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Here we present the first Lateglacial and Holocene glacial history fromRotsunddalen, northern Troms andwestern
Finnmark county, northern Norway, based on both relative and numerical moraine dating using Schmidt hammer,
soil chronosequencingandterrestrial cosmogenicnuclidedating.Wecombine thesechronologicaldatawitharegional
map of the glacial geomorphology to hypothesize key events in the glacial history from around 14 ka to present. Our
reconstruction shows that, followingdeglaciationof themain ice sheet across centralTromsandFinnmark,mountain
glaciers were terminating on land, close to the coast, between around 12.1 and 10.6 ka. Continued recession of the
main Fennoscandian Ice Sheet margin towards the SE led to the isolation of several large plateau icefields and outlet
glaciers that generatedmorainesat around10.2–9.2 ka,whichweascribe to theErdalenEvent, and8.4–8.2 ka,which
is broadly contemporaneouswith the 8.2 ka cold event.Although the latter correspondswith the ScandinavianFinse
Event, very fewmoraineshavebeendated to this time andwe thereforeview it as a tentative hypothesis for futurework
to test. During the Holocene ThermalMaximum (~6.6 to 6.3 ka) most (if not all) glaciers in the region disappeared,
but then regrewduring theNeoglaciation and produced largemoraines dated to around 4.7 ka that lie a fewhundred
metres distal to theprominentLittle IceAgemoraines (previouslydated toAD1810s–1870s).Given the limitationsof
our dating approach, the preservation of moraines dated to this period in northern Norway also warrants further
investigation.We also highlight that terrestrial cosmogenic nuclide dating of themoraines is not consistentwith other
dating approaches and the widely established deglaciation history of the region, probably owing to cosmogenic
inheritance and insufficient glacial erosion.
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Glaciers are highly sensitive to climatic perturbations
and reconstructions of their former extent are important
to improve our understanding of climate variability
(Oerlemans 2005;Nesje et al. 2008;Wittmeier et al. 2015;
Roe et al. 2017). In northern Norway, numerous studies
have demonstrated a clear response of glaciers to even
short-lived climatic fluctuations (Bakke et al. 2005b;
Oerlemans 2007; Andreassen et al. 2012a, b; Stokes
et al. 2018; Leigh et al. 2020;Weber et al. 2020). The high
sensitivity of these glaciers is predominantly due to their
maritime location and response to multi-decadal varia-
tions in the Arctic Oscillation and North Atlantic
Oscillation (Nesje et al. 2000, 2008). Furthermore,
observational data and numerical modelling both
indicate an increased sensitivity to global climate change
in theArctic (Serreze&Barry 2011;Parket al. 2019).The
resulting amplification of Arctic climate change is
characterized by substantial regional disparity in tem-
peratures between southern and northern Norway
(Ballantyne 1990; Bjune et al. 2005; Paasche et al. 2007).

Given concerns over the future decline of glaciers in
northernNorway (Nesje et al. 2008; Rounce et al. 2023),
it is important to contextualize recent changes in a
longer-term context and constrain their response to

major circum-Arctic climate events since the Lateglacial
and through theHolocene e.g. theYoungerDryas (YD),
the 8.2 ka event, the Holocene Thermal Maximum
(HTM), and the Little Ice Age (LIA) (e.g. Nesje 2009;
Tanarro et al. 2021). However, research constraining the
age and magnitude of glacier fluctuations across
Scandinavia during this period is generally focused on
the larger ice caps and outlet glaciers in southern regions
(cf. Nesje et al. 2008; Nesje 2009). In contrast, most
previous work in northern Norway has focussed on the
retreat of the main Fennoscandian Ice Sheet from
the outer to inner fjord areas and onto the mainland
(Andersen 1968; Sollid et al. 1973; Corner 1980). These
studies used extensive mapping of fjord moraine
successions and raised shorelines, coupled with radio-
carbondating, to build up apicture of ice-front positions
(e.g. Holmes & Andersen 1964; Andersen 1968; Sollid
et al. 1973;Corner 1980) and,more recently, retreat rates
(Stokes et al. 2014). However, the short-lived and less
extensive glacier fluctuations during the Holocene have
been largely overlooked. For example, large scale
ice-sheet reconstructions (Hughes et al. 2016; Stroeven
et al. 2016) that have mapped the retreat of the
Fennoscandian Ice Sheet from its maximum position at
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the continental shelf (~22 to 21 ka), to the Norwegian
coastalmarginaround16 ka, through the fjordsat~13 to
12 ka, and its final deglaciation towards the south and
east by around 10 ka (Fig. 1A), do not resolve smaller

scale fluctuations of mountain glaciers and ice caps.
Indeed, only a handful of studies have investigated the
Holocene history of smaller mountain glaciers and
ice caps in the region (e.g. Ballantyne 1990; Bakke

Fig. 1. A.Studyarea(redoutline) inTromsandFinnmarkcounty,northernNorway, togetherwithFennoscandianIceSheetmargins fromHughes
et al. (2016) at 15, 14, 13, 12, 11, and 10 ka (thousands of years ago). The two field sites are shown as white rectangles: (B) Rotsunddalen and (C)
Strupskardet.Rotsunddalen(B)has three subsidiaryvalleys:Hjemtverrdalen(i),Sorbmev�aggi (ii), andGoahtev�aggi (iii).Thecamera in (ii)denotes
the locationof thephotograph in (D),which is a fieldphotograph(27August2019)of theLIAmoraines in frontofglacier121 (glaciernumbers refer
to those in theNorwegianGlacier Inventory:Andreassen et al. 2012b). Thebase image in (A) is a hill-shadedArctic digital elevationmodel (DEM)
mosaic with present-day glaciers marked in green, and the images in (B) and (C) are 0.25 cm resolution aerial orthophotographs captured on 24
August 2016, from www.norgeibilder.no.
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et al. 2005b;Wittmeier et al. 2015) and their retreat since
the LIA (e.g. Stokes et al. 2018; Leigh et al. 2020). Thus,
an improved understanding of the fluctuations of
mountain glaciers in northern Norway throughout the
Holocene is required to: (i) assess the asynchronicity of
glacier response across a latitudinal gradient that crosses
theArcticCircle; (ii) translate the effects of historic rapid
climatic fluctuations into local glacier response; and (iii)
help local communities adapt and prepare for future
changes in glacier extent.

The aim of this paper is to reconstruct the glacial
historyof central Troms andFinnmark county, northern
Norway, during and since the recession of the Fennos-
candian Ice Sheet from around 14 ka to the present. We
do this by combining a previously published glacial map
of the region (Leigh et al. 2021), with both relative and
numerical age dating of moraines in Rotsunddalen (the
Rotsund Valley) in the K�afjord Alps. Ages are given as
calendar/calibrated ages (ka), unless otherwise stated.

Previous work and study area

Holocene glacier activity in Troms and Finnmark

Following deglaciation of the Fennoscandia Ice Sheet
from its Last Glacial Maximum (c. 22–10 ka; Hughes
et al. 2016; Stroeven et al. 2016), glaciers and ice caps in
Norway are thought to have undergone a complex
pattern of retreat and readvance throughout the Holo-
cene (Nesje et al. 2008; Nesje 2009). Themost notable of
these climatically driven fluctuations are: (i) the read-
vance/stillstand during the Erdalen Event around 10.1–
9.7 ka (e.g.Dahl et al. 2002;Matthewset al. 2008); (ii) the
8.2 ka cold event (correlative with the Finse Event in
southernNorway, e.g.Nesje&Dahl 2001); (iii) theHTM
of around 8–6 ka (e.g. Bjune et al. 2005; Renssen
et al. 2012); (iv) short periods of increased glacier activity
after the regional onset of the Neoglaciation around 6–
2 ka (e.g. Matthews & Dresser 2008); (v) the LIA that
culminated between AD 1300 and the early 1900s (e.g.
Grove 2004); and (vi) the rapid recession to the
present-day (post 1980s) owing to anthropogenically
forced climate change (e.g. Andreassen et al. 2012a;
Stokes et al. 2018; Leigh et al. 2020).

A period of cooling during the Early-Holocene
transition from Preboreal to Boreal, subsequently
termed the Erdalen Event (10.1–9.7 ka; Dahl et al.
2002;Matthews et al. 2008), is evidenced across Norway
by substantial moraines inset within the YD limits
(Andersen 1980; Corner 1980; Nesje & Kvamme 1991;
Dahl et al. 2002; Turner & Marshall 2011; Jansen
et al. 2023). It is also recorded in environmental records
from non-glacial sites, such as vegetation regression
linked to decreased summer temperatures (Paus et al.
2006, 2019). Erdalen Event moraines are often grouped
into two or three major zones, thought to have formed
between 10.1 and 9.5 ka (e.g. Andersen 1980; Nesje

et al. 1991;Dahl et al. 2002;Bakkeetal. 2005a;Matthews
etal. 2008;Aa&Sønstegaard2019). In theLyngenregion
of northern Norway, adjacent to the study area,
Ballantyne (1990) noted the presence of probably
Preboreal moraines and Bakke et al. (2005b) have
identified three closelygroupedmoraines formed during
the period from 10.4 to 8.9 ka. On the Bergfjord
Peninsula (~70 kmNEofLyngenfjord), reconstructions
of the Holocene history of the Langfjordjøkelen ice cap
do not, however, record the same pattern of advance as
those described in the Lyngen region. Rather,Wittmeier
et al. (2015) concluded that between 10.0 and 4.1 ka, the
northernoutletglacierofLangfjordjøkelenwasabsentor
too small to contribute minerogenic deposits to its
proglacial lakes (Wittmeier et al. 2015).

Over the period from 10 to 6 ka, theHolocene climate
was steadily warming (Turner &Marshall 2011) but was
interrupted at around 8.2 ka by an abrupt, short-lived
period of cooling (Alley et al. 1997; Rohling &
P€alike 2005). This 8.2 ka event is often known as, and/or
incorporated within, the Scandinavian Finse Event
(Dahl & Nesje 1994, 1996; Nesje & Dahl 2001; Nesje
et al. 2008; Nesje 2009; Aa & Sønstegaard 2019). Few
studies have attributed specific moraines to the 8.2 ka
climatic deterioration across Norway and/or found
evidence for substantial readvanceandpossible regrowth
of ice caps and mountain glaciers. Instead, the event is
more typically recorded in pro-glacial lake sediments
that indicate glacier-derived sediments prior to a period
ofwarming in theMiddleHolocene (Nesje&Dahl 2001;
Seierstad et al. 2002; Nesje et al. 2006, 2008; Nesje 2009;
Gjerde et al. 2016; Aa & Sønstegaard 2019).

Following the 8.2 ka event, the warming during the
MiddleHolocene is referred to as theHTM,duringwhich
summer temperatures are thought to have been between
1.5 and 2 °C higher than at the 20th/21st century
boundary (Bjune et al. 2005; Nesje et al. 2008; Nesje
2009). Across Scandinavia, the peak of the HTM is
thought to have occurred between 6.6 and 6.3 ka, when
most glaciers are thought to have disappeared completely
(Sepp€a & Birks 2002; Bjune et al. 2005; Sepp€a et al. 2005;
Nesje et al. 2008; Nesje 2009; Renssen et al. 2009, 2012).
For example, on theLyngenPeninsula, northernNorway,
no glacier-derived meltwater sediments are found in the
Strupskardet proglacial lake between 8.8 and 3.8 ka,
indicating a fully deglaciated catchment, and with
equilibrium-line altitudes (ELAs) estimated to be above
1200 m a.s.l. (Bakke et al. 2005b; Wittmeier et al. 2015).

TheHTMwas followedbyagradual period of cooling
fromaround6–2 ka,whichresulted inglaciers reforming
acrossScandinaviaandculminating in theNeoglaciation
(Grove 2004; Nesje et al. 2008; Nesje 2009; Wittmeier
et al. 2015). Across Norway there is an apparently
heterogeneous growth of glaciers during the Neoglacia-
tion, with the development of glaciers responding to
regional variations in winter precipitation, summer
temperature, wind drift of snow and glacier hypsometry

BOREAS Holocene glacial history of northern Troms and western Finnmark 621
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(Nesje 2009). For example, valley glaciers on the Lyngen
Peninsula are proposed to have reformed after around
3.8 ka (Bakke et al. 2005b); the Høgtuvbreen ice cap in
the Svartisen area of northern Norway experienced
initiation around 4.4–4.3 ka (Jansen et al. 2016); and
cirque glaciers in Rondane, southern Norway, regrew
around 4 ka (Kvisvik et al. 2015). Throughout the
Neoglaciation, proglacial sediments record a series of
events during which glaciers were larger than they are at
the present day and, in some cases, beyond their most
recentLIAmaxima (e.g.Matthews et al. 2005;Matthews
&Dresser 2008; Bakke et al. 2010;Wittmeier et al. 2015).
However, inmost cases, it is generally considered that the
culmination of the Norwegian Neoglaciation occurred
during the LIA (Nesje 2009).

Initiating at aroundAD1300, glaciers in theNorthern
Hemisphere underwent a pattern of asynchronous read-
vance,withmultiplemajorLIAadvances in the following
few centuries (Grove 2001, 2004). Unlike in continental
Europe, which experienced relatively uniform LIA
maximaduring themid-19th century, glaciers inNorway
showed considerable regional asynchronicity in the
extent and timing of the LIA maximum, from the mid-
18th century in southern Norway to the early 20th
century in northern Norway (Ballantyne 1990; Grove
2001,2004;Winkler2003; Ivy-Ochsetal. 2009;Solomina
et al. 2016; Leigh et al. 2020). Regional differences in
LIA maxima across Norway appear to be influenced
primarily by differences in summer temperature and
winter precipitation, with local scale differences being
explained, in part, by individual glacier hypsometry (e.g.
Ballantyne 1990;Nesje et al. 2008; Leigh et al. 2020). For
example, Ballantyne (1990) noted that, on Lyngen, all
glaciers exceeded or nearly exceeded their mid-18th-
century maxima in 1910–1930, whereas the mid-18th-
centuryadvancewasgenerallymuchmoreextensive than
any early-20th-century advance in southernNorway.He
argued that this might be explained by a southerly
migration of the North Atlantic oceanic polar front in
the mid-18th century, which resulted in a reduction
in precipitation over northern Norway, but an increase
over southern Norway.

Since the culmination of the LIA,most glaciers across
Norway (and globally) have experienced net mass loss
(e.g. Nesje et al. 2008; Andreassen et al. 2012a; Zemp
et al. 2015).Observationsof glacier change since themid-
20th century show exceptionally rapid retreat, primarily
linked to anthropogenically forced climate change (e.g.
Stokes et al. 2018; Zemp et al. 2015, 2019; Leigh
et al. 2020). Furthermore, a recent synthesis of changes
in glacier area, length, surface elevation, and mass
balance of glaciers in mainland Norway revealed that
those in the northernmost counties (i.e. Troms and
Finnmark) showed no sign of advance in the 1990s, as
found for glaciers further south, and that the mass
deficits were largest for the northern-most monitored
glacierLangfjordjøkelen (Andreassen et al. 2020).Arctic

Amplification is also likely to further impact glaciers in
northern Norway, many of which may disappear before
the end of the 21st century (e.g. Nesje et al. 2008; Stokes
et al. 2018; Zemp et al. 2019; Leigh et al. 2020; Rounce
et al. 2023).

Study area

The studyarea covers 6810 km2ofTroms andFinnmark
county, extending from theLyngen Peninsula in thewest
toNavitdalen in the east, and including the small islands
ofUløyaandK�agen in thenorth (Fig. 1).Mostglaciers in
the region can be broadly considered maritime given
their proximity to large fjord systems and the North
Atlantic Ocean. There are no continuous, long-term
meteorological records in the studyarea,with thenearest
stations in the city of Tromsø, located around 60 km to
thewest (stationnumber90450) andatKarasjok, located
around 200 km to the east (station number 97350). For
reference, mean January and July temperatures in
Tromsø (1995–2018)are�3.1and+12.3 °C,respectively;
whereas they are �13.6 and +13.4 °C at Karasjok over
the same period (Leigh et al. 2020). Total annual
precipitation at Tromsø (1995–2018) is 1076 mm,
whereas it is 430 mm at Karasjok (https://selkima.met.
no). Thus, present-day glaciers are exposed to relatively
high precipitation during the winter, but with a smaller
amount than further west, and with a smaller range
between winter and summer temperatures than for
glaciers at similar latitudes further east (Andreassen
et al. 2012b). Leigh et al. (2020) also reported a clear
increase in mean annual temperature (of around 1.1 °C)
since the 1980s, and that winter and summer precipita-
tionhadshownasteadydecreasesince theearly2000s.As
a result, Leigh et al. (2020) found that the total area of
glaciers within the study area had decreased by around
35 km2 between 1989 and 2018 (n = 219 in 1989) and
that very small glaciers (<0.5 km2) showed the highest
relative rates of shrinkage, such that 90% of mapped
glaciers within the study area were less than 0.5 km2

in 2018.
Two field sites currently characterized by small, valley

and cirque glaciers were visited in August/September
2018 and 2019 to undertake geochronological investiga-
tions: Rotsunddalen (Fig. 1B) and Strupskardet
(Fig. 1C). These study areas were chosen because
previous glaciological investigations are sporadically
spaced throughout the region and there have been fewer
studies of how smaller mountain glaciers responded to
Holocene climate variability.

Rotsunddalen. – Rotsunddalen (Fig. 1B) is situated
within the Nordreisa Municipality and is flanked on
the west by a minor mountain range (the K�afjord Alps).
Themountainpeaks in this arearange from1077 m a.s.l.
(Stortinden) to 1320 m a.s.l. (Geaippilvarri) and the
bedrock is composed of Vaddas Nappe and K�afjord

622 Josh R. Leigh et al. BOREAS
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Nappe, broadly comprising metamorphic facies of
amphibolite, quartzite, gneiss, and schist (Lindahl et al.
2005; Augland et al. 2014; Geological Surveyof Norway
2015). The present-day tree line extends to ~400 m a.s.l.
and, above this, alpine tundra is the dominant vegeta-
tion. To the west is a major fjord system, Lyngenfjord,
and there are also subsidiary fjords to the north
(Rotsundet) and south (K�afjorden; Fig. 1).

Within Rotsunddalen, three subsidiary valleys were
investigated to develop a preliminary chronology that
could inform the much broader regional-scale mapping
compiled in Leigh et al. (2021): (i) a short un-named,
west–east orientated valley (henceforth referred to as
Hjemtverrdalen; Fig. 1Bi), containing present-day gla-
ciers 115 and 117 (numbers refer to those in the
Norwegian Glacier Inventory: Andreassen et al. 2012b)
and drained by the river Hjemtverrelva; (ii) the SW–-
NE-orientated valley Sorbmev�aggi (Fig. 1Bii), contain-
ing glaciers 121 (Sorbmejiehkki) and 123 and drained by
the River Sorbmejohka; (iii) the SW–NE-orientated
valley Goahtev�aggi (Fig. 1Biii), containing glaciers 126,
127 (Goahtejiehkki), 129, 131 and 132, and drained by
the River Goahtejohka. All three valleys have large
latero-frontal moraine systems, with the terminus
positions of the outermost moraines extending into the
main part of Rotsunddalen at elevations from ~140 to
~340 m a.s.l. LIA moraines are present in the forelands
of glaciers 115, 117, 121, 123, and 126, and have
previously been dated to between AD 1814 and 1877
(Leigh et al. 2020).

Strupskardet. – The valley Strupskardet (Fig. 1C), in the
Lyngen municipality, is a west–east-orientated valley
crossing the northern Lyngen Alps. The Lyngen Alps are
situated on a ~70-km-long peninsula (Lyngen Peninsula),
flanked by Lyngenfjord to the east and Ullsfjorden to the
west. To the north and south of Strupskardet are
mountains ranging from 1042 m a.s.l. (Nordre) to
1625 m a.s.l. (Lenangstindan), with bedrock composed
of Lyngsfjellet nappe, comprising ophiolitic gabbro,
and metamorphic facies that include amphibolite and
schist (Randal 1971; Coker-Dewey et al. 2000; Augland
et al. 2014). The present-day tree line extends to
~350 m a.s.l. as a dispersed and stunted tree cover.Within
Strupskardet there are two glacier-fed lakes: Aspevatnet
(0.4 km2, 30 m a.s.l.) and Bl�aisvatnet (~0.3 km2,
189 m a.s.l.). These lakes are fed by glaciers 119, 201
(Lenangsbreen), 198 and 197, and the river that feeds
Aspevatnet is sourced by Bl�aisvatnet.

Importantly, previous researchbyBakke et al. (2005b)
has established ages for most moraines within Strups-
kardet. Moraine ages were determined from various
landforms (e.g. moraines and former shorelines) and
sediment cores from the proglacial lake Aspevatnet. The
resultant glacial chronology for Strupskardet indicates
that moraine ages span the past 20 ka (Bakke et al.
2005b). The ages of the pre-YD moraines are more

uncertain (J. Bakke, pers. comm. 2021), but those from
the YD moraines and younger are more reliable. The
moraines enclosing lake Bl�aisvatnet (Fig. 1C) were
proposed to have formed at 12.8–11.5 ka (M8) and
9.3–8.9 ka (M12) (Bakke et al. 2005b). Additionally,
three inset moraines at Bl�aisvatnet’s eastern margin
(M10, M11 and M12; ~1.8 km from the present-day
glacier front) were dated to 10.4–10.3, 9.8–9.4, and 9.3–
8.9 ka, respectively (Bakke et al. 2005b). Following
deposition of the M12 moraine, no additional moraines
were formed until the LIA maximum moraine (M13) at
around AD 1890–1928 (Bakke et al. 2005b).

Material and methods

Glacial geomorphological mapping and ice-margin
reconstructions

We used a new glacial geomorphological map of the
study area (Leigh et al. 2021) to identify key sites for
fieldwork and to underpin our reconstruction of the
glacial history. This mapping used high-resolution
georectified orthophotographs (0.25 m pixel resolution;
courtesy of The Norwegian Mapping Authority n.d.),
medium-resolution 2018/19 multispectral satellite imag-
ery (10 m pixel resolution Sentinel-2A imagery), and
both 10 and 2 m digital elevation models (DEMs;
courtesy of The Norwegian Mapping Authority (n.d.)
and The Polar Geospatial Center (Porter et al. 2018),
respectively).

Glacial landforms were identified and digitally
mapped as either vector lines or polygons using ESRIs
ArcGIS software. The geomorphological features
mapped included moraines, ridges within areas of
discrete debris accumulations (DDAs), flutings, eskers,
irregular mounded terrain, lineations, glacially stream-
lined bedrock, possible glacially streamlined terrain,
pronival ramparts, rock glaciers, and lithalsas.Mapping
of glaciers and lakes was done using a semi-automated
processon2018/2019multispectral satellite imagerywith
manual correction of mapped units (e.g. glaciers/lakes
cast under shadow, glaciers obscured by debris, glaciers
terminating in proglacial lakes or where snow patches
were erroneously classified as glaciers) to produce the
most up-to-date outlines as possible.

Weused theglacial geomorphologicalmapfromLeigh
et al. (2021) and our new chronological data (see below)
to reassess, and in some cases modify, the broader-scale
ice sheet outlines from the DATED-1 time-slice recon-
struction (Hughes et al. 2016). The small number of
existing dating controls throughout the study area were
also utilized to help revise and update the ice-margin
chronology. Any revisions to the ice margin chronology
were guided by themapping in Leigh et al. (2021) (e.g. of
major moraine systems) and high-resolution topo-
graphic data from the 2-m-resolution Arctic DEM
(Porter et al. 2018). The new reconstructions of

BOREAS Holocene glacial history of northern Troms and western Finnmark 623
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plateau-ice-cap and mountain-glacier extent followed
the geomorphologicalmapping of Leigh et al. (2021) but
were also guided by present-day glacier extent and our
new age constraints from Rotsunddalen. Owing to the
relatively sparse geomorphological signature on
the mountain plateau surfaces relative to the valley
systems, there was a greater amount of uncertainty in
these areas.

Field and laboratory data collection and analysis

During fieldwork, three subsidiary valleys in Rotsund-
dalen (Hjemtverrdalen,Sorbmev�aggi, andGoahtev�aggi;
Fig. 1B) were examined alongside one valley on the
Lyngen Peninsula (Strupskardet: Fig. 1C).

In Rotsunddalen, Sorbmev�aggi hosts the most exten-
sive, best preserved and easily accessible moraines.
Therefore, this valley was chosen as the focus of our
datingworkandwasusedas thebaseline forcomparisons
with the two adjacent valleys.Within Sorbmev�aggi there
were five clearly definedmoraines that led up to (but not
including) the LIAmoraine, which was previously dated
to AD ~1822�39 (Leigh et al. 2020). All five pre-LIA
moraines were sampled with the aim of establishing
moraine formation ages. All moraines that were exam-
ined and discussed in the text are identified sequentially
starting at M1, which denotes the furthest down-valley.
For example, for SM1, the first letter indicates the valley
name (S = Sorbmev�aggi), the second letter indicates the
feature in question (M = Moraine) and the number
indicates position in the sequence (1 = furthest down-
valley/terminal moraine).

On all moraines, Schmidt hammer readings and soil
profiles were recorded from the frontal and lateral
portions, where possible. Additionally, samples were
collected for terrestrial cosmogenic nuclide (TCN)
dating from stable boulders on the Sorbmev�aggi
moraines and a series of perched boulders on a bedrock
lip above the SM5 moraine and within the main part of
Rotsunddalen.

In Strupskardet (Fig. 1C) an extensive sequence of at
least 13 moraines has been previously investigated and
dated (M1–M13; Bakke et al. 2005b). Moraines that
pertain to the YD/Holocene transition were the primary
targets for sampling in the work presented in this paper
(morainesM8–M12, ranging fromapproximately12.8 to
8.9 ka; Bakke et al. 2005b) to enable a comparison with
those deemed to be a similar age in Rotsunddalen.
Schmidt hammer readingswere prioritized at these well-
defined, bouldery moraine ridges.

Schmidt hammerdating. – Measurements of rock-surface
hardness were taken using a Novatest N-type Schmidt
hammer, with a specified impact energy of 2.207 N m�1

(Matthews &Winkler 2022). A careful assessment of all
boulderswascarriedoutprior tosamplingandonly large,
stable boulders located on or near moraine crests were

sampled.Arelatively largenumberof impacts isgenerally
considered necessary in Schmidt-hammer dating to
account for within- and between-boulder variability
and site variability in rebound (R) values (Matthews &
Winkler 2022). Although there is no universally applica-
ble minimum sampling size, it has been noted that
sampling a high number of boulders with one or a few
impacts is generally more representative than sampling
fewer boulders with many impacts, but that a larger
number of impacts on individual boulders may be
suitable where boulders are sufficiently large or in short
supply (Matthews &Winkler 2022). Given our focus on
some of the larger, vegetated moraines from the Early to
potentially Middle Holocene (e.g. see Figs 2, 5), large
individual boulders were relatively scarce, which neces-
sitated a larger number of impacts on those that were
available on each moraine, especially given time con-
straints at remote field-sites. Thus, the same operator
recorded10R-values fromeachboulder,with10boulders
sampledpermoraine.Themeanwas thencalculatedfrom
the 100 R-values from each moraine, and this value was
used as the basis for assigning calibrated ages. We
acknowledge that this approach is sub-optimal in that it
uses relatively small sample sizes (100 R-values) from
each moraine and may potentially over-sample
non-representative boulders, but we note that the results
are remarkably consistent in showing an overall
down-valley decrease in R-value, with statistical tests
revealing significant differences between most moraine
pairs, which is consistent with a longer duration of
exposure for older moraines (see below).

Impacts were made on horizontal or near-horizontal
surfaces and were separated by at least a plunger tip
width. Readings were made on dry surfaces, away from
the edge of boulders or any visible cracks, and rock
surfaces were not abraded by carborundum treatment
before measurements (e.g. Day 1977; Shakesby et al.
2006; Wilson et al. 2019). Care was taken to avoid
inhomogeneity from structural features such as cleava-
ge/foliation (Matthews &Winkler 2022). Most sampled
boulders within Strupskardet and Rotsunddalen were
above the treeline. In the few cases where moraines
were below the treeline, we avoided boulders directly
beneath trees, as these were often covered by grasses,
moss, and foliose lichen.

An important limitation of our Schmidt hammer
datingwas that the lithologyof themoraineboulderswas
different between Rotsunddalen (schist) and Strupskar-
det (gabbro).MatthewsandWinkler (2022) note that it is
important to restrict sampling to particular lithologies
becauseweathering rates are likely to differ between rock
types. They also acknowledge, however, that in most
regional studies that cover multiple locations, this
constitutes an ideal that is rarely realized in nature and
that lithological compatibility is more realistic
and attainable. Given that the moraines in Strupskardet
are the only moraines in the study area that have been
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independently dated, we deemed it worthwhile to at least
compare Schmidt hammer data from those moraines
with those inRotsunddalen, noting that bothgabbroand
schist have been classified as ‘strong’ in studies of the
influence of lithology on R-values (e.g. Placek &
Mignon 2007). We also acknowledge the warning of
McCarroll (1989) that although Schmidt hammer data
hold potential for measuring rock weathering and
interpreting relative age, they should be viewed as a
rapid, inexpensive and convenient technique for prelim-
inaryassessment.Thus,weviewouragecalibrationusing
Schmidt hammer data as necessarily preliminary and
simply use it alongside other methods to compare with
previous chronologies and to develop hypotheses that
future work could test.

Soil chronosequencing. – Three or more soil pits were
excavated into the crests of moraines that pre-date the
LIA maxima (i.e. moraines down-valley from the LIA
limits identified inLeighetal. 2020). InRotsunddalen,30
soil pitswere excavated until the C-horizon was reached.

The geomorphological context and vegetation coverage
ofeachmoraine/soil pit locationwererecordedalongside
details of crest elevation, approximate height from the
valley floor and locality with respect to running and/or
standing water. Where possible, pits were constrained to
sharp-crested portions of moraines (cf. McCarroll &
Ware 1989; Evans 1999). Both lateral and end moraines
were sampled, and pits were excavated in areas where
surfaceboulderswere fewest, in thehopeof encountering
fewer obstacles with depth.

Soil horizons were identified based on distinct colour
changes(seeBirkeland1999forrationaleandapplicationto
Quaternary soils). From the middle of each identified
horizon (and the top of the C-horizon) ~100 g of soil was
collected for laboratory analysis of dry andwet colour, soil
pH, and loss on ignition (LOI) analysis. In each pit, the
depth of soil to the base of the B-horizon (top of the C-
horizon) and the thickness of each identified horizon
(excluding C-horizon) were measured (cf. Evans 1999).

In the laboratory, the colours of the wet and dry soil
samples were determined using a Munsell soil colour

Fig. 2. Examples of samples collected for terrestrial cosmogenic nuclide (TCN)dating.A.Obliqueviewofmoraine SM3 (seeFig. 4B) showing the
moraine crest (dashedwhite line) andapproximate locationof samples (red circles). B.Aerial orthophotograph showing the approximate locations
of samples (2016 imagery; www.norgeibilder.no). The images around the sides (panels C–F) show the individual sampled boulders with
photographs taken frommultiple angles and a blue arrow showing the sampling point. Note: tape extended to 50 cm in each image.
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chart. Soil colour enrichment of each horizon was then
calculated following the colour development equivalent
(CDE) of Buntley &Westin (1965), whereby the chroma
is multiplied by a soil colour value (e.g. 10R = 7;
2.5YR = 6; 5YR = 5; 7.5YR = 4; 10YR = 3; 2.5Y = 2
and 5Y = 1). This provided a metric for soil reddening
and thus an indication of the maturity of soil develop-
ment. Soil pH was measured from a 1:2.5 suspension
(10 g of dry soil:25 mL of distilled water). Loss on
ignition was used to provide an indication of total
organic matter content. Around 5 g of each sample was
driedovernightat105 °Ctodeterminemoisturecontent,
and the samples were then ignited at 550 °C for 4 h in a
furnace to determine percentage LOI.

TCN dating. – Perched boulders and moraine boulders
were sampled for cosmogenic 10Be TCN dating to
determine the timing of glacier thinning and retreat
(Table 1, Fig. 2). In total, 13 samples were collected in
August–September 2019. Three perched boulders were
sampled at the edge of a bedrock lip approximately half-
way up Rotsunddalen, above the moraine on the valley
floor, and 10moraine boulderswere sampled, with eight
located on the moraine crests and two located on the
distal slopes (Fig. 4B).

Sampled surfaces were between 50 and 310 cm from
the ground (Table 1) and all samples were removed
from the highest point of the host boulder to maximize
exposure to cosmic rays and minimize snow cover of the
surface. Tominimize the likelihood of samplingmoraine
boulders affected by postdepositional boulder rotation
ormoraine (de-)stabilization (e.g.melt out of buried ice),
we targeted boulders thatwere partially embedded in the
moraine matrix and away from obvious breaches (e.g.
caused by postdepositional reworking from meltwater
streams).Twosampleswere found fragmented in situand
the remainder were collected using hammer and chisel;
an average sample thickness was calculated from
multiple measurements of every sample fragment.
Azimuthal elevations were measured in the field using a
standard geological compass and clinometer. Sample
locations and elevations were recorded using a Garmin
GPSMAP� 64 s with GLONASS (�3 m).

Sample processing andmeasurement were carried out
at the Cosmogenic Isotope Analysis Facility, Scottish
Universities Environmental Research Centre (CIAF–
SUERC), following the procedures of Mendelov�a
et al. (2020). The 10Be concentrations are based on the
2.79 9 10�11 10Be/9Be ratio for NIST SRM4325.
The processed blank ratio was between 3 and 10% of
the sampled 10Be/9Be ratios andwas subtracted from the
sample ratios. The uncertainty of this correction is
included in the stated standard uncertainties. The
10Be/9Be ratios were measured and calculated on the 5
MVaccelerator mass spectrometer at SUERC.

The TCN surface-exposure ageswere calculated using
the Cosmic Ray Exposure program (Martin et al. 2017).

We applied a local production rate (weighted mean of
3.40�0.24 atoms g�1 a�1; sea level high latitude) based
on two calibration sites inArcticNorway (theGrotland-
sura and Russenes rock avalanches; see Fenton et al.
2011), and also separately applied a global production
rate (weighted mean of 3.98�0.22 atoms g�1 a�1; sea
level high latitude) for comparison purposes. The age
calculations additionally used the time-dependent LSD
scaling scheme with ERA40 atmosphere model (Lifton
et al. 2014).

Wealso applied anumberof corrections toaccount for
the potential effects of surface erosion, snow cover and
glacial isostatic adjustment using the iceTEA tool (Jones
et al. 2019a). Subaerial erosion of a boulder surface can
occur following its exposure, resulting in a loss of
nuclides. To minimize this impact, we sampled boulder
surfaces with the least amount of postdepositional
surface erosion. However, samples may plausibly have
lost ~1 to 10 mm from the surface and so we applied a
potential surface erosion correction of 10 mm ka�1,
calculated using the iceTEA tool with the global
production rate. Snow cover can influence the produc-
tion rate through partial shielding of the boulder surface
from cosmic rays. The amount of snow that can limit
nuclide production depends on the density of the snow
and, crucially, the thickness and duration of that
snow cover, which is extremely challenging to constrain
in the past (Ye et al. 2023). To minimize the influence of
snow cover, we sampled top surfaces of large boulders,
which would most likely be above-ground snow and be
more easily windswept, but snow cover cannot be ruled
out and so we used iceTEA to estimate the impact of
snow cover providing 20% shielding, using the global
production rate. Finally, glacial isostatic adjustment can
influence the production rate at a given site. The
production rate is dependent on elevation, which
changes over time owing to glacial isostatic adjustment,
potentially causing TCN ages to overestimate or
underestimate the true exposure time (Jones
et al. 2019b). Isostatic uplift owing to the deglaciation
of the Fennoscandian Ice Sheet means that the produc-
tion rate was probably lower at the time of exposure
(lower elevation relative to today) and so we applied a
correction toaccount for thisusing iceTEAwith the ICE-
6G model and global production rate.

Results

Central Troms and Finnmark moraine distribution and
morphology: regional context

Here, we briefly describe and illustrate some of the key
features in the glacial geomorphologicalmap fromLeigh
et al. (2021) that underpins our palaeoglaciological
reconstruction and provides a regional context for our
more detailed field observations that follow. It is clear
that the glacial geomorphology in central Troms and
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Finnmark reflects the combined effects of the retreat of
themainFennoscandian Ice Sheet and its fragmentation
into plateau icefield, valley and cirque glacial systems.
The largest moraine complexes across the region are
those traceable across several large fjords and valley
systems, known as the Tromsø–Lyngen moraines
(Marthinussen 1962; Holmes & Andersen 1964; Ander-
sen 1968; Vorren & Plassen 2002) and thought to have
formed during the early to mid-YD (Jansen et al. 2023).
The Tromsø–Lyngen moraines can be traced nearly
continuously across the study area and frontal portions
are clearly identifiable at the fjord heads (cf. Leigh
et al. 2021). Within the study area, the most clearly
identifiable portion of the Tromsø–Lyngen moraine
complex is the Sp�akenes moraine (Marthinussen 1962),

found at the head of Lyngen Fjord (Fig. 3A, B).
Additional large moraine complexes are found in the
south/SE of the region, across the upland plateau
(Fig. 2G, J). Age constraints for these moraines are
lacking but it is likely, based upon the close spacing of
several arcuate moraine sequences, that these moraines
represent short-term fluctuations/stabilizations during
overall retreat of the ice margin (e.g. Fig. 3G, H).

The north-eastern side of the Lyngen Peninsula and
the coastal islands of K�agen and Ulløya (Fig. 1) are
outside the limits of the Tromsø–Lyngen moraines and
were likely tohavebeen isolated from theFennoscandian
Ice Sheet during the YD/Tromsø–Lyngen event (Kvern-
dal & Sollid 1993; Evans et al. 2002; Hughes et al. 2016).
At these sites, the glaciated valley landsystem dominates

Fig. 3. Excerpts fromthemappingofLeighetal. (2021) showing: (A,B) theSp�akenesmoraine,partof theTromsø–Lyngenmorainecomplexfound
at theheadofLyngenfjord; (C,D)the largevalleymorainesystemonthe islandofUlløya,with latero-frontalmoraineextendingtonearsea level; (E,
F) the disintegratingNoammerjiehkki plateau ice cap and surrounding glaciers in theK�afjordmountains; (G,H) a series of inset arcuatemoraines
largemorainesNWofLakeGuolasj�avri; (I, J) closely spacedarcuatemoraineson theuplandplateau; (K,L)well-definedmoraines inStrupskardet
appearing largely equally spaced in anup-valley direction. Imagery in the top panels (A, C, E,G, I,K)was captured on 24August 2016 and is from
www.norgeibilder.no.Maps in thebottompanels (B,D,F,H, J, L) are excerpts of themappublished inLeigh et al. (2021), with a hill-shadedArctic
DEM for background (courtesy of the Polar Geospatial Centre).
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(Fig. 3C,D). There is also evidence of periglacial activity
following deglaciation, characterized by the develop-
ment of several large rock glacier complexes that are
mapped (cf. Leigh et al. 2021; Rouyet et al. 2021). The
NW-orientated valleys of northern Lyngen and the NE-
orientated K�agen and Ulløya valleys have some of the
most extensive, numerous anddistinctive inset sequences
of moraines throughout the region (e.g. Fig. 3C, D).
Bracketing ages on a select few moraines indicate that
some may have been formed prior to the YD, e.g. in
Strupskardet (Bakke et al. 2005b).

A diverse suite of glacial geomorphological features
has been mapped in the mountains of southern Lyngen,
north and south ofK�afjord, theKvænangstindenmassif
(after the tallest mountain Store Kvænangstinden:
1178 m a.s.l.), as well as across the Riehppe plateau (cf.
Leigh et al. 2021).Most notable are the smaller, but well-
definedmoraine sequences located justbeyond thevalley
mouthsand insetup-valley (e.g.Fig. 3K,L)andproximal
to present-day glacier margins, or empty cirques. There

are also sporadic moraine deposits radiating around the
mountain plateaus; these fragmentary deposits probably
record the presence of old plateau icefields emerging
from the flat-topped summits (e.g. Rea & Evans 2007).
On the isolated plateaus throughout the study area, the
present-dayglaciers that remain (e.g. glaciers 157and158
(Noammerjiehkki) in the K�afjord mountains) are
currently in a phase of rapid retreat (Leigh et al. 2020).
These glaciers retain the form of small mountain
icefields, with short ice tongues (less than a few hundred
metres) filling topographic depressions (Fig. 3E, F). A
substantial proportion of rock glaciers are also found
within these valley systems (Rouyet et al. 2021).

Rotsunddalen moraine morphology

Hjemtverrdalen. – In Hjemtverrdalen (forelands of gla-
ciers 115 and 117; Figs 1Bi, 4A) a series of three
near-continuous latero-frontal moraines were studied.
The oldest frontal moraine (HM1; Fig. 4A) extends

Fig. 3. (Continued)
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Fig. 4. Morainemapping of the three subsidiary valleys that feed intoRotsunddalen. A.Hjemtverrdalen. B. Sorbmejiehkki. C.Goahtev�aggi. All
sampled moraines are labelled with their associated maximum soil depth (depth to top of C-horizon; SD_Max) and average Schmidt hammer
R-value (SH_Avg). Base image is the Arctic DEM (courtesy of the Polar Geospatial Centre).
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~1 km into the main part of Rotsunddalen and has a
steep, 20-m-high distal slope and shallow proximal slope
both rising to a well-defined crest up to ~5 m wide.
Inside HM1 and located ~160 m up-valley is a smaller
frontal moraine, HM2 (Fig. 4A), which is characterized
by a ~7-m-high distal slope and a broad crest. The
youngest moraine examined (HM3; Fig. 4A) is located
~190 m up-valley from HM2 and is characterized by a
very steep and ~30 m-high distal slope with broad

crested (~5-m wide) lateral ridges and narrower (2–3 m
wide) frontal ridge.

Sorbmev�aggi. – Sorbmev�aggi (foreland of glaciers 121
and 123; Figs 1Bii, 4B) contains a complex succession of
moraines, five of whichwere studied in detail. The oldest
moraine (SM1; Figs 4B, 5A) extends ~0.8 km out of
Sorbmev�aggi into the main part of Rotsunddalen
(between 2.6 and 2.9 km from the present-day glaciers
121 and 123, respectively). In its lateral portions, it has a
steep distal slopewith a height of ~10 m, rising to awell-
defined creston the true right (up to~5 mwide),while on
the true left, thecrest ispoorlydefinedwithmultiple ridge
features recording either moraine de-stabilization (e.g.
melt of buried ice core) or postdepositional reworking
(e.g. input from rock-avalanche deposits). The proximal
slope is steep and ~10-m high, and, on the true right, has
smaller ridges inset against it.

Inside the SM1 lateral moraine is a small, recessional
moraine (SM2; Figs 4B, 5B), which is the most subdued
moraine in the succession with a near symmetrical
proximal and distal slope. It rises to a height of ~7 m on
the true right but only ~2 m on the true left. SM2 is
positioned at the edge of the treeline with well-
established birch trees having colonized its slopes.

Located ~400 m up valley and at the head of
Sorbmev�aggi is an imposing latero-frontal moraine
(SM3; Figs 4B, 5C), which extends across the whole
valley floor. Its frontal portion has a steep distal slope
more than10-mhigh, awell-defined crest~2 to 3-mwide,
andasteepproximal slope (~5-mhigh), bestpreservedon
the true left. On the true right, a series of complex ridges
within DDAs occur on the proximal slopes of SM3. The
DDAs are small areas of complex, hummocky, terrain
manifest as a disorganized ridge and furrow network
separated by a mix of sediment veneer, rocky and
bouldery debris, and vegetated ground (Leigh et al.
2021). The lateral portion of SM3 lies low on the valley
sides. On the true left it extends only part way into
Sorbmev�aggi where it is overridden by colluvium; on the
true right it canbe traced foranadditional~340 mbefore
it becomes indistinguishable from the area of DDA.

Located~450 mupvalley fromSM3 is another latero-
frontalmoraine (SM4;Figs 4B, 5D)with steep distal and
proximal slopes <10-m high and a broad crest, which in
some places is poorly defined. The lateral portions are
clearly defined on both sides of the valley for ~130 m,
after which colluvium on the true left overrides the
feature and DDA is developed on the true right.

Inside SM4, on the true right side of Sorbmev�aggi and
located ~350 m up valley, and ~250 m outside the LIA
moraine, is a fragmented latero-frontal moraine (SM5;
Figs 4B, 5E). The distal slope is steep and ranges from ~5
to~15 mhigh.Thecrest iswell defined (2–3-mwide), and
the proximal slope is short and shallow. SM5 has been
fragmented, presumably by postdepositional meltwater
drainage, and is identifiable as a ~160-m-long frontal

Fig. 5. Photographs showing the Sorbmejiehkki moraine succession
from the largest identifiable terminal moraine (SM1) to the LIA
moraine (Leigh et al. 2020). The white dashed line represents the
moraine crest (see Fig. 4 for geomorphological map).
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portion and a 180-m-long lateral portion that grades up
to the valley side bedrock face. In the frontal portion of
SM5, the distal slope is partly superimposed by an area
of rock slope failure deposits, clearly distinguishable
from the glacial deposits by their size, angularity and
positioning within the valley. On the true right, SM5
shows signs of bifurcationwhere two ridges emerge from
one in its central portion. This may have been caused by
melt out of buried glacial ice or by a dynamic frontal
margin.

Goahtev�aggi. – In Goahtev�aggi (foreland of glaciers
126, 127, 129, 131 and 132; Figs 1Biii, 4C) only two
moraines were studied. These moraines are heavily
vegetated and do not contain large, exposed boulders
on their crest and, therefore, it was not possible to collect
Schmidt hammer rebound values. Unlike in
Hjemtverrdalen and Sorbmev�aggi, the oldest moraine

(GM1; Fig. 4C) does not extend into the main part of
Rotsunddalen, but is instead situated at the head
of Goahtev�aggi and only accessible on its true left.
GM1 is a low-lying, broad feature situated on awide, flat
surface ~130 m higher than the main part of Rotsund-
dalen floor. The moraine has a steeper and higher
proximal slope than distal slope and cannot be traced
along the valley sides. Overall, GM1 is the most
fragmented and subdued feature studied, probably
resulting from postdepositional re-working.

Around 700 m up valley from GM1 is a much larger
latero-frontal moraine that spans the full width of
Goahtev�aggi (GM4; Fig. 4C) and is ~1.2 km from
glacier 127. There are two additional moraines between
thismoraine (GM4) and the outermostmoraine (GM1),
but GM4 was selected for sampling as it was interpreted
to be the last moraine that was formedwhen the glaciers
at the head of this catchment were confluent and should
thereforeprovidean indicationofglacieractivitymidway
through themoraine sequence.GM4canbe traced along
the valleywalls and is only breached by theGoahtejohka
river channel. Its distal slope is steep and ~30-mhigh and
it has a broad crest (~15-m wide) and a shallower
proximal slope that is overlain/overlapped by multiple
ridges and ridge-like features (DDAs).

Schmidt hammer data

A total of 110 boulders were sampled from moraines in
Strupskardet and Rotsunddalen, with a total of 1100
readings (R-values). The range in mean R-values across
our entire dataset is broad, extending from 59 on the
Sorbmev�aggi LIA moraine (SM LIA; Table 1) to 35 on
the Hjemtverrdalen terminal moraine (HM1; Table 2).
While there is a high variability in the R-values on
individual boulders (seeFigs S1, S2) anddespite our sub-
optimal sampling strategy (see above), there is an overall
down-valley decrease inR-values, consistent with results
from other investigations that have used the Schmidt

Table 2. Schmidt hammer R-values from moraines within Strupskar-
det and Rotsunddalen. Note that no Schmidt hammer readings were
taken fromGoahtev�aggi.

Site Moraine age1

(ka) or moraine
ID

Moraine
mean
R-value�95%
CI

Feature
skewness

Feature
kurtosis

Strupskardet 9.3–8.9 (M12)1 41.2�1.2 0.06 �0.20
9.8–9.4 (M11)1 38.1�2.3 0.48 0.74
12.0–11.6 (M9)1 36.0�1.5 0.33 �0.04
12.6–12.4 (M8)1 36.4�1.2 0.05 �1.09

Sorbmev�aggi SM LIA 59.3�1.2 �0.89 0.86
SM5 50.7�1.5 �0.37 0.26
SM4 50.0�1.2 �0.78 0.63
SM3 41.9�1.3 �0.19 �0.27
SM2 38.8�1.7 �0.05 �0.52
SM1 38.1�1.6 �0.06 �0.51

Hjemtverrdalen HM3 42.2�1.3 �0.56 0.56
HM2 40.4�2.8 �0.27 �0.54
HM1 35.7�1.6 0.04 �0.22

1Bracketing moraine ages and moraine IDs from Bakke et al. (2005b).

Fig. 6. BoxplotsofSchmidthammerR-values fromStrupskardetmoraineswith independentagecontrol fromBakkeetal. (2005b).Lightgreydots
represent themeanR-values fromindividualboulders (seealsoFig.S1),while theredcrosses represent themeanR-value foreachmoraine.Thedark
grey box shows the interquartile range, the black horizontal line the median and whiskers show the minimum and maximum R-values for each
moraine.
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hammer to establish moraine ages in Norway and
elsewhere (e.g.Matthews&Winkler 2011;Winkler 2014;
Tomkins et al. 2018).

Strupskardet. – The R-values from the moraines of
Strupskardet (Table 2, Fig. 6) show a clear decrease with
distance down-valley (i.e. moraine relative age). Use of a
two-sample t-test indicates that mean R-values from
most moraines represent significantly different popula-
tions (p-values <0.05), apart from theM8 (12.8–12.4 ka)
and M9 (12.0–11.6 ka) moraines, which have p-values
>0.05 (0.67), which is to be expected given their similar
age in Bakke et al. (2005b) (Table 2).

Rotsunddalen. – Schmidt hammer measurements were
only possible within Hjemtverrdalen and Sorbmev�aggi
and not in Goahtev�aggi. The most extensive Schmidt
hammer dataset was established in Sorbmev�aggi and
R-values there show a clear decrease with distance
down-valley (Table 2, Figs 4B, 7A). Use of a two-

sample t-test confirms that mean R-values from four of
the sixmoraines represent significantly different popula-
tions (p < 0.05). Moraines SM5 and SM4, alongside
SM2 and SM1, however, have p-values >0.05.

The R-values from the moraines of Hjemtverrdalen
(Table 2, Figs 4C, 7B) suggest two sets of moraines that
show a reduction in R-value with distance down-valley
(i.e. moraine relative age). Use of a two-sample t-test
indicates that HM3 and HM2 do not represent
significantly different populations, but HM3/HM2 and
HM1 represent significantly different populations.

Soil chronosequences

Formost soil pits excavated inRotsunddalen, the surface
vegetationconsistedofadispersed to thickmattofplants
fromtheVacciniumandEmpetrumgenusofdwarf shrubs
(e.g. bilberry and/or crowberry) and/or a variety of
mosses and lichens such as juniper haircap moss
(Polytrichum juniperinum) and reindeer lichen (Cladonia

Fig. 7. Box plots of Schmidt hammerR-values from: (A) Sorbmev�aggimoraines and (B)Hjemtverrdalenmoraines. Light grey dots represent the
meanR-values from individual boulders (see also Fig. S2), while the red crosses represent the meanR-value for each moraine. The dark grey box
shows the interquartile range, the black horizontal line the median andwhiskers show the minimum and maximum R-values for each moraine.
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rangiferina). Additionally, some soil pits were within the
treeline of well-established downy birch (Betula pub-
escens). Owing to themountainous terrain and isolation
of the sites, it is assumed that no major anthropogenic
land management has occurred since deglaciation.
Hence the soils are unaltered and present a natural
chronosequence of soil development.

Of the 30 soil pits examined, 29 are classified asHaplic
Podzols (Ellis 1979; cf. Bridges 1997) exhibiting a distinct
E-horizon of ash-grey colour (Fig. 8), and one pit (RV-
19-SP18) was considered a Cambic Podzol (Brid-
ges 1997) on the basis that no distinct grey E-horizon
was present. Thepodsolization of the soils is indicative of
the long, cold winters and short mild summers of the
region, and theTaigabiome that dominates the forelands
at the elevations of the moraines examined (Fitzpa-
trick 1983; Evans 1999). The examined soils (e.g. Fig. 8)
generally comprised a thin layer of organic matter and
vegetation on the surface (O-horizon), directly underlain
by avery dark (near black) layer of soil (A-horizon), rich
in organic material and in many cases held together by a

thick matt of roots. Below the A-horizon is the
characteristic eluvial E-horizon, forming a striking
‘ash-grey’ layer from which minerals have been leached.
Beneath the E-horizon is the illuvial B-horizon, com-
prising parent material which has been altered by
pedogenic processes and in which minerals accumulate,
having been leached from the E-horizon above. The B-
horizon is firmer in texture than the horizons above, with
a darker brown colour and often intermixed with larger
clasts. Finally, the B-horizon transitions sharply into a
compact C-horizon of unaltered parent material, often
with closely packed, larger clasts. The C-horizon is also
recognisable by its lighter colour than the soil above, its
coarser texture and the lack of visible organic material
(e.g. roots). In one instance (RV-19-SP08), a layer of
reddened material was found between the B and C-
horizon, interpreted as a layer of oxidized parent
material and denoted as a Cox-horizon (oxidized C
horizon; Birkeland 1978).

Rotsunddalen. – Of the three subsidiary valleys within
Rotsunddalen (Hjemtverrdalen, Sorbmev�aggi, and
Goahtev�aggi; Fig. 1B), the most extensive chronose-
quence was established in Sorbmev�aggi (Fig. 4B). Thus,
the Sorbmev�aggi chronosequence was used as abaseline
from which comparisons of soil development within
Hjemtverrdalen andGoahtev�aggi aremade. The general
soil profiles inSorbmev�aggi (Fig. 9) reveal that, although
there is some intra-landform variation between soil pits,
the overall trend is one of increasing soil depth with
distance down-valley (i.e. with their inferred relative age;
SM5-SM1).Forexample, the youngest pre-LIAmoraine
(SM5)hasamaximumsoil depth to thebaseof theB-/top
of C-horizon of 170 mm, whereas the oldest moraine
(SM1) has amaximumdepthof 330 mm(Table 3).There
is,however,onenotableoutlier in this trend; thesmall end
moraine (SM2) has considerably thinner and shallower
soils than expected based upon its position within the
moraine succession.

The specific B-horizon characteristics from each soil
pit in Sorbmev�aggi (Table 3) showamixof changes in the
CDE of both wet and dry B-horizons and indicate no
strong pattern of increasing soil reddening with increas-
ing distance down-valley (i.e. with increasing moraine
relative age), as might have been expected based on
previous work with alpine soils in Norway (e.g.
Evans 1999). Generally, the pH of the B-horizon is that
of decreasing acidity with distance down-valley, with the
outermost soils being the most alkaline. Finally,
the percentage of organic matter in the B-horizon of
each moraine, established via LOI, generally increases

Fig. 8. Soil profile found in Rotsunddalen (pit RV-19-SP22) from the
moraine crest, with major soil horizons labelled (see text for
explanation). Trowel is 127 mm long.

Fig. 9. Soil profiles from each soil pit on the moraines sampled in Sorbmev�aggi. A. SM5. B. SM4. C. SM3. D. SM2. E. SM1 (see Fig. 4B for
location). Showing soil horizons (A- toC-horizon),wet soil colour (usingMunsell colournotation),wet soil colourdevelopment equivalent (CDE;
following Buntley &Westin 1965), loss on ignition (LOI) values and soil pH.
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down-valley (SM5-SM2), indicating increased concen-
trations of decomposed plant material in the older soils.

Although it was not possible to establish a full
chronosequence in eitherHjemtverrdalenorGoahtev�aggi,
theoutermostmoraines (HM1andGM1)were sampledat
each site, with at least one other recessional moraine, to
provide some context of the glacial history in these two
valleys. The specific B-horizon characteristics from
moraines within Hjemtverrdalen and Goahtev�aggi are

shown inTable 3 and generalized soil profiles are shown in
Figs 10, 11. There is a similar trend of deepening soilswith
distance down-valley (i.e. with increasing moraine relative
age; Figs 10, 12), with the outermost moraines (HM1 and
GM1) both having maximum soil depths >300 mm. The
specific B-horizon characteristics of Hjemtverrdalen and
Goahtev�aggi show a similar range of values to those in
Sorbmev�aggi, with some clear down-valley trends includ-
ing: a thickening of the B-horizon; a clear and consistent

Fig. 10. Soil profiles fromeach soil pit on themoraines sampled inHjemtverrdalen.A.HM1.B.HM2.C.HM3(seeFig. 4Afor location). Showing
soil horizons (A- toC-horizon), wet soil colour (usingMunsell colour notation), wet soil CDE (followingBuntley&Westin 1965), LOI values and
soil pH.
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increase in the CDE (reddening) of wet soils; and
decreasing acidity of the B-horizon (all the outermost
moraines have pH values >5.0; Table 3).

Overall, there is a clear pattern of increasing soil depth
on the moraine crests with distance down-valley
(Table 3). Soil deepening is attributable to a thickening
of both theE- andB-horizons.Additional soil properties
such as pH, organic content and colour do not exhibit
any clear trends down-valley. Where boulders are not
present on the moraine crest (such as in Goahtev�aggi),
soil chronosequences provide a valuable alternative
means of relative age dating, enabling the expansion of
geochronological investigations into additional (local)
sites.

Establishing Schmidt hammer and soil chronosequence
dating calibration curves

Strupskardet: establishing a Schmidt hammer dating
calibration curve. – We used the four moraines (M12,
M11, M9 and M8) with age control from Strupskardet
from Bakke et al. (2005b) with the dated LIA moraine
from Sorbmev�aggi from Leigh et al. (2020) to develop a
Schmidt hammer R-value-dating calibration curve. It
should be noted that the ages from Bakke et al. (2005b)

were not directly taken from the moraines but, rather,
inferred from signals in the glaciolacustrine sediment
coreand the reconstructedELAandglacier size.Weused
the central estimate of the age ranges provided by Bakke
et al. (2005b) (i.e. M12 = 9.3–8.9 ka = 9.1 ka) and then
explored the shape of the R-value–age relationship
following the approach of Shakesby et al. (2011) and
tested threedifferent regressionequations: linear, second-
order polynomial and logarithmic (Fig. 12). A further
limitation of this approach is that the lithologies of the
moraines in Strupskardet and Rotsunddalen were
different, but we deem our work as a preliminary
assessment to develop testable hypotheses alongside our
other dating methods and discuss uncertainties below.

All three regression equations showed agood fit to the
data (R2 > 0.97) but the second-order polynomial and
logarithmic regression plots showed a marginally better
fit through the data-points comparedwith the linear plot
(Fig. 12). Furthermore, the second-order polynomial
and logarithmic calibration curves showeda slowdecline
in the rate of R-value with age, implying that a small
decrease inR-value represents an increasingly large time
duration, probably owing to a reduction in weathering
rateswith time (cf.Colman1981).We therefore chose the
logarithmic dating curve (Fig. 12C) to establish

Fig. 11. Soilprofiles fromeachsoilpiton themorainessampled inGoahtev�aggi.A.GM4.B.GM1(seeFig.4Cfor location).Showingsoilhorizons
(A- to C-horizon), wet soil colour (usingMunsell colour notation), wet soil CDE (following Buntley &Westin 1965), LOI values and soil pH.
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preliminary calibrated ages in Rotsunddalen, simply
because it has the highest correlation coefficient
(R2 = 0.98; Fig. 12C), and because other recent Schmidt
hammer investigations have argued that R-value–age
relationships are best represented by logarithmic regres-
sion (e.g. Tomkins et al. 2018).

Usingour logarithmic calibration curve (Fig. 12C),we
calculated preliminary calibrated ages and their 95%
confidence limits for moraines within Rotsunddalen
(Table 4). The resulting ages of the Sorbmev�aggi
moraines revealed a sequence spanning ~6.7 ka, with
the outermost moraine (SM1) dating to around 10.6 ka
(9587–11 601 years) and the innermost pre-LIA
moraine (SM5) dating to around 3.9 ka (3177–
4599 years) (Table 4).

Establishing a relative soil chronosequence dating
calibration curve. – Using the soil properties recorded
from the pre-LIA moraines within Sorbmev�aggi (SM1–
SM5), we attempt to establish a relative soil chronose-
quence dating calibration curve. Previous work using soil
chronosequences has shown that the best parameter for
relative age dating is simply soil depth and B-horizon
thickness (McCarroll & Ware 1989; Evans 1999). Our
data show that the maximum depth to the base of the
B-/top of C-horizon is the most consistent value with the
greatest correlation between sites (Table 3). We therefore
developed curves plotting maximum B-horizon depth
and, following Evans (1999), our soil chronosequence
calibration curves used a logarithmic regression (Fig. 13).

The results show that the twodifferent soil parameters
have the potential to produce different calibrated ages
(Table 5). For example, when comparing the outermost
moraine, which logically indicates the oldestmoraines in
each succession, there are only slight differences in the
maximum soil data: SM1 has two 330-mm-deep soils,
one of which has a 150-mm-thick B-horizon; HM1 has a
345-mm-deep soil and a 145-mm-thick B-horizon; and
GM1 has a 310-mm-deep soil and a 120-mm-thick B-
horizon (Table 3). The resulting relative calibration for
the terminalmoraines (whenexcluding the anonymously
shallow soils of SM2) implies thatHM1would havebeen
formedata similar time to thatofSM1(Table5),whereas
GM1would be of similar age to SM3.Theposition in the
succession of GM1 indicates that this calibrated age is
tooyoung, indicating that the soils on thesemoraines are
anomalously shallow.

TCN dating

The 10Be concentrations and corresponding surface-
exposure ages of the samples from Sorbmev�aggi and the
main part of Rotsunddalen are shown in Table 6 and
Fig. 14, using both local and global production rates
and applying corrections to account for the potential
effects of subaerial erosion, snow cover shielding and
glacio-isostatic adjustment. Exposure ages range from
11.8�1.0 to16.5�1.4 kausing the local production rate,
and from 10.1�0.7 to 14.1�1.0 ka using the global
production rate.We consider the local production rate to
better represent nuclide production in northernNorway,
and therefore use those resulting ages in this paper.
Irrespective of the production rate used, the distribution
of ages broadly corresponds to the location of samples,
with the oldest ages on the bedrock knoll at the
confluence with the main part of Rotsunddalen, and
younger ages on the Sorbmev�aggi moraines. However,
there is some scatter of ages both within and between
features, indicative of outlier ages.

We applied a series of tests to identify outliers within
theTCNdataset (Table 7).First,weperformeda reduced
chi-squared test (using iceTEA; Jones et al. 2019a) for
each feature tomeasureof thegoodnessoffit between the

Fig. 12. Schmidt hammer R-value-age calibration curves using data
collected from four moraines of inferred age in the Strupskardet valley
(from Bakke et al. 2005b) and the LIA moraine from Sorbmev�aggi
(from Leigh et al. 2020): A. linear, B. second-order polynomial, C.
logarithmic.
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weighted mean and the set of exposure ages. Moraines
SM1 and SM5, and the knoll (when RV-1921-B was
excluded) were found to be a single age population,
meaning that a weighted mean and standard deviation
can be used to represent each of these features; SM3 and
SM4were not identified as a single population, probably
owing tooneormoreoutliers.Next,weperformedatwo-
tailed generalized extreme Studentized deviate test
(iceTEA; Jones et al. 2019a) to statistically identify
which ages were outliers within the features, specifically
in cases where there was not a single age population and
where there was a sufficient number of samples for the
test.No individual ageswere identified as outliers (tested
with both a 0.01 and 0.05 significance (p-value) level).
Therefore, we cannot further exclude any samples to
improve the estimated exposure ages of these features,
andwe report the full age range (at 1r) forSM3andSM4.
Based on these tests, the bedrock knoll was exposed at
16.3�0.2 ka, SM1at 15.3�1.0 ka, SM3at11.3–15.8 ka,
SM4 at 11.3–15.0 ka and SM5 at 15.4�0.1 ka (Table 7).
These ages are much older than those derived from the
Schmidt hammer age calibration (Table 4) and from
recent syntheses of the regional deglaciation history
(Hughes et al. 2016; Stroeven et al. 2016). We also note

that potential corrections for erosion, snow cover and
glacio-isostatic adjustment tend to make the age
distribution even older (discussed below).

Finally, we evaluated the stratigraphic relationship of
the exposure ages between each feature. The bedrock
knoll should be oldest, reflecting thinning of ice at higher
elevations inRotsunddalen, and then themoraines should
get progressively younger from SM1 to SM5, recording
glacier retreat up valley in Sorbmev�aggi. All features are
stratigraphically consistent, apart from SM5, which is
statistically older than the outer SM4 moraine, although
not significantly older than SM1 and SM3. SM5
contained large angular boulders that: (i) could be
sourced from the valley sides, possibly associated with a
nearby rock slope failure or as supraglacial debris; or (ii)
may have undergone insufficient glacial erosion in the
upper part of the valley to reset the 10Be concentration
prior to glacier retreat. In these situations, SM5 would
record exposure ages older than the timing of moraine
deposition and glacier retreat (Applegate et al. 2010;
Heyman et al. 2011). Alternatively, if the relationship to
SM4 is ignored, the moraine ages are consistent with
glacier retreat from SM1 to SM5 that occurredwithin the
uncertainty of moraine age estimates.

Table 4. Tentative Schmidt hammer exposure ages with 95% confidence intervals (CI) generated from the Strupskardet age-calibration curve
(Fig. 12C) basedon independently datedmoraines. Confidence intervals show the positive andnegative error resulting fromcurvilinear regression
based on the error of the R-value.

Regression
equation

Site Moraine ID Feature mean
R-value�95% CI

Calculated
age (years BP)

+95% CI
(�years)

�95% CI
(+years)

Bracketing age

y =�23557ln(x)
+ 96 365

Sorbmev�aggi SM5 50.71�1.5 3877 700 722 3177–4599
SM4 48.99�1.2 4690 582 597 4108–5287
SM3 41.92�1.3 8362 697 718 7665–9080
SM2 38.76�1.7 10 208 1010 1055 9198–11 263
SM1 38.14�1.6 10 588 971 1013 9587–11 601

Hjemtverrdalen HM3 42.20�1.3 8205 729 753 7476–8958
HM2 40.44�2.8 9208 1580 1694 7628–10 902
HM1 35.73�1.6 12 125 1005 1049 11 120–13 174

Fig. 13. Soil chronosequence calibration curves usingmaximum soil depth collected frommoraineswithin Sorbmev�aggi and a logarithmic curve.
The solidblack line is a curve fitted toall thedatapointswhereas thedashedgrey line is a curve that excludes the anomalously shallowsoil data from
SM2.
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Discussion

Rotsunddalen glacial chronology and links with Holocene
climatic events

Despite important limitations and large uncertainties
(discussed below), the preliminarymoraine ages using the
Schmidt hammer dating curve appear to indicate a
sequence of glacial events, from the Younger Dryas
(HM1, ~12.1 ka;Table 4) throughout theHolocene to the
early-Neoglaciation (SM5, ~3.9 ka; Table 4, Fig. 15) that
is broadly consistent with previous work on mountain
deglaciation following the retreat of the Fennoscandian
Ice Sheet across Norway (e.g. Nesje et al. 2008; Nesje
2009). However, the chronology from TCN dating is not
consistent with either the Schmidt hammer chronology
(Fig. 15) or the regional-scale widely accepted deglacia-
tion history (Bakke et al. 2005b; Hughes et al. 2016;

Stroeven et al. 2016), instead indicating thinning of ice
to elevations below ~380 m a.s.l. in Rotsunddalen at
~16.3 ka and glacier retreat in this location by ~15.4 ka
(SM5) or 11.3–15.0 ka (SM4), when the ice-sheet margin
is known to have been in the outer fjord areas (Hughes
et al. 2016). We therefore set aside the TCN results when
interpreting Rotsunddalen glacial chronology and then
discuss the potential reasons for erroneously old TCN
ages below.

Younger Dryas–Holocene transition. – Throughout the
K�afjord Alps, large heavily vegetated moraines at
the foot of subsidiary valleys have been mapped (Leigh
et al. 2021) and these correspond with the outermost
moraines in Rotsunddalen succession, HM1, SM1
and GM1 (Fig. 4). If correct, the Schmidt hammer
exposure ages would indicate that the Hjemtverrdalen
terminal moraine (HM1) formed at around 12.1 ka

Table 5. Results of soil chronosequence relativemoraine dating usingmean soil thickness andmean soil depth logarithmic calibration curves. The
final column shows the calibrated ‘age’ relative to the Sorbmev�aggi moraine succession fromwhich the dating curve is based; a relative age of 1.1
would indicate themoraine is of similar age to the SM1morainebut does not correspond exactly, and an age of 1.5would indicate themorainewas
formed in between the formation ages of SM1 and SM2. The emboldened relative ages are consideredmost representative of relative moraine age.

Curve type Site Moraine ID Maximum B-horizon
depth (mm�95% CI)

Relative age in relation
to moraines SM1–SM5

Soil depth (all moraines;
Fig. 9B, solid black line)

Hjemtverrdalen HM3 285�32 2.6
HM2 290�40 2.4
HM1 345�45 <1

Goahtev�aggi GM4 275�29 1.2
GM1 310�13 3.1

Soil depth (no SM2;
Fig. 9B, dashed grey line)

Hjemtverrdalen HM3 285�32 3.4
HM2 290�40 3.3
HM1 345�45 1.2

Goahtev�aggi GM4 275�29 3.7
GM1 310�13 2.7

Table 6. TCN10Beconcentrationsandexposureages fromsampleswithinSorbmev�aggiand themainpartofRotsunddalen, usingbothglobaland
local production rates (PR), together with additional corrections for bedrock erosion, snow shielding and glacio-isostatic adjustment.

Feature Sample name Accelerator mass
spectrometer ID

10Be (atoms
g�1)

Age (years;
global PR)

Age (years;
local PR)

Age (years;
erosion
correction)

Age (years;
snow
correction)

Age (years;
GIA
correction)

Mean 1r Mean 1r1 Mean 1r1 Mean 1r1 Mean 1r1 Mean 1r1

Knoll RV-19-18B b12436 89 300 4500 14 060 1040 16 500 1440 16 280 1200 17 660 1310 14 770 1510
Knoll RV-19-20B b12437 85 400 2700 13 800 860 16 180 1260 15 920 1000 17 360 1090 14 460 1350
Knoll RV-19-21B b12438 66 100 2100 10 690 680 12 560 980 11 930 760 13 460 850 10 970 1060
SM1 RV-19-15M b12431 72 100 2700 13 700 900 16 080 1290 15 790 1040 17 240 1130 14 370 1370
SM1 RV-19-17M b12433 66 900 3900 12 040 960 14 130 1300 13 620 1080 15 140 1200 12 440 1310
SM3 RV-19-09M b12427 63 500 2500 11 630 780 13 650 1110 13 100 880 14 740 990 11 990 1110
SM3 RV-19-10M b12429 68 600 3000 12 340 860 14 480 1210 14 000 970 15 590 1090 12 770 1260
SM3 RV-19-11M b12430 70 500 2300 13 000 820 15 250 1190 14 860 940 16 450 1040 13 540 1260
SM3 RV-19-16M b12432 56 800 3200 10 200 810 11 980 1090 11 320 900 12 900 1010 10 410 1040
SM4 RV-19-05M b12425 67 500 2500 12 320 810 14 470 1160 13 980 920 15 580 1020 12 770 1210
SM4 RV-19-07M b12426 55 400 2300 10 080 690 11 840 980 11 160 770 12 780 870 10 280 940
SM5 RV-19-01M b12423 71 600 2700 13 040 860 15 300 1240 14 910 990 16 550 1090 13 610 1320
SM5 RV-19-04M b12424 74 800 2400 13 150 830 15 440 1210 15 070 950 16 670 1050 13 710 1290

1Total uncertainty, inclusive of measurement and production rate uncertainties.
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(11.1–13.2 ka) and the Sorbmev�aggi terminal moraine
(SM1) formed at around 10.6 ka (9.6–11.6 ka) (Table 4,
Fig. 15).Although theHM1moraine apparently formed
~1500 years earlier than the equivalent SM1 Sorb-
mev�aggi moraine, there are large uncertainties with the
Schmidt hammer ages and considerable overlap in
the 95% confidence intervals (Table 4). We therefore
hypothesize that the terminal moraines HM1 and SM1
represent a similarly timed moraine-forming event,
sometime during the late-YD. This inference is further
supported by the soil chronosequence data, which show
that both moraines have similar maximum soil depths
and B-horizon thicknesses (Table 3). However, some
asynchronicity might be expected between the two
valleys, given the smaller catchment area of
Hjemtverrdalen (~2 km2) comparedwith the neighbour-
ing Sorbmev�aggi (~8 km2). A further consideration is
the higher elevation andmore exposed position ofHM1,
which might have resulted in enhanced weathering and

hence lower R-values and greater rates of soil develop-
ment than on moraines of comparable age in more
sheltered positions.

Our hypothesis of a late-YD glacial maximum in
Rotsunddalen is supported by other studies from the
region and across Norway. In northernmost Norway,
surface exposuredatingofmajor endmoraines in eastern
Finnmark is consistent with a YD age of around
~11.9�1.2 ka (Romundset et al. 2017) and several YD
moraines have been associated with the oscillatory
retreat of Langfjordjøkulen ice cap, around 70 km NE
of our study area. Similarly, in western Norway,
reconstructions of the Fennoscanian Ice Sheet have
noted that the YD maximum was not achieved until
~11.6 to 11.7 ka, with ice retreat initiating ~11.5 ka (e.g.
Bondevik & Mangerud 2002; Lohne et al. 2012; Man-
gerud et al. 2016). Bakke et al. (2005b) also suggested
that, contrary to the cold and dry climate during the
period 13–12.6 ka (Birks 1994; Rea & Evans 2007),

Fig. 14. Terrestrial cosmogenicnuclide exposureages forSorbmev�aggi and themainpart ofRotsunddalen, shownaskernel density estimateswith
features stacked from the outermost (and highest) at the bottom to the innermost at the top. Individual sample ages (Table 6) are denoted by thin
lines and a summeddensity estimate for each feature is denoted bybold lines. Samples excluded through statistical and stratigraphic assessment of
the ages (Table 7) are shown in grey. Black circles (Knoll, SM1, SM5) represent the weighted mean with the horizontal bar representing the
corresponding standard deviation (1r); horizontal bars without black circles (SM3, SM4) show the full age range (minimum tomaximum at 1r).

Table 7. Assessment of TCN exposure ages by feature.

Feature Outlier test Weighted mean Full range (1r) Features in
stratigraphic order?Reduced chi-squared Generalized extreme

Studentized deviate test
Mean (ka) 1r (ka) Minimum (ka) Maximum (ka)

Knoll Single population1 No outliers found 16.301 0.16 – – Yes
SM1 Single population N/A2 15.26 0.96 – – Yes (consistent)
SM3 Not a single population No outliers found – – 11.30 15.75 Yes (consistent)
SM4 Not a single population Not possible – – 11.34 15.00 Yes (consistent)
SM5 Single population N/A2 15.38 0.07 – – No (older than SM4)

1Excluding RV-1921-B.
2Not necessary as a single population.
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the climate of northernNorway was ameliorating by the
late-YD, which may have resulted in increased precipi-
tation and glacier growth/stabilization (Jansen
et al. 2023). This climatic amelioration resulted in the
lowering of the ELA on the Lyngen Peninsula to around
~620 to 650 m a.s.l., around 350 m lower than at present
day (Bakke et al. 2005b).Given the evidenceof a late-YD
increase in precipitation relative to that of the early-YD
across the Lyngen Peninsula (cf. Bakke et al. 2005b), it is
highly likely that conditions would have also been more
favourable for glacier growth across the central Troms
and Finnmark region, consistent with our hypothesis of
the timing of Rotsunddalen YDmaximum and the large
SM1, HM1 moraines (Figs 4, 15).

Early Holocene. – If correct, the Schmidt hammer ages
for SM2 and HM2 (Figs 4, 15) indicate an Early-
Holocene moraine forming event between around
10.2 ka (9.2–11.2 ka) and 9.2 ka (7.6–10.9 ka) for
SM2 and HM2, respectively (Table 4). The overlap in
moraine ages around 10–9 ka corresponds to the
Norwegian Erdalen Event (e.g. between 10.1 and
9.7 ka; Andersen 1980; Corner 1980; Nesje et al. 1991;
Dahl et al. 2002). At this time, summer temperature
reconstructions from southern Norway have shown
temperatures approximately 1.5 °C lower than those of
the early 21st century and with enhanced precipitation,
such that winter precipitation levels were nearly twice
those of the early-21st century, allowing glaciers to

expand for a short duration (Dahl et al. 2002). Recon-
structions of ELAs during the period ~10 to 9 ka also
suggest that, relative to the present-day, ELAs under-
went a maximum lowering of ~205 m at Hardangerjøk-
ulen, southern Norway (Dahl & Nesje 1996), ~230 m at
Nigardsbreen, SW Norway (Dahl et al. 2002), ~120 m
at Austre Okstindbreen, northern central Norway
(Bakke et al. 2010), and as much as ~354 m at
Strupskardet, northern Norway (Bakke et al. 2005b).
Despite limitations of the Schmidt hammer method,
therefore, the ages of the SM2 and HM2 moraines are
entirely consistent with other Erdalen Event moraines.

Up-valley from the Erdalen Event moraines in the
Sorbmev�aggi and Hjemtverrdalen succession, the SM3
andHM3moraines locatedat the individual valleyheads
(Fig. 4) show remarkably similar calibrated ages and are
dated to 8.3 ka (7.7–9.0 ka) and 8.2 ka (7.5–9.0 ka),
respectively (Table 4). If correct, this would indicate that
SM3andHM3moraineswere formedaround the timeof
the rapid, but short-lived, climatic deterioration during
the 8.2 ka event, which is typically correlated with the
Finse Event (8.5–8.0 ka) in Scandinavia (Nesje
et al. 2008). During the interval 8.2–7.9 ka, pollen
stratigraphy from western Norway indicates that mari-
time areas experienced wetter conditions (Nesje et al.
2006; Balascio & Bradley 2012). At the same time,
speleothem temperature reconstructions from Søyle-
grotta, northernNorway, indicate a notable temperature
reduction centred around 8.2 ka (Lauritzen &

Fig. 15. Summary of moraine ages in Sorbmev�aggi and the main part of Rotsunddalen from calibrated Schmidt Hammer (SH) values and TCN
dating using the local production rate (see Tables 6, 7).
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Lundberg 1999) and Norwegian Sea sea-surface tem-
perature reconstructions suggest a~3 °Csurface cooling
(Risebrobakken et al. 2003). In northern Norway, these
temperature and precipitation changes have been linked
to a large glacier advance at Leirdalsbreen, an outlet
glacier of the Høgtuvbreen ice cap in the Svartisen area
(Jansen et al. 2016). Jansen et al. (2016) also noted that
themaritime settingof theHøgtuvbreen ice capenableda
readvance around this time, owing to the abrupt
precipitation increase resulting in a ~300-year period
with an ELA that was ~140 m lower than present. More
recently, a readvance shortly after 8.5 ka has also been
correlated with the 8.2 ka Finse Event at Grovabreen in
western Norway (Aa & Sønstegaard 2019), linked to
climate deterioration around this time.

Given the limitations of our Schmidt hammer dating
(see below), our interpretation of a possible 8.2 ka event
moraine in the central Troms and Finnmark region is
highly speculative and requires further testing. Indeed,
previous studies documenting Holocene glacier reces-
sion in northern Norway have not found moraines or
other glacial features attributable to this event (e.g.
Bakke et al. 2005b), although Wittmeier et al. (2015)
acknowledged the possibility of a glacier reforming
around this time. There are, however, several key
differences between the studied glaciers of Bakke
et al. (2005b) and Wittmeier et al. (2015) which, when
compared with Rotsunddalen, might provide some
explanation for the apparent disparity in moraine
sequences. Firstly, Rotsunddalen glaciers are smaller in
size, taking on the form of Alpine style small mountain
glaciers, which are known to have simpler and faster
response times to climatic perturbations than those of
largerandmorecomplexoutlet glaciers fromicecapsand
mountain icefields (e.g. J�ohannesson et al. 1989; Bahr
et al. 1998; Klingbjer et al. 2005). In northern Sweden,
smaller valley glaciers have been shown to have response
timesofa fewdecades,withglaciers experiencingmarked
readvance as a response to climatic deterioration on
timescales of <100 years (Klingbjer et al. 2005). Indeed,
Matthews & Winkler (2011) noted the scarcity of
moraines dated to the Finse Event, perhaps owing to
the short-lived nature of the 8.2 ka climatic deteriora-
tion, but argued that if moraines of this age are to be
found, they are most likely to be in front of very small
glaciers with a short reaction time. Secondly, glaciers in
our study are found in narrower and steeper alpine
valleys and the moraines in question are at higher
elevations (SM3 at ~260 m a.s.l. and HM3 at
~380 m a.s.l.), indicating that both topography and
local ELA may be a contributing factor. For example, a
minor lowering of the ELA may have enabled the small
alpine glaciers of Rotsunddalen to readvance while the
larger icefields/ice caps and their outlet glaciers required
a greater ELA depression to enable substantial read-
vance (Rosqvist&Østrem1989). Finally, the steep valley
walls may have increased debris supply to the glacier

surface and provided ample material for moraine
formation. Indeed, proximal to and in contact with
SM3, and within a similar position in Goahtev�aggi, are
broadareasofDDA(Leigh et al. 2021), indicativeofhigh
debris supply at the ice margin (Evans 2008; Vacco
et al. 2010).Despite these arguments, our age assignment
is largely based on Schmidt hammer dating, which is
subject to large uncertainties. Thus, we view this possible
correlationwith the 8.2 ka event as a testable hypothesis,
rather than a robust finding of our study.

LateHolocene (Neoglaciation). – After the EarlyHolo-
cene, no moraines appear to have developed within
Sorbmev�aggi for a period of ~3700 years, probably
representing substantial glacier recession (probable
disappearance) during the warm period culminating in
the HTM (6.6–6.3 ka; Nesje 2009). Subsequently, any
evidence of glacier regrowth at the start of the
Neoglaciation will only be preserved if it was more
extensive than the much more recent LIA limit. The
apparent formationofSM4at~4.7 (4.1–5.3) ka andSM5
at~3.9 (3.2–4.6) ka (Table 4),most likely indicates glacier
advance or regrowth following the onset of Neoglacia-
tion innorthernNorway.Furthermore, therelativeageof
GM4, as shownby the soil depth (Table 5), indicates that
this moraine was formed at a similar time to SM4, or
perhaps slightly before. Again, despite the limitations of
the Schmidt hammer method, these ages (and relative
successions) fit with the known pattern of millennial-
scale events across Scandinavia during the Late Holo-
cene, with two such events having occurred ~4.8 to 3.9
and ~3.2 to 2.6 ka (Matthews & Dresser 2008).

If correct, the apparent ages of ~4.7 ka for SM4 and
~3.9 ka for SM5 (Table 4) are, perhaps, slightly earlier
and more extensive than compared with other read-
vances in this regionaround this time.Forexample, at the
nearby Langfjordjøkelen ice cap on the Bergsfjord
peninsula, lacustrine sediments indicate no glacier
activity in the catchment until ~4.1 ka (Wittmeier
et al. 2015), with glacier activity increasing until an
apparentmaximumduring theLIA.Conversely, at other
sites in northern Norway, such as the Høgtuvbreen ice
cap in Nordland County (66°250N, 13°390E), a distinct
120-year glacier readvance has been reported at ~4.4 ka
which is suggested to indicate the start of Neoglaciation
(Jansen et al. 2016). There are even earlier
Neoglaciation events reported further south at Austre
Okstindbreen in Nordland County (66°000N, 14°160E).
Radiocarbon dating of buried soils and subsequent
dating of lacustrine sediments indicates Neoglaciation
initiating as early as 5 ka with a period of heightened
glacier activity ~4.5 ka (Griffey &Worsley 1978; Bakke
et al. 2010). Furthermore, on the south-eastern coast of
Vestv�agøya, northern Norway, lake sediment records
have been used to indicate temperature decrease initiat-
ing ~4.8 kawith a marked increase in precipitation after
~4.3 ka (Balascio & Bradley 2012). Taken together, this
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evidence suggests that glacier regrowth/readvance in
maritime northern Norway occurred soon after 5 ka.
However, given the limitations of our Schmidt hammer
dating,weviewthis asatentativehypothesis that requires
further testing.

Similar studies in northern Sweden, while less
extensive than those of Norway, provide a valuable
reference to the onset of Neoglaciation across northern
Scandinavia. Karl�en (1988) and Karl�en & Kuylen-
stierna (1996) documented notable cold events and
glacial readvances between 5.1 and 4.2 ka, which were
linkedwithDansgaard–Oeschger events and a reduction
in northerly heat transport. Advanced glacier positions
at around 4.3 and 3.1 ka are also inferred from lake
sediments in northern Sweden (Rosqvist et al. 2004).
Furthermore, in maritime western Norway, lacustrine
sediments from�Alfotbreen (61°440N05°360E) were used

to propose initial Neoglaciation activity as early as
~5.4 ka (Gjerde et al. 2016). In contrast, in a more
continental setting, the high-frequency glacier fluctua-
tions at Hardangerjokulen (60°330N, 7°250E) are pro-
posed to have started ~4.8 ka (Dahl&Nesje 1994). Thus
early Neoglaciation (re)advances are not necessarily
isolated to themaritime regions of northernNorway but
instead appear to be characteristic of mountain glaciers
across northern Scandinavia.

As noted, the specific glacial characteristics of
Rotsunddalen glaciers may have enabled them to react
quickly to short-term climatic deterioration (Ivy-Ochs
et al. 2009) and, in turn, exceed the maximum positions
during the LIA, which is often considered to represent
Neoglaciationmaxima for larger glaciers acrossNorway
(e.g. Matthews 1991; Dahl et al. 2002; Winkler 2003;
Nesje 2009).

Fig. 16. Revised ice-sheet margin positions of the Scandinavian Ice Sheet from 14 000 to 11 000 cal. a BP and glacier reconstructions during the
Holocene in the centralTromsandFinnmarkregionofNorthernNorway.Thethick two-tone solid lineandthindashed line represents theunedited
most credible ice-sheet margin fromHughes et al. (2016) while the thin solid line and solid blue infill represents the revised margin and ice extent.
Revised ice-sheet margins and new glacier outlines are based on the mapping of Leigh et al. (2021) and new chronological data from this paper.
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Ice-sheet margins andHolocene glacier reconstructions of
the central Troms and Finnmark region: patterns
of advance/retreat

Combining the detailed mapping of Leigh et al. (2021)
with our tentative moraine chronology from this study
and thatofStrupskardet (Bakke et al. 2005b) allowsus to
reconstruct the pattern of ice-sheet deglaciation and
mountain glacier fluctuations at key time steps during
the Holocene from 14 ka to present (Fig. 16). Given the
wealth of geomorphological data (Leigh et al. 2021) and
the high temporal resolutionofourmoraine chronology,
we are able to build on and extend the ‘most credible’
outlines from Hughes et al. (2016) and reveal a more
complex pattern of ice-margin retreat whereby ice-sheet
retreat to the SE led to the ‘unzipping’ of the ice margin
and the isolation of several large plateau icefields and
outlet glaciers in the study area, followed by notable

fluctuations during theHolocene. This succession canbe
summarized as follows:

• Around 14.0 ka (Fig. 16A) themainland andmost of
the outlying islands appear to have been covered by
ice,withonly thenorthernmost portionof theLyngen
Peninsula, the Maurn Peninsula and the Kvænang-
stindenmassif remaining ice free.Wepropose that the
ice sheet separated around the Maurn Peninsula,
flowing through the trough at Hamneidet and
entering the Maursundet strait where it abutted the
southern margin of K�agen.

• Around 13.0 ka (Fig. 16B) the ice-sheet margin is
redrawn to show large outlet glaciers filling greater
portions of the fjords and aligning with the higher
morainesystems that track the lengthof the fjordsand
valleys (Leigh et al. 2021), although Rotsunddalen

Fig. 16. (Continued)
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andtheRiehppeplateauareshowntobe isolated from
the ice sheet.On theplateau east ofReisadalen, the ice
margin appearsmore dynamic, with the emergence of
small lobes and ice tongues recorded by large lobate
moraines (e.g. Fig. 3I, J). Revised ice front positions
are supported by the dating of sedimentary deposits
near Svensby in Ullsfjordwhich give ages of 12.6 and
13.0 ka (Andersen 1968; Plassen & Vorren 2003). At
this time step, we show the first emergence of plateau
icefields across the higher terrain, separated from the
ice sheet in the lowlands (e.g. the Lyngen Peninsula,
the Riehppe plateau, parts of the K�afjord Alps and
Kvænangstinden massif). Several of these icefields
produced large outlet glaciers, as evidenced by large
moraines at, or just beyond, their valley mouths (e.g.
Fig. 3K, L).

• Around 12.0 ka (Fig. 16C) themargin has again been
remapped further down the fjords than depicted in
Hughes et al. (2016), notably with positions at
Skarmunken in Ullsfjord, Sp�akenes in Lyngenfjord,
and at Straumfjordnes and Bakkeby in Resiafjord.
This is basedona seriesofmoraines that canbe traced
around the mountains of Ajit (one of the county’s
northernmost summits over 1400 m outside of the
Lyngen Alps and ~10 km east of Skibotn) (Leigh
et al. 2021). We propose that the mountain tops here
may have been ice free at this period, possibly
emerging as nunataks within the main ice sheet at
~13.0 ka or earlier (Fig. 16B, C). Revised ice-front
positions are supported by a range of radiocarbon
dates from sedimentary deposits, with dates of 10.8
14C ka BP (12.3 ka) at Skarmunken (Nydal 1960;
Andersen 1965) and 10.7 14C ka BP (12.2 ka) at
Sp�akenes (Nydal 1960; Andersen 1965).

• Around 11.0 ka (Fig. 16D) we propose revisions to
the ice-margin positions in Hughes et al. (2016), with
glacier outlets occupying the head of Storfjord, the
entrance to Skibotndalen, mid-way up Buntadalen,
and~30 kmupReisadalen (near the townofSappen),
with large parts of the inland plateau area to the
south/SE remaining ice covered. We also suggest a
revision of the margin to skirt around the southern-
most edge of the Lyngen Peninsula and probably
terminatingnear the headofBlasfjord.North-west of
the large lake Guolasj�avri (at the head of the K�afjord
valley), there lies a series of at least three inset arcuate
moraines (Fig. 3G, H). There is no age control on
these features, so the 11.0 ka ice front position is
tentatively drawn along the outermostmoraine ridge.
More generally, revised ice front positions are
supported by a range of radiocarbon dates from
sedimentary deposits with dates of 10.3 14C ka BP
(11.5 ka) at Birtavarre (Nydal 1960) and 10.0/9.6 14C
ka BP (11.0/10.4 ka) within Blasfjord (Forwick &
Vorren 2002). The southernmost margins of the
Lyngen Peninsula and mountains to the east had
been exposed at this time step, revealing a similar

pattern of small mountain plateau icefields. All of
these glaciated sites aredefinedby large latero-frontal
moraine systems extending along valley sides and out
beyond the confines of the main valleys, which are
now inset with extensive sequences of well-defined
recessional moraines (e.g. Fig. 3K, L) and distinct
areas of ice-moulded bedrock and till sheets in the
upper and lower reaches, respectively.

• During the HTM between around 6.6 ka and 6.3 ka
(Fig.16E) the fateof theglaciers in the region is largely
unknown owing to more recent advances over-riding
geomorphological evidence. Did all the glaciers melt
completely or were the high mountains and elevated
plateaus areas a refuge for smaller ice masses? As
noted earlier, most glacier reconstructions indicate
complete deglaciation in northernNorway, including
the studiesofBakkeetal. (2005b)withinStrupskardet
(northern Lyngen) and Wittmeier et al. (2015) at
Landfjordjøkelen (Bergsfjord Peninsula). However,
in Nordland county (bordering the Arctic Circle at
66°000N, 14°160E), Bakke et al. (2010) suggest that
substantially reduced glaciers may have survived the
HTM at the highest elevations and with regional
ELAsat600–1500 m a.s.l.Given that the topography
withinour studyarea rarely exceeds 1600 m a.s.l. (the
highest peak is Jiekkevarre (1833 m a.s.l.) on the
central Lyngen Peninsula), it is likely that very few
glaciers would have survived and only at the very
highest elevations.

• The maximum extent of Neoglaciation conditions
(Fig. 16F) is reconstructed using our tentative
moraine ages from Rotsunddalen, whereby several
moraines outside of the LIAmaximumwere dated to
around 4.7–3.9 ka, which departs somewhat from
previous work and is a hypothesis that future work
could test. We reconstruct the glacier extent based on
moraines up to around 600 mdistal to LIAmoraines
(Leigh etal. 2020;Weberet al. 2020). Incaseswhereno
morainesoccur immediatelyoutside theLIAmargins,
the Neoglaciation maximum is represented by the
LIAmaximummoraines, dated tobetweenAD1814–
1877 in Rotsunddalen and as late as AD 1920–1930
on the Lyngen Peninsula (Ballantyne 1990; Leigh
et al. 2020). Mapping indicates that Neoglaciation
was dominated by mountain valley glacier systems,
and only in areas where valley heads connect with
mountain plateaus (on southern Lyngen centred
around Jiekkevarre; north of K�afjord at the locality
of the present-day Noammerjiehkki ice cap; and on
the Riehppe plateau) were these valley systems
probablyconnected toand supplementedby the small
plateau icefields. Within some valleys, reconstructed
glaciers covered areas that host present-day rock
glaciers situated on the valley floor and proximal to
LIA moraines, and sometimes connected to present-
day glacier margins. In turn, this indicates that many
of the valley floor rock glaciers mapped throughout
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the region (Leigh et al. 2021) were probably formed
during the Middle to Late Holocene, when perma-
frost degradation may have been widespread and
when rockfall rates were heightened owing to the
destabilization of valley sides that followed
the complete or near-complete deglaciation of the
Middle Holocene (cf. Palacios et al. 2021; Tanarro
et al. 2021). These interpretations are supported by
the earlier works of Whalley (1976), Griffey &
Whalley (1979) andWhalley (1992), who investigated
rock glaciers on the Lyngen Peninsula and concluded
that they were formed in the Late Holocene, often
with their impressive size being attributable to higher
rock debris input than the small glaciers could have
provided entirely subglacially.

• Present-day glaciation across most of the central
Troms andFinnmark region is dominated by isolated
cirques and rapidly shrinking ice caps (Fig. 16F); only
ontheLyngenPeninsulaare larger (severalkilometres
long) valleyglaciers still found. Recent glacier change
assessments from northern Norway indicate rapid
recession since themid-20th century,with someof the
highest known rates of glacier shrinkage across
the whole of mainland Norway (e.g. Giesen
et al. 2014; Stokes et al. 2018; Andreassen
et al. 2020, 2022; Weber et al. 2020). There are
predictions thatmanyglacierswill not survivebeyond
themid- to late-21st century (Stokes et al. 2018; Leigh
et al. 2020; Weber et al. 2020; Rounce et al. 2023).

Reliability of Schmidt hammer dating, inconsistent TCN
exposure ages and regional implications for TCN dating

The TCN exposure ages indicate a broadly coherent
timing of glacier thinning and retreat from themain part
ofRotsunddalen to inner Sorbmev�aggi when considered
in isolation (Fig. 14). However, this glacier chronology is
not consistent with either the Schmidt hammerdating or
the widely established regional deglaciation history
(Hughes et al. 2016; Stroeven et al. 2016) (Figs 15, 16).
Comparing the two dating methods (e.g. Fig. 15),
moraine SM1was formed ~15.3 ka years ago according
to the TCNdating, ~4700 years before that indicated by
Schmidt hammer dating; SM4 was formed at the latest
~11.3 ka according to TCN dating, ~6600 years earlier
than the Schmidt hammer ages; and, if the TCNages are
accepted for SM5, the moraine was formed ~15.4 ka,
~11 500 years older than Schmidt hammer dating.
Based on this comparison, it could be argued that the
Schmidt hammer ages are incorrect, as this is a relative
dating approach, with the age estimates heavily depen-
dent on assumptions associated with its calibration to
independently dated moraines (Fig. 12), as opposed
to the more established radiometric dating technique
usingTCN(Balco 2020; Schaefer et al. 2022). Indeed,we
acknowledge that there are important limitations with

the moraine ages derived from our Schmidt hammer
dating. Firstly, the independent age control on the
moraines in Strupskardet (from Bakke et al. 2005b)
was not directly taken from the moraines but, rather,
inferred from radiocarbon dating of a glaciolacustrine
sediment core and the reconstructed ELA and glacier
size. Secondly, our sampling strategy was perhaps sub-
optimal in that we acquired relatively small sample sizes
(100 R-values) from each moraine and may have over-
sampled non-representative boulders (Matthews &
Winkler 2022). Thirdly, the lithology of the moraine
boulders was different between Rotsunddalen and
Strupskardet and this probably introduced the largest
uncertainty when constructing our Schmidt hammer R-
value age calibration curve (Fig. 12), albeit unavoidable
given that the moraines in Strupskardet were the only
EarlyHolocenemoraines in the study area that had been
independently dated.Despite these limitations, however,
the results are remarkablyconsistentbetweenvalleys and
show an expected down-valley decrease inR-value, with
statistical tests revealing significant differences between
most moraine pairs (see above). Furthermore, the
moraine ages are, in general, remarkably consistent with
previouswork in thewider region thathasdetectedmajor
moraine forming events around the YD, the Erdalen
Event and in some cases around the start of the
Neoglaciation. The only exception would be our finding
of a possible moraine forming event around the time of
the 8.2 ka cold event. Although this period corresponds
with a climate deterioration and a period of purported
glacier expansion in Norway during the Finse Event
(Nesje et al. 2008), very fewmoraines have been dated to
this time, especially in northern Norway. Thus, we view
this as a tentative hypothesis for future work to address.
Nonetheless, we suggest that the preliminary moraine
ages based on the Schmidt hammer dating are plausible
and broadly consistent with previous work, and now
discuss possible reasons for the anomalously old TCN
ages, which appear much less plausible.

Comparing the TCN chronology to the regional
deglaciation history, thinning of ice in Rotsunddalen
could have feasibly occurred at ~16.3 ka (as indicated by
TCN dating at the bedrock knoll), recording early
deglaciation of the main ice sheet in northern Norway
(cf. Fig. 16A). However, glacier retreat from outer to
inner Sorbmev�aggi broadly between ~15.8 and 11.3 ka
(or even approx. 13.7 and 10.1 ka based on the global
production rate; Table 6) is inconsistent with numerous
studies reporting ice extent in the region. First, the TCN
ages imply complete deglaciation of the main part of
Rotsunddalen, leaving a mountain glacier in Sorb-
mev�aggi, when regional evidence supports widespread
ice-sheet coverage with a grounding line in the outer
fjords (Fig. 16A). Second, the TCN chronology implies
retreat of the Sorbmev�aggi glacier to the upper valley
more than ~4500 years (or ~3500 years) before the
HTM, when most ice masses reached their minimum
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extents and probably disappeared (Fig. 16E), and more
than~6000 years (or~5400 years)beforeNeoglaciation,
when plateau glaciers reached their maximum Late
Holoceneextents (Fig. 16F).Wethereforereject theTCN
chronologyand insteadexplore reasonswhytheagesmay
be anomalously old.

The successful application of TCN dating to recon-
struct past glacier change around the world is based on
the assumptions that a rock surface starts producing
nuclides at a known rate when exposed by receding ice,
and that nuclides can be lost through radioactive decay
at a known rate (Schaefer et al. 2022). The nuclide
concentrationmeasured in aboulder surface is, however,
dependent on several external factors that can result in
outliers within a dataset (e.g. Heyman et al. 2011). To
explain why all TCN-dated features are too old, we
require a systematic influence on the samples at our site.

The first candidate is the production rate used to
calculate exposure ages, as it has a near-identical
influence across all samples within a dataset at a given
study site. We used a local production rate based on two
sites in northernNorway, but perhaps these sites provide
an inaccurate rate, and instead a global average is more
appropriate. The global production rate is higher than
the local rate, resulting in lower nuclide concentrations
and therefore younger exposure ages. However, as
explained above, use of the global production rate still

yields ages several thousand years too old when
compared with the regional deglaciation history
(Fig. 17). Further influences are therefore required to
lower TCN ages, even if we assume that a global
production rate is most accurate.

A second candidate is glacial isostatic adjustment,
which can influence the production rate at agiven site.As
noted above, isostatic uplift owing to the deglaciation of
the Fennoscandian Ice Sheet means that the production
rate was probably lower at the time of exposure (lower
elevation relative to today) but correcting for this effect
makes the TCN ages older (Fig. 17).

A third candidate is snow cover, which can influence
the production rate through partial shielding of the
boulder surface from cosmic rays. We attempted to
minimize the influence of snow cover, by sampling the
topsurfacesof largeboulders,whichwouldmost likelybe
above ground snow and be more easily windswept, but
snow cover cannot be ruled out. Nevertheless, any snow
cover would lower the production rate, thereby making
the TCN ages even older (Fig. 17).

A fourth candidate is subaerial erosion of the boulder
surface, which can occur over time following exposure,
resulting in a loss of nuclides. Any erosion means that
the measured nuclide concentration underestimates
the true concentration from the time of exposure
(Balco 2020). Again, we attempted to minimize this

Fig. 17. Potential impacts on TCN ages. The curves represent the summed kernel density estimates for the Sorbmev�aggi and main part of
Rotsunddalen TCNdataset, using different production rates and corrections. Exposure ages calculatedwith a global production rate (solid black
line) are younger than those calculated using the local production rate (grey shaded area). The additional corrections (glacial isostatic adjustment,
surface erosion, snowcover)onlymake the exposureages older, as highlightedby thepeaksof the dot/dashedcurves (corrections) to the right of the
peak of the solid curve (uncorrected). Corrections used iceTEA (Jones et al. 2019a), with age calculations done with the Cosmic Ray Exposure
Program (Martin et al. 2017).
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impact by sampling boulder surfaces with the least
amount of postdepositional surface erosion. However,
correcting for up to 10 mm ka�1 for this potential effect
makes the TCN ages older, not younger (Fig. 17).

The fifth candidate is cosmogenic inheritance.
Nuclides build up in a boulder surface during periods
of exposure (e.g. interglacials, interstadials) and need to
be fully removed by glacial erosion during periods of ice
cover (e.g.glacials, stadials) toaccurately record themost
recent time of exposure. In cases where there has been
insufficient erosion and a boulder has been re-deposited
without complete removal of nuclides from a previous
exposure period, the boulder ‘inherits’ nuclides with a
resulting exposure age that overestimates the timing of
recent exposure. We targeted boulders to sample that
appeared eroded by ice (e.g. subrounded to subangular)
to ideally eliminate the potential for any inheritance.
However, erosive characteristics such as polished sur-
faces or glacial striae were not preserved on any of the
samples. We propose that moraine SM5 probably had
boulders with inheritance (Fig. 5E), possibly owing to
insufficient glacial erosion in the upper part of the valley
prior to glacier retreat, and it may be that this is a
widespread issue across the study area.

The potential for cosmogenic inheritance varies
spatially inmountainous regions. Inheritance is typically
minimal invalleys, reflectingwarm-based glaciation and
the presence of erosive ice streams, and increases with
elevation, reflecting cold-based glaciation of upland
plateaus (Fabel et al. 2002; Briner et al. 2006). Measure-
ment ofmodern glacial boulders from southernNorway
showed that cosmogenic inheritance is near zero for
material deposited by warm-based glaciers (Matthews
et al. 2017). However, glacial erosion would probably be
lower, and therefore inheritance higher, in areas away
from such warm-based ice. Modelling of a cosmogenic
nuclide dataset from western Norway highlighted that
erosion occurred across plateau summits during glacia-
tion, limiting the potential for inheritance (Andersen
et al. 2018). However, erosion was both spatially and
temporally variable beneath the Fennoscandian Ice
Sheet, dependent on the thermodynamics (from cold-
towarm-based ice)andthedurationof icecover (Kleman
& Borgstr€om 1994; Kleman et al. 1999; Rand & Goehr-
ing 2019;Patton et al. 2022). Inperipheral areasof the ice
sheet that experienced long ice-free periods with brief
phases of (potentially cold-based) ice cover, cosmogenic
nuclides can accumulate at depth in a rock surface. In
such cases, >5 m of erosion is needed to avoid traces of
inheritance in sampled boulders (Briner et al. 2016). Our
study area is towards the periphery of the ice sheet, and
the TCN ages could therefore reflect limited glacial
erosion (<5 m).

In summary, we rule out factors related to the nuclide
production rate, glacial isostatic adjustment, snow cover
and surface erosion to explain TCN ages that are ‘too
old’. Instead, we propose that our TCN dataset records

cosmogenic inheritance owing to insufficient glacial
erosion.

Conclusions

This paper presents a new Holocene glacial chronology
for the mountain glaciers of Rotsunddalen, K�afjord
Alps, in central Troms and Finnmark County, northern
Norway, based on their glacial geomorphology and both
relative and numerical dating methods. We hypothesize
that themain ice-sheetmargin was located at the head of
the fjordsandgenerally to theSEof the studyareaduring
the Younger Dryas, with large mountain glaciers, fed by
plateau icefields depositing large moraines just beyond
the confines of their subsidiary valleys between 12.1 and
10.6 ka. Continued recession of the main Fennoscan-
dian Ice Sheetmargin towards the SE led to the isolation
of several largeplateau icefields andoutlet glaciers. In the
subsidiary valleys of Hjemtverrdalen, Sorbmev�aggi and
Goahtev�aggi, we hypothesize that moraines formed at
around 10.2–9.2 ka, which we ascribe to the Erdalen
Event, and 8.4–8.2 ka, which is broadly contemporane-
ous with the 8.2 ka cold event and might indicate that
smallmaritimemountainglacierswereable to respondto
short-term climatic perturbations. However, although
this correspondswith thewidely reported Finse Event in
Scandinavia (Nesje et al. 2008), very few moraines have
been dated to this time (especially in northern Norway)
and we therefore view it as somewhat speculative and a
key hypothesis for future work to test. During the
Holocene Thermal Maximum (~6.6 to 6.3 ka) we
hypothesize that most (if not all) glaciers in the region
disappeared, but then regrew during the Neoglaciation
andproduced largemorainesdated toaround4.7 kathat
lie a fewhundredmetres distal to the prominentLittle Ice
Age moraines (previously dated to AD 1810s–1870s).
Although early Neoglacial moraines have been reported
at multiple sites in Scandinavia (Nesje et al. 2008;
Nesje 2009), they tend to be located much further south
of our study area and, given the limitations of our dating
approach, this also warrants further investigation.
Nonetheless, bycombiningournewmoraine chronology
with the extensive glacial geomorphological mapping of
the region inLeigh et al. (2021), we are able to provide an
updated ice-margin chronology for the Fennoscandian
Ice Sheet and mountain glaciers from 14 ka to the
present day.

Finally, despite their limitations, both Schmidt ham-
mer dating and soil chronosequencing are shown to be
potentially valuable techniques for assigning preliminar-
y/relative ages to Holocene moraines in northern
Norway. In contrast, we find that our TCN chronology
isnotconsistentwith theSchmidthammerdatingandthe
established regional deglaciation history and suggest
that this reflects insufficient glacial erosion of the
sampled boulders. This supports the notion that
peripheral areas of former ice sheets, particularly at high
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latitudes, are susceptible to cosmogenic inheritance.
Valley glacier settings that receive large volumes of
extra-glacial debris via rock slope failure which
undergoes short and mostly passive travel distances are
probably also problematic owing to minimal glacial
erosion.
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Fig. S1. Mean R-value and �95% confidence intervals
for each boulder (grey box and line) and mean R-value
from all boulders on a feature (black box and line) from
each moraine sampled in Strupskardet.

Fig. S2. MeanR-value and�95% confidence intervals for
eachboulder (greyboxandline)andmeanR-valuefromall
boulders on a feature (black box and line) from each
moraine in (A) Sorbmev�agg and (B) Hjemtverrdalen.
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