller wishing to compare simulations to the data
presented here should be mindful of the assumptions
behind each data product. Flowsets have proved a valu-
able tool in palaeoglacial inversion, but are cartograph-
ically simplified representations of ice flow, which often
generalize (and thus may obscure) more complex ice
flow dynamics. This is particularly true of time-
transgressive flowsets, which represent the compound
vectors of dynamic ice flow events that can include sig-
nificant local-to-regional-scale changes in ice flow ori-
entation. Comparisons between models and flowsets
may be sufficient for modellers working with coarse-
resolution continental-scale models (e.g. Patton
et al. 2017). However, those focusing on more detailed
comparisons between empirically interpreted and mod-
elled flow directions may wish to use the new lineation
linkages product. The linkages contain less interpreta-
tion than flowsets, and are closer in scale than raw lin-
eation mapping to the resolutions of numerical model
grids (typically kilometres to tens of kilometres); hence,
they are of a spatial scale and level of abstraction that is
potentially useful for current data-model comparison
approaches. Perhaps eventually, improvements in the
fidelity of modelling may even permit the use of numer-
ical simulations to assess the plausibility of empirical
interpretations of ice flow reflected in our flowsets

and groupings of flowsets into ice-sheet-scale flow pat-
terns.

Wider implications and utility of flow-pattern information

Together, streamlined subglacial landforms provide an
underpinning linearityandpatterning toFennoscandian
landscapes, which has relevance beyond palaeoglaciolo-
gical reconstruction. Such patterning is particularly
influential, for example, to lowland hydrology. Data on
the distributions, orientations, and sequencing of sub-
glacial landforms, such as those generated herein, are
useful resources for investigating subglacial bedformfor-
mation processes, the volume and distributions of sedi-
ments, the geotechnical properties of substrates and
for informing mineral exploration. Furthermore, exten-
sivemappingof diverse subglacial lineations and ice flow
orientations is a critical step towards training machine-
learning algorithms to automatically extract ice flow
information from glacial landform patterns.

Glacio-isostatic adjustment and sea level change. – It is
not possible to understand rates and variations in con-
temporary sea level across Fennoscandia and Europe,
or to robustly predict future changes, without account-
ing for the glacial rebound (land uplift) following ice-
massunloadingas theSISdisappeared (e.g. Spada2017).
Our reconstruction of ice divide migration (e.g. Figs 12,
13, 15) is relevant because the divides strongly influence
where the mass of ice is distributed across an ice sheet
domain, in turn influencing glacio-isostatic adjustment
and affecting sea level. Futurework reconciling ice sheet
modelling with flowsets (e.g. using tools such as that
developed by Archer et al. 2023) could provide a history
of ice thickness changes to help improve sea level fore-
casts over the coming centuries (e.g. Palmer et al. 2018).

Improvingunderstandingofcontemporary ice sheets. – The
responses of present-day ice sheets to contemporary cli-
mate forcing are likely occurring against a backdrop of
longer term ice-flowevolution; theymay still be respond-
ing to dynamic changes in ice flowover timescales ofmil-
lennia (Albrecht et al. 2020; Yang et al. 2022). Current
practices of ‘spinning up’ ice sheet models based on
present-day ice-flow fields and using this as a basis to
forecast future ice sheet evolution are likely to omit such
long-term influences (Yan et al. 2013). Ice flow indicators
are currentlyunderused innumerical ice-sheetmodelling
approaches, despite providing critical information on
ice-flow patterns and strong constraints on divide con-
figurations during the life cycles of ice sheets. It is hoped
that the new information we provide on the flow-pattern
evolution of the SIS will help stimulate methods and
investigations which use palaeo-ice flow in numerical
modelling to advance understanding of ice sheet behav-
iours, including those of contemporary ice sheets in
Greenland and Antarctica.
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Implications for erratics and mineral exploration. – Ice
sheets erode their beds, including rocks hosting vital
rare-earth minerals (e.g. lithium, gold, tellurium),
and disperse materials down-flow. A common tech-
nique in mineral exploration is to identify key geo-
chemical traces in samples of till, and then to use
local ice flow history to suggest the upstream location
of the source rock from which it was eroded (e.g.
McClenaghan et al. 2023). However, some sources
are difficult to find because of changing ice flow direc-
tions (Parent et al. 1996); hence, the flowset data and
relative age sequences presented here could be of use.
An ice sheet model simulation optimised to fit with
flowset data would be useful for mineral exploration.
An early test of its ability would be to assess how well
it explains the distribution of known glacial erratics.
For the BIIS for example, Veness et al. (2025) used such
approaches to explain erratic transport.

Conclusions

We present a new reconstruction of the evolution of ice-
sheet-scale flow-patterns over Fennoscandia based on
systematic mapping of ~240 000 subglacial lineations
and lineation fields across Norway, Sweden, Finland
and NW Russia. Our reconstruction comprises a
sequence of 25 stages depicting distinct ice-sheet-scale
flow patterns and the inferenceswe can make from them
about the evolutionof theoverall size and shapeof the ice
sheet, including the position and migration of the ice
divide(s). We base our reconstruction on 611 flowsets,
which delimit discrete ice-flow patterns in the mapped
subglacial lineations. Our sequence of stages honours
the relative age sequencing of flowsets evidenced by
cross-cutting relationships of their constituent subgla-
cial lineations. We integrate our flow-patterns with the
recent flow-pattern reconstruction over the Kola Penin-
sula and Russian Lapland by Boyes et al. (2023).

Our reconstruction is the most detailed empirical ice-
sheet-scale flow-pattern reconstruction undertaken for
the SIS to date and was enabled by a recent revolution
in the coverage and availability of high-resolution (1–-
2 m pixel�1)bare-Earthdigital terrainmodelsoverNor-
way, Sweden and Finland. Of our 25 reconstructed
stages, 23 depict the evolution of the last (MIS 2; Late
Weichselian) SIS; this includes several stages of ice
advance towards the LGM and numerous stages of sub-
sequent deglaciation, including the eventual fragmenta-
tion of the ice sheet into smaller ice masses during the
Early Holocene. It demonstrates that the ice divide of
the last SIS migrated up to 500 km during ice-sheet
advance, hinging from its initial position over the N
Scandinavian mountains to a position across N Finland
and extending to theWhite Sea.Duringdeglaciation, the
ice divide migrated westwards back across Finland and
N Sweden but did not fully return to the mountains.
Instead, the ice sheet fragmented into smaller icemasses,

the largest of which was centred to the east of the Scan-
dinavianmountains. Two additional stages in our recon-
struction appear to record the flow patterns of an older
ice sheet (or multiple ice sheets) over Fennoscandia, per-
haps during MIS 4 or earlier.

Our reconstruction independently verifies, augments,
and advances on many major properties of the SIS that
were inferredbyprevious studies; this reflects the impres-
sive legacies of earlier attempts to reconcile ice-flow pat-
terns at the ice-sheet scale. Those foundational
contributions to understanding the ice sheet—and to
the wider discipline of palaeoglaciology—endure to this
day. This gives us confidence in the robustness of our
reconstruction, which identifies many more stages of
ice flow, including during the fragmentation of the ice
sheet towards its final demise, and reveals numerous
new details of flow-pattern evolution and ice flow
relative-age sequencing. Flowset-by-flowset analysis,
for example, reveals spatio-temporal patterns in the ratio
of ice thickness to local topographic relief as evidenced
by the interaction of ice-flow patterns with topographic
variations. Such information holds significant potential
for informing detailed reconstructions of the three-
dimensional properties of the ice sheet through time,par-
ticularly if combinedwith numerical ice sheet modelling
and further theoretical work.

We release our flowset data, relative chronology infor-
mation, and digital files for our flow-pattern reconstruc-
tionalongwithourdataset of~58 000 lineation linkages,
which summarise our detailed landform mapping
(Data S1). These datasets have a range of potential uses
both within and beyond palaeoglaciology, and we make
them available to be scrutinised, re-analysed, aug-
mented, and revised as new evidence, approaches, ideas,
and applications arise. We anticipate that our lineation
linkage dataset could be particularly valuable for numer-
ical ice-sheet modelling approaches which incorporate
empirical data, as they are less interpretative than flow-
sets but reduce detailed landform-scale information to
scales that are comparable to the resolutions of model
grids. By releasing our digital data files, we open the pos-
sibility for optimising numerical, climate-coupled ice-
sheet-model simulations of the SIS to detailed empirical
evidence of flow-pattern evolution observed in the land-
form record. We expect the new information we provide
will help to stimulate methods and investigations which
use palaeo-ice flow in numerical modelling to advance
understanding of the range of behaviours of past and
present ice sheets and thereby ensure that we can better
predict future responses of the Greenland andAntarctic
ice sheets to anthropogenic climate change.
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Supporting Information

Additional Supporting Information to this article is
available at http://www.boreas.dk.

Data S1. Shapefile datasets including the following: (1)
lineation linkages forNorway,SwedenandFinland;
(2) reconnaissance-style lineation linkages for Rus-
sian Karelia; (3) flowsets, including the bounding
polygons and flowlines; (4) critical cross-cuts,
including a points shapefile containing IDs of the
corresponding flowsets and relative-age informa-
tion, and a polyline file containing the crestlines
of the relevant cross-cutting lineations; and (5) sha-
pefiles for flow-pattern Stages 1–25, including flow-
sets separated by stage, the ice-sheet-scale flowaxes,
ice divides, ice saddles (for the relevant stages) and
the bounding line depicting the inferred ice geome-
try. All shapefiles use a Lambert Azimuthal Equal
Area projection with a central meridian centred
on 10°E and a latitude of origin of 90°. The datum
isWGS1984.Theprojection is includedas a .prj file.
A README file is included, containing details of
individual shapefiles, the fields in their attribute
tables and instructions for accessing their attributes
without GIS software.

DataS2. TenA0maps intended toprovide greater clarity
of individual flowsets ascribed to each stage of our
flow pattern reconstruction. Maps are provided
both with and without flowset ID labels. The flow-
sets are colourised according to the stage to which
we assign them in our flow pattern reconstruction.
There are two versions of each of the following
maps, one version with flowset ID labels and one
version without. Flowsets_S1_2_PreMIS2: Flow-
sets in Stages 1 and 2 of our reconstruction, which
we interpret as relating to an older pre-MIS 2 ice
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sheet over Fennoscandia. Flowsets_S3_8_Ad-
vance: Flowsets in Stages 3–8, which we interpret
as depicting the advance of the last Scandinavian
Ice Sheet. Flowsets_S9_16_Deglac1: Flowsets in
Stages 9–16, which we interpret as depicting the ini-
tial deglaciation (‘Deglac1’) of the last Scandina-
vian Ice Sheet. Flowsets_S17_25_Deglac2:
Flowsets in Stages 17–25, which we interpret as
depicting the deglaciation of the last Scandinavian
Ice Sheet from around the Younger Dryas and
since (‘Deglac2’). Flowsets_BtwnStages_NoStage:
Flowsets that, based on the relative-age chronology
indicated by cross-cutting subglacial lineations
detailed in Table S1, fall between stages of our
reconstruction and we interpret as representing
small, local-scale variations in flow that do not
relate to major ice-flow reconfiguration at the ice-
sheet scale. Also included are the 60 small flowsets
for which we were unable to assign a stage.

Fig. S1. A0 map showing the orientations of subglacial
lineation crestlines (n = 210 909) and grain
(n = 30 342) mapped in Steps 1 and 2 of our
multi-scale sampled mapping approach. Hashed
areas show areaswhere DTMs did not provide cov-
erage at the time of Steps 1 and 2 mapping; these
were carefully in-filled during Step 3 when DTMs
became available; such areas are largely in high-
relief areas where subglacial lineations are sparse.
Data credit for shaded-relief basemap: Airbus,
USGS, NGA, NASA, CGIAR, NLS, OS, NMA,
Geodatastyrelsen, GSA, GSI and the GIS User
Community.

Fig. S2. Schematic example of a location where, accord-
ing to the guiding principles we employed during
our flow-pattern reconstruction, it is necessary to
invokemigrationof the icedivide to explain flowsets
which are close to one-another and host subglacial
lineations which indicate opposing ice flow direc-
tions. A. Two flowsets in Sweden generated in our
study (fs96 in red and fs196 in blue)with such a con-
figuration. According to our guiding principles,
they cannot be explained during a single phase of
ice flow. B. The older of the two flowsets (according
to the sequence indicatedbycross-cutting lineations
in each of the flowsets), which requires an ice divide
to the west. C. The younger of the two flowsets,
which requires that the ice divide migrated to the
east relative to the position in B. The ice divide posi-
tions in B and C are for illustration only.

Fig. S3. A0map of lineation linkages overNorway, Swe-
den and Finland (n = 53 433) and NW Russia
(n = 4355), colourised by orientation. The map
includes lineation linkages generated in step 3 of
our multi-scale mapping approach over Norway,
Sweden and Finland, reconnaissance-style linkages

extending into and beyond Russian Karelia. Also
shown are lineation linkages from Boyes et al.
(2023) over the Kola Peninsula and Russian Lap-
land. Note, the specific approaches to linkage gen-
eration differ somewhat between our study and
that of Boyes et al. (2023). For visual clarity, orien-
tations are represented on a 0–180° colour scale; the
shapefile dataset contains orientations between 0
and 360°. The small DTM gaps that existed inNor-
way during mapping Steps 1 and 2 were carefully
filled in during the generation of lineation linkages,
as DTM coverage became available. Data credit for
shaded-relief basemap: Airbus, USGS, NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrel-
sen, GSA, GSI and the GIS User Community.

Fig. S4. A0map of lineation linkages overNorway, Swe-
den and Finland (n = 53 433) and NW Russia
(n = 4355), colourised by ascribed confidence rat-
ing. The map includes lineation linkages generated
in Step 3 of our multi-scale mapping approach over
Norway,SwedenandFinland, reconnaissance-style
linkages extending intoandbeyondRussianKarelia
and lineation linkages from Boyes et al. (2023) over
theKola Peninsula andRussian Lapland. Note, the
specific approaches to linkage generation differ
somewhat between our study and that of Boyes
et al. (2023), and confidence rankings arenot shown
for those linkages. In our linkage data, medium-to-
high confidence linkages generally represent very
clearly streamlined landforms, be they in thick sed-
iments, regions with thin sediment cover or
expressed in exposed bedrock. Low-confidence lin-
eation linkages generally represent landform fields
that could represent a former ice flow direction
but are, for example, (i) less pronounced (often
being subtle, low-relief features), (ii) strongly mod-
ified by later cross-cutting subglacial lineations or
(iii) exhibit relatively weak streamlining in an area
where bedrock structure is visible in the surface
topography, thus reducing confidence that the
streamlining is truly glacial in origin. The final con-
fidence category (‘very low confidence’) represents
landforms that we suspect to be best explained as
bedrock structure, but for which there are some
hints of glacial streamlining. The vast majority of
the latter category were not used to generate flow-
sets, particularly where they occurred in isolation
from lineation linkages with higher levels of confi-
dence. Data credit for shaded-relief basemap: Air-
bus, USGS, NGA, NASA, CGIAR, NLS, OS,
NMA, Geodatastyrelsen, GSA, GSI and the GIS
User Community.

Fig. S5.A0mapof flowsets generatedoverNorway, Swe-
den, Finland and extending intoNWRussia. Flow-
sets are colourised byascribed confidence. Flowsets
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over the Kola Peninsula andRussian Lapland (blue
outline) are from Boyes et al. (2023). Flowsets were
given high, lower or very-low-confidence classifica-
tions (89%, 10%and 1%of the total numberof flow-
sets, respectively) if, for example, they hosted a
significant proportion of lineation linkages with
the corresponding confidence classification, hosted
sparse lineation linkages, oroccurred in areaswhere
bedrock structure made the identification of gla-
cially streamlined features more challenging. The
ice flow direction was deemed somewhat uncertain
for a small number of flowsets (19), accounting for
0.05%of the cumulative flowset area. In these cases,
wemade our best judgement of the likely flowdirec-
tion based on the morphology of subglacial linea-
tions, and marked the uncertainty with a note in
the flowset shapefile dataset. Data credit for
shaded-relief basemap: Airbus, USGS, NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrel-
sen, GSA, GSI and the GIS User Community.

Fig. S6. A0 map showing the 269 ‘floating’ flowsets
which lack relative-age information from cross-cut-
ting subglacial lineations. The flowsets are
colourised according to ascribed flowset confidence
(see alsoFig. S5).Many such flowsetswere incorpo-
rated into stages of our flow-pattern reconstruction
(Fig. 13 and Table S1) following the guiding princi-
ples and pattern group approach outlined in ‘Data
and methods’. Data credit for shaded-relief base-
map: Airbus, USGS, NGA, NASA, CGIAR,
NLS, OS, NMA, Geodatastyrelsen, GSA, GSI
and the GIS User Community.

Fig. S7. A0 map of all flowsets colourised according to
the influence of topography on ice flow vectors
within flowsets. Thick ice over low-relief areas
should produce patterns that mostly ignore topo-
graphic bumps and valleys, whereas the converse
should produce flow patterns that tend to follow
the topography. This means that our flowset cate-
gorisations according to topographic influence
reveal qualitative information on relative ice thick-
ness, a vital source of information for building
reconstructions of ice sheets. Note that while the
classifications therein distinguish valley-confined
flowsets into those which ignore, sense, or follow
local topography on the valley floor, valley-con-
fined flowsets follow broad-scale topography by
definition; hence they are grouped with flowsets
which follow topography in this visualisation. Data
credit for shaded-relief basemap: Airbus, USGS,
NGA, NASA, CGIAR, NLS, OS, NMA, Geoda-
tastyrelsen, GSA, GSI and the GIS User Commu-
nity.

Fig. S8. A0 map of all flowsets colourised according to
the inferred glaciodynamic context evidenced by
the configurations of their constituent subglacial
lineations. See Table 2, Fig. 8 and ‘Data and
methods’ in main manuscript for an explanation
of the different categories. Note that the primary
classifications are shown here. Some time-trans-
gressive flowsets had secondary classifications
(e.g. evidence for retreat in addition to thinning),
which are recorded in the flowset shapefile (Data
S1). Data credit for shaded-relief basemap: Airbus,
USGS, NGA, NASA, CGIAR, NLS, OS, NMA,
Geodatastyrelsen, GSA, GSI and the GIS User
Community.

Fig. S9. Amulti-page PDF compiling A3 versions of the
25 individual stages of ice-flow pattern evolution
shown in Figs 12 and 13 of the main manuscript.
Grey flowsets over the Kola Peninsula and Russian
Lapland are from Boyes et al. (2023). Correlated
stage letters from Boyes et al. 2023 are noted in
the relevant panel. Seemainmanuscript fordescrip-
tion and interpretation of stages. The red line in
Stages 3–25 shows the maximum-achieved asyn-
chronous extent of the last SIS (see e.g. Hughes
et al. 2016). See Fig. S10 for replicas of these maps
with individual flowset IDs referred to in the text.
See also Data S2 for larger (A0) maps of flowsets
grouped by assigned stage. Data credit for
shaded-relief basemap: Airbus, USGS, NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrel-
sen, GSA, GSI and the GIS User Community.

Fig.S10.Amulti-pagePDFcompilingA3versionsof the
25 individual stages of ice-flow pattern evolution
shown in Figs 12 and 13 of the main manuscript,
with the addition of individual flowset ID labels.
Grey flowsets over the Kola Peninsula and Russian
Lapland are from Boyes et al. (2023). Correlated
stage letters from Boyes et al. (2023) are noted in
the relevant panel. The red line in Stages 3–25 shows
the maximum-achieved asynchronous extent of the
last SIS (see e.g. Hughes et al. 2016). See mainman-
uscript for description and interpretation of stages.
See also Data S2 for larger (A0) maps of flowsets
grouped by assigned stage. Data credit for
shaded-relief basemap: Airbus, USGS, NGA,
NASA, CGIAR, NLS, OS, NMA, Geodatastyrel-
sen, GSA, GSI and the GIS User Community.

Fig. S11. Selected key flowsets (coloured according to
assigned stage in our flow pattern reconstruction)
in southern Finland which correlate with notable
candidate ice streams (so-called ‘ice lobes’) that
are widely discussed in the literature (e.g. Putkinen
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et al. 2017; Lunkka et al. 2021; and references
therein). For clarity, several small flowsets in the rel-
evant stages are not visualised; see Stages 15–22 in
Figs S9 and S10. Also shown are schematic repre-
sentations of the local ice-bounding lines from
our flow pattern reconstruction, and the locations
of notable ice-marginal formations: the Salpaus-
selka I, II and III ice marginal zones (SS-I, SS-II
and SS-III, respectively), and the Central Finnish
Ice Marginal Formation (CFIMF). In some cases,
our flowsets extend somewhat beyond these posi-
tions; in these cases, the subglacial lineation
imprints likely formed some timebefore the icemar-
gin reached the associated ice-marginal formation.
This reflects the palimpsest nature of glacial land-
scapes, in which spatially associated features such
as subglacial lineations and moraines can form at
different times. It is not an aim of our study to cor-
relate specific flowsets or ice flow pattern stages to
specific ice-marginal landforms, but we include
these notable ice-marginal zones in the map to aid
visualisation of the concepts and locations dis-
cussed in the main text (see ‘Remarks on Ice
Streams’).

Table S1. Table of flowset relative ages, as indicated by
cross-cutting and superposition relationships
between their constituent subglacial lineations
and the first stage of flow-pattern evolution to
whichweassign each flowset basedon that informa-
tion. ‘Floating’ flowsets which lack cross-cutting
information are included where flow pattern
allowed them to be assigned to a stage. The first
sheet of this file contains instructions on interpret-
ing the table, including two ‘worked examples’. The

second sheet contains the actual table.Note that the
table shows the first stage in which a flowset
appears; some flowsets occur in multiple stages
(up to 3); this information is included in Table S2
and in the flowset shapefiles (Data S1).

Table S2. The first sheet of this file contains a table of
flowsets in each of our reconstructed stages of
flow-pattern evolution, and those which are
between stages or unassigned to stages. This infor-
mation is also available in the flowset shapefiles
(Data S1). The second sheet of this file contains a
table showing the inferred correlations between
our stages of ice sheet flow-pattern evolution and
regional-scale flow-pattern stages reconstructed
over the Kola Peninsula and Russian Lapland by
Boyes et al. (2023).

Table S3. Comparison between the ‘ice flow trace
fans’ identified by Kleman et al. (1997), and
the flowsets, reconstructed ice-sheet-scale flow
geometries and interpreted flow sequencing in
our flow pattern reconstruction. The reader is
referred to Kleman et al. (1997) for specific def-
initions of their terminology, such as the defini-
tions of the different ‘fan types’. We do not
perform a detailed comparison for those Kleman
et al. (1997) fans which are entirely within the
study area of Boyes et al. (2023) over the Kola
Peninsula and Russian Lapland. The first sheet
contains a detailed comparison to each flow
trace fan. The second sheet contains summary
statistics comparing the correspondence in iden-
tified flow patterns, and their broad sequencing,
between Kleman et al. (1997) and our study.
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