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STRESZCZENIE

Konsekwencja wspotczesnego ocieplenia klimatu jest recesja lodowcow roznych regionow
Swiata, w tym Svalbardu, ktory od 1979 r. ocieplat si¢ siedem razy szybciej, niz srednia
globalna. SzczegoOlnie wrazliwe na ocieplenie klimatu sg nisko potozone lodowce
poludniowego Spitsbergenu, ktore wykazuja jedne z najbardziej negatywnych wartosci bilansu
masy na Svalbardzie. Znajomo$¢ fluktuacji lodowcow w przesziosci, w szczegolnosci
w okresach cieplejszego klimatu i recesji lodowcdw, jest istotna dla zrozumienia mozliwych
skutkow wspodlczesnego ocieplenia Arktyki. Mimo rozwoju badan paleogeograficznych
Svalbardu, wigkszo$¢ opracowan dotyczy centralnej i péinocnej czesci Spitsbergenu. Ewolucja
lodowcow poludniowej czgséci archipelagu w okresie poprzedzajacym regularny monitoring
w oparciu o badania terenowe i dane teledetekcyjne pozostaje stosunkowo stabo rozpoznana.
Celem niniejszej pracy byla rekonstrukcja zmian zasiggu wybranych lodowcow potudniowego
Spitsbergenu w holocenie, w tym (1) wyznaczenie okresow awansow 1 recesji lodowcow
na podstawie wynikoéw datowania '*C i '"Be, (2) identyfikacja znaczenia szarz lodowcow
na podstawie dowodoéw geomorfologicznych i materialéw historycznych oraz (3) wskazanie
gléwnych czynnikow warunkujacych zmiany zasiegu wybranych lodowcow w holocenie.
Obszar szczegoétowych badan obejmowal lodowce Hornbreen, Hansbreen, Vestre Torellbreen
1 Werenskioldbreen oraz ich przedpola. Wykorzystatam takze obserwacje porownawcze, dane
literaturowe oraz historyczne dane kartograficzne i fotograficzne dla innych lodowcow
badanego regionu.

Wyniki kartowania geomorfologicznego przedpoli lodowcoéw przeprowadzonego w oparciu
o dane teledetekcyjne wysokiej rozdzielczosci 1 badania terenowe wykazaly obecno$¢
charakterystycznych form rzezby terenu dla lodowcow szarzujacych, jak grzbiety z wycisnigcia
szczelin dennych (crevasse-squeeze ridges, CSRs), ozy harmonijkowe (concertina eskers),
lineacje lodowcowe (streamlined glacial lineations) oraz moreny czotowe spi¢trzone. Podczas
badan pobratam probki muszli matzy morskich, tundry subfosylnej i drewna dryftowego.
Wykorzystatam takze cztery probki muszli matzy i zebra wieloryba z osadow lodowcowych
z zasobow Instytutu Nauk o Ziemi. 63 nowe daty radioweglowe zestawilam z opublikowanymi
wczesniej datami z przedpoli badanych lodowcéw (25 probek). Wyniki datowania
radiowgglowego pozwolity na wskazanie okreséw recesji lodowcoéHw i kolonizacji nowych
fiordow przez malze i ladowych czesci przedpoli przez roslinnos¢ tundrowa. Oprocz probek
materialu organicznego do datowania '“C, podczas badan terenowych pozyskatam tacznie 11
probek glazow z moreny i trimline lodowca Hansbreen do datowania metodg izotopu
kosmogenicznego °Be. Wyniki datowania °Be wykazaly anomalnie ,,postarzone” wartoci nie
odzwierciedlajace rzeczywistego wieku moren, co przypisalam obecnosci nuklidow
odziedziczonych z wczesnego 1 srodkowego holocenu. Mapy historyczne z XVII-XX w.
dostarczyly danych jako$ciowych na temat zmian zasiggu lodowcdéw uchodzacych do morza,
ktorych przejawem byly zmiany dlugosci poszczegélnych odgatezien Hornsundu. Fotografie
archiwalne z 1872, 1899— 1901, 1917-1918 1 1936 r. pozwolily mi zidentyfikowaé¢ dowodow
szarz lodowcow, jak zafaldowania i zapetlenia moren srodkowych oraz zafalowania foliacji,
zestromienie czot w formie nabrzmiatych lobow, silne i chaotyczne uszczelinienie powierzchni
siggajace czgsto gornej czgsci lodowca oraz widoczne strefy $cinania na granicy lodowca
szarzujacego z lodowcami doplywowymi w fazie uspokojenia.
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Na podstawie nowych wynikéw datowania, opublikowanych dat *C i '°Be, materiatow
historycznych oraz opublikowanych danych paleoklimatycznych wyroznitam nastepujace
okresy zmian zasiggu wybranych lodowcéw potudniowego Spitsbergenu: (1) deglacjacje, (2)
recesj¢ lodowcow we wezesnym i srodkowym holocenie, (3) rozw6j lodowcoéw w pierwszej
potowie pdznego holocenu, (4) awanse lodowcow ok. 2,2—1,5 cal ka BP, (5) recesj¢ lodowcow
ok. 1,5-1,0 cal ka BP, (6) awanse lodowcéw od ok. 0,7 cal ka BP oraz (7) Malg Epoke Lodowa
(MEL). Wyniki datowania radioweglowego muszli z moreny czotowej lodowca
Werenskioldbreen wskazaly na jego recesj¢ przed 12,5 cal ka BP, ktora utrzymywala si¢
do okresu wyniesienia terasy morskiej po 10,0 cal ka BP. Najstarsze probki muszli pobrane
z przedpoli pozostatych lodowcoéw (Hansbreen: 11,3 cal ka BP, Hornbreen: 10,9 cal ka BP,
Vestre Torellbreen: 10,5 cal ka BP) wykazaty ich recesj¢ w podobnym okresic. Nowe
i pozyskane z literatury daty radioweglowe dowiodly recesji lodowcoéw we wczesnym
i sSrodkowym holocenie, kiedy klimat Svalbardu byl cieplejszy, niz wspotczesnie. Daty
radiowgglowe dostarczyly réwniez przestanek ograniczonego zasiegu lodowcow
(w porownaniu z maksimum MEL) w pierwszej potowie péznego holocenu i recesji ok. 1,6—
0,7 cal ka BP, co mogto by¢ zwigzane ze wzrostem temperatury powietrza i wody morskiej
w obszarze badan. Zidentyfikowane maksymalne zasi¢gi lodowcow z poznego holocenu byty
efektem szarz poprzedzonych dtugotrwatym gromadzeniem masy w strefie rezerwuarowej
w warunkach chtodniejszego klimatu oraz prawdopodobnym wzrostem $nieznych opadow
atmosferycznych w okresie narastania fazy ocieplenia. Czynnikiem wyzwalajacym mogta by¢
zwigkszona dostawa wod roztopowych do poditoza lodowcéw w okresach cieplejszych.
Konsekwencjg synchronicznych szarz lodowcow byto zamknigcie ciesniny Hornsund i rozwoj
pomostu lodowego taczacego Torell Land i Serkapp Land.

Szczegdlng uwage poswiecitam systemowi glacjalnemu Hornbreen-Hambergbreen, ktorego
dynamika decyduje o funkcjonowaniu Hornsundu jako fiordu lub ciesniny migedzy Morzem
Grenlandzkim i Morzem Barentsa. Fluktuacje lodowcéw odtworzytam na podstawie nowych
i opublikowanych dat *C oraz opublikowanych dat °Be glazéw morenowych z przedpola
lodowca Hornbreen. Recesja lodowcoéw we wcezesnym holocenie doprowadzita do otwarcia
ciesniny ok. 10,9 cal ka BP lub wczes$niej. Awans lodowcow i zamknigcie cie$niny nastapily
ok. 3.9 cal ka BP lub p6zniej, ok. 2,1 cal ka BP lub dopiero 1,9 + 0,3 ka (Philipps 1 in., 2017).
Ponowne otwarcie ciesniny mogto nastapi¢ ok. 1,3 cal ka BP do kolejnego awansu lodowcow
ok. 0,7 £ 0,2 ka (Birkenmajer, Olsson, 1997; Philipps i in., 2017).

Fluktuacje lodowcow obszaru badan przebiegaly synchronicznie z pozostatg czescig Svalbardu
1 podobnie jak w innych regionach, odzwierciedlaly zmiany temperatury powietrza i wody
morskiej. Nisko potozone strefy akumulacyjne sprzyjaty szybkiej recesji lodowcow w okresach
ocieplenia i jednocze$nie ograniczaty tempo ich odbudowy w okresach chtodniejszych. Wyniki
wskazuja na kluczowa role szarz lodowcow w ewolucji pokrywy lodowej regionu, ktore m.in.
kilkakrotnie doprowadzity do utworzenia pomostu lodowego taczacego Torell Land 1 Serkapp
Land.

Stowa kluczowe: lodowce, Svalbard, szarze lodowcow, fluktuacje lodowcow, geomorfologia
glacjalna, datowanie radioweglowe, optimum klimatyczne holocenu, neoglacjat,
sredniowieczny okres cieply, mata epoka lodowa
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SUMMARY

Climate warming is leading to glacier recession in different parts of the world, including
Svalbard. Since 1979, Svalbard has warmed seven times faster than the global average. Low-
elevated glaciers in southern Spitsbergen are particularly sensitive to ongoing warming as they
have one of the most negative mass balances in Svalbard. Knowledge of the past glacial
fluctuations, in particular in the warmer phases with glacier retreat, is crucial for understanding
the possible consequences of contemporary warming in the Arctic. Despite recent advances in
the paleogeography of Svalbard, most studies address the central and northern part of
Spitsbergen. Knowledge of glacier evolution in the southern part of the archipelago before the
regular monitoring based on field measurements and remote sensing data remains limited. This
work aimed to reconstruct the fluctuations of selected glaciers in southern Spitsbergen in the
Holocene, including (1) identification of the phases of glacier advances and recession based on
14C and '°Be dating, (2) identification of the role of glacier surges based on geomorphological
and historical data, and (3) identification of the main factors of the fluctuations of selected
glaciers in the Holocene. Detailed studies included four glaciers and their forefields: Hornbreen,
Hansbreen, Vestre Torellbreen and Werenskioldbreen. In addition, I used comparative
observations, literature data, and historical cartographic and photographic data for other glaciers
of the investigated region.

Geomorphological mapping of the glacier forefields based on high-resolution remote sensing
data and field investigation revealed characteristic landforms of surging glaciers, including
crevasse-squeeze ridges (CSRs), concertina eskers and thrust-block moraines. During field
work, I collected samples of marine mollusc shells, subfossil vegetation and driftwood. I also
used four samples of mollusc shells and a sample of a whalebone from glacial sediments in the
resources of the Institute of Earth Sciences. Sixty-three new radiocarbon dates were compiled
with twenty-five previously published *C dates from the glacier forefields. The ages indicate
the periods of glacier recession, which allowed the colonization of new fjords and ice-free
terrestrial areas by marine molluscs and tundra. I also collected 11 samples of boulders from
the moraine and trimline of Hansbreen for '°Be dating. The '°Be ages were anomalously old
due to nuclide inheritance from the previous exposure in the Early and Middle Holocene.
Therefore, they have not revealed the age of moraine abandonment. Historical maps from the
1600s to 1900s provided qualitative data on the fluctuations of tidewater glaciers indicated by
changes in the extent of particular branches of Hornsund. Archival photographs from 1872,
1899-1901, 1917-1918 and 1936 had documented characteristic features in glaciers’ surface
morphology, which provided evidence for glacier surges: folded and looped moraines and
deformed ice structures, a steepened and bulging terminus, heavy and extensive surface
crevassing reaching high up the glacier, shear margins on the glacier surface between surging
flow units and tributary glaciers in the quiescent phase.

Compilation of new and published *C and '°Be ages together with geomorphological, historical
and published paleoclimatic data allowed me to identify the following phases of glacier changes
in southern Spitsbergen: (1) deglaciation, (2) glacier recession in the Early and Middle
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Holocene, (3) glacier re-growth in the first half of the Late Holocene, (4) glacier advances in c.
2.2—1.5 cal ka BP, (5) glacier recession c. 1.5-1.0 cal ka BP, (6) glacier advances after c. 0.7 cal
ka BP and (7) Little Ice Age (LIA). The *C ages of marine mollusc shells from the terminal
moraine of Werenskioldbreen indicated glacier recession by 12.5 cal ka BP until the emergence
of a raised marine terrace sometime after 10.0 cal ka BP. The oldest shell samples from the
forefields of other glaciers also demonstrated glacier retreat in this period (Hansbreen: 11.3 ka
cal BP; Hornbreen: 10.9 cal ka BP; Vestre Torellbreen: 10.5 cal ka BP). New and published
radiocarbon dates indicated glacier retreat in the Early and Middle Holocene, when the climate
of Svalbard was warmer than present. The '*C ages also evidenced reduced glacier extent
(compared to the LIA maximum) in the first half of the Late Holocene, as well as glacier
recession in c. 1.6—0.7 cal ka BP, which may have been related to the increase in air temperature
and sea surface temperature in Hornsund. The maximum Late Holocene glacier extent
identified in this work corresponded to glacier surges, preceded by long-lasting mass
accumulation in the reservoir area due to the climate cooling and increase in snow precipitation
at the beginning of the warmer phase. Glacier surges may have occurred in response to
increased water content at the glacier beds in the warmer phases. Synchronous glacier surges
blocked the Hornsund strait and developed an ice bridge linking Torell Land and Serkapp Land.

I paid particular attention to the Hornbreen-Hambergbreen glacier system as its dynamics
decide whether Hornsund has been a fjord or a strait between the Greenland Sea and the Barents
Sea. I reconstructed the fluctuations of this glacier system using new and published '*C ages
and published '°Be ages of moraine boulders from the Hornbreen forefield. Glacier recession
in the Early Holocene led to the opening of the strait c. 10.9 cal ka BP or earlier. Glacier
advances blocked the strait c. 3.9 cal ka BP or later, 2.1 cal ka BP or even 1.9 £ 0,3 ka (Philipps
et al., 2017). Subsequent re-opening of the strait may have occurred c. 1.3 cal ka BP until the
next glacier advance c. 0.7 + 0.2 ka (Birkenmajer, Olsson, 1997; Philipps et al., 2017).

Fluctuations of glaciers in the study area were synchronous with the rest of Svalbard. Similar
to other parts of the archipelago, they reflected changes in the air and seawater temperatures.
Low-elevated accumulation areas facilitated rapid glacier recession in the warmer periods and
hindered their regrowth in the colder phases of the Holocene. Glacier surges played a key role
in the glacial evolution of this region as they allowed for the build-up of the ice bridge between
Torell Land and Serkapp Land.

Keywords: glaciers, Svalbard, glacier surges, glacier fluctuations, glacial geomorphology,
radiocarbon dating, Holocene Climatic Optimum, neoglacial, Medieval Warm Period, Little Ice
Age



WPROWADZENIE

Konsekwencja postepujacego obecnie ocieplenia klimatu jest recesja lodowcow obserwowana
w réznych regionach $wiata, w szczegdlnosci w ciggu ostatnich 15 lat (Zemp iin., 2019, 2025).
Od 1979 r. Arktyka ocieplata si¢ niemal cztery, a Svalbard siedem razy szybciej, niz $srednia
globalna (Nordli i in., 2020; Rantanen i in., 2022). Zjawisko to okreslane jest jako ,,arktyczne
wzmocnienie” (Arctic amplification) w konsekwencji zaniku lodu morskiego, zmiany albedo
i dodatniego sprzgzenia zwrotnego prowadzacego do dalszego ocieplania si¢ klimatu Arktyki
(Previdi 1 in., 2021). Okoto 2010 r. lodowce stanowily 57% powierzchni ladowej Svalbardu,
norweskiego archipelagu arktycznego (Nuth i in., 2013). Ich recesja obserwowana jest
od maksimum Matej Epoki Lodowej na przetomie XIX i XX w. i gwaltownie postepuje od lat
90. XX w. (Nuth i in., 2007; Martin-Moreno i in., 2017). W latach 2000-2019 regionalny bilans
masy lodowcow Svalbardu wynosit —8 + 6 Gt r'! (Schuler i in., 2020), a ich catkowite stopnienie
wigzatoby si¢ ze wzrostem $redniego globalnego poziomu morza o 1.7 £ 0.5 cm (Farinotti i in.,
2019). Tempo recesji jest wicksze w przypadku lodowcow uchodzacych do morza, ktére
dodatkowo tracg mase przez ablacj¢ frontalng (np. Btaszczyk i in., 2013). Wraz z ociepleniem
klimatu Arktyki nastepuje wzrost liczby lodowcow, ktére w przesziosci uchodzity do morza,
ale obecnie koncza si¢ na ladzie i nie posiadaja kontaktu z sasiednim akwenem (Kochtitzky,
Copland, 2022). Fluktuacje lodowcow Svalbardu odzwierciedlajg zmiany $rednich wartosci
temperatury powietrza i wody morskiej (powierzchniowej i w glebszych warstwach), zmiany
sumy opadow, warunkow topograficznych (gltebokosci wody akwenu, do ktorego uchodzg), jak
rowniez szarze (Luckman i in., 2015; Holmes i in., 2019; Blaszczyk i in., 2023). Szarza to nagly
wzrost predkosci powierzchniowej lodowca 10-1000 razy niz zazwyczaj, zwigzany
z niestabilnym przeptywem lodu z obszaru rezerwuarowego do odbierajacego (Meier, Post,
1969; Raymond, 1987; Jania, 1997). Zjawisku szarzy zazwyczaj towarzyszy rozlegly awans
lodowcow. Przyktadowo, w latach 2008-2013 svalbardzki lodowiec Nathorstbreen awansowat
15 km, zwiekszajac zasieg powierzchniowy o 20% i stajac si¢ lodowcem uchodzacym do morza
(Sund 1 in., 2014). Svalbard jest jednym z klastrow przestrzennych lodowcéw szarzujacych
na §wiecie definiowanych warunkami klimatycznymi (optimal climatic envelope)
oraz geometrig lodowcow (Sevestre, Ben, 2015). Wigkszos¢ lodowcoéw szarzujacych Arktyki
i obszaréw wysokogorskich Azji wystepuje w obszarach o $redniej rocznej temperaturze
powietrza od —10 °C do 0 °C i rocznej sumie opadéow 200-2000 mm (Sevestre, Benn, 2015;
Benn, 2021). Lodowce szarzujace zazwyczaj charakteryzuja si¢ wigkszg powierzchnig
1 dlugos$cig oraz mniejszym nachyleniem, niz lodowce nieszarzujagce w tym samym obszarze
(Sevestre, Benn, 2015). Czynnikiem sprzyjajacym wystgpowaniu szarz jest rowniez obecno$c¢
osadéw drobnoziarnistych w podtozu lodowca (Jiskoot 1 in., 2000). Lodowce szarzujace
charakteryzuja si¢ stosunkowo dluga faza uspokojenia, ktéra na Svalbardzie wynosi
od kilkudziesieciu do ponad 150, a nawet 500 lat, oraz krotka faza aktywna przyspieszonego
ruchu, ktéra na Svalbardzie zazwyczaj nie przekracza 10 lat (Dowdeswell i in., 1991).
Ze wzgledu na ocieplenie klimatu Svalbardu, w przysztosci nalezy spodziewac si¢ dalszych
szarz lodowcoéw politermalnych z uwagi na zwigkszong dostawe wody roztopowej do podtoza,
jak rowniez zanik matych lodowcow zimnych, ktoére mogly szarzowaé w przesztoSci
w warunkach politermalnych (Lovell i in., 2015; Hanssen-Bauer i in., 2019; Mannerfelt i in.,
2024).



Znajomos¢ fluktuacji lodowcoéw w przesziosci jest istotna dla okreslenia mozliwych skutkow
wspotczesnego ocieplenia klimatu (Lysa i in., 2022) oraz przewidywania dalszej deglacjacji.
Zmiany zasiegu lodowcoOw w holocenie przebiegaly podobnie w roznych regionach Arktyki,
ardznice dotyczyly ram czasowych poszczegdlnych faz ocieplenia i ochtodzenia (Larocca,
Axford, 2022). Optimum klimatyczne holocenu (Holocene Climatic Optimum) byto okresem
znaczacego ocieplenia we wcezesnym holocenie, kiedy $rednia temperatura powietrza wielu
obszarow Arktyki, w tym Svalbardu, byta wyzsza od wspoétczesnej (m.in. Kaufman i in., 2004).
W tym czasie mniejsze lodowce Svalbardu zanikly, a wiele lodowcoéw wspodtczesnie
uchodzacych do morza konczyto si¢ na ladzie (Rethe 1 in., 2018; Farnsworth 1 in., 2020).
Prawdopodobna przyczyna ocieplenia byl wzrost natezenia promieniowania slonecznego
zwigzany z cyklami Milankovicia, ktorego efekt zostal wzmocniony przez redukcje lodu
morskiego 1 jej konsekwencje (m.in. zmniejszenie albedo powierzchni), a w przypadku
Svalbardu rowniez zwickszony naptyw cieptej wody atlantyckiej transportowanej przez Prad
Zachodniospitsbergenski (Slubowska—Woldengen 1 in., 2007; Jakobsson i in., 2010; Werner
iin., 2013; Park i in., 2019). Spadek natezenia promieniowania stonecznego, ochtodzenie
klimatu 1 rozw0j lodowcow nastgpity w neoglacjale od ok. 4,0 cal ka BP (Philipps i in., 2017;
Allaart 1 in., 2021). W pdéznym holocenie wystepowaly rowniez krotsze okresy ocieplenia
i recesji lodowcow, jak Sredniowieczny Okres Cieply (Medieval Warm Period) okoto 1,2-0,7
cal ka BP (Dzierzek i in., 1990; Divine i in., 2011).

W poroéwnaniu z centralng i péinocng cz¢scig Svalbardu, fluktuacje lodowcow potudniowe;j
czedci archipelagu w holocenie byly stabo rozpoznane (Farnsworth i in., 2020). Wyniki
dotychczasowych badan sugeruja, ze zmiany zasiggu lodowcow poludniowego Spitsbergenu
prawdopodobnie przebiegaly synchronicznie z pozostalymi obszarami Svalbardu.
Opracowania te dostarczyly dowodow recesji lodowcow we wczesnym holocenie
i Sredniowiecznym Okresie Cieptym, jak réwniez awanséw w poéznym holocenie, przed
i podczas Matej Epoki Lodowej (MEL; Baranowski, Karlén, 1976; Lindner i in., 1984, 1986,
1987; Dzierzek i in., 1990; Lindner, Marks, 1993; Birkenmajer, Olsson, 1997, 1998; Philipps
iin., 2017). Niemniej, wyniki datowania niektorych awansow byty przedmiotem dyskusji
i wymagaja weryfikacji, a daty radioweglowe kalibracji w oparciu o aktualne krzywe
kalibracyjne (Baranowski, 1977; Birkenmajer, Olsson, 1997).

Badania wspotczesnych fluktuacji lodowcoéw potudniowego Spitsbergenu uchodzacych
do morza jako gléwne czynniki warunkujace tempo ich recesji wskazujg wzrost temperatury
powietrza oraz temperatury wody morskiej (Btaszczyk i in., 2021, 2023). Czynniki te zapewne
odgrywaly gléwng role w recesji lodowcow w cieplejszych okresach holocenu, jak optimum
klimatyczne holocenu i Sredniowieczny Okres Ciepty. Wydaje sie, ze ze wzgledu na lokalizacje
w stosunku do naptywu cieplejszych mas powietrza oraz cieptego Pradu
Zachodniospitsbergenskiego oraz topografi¢ lodowcoéw, lodowce potudniowego Spitsbergenu
wspotczesnie wykazuja wigksza podatno$¢ na zmiany w bilansie masy w pordwnaniu
z pozostatg czg$cig archipelagu, co pozwala przypuszcza¢é o podobnej wrazliwosci
na ocieplenie klimatu w przesztos$ci (Schmidt i in., 2023; van Pelt, Frank, 2025). Szczeg6lng
role odgrywa topografia lodowcow uchodzacych do morza: nisko potozone pola akumulacyjne
i rozlegle przeglebienia zlodzonych dolin ponizej poziomu morza, ktora beda sprzyjaly szybszej
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recesji po wycofaniu si¢ cz6t lodowcow na glebsza wode (Grabiec i in., 2012). Przeglebienia
dna lodowcow ponizej poziomu morza pozwalajg przypuszczaé, ze w przesztosci zasieg
poszczegblnych odnog fiordu Hornsund byt znacznie wigkszy, niz wspoétczesnie, a Hornsund
mogt by¢ ciesning taczaca Morze Grenlandzkie z Morzem Barentsa (Grabiec i1 in., 2018).
Grabiec 1 inni (2018) oraz Saferna i inni (2023) szacuja, ze otwarcie ciesniny Hornsund wskutek
recesji lodowcdéw uchodzacych do morza nastgpi miedzy 2053—-2065 .

Obserwacje wspotczesnych szarz lodowcow uchodzacych do Hornsundu sktaniajg
do postawienia pytania o wystepowanie szarz w przesztosci oraz mozliwg synchroniczno$¢
okresow szarz lodowcow w roznych obszarach Svalbardu z uwagi na wspolne czynniki
wyzwalajace, jak zwickszona dostawa wody do podtoza lodowca w cieplejszym klimacie
(Jania, 1988; Btaszczyk i in., 2023). Zapis geomorfologiczny oraz mapy i fotografie historyczne
wykazaty, ze szarze wystepowaly w réznych obszarach Svalbardu rowniez we wczesniejszych
okresach holocenu (np. Farnsworth et al., 2016; Flink et al., 2018; Lovell et al., 2018; Aradéttir
i in., 2019; Zagoérski et al., 2023). Obecnos$¢ charakterystycznych form rzezby terenu
dla lodowcow szarzujacych, takich jak grzbiety z wycisnigcia szczelin dennych (crevasse-
squeeze ridges; CSRs) lub wielkoskalowe lineacje glacjalne (mega-scale glacial lineations,
MSGLs) dowodzitaby wystepowaniu szarz lodowcéw potudniowego Spitsbergenu
w przesztosci (Evans, Rea, 1999; Ottesen i in., 2008; Farnsworth i in., 2016). Tym samym
szarze lodowcow tego obszaru odgrywatyby istotng role w zmianach ich zasiegu w holocenie.
Farnsworth i1 inni (2016) korzystajac ze zdje¢ lotniczych wysokiej rozdzielczosci
zidentyfikowali grzbiety z wycisnigcia szczelin dennych na przedpolach niektorych lodowcow
potudniowego Spitsbergenu, réwniez tych, ktorych szarzujacy charakter byt przedmiotem
licznych dyskusji (np. Jania, Glowacki, 1996; Cwiakata i in., 2018). Weryfikacja w terenie
pozwoli na identyfikacje lodowcow, ktore szarzowaly przed okresem regularnych obserwacji
glacjologicznych, kwestionujac klasyfikacje niektorych lodowcow jako nieszarzujace w
globalnej inwentaryzacji Randolph Glacier Inventory (RGI; Maussion i in., 2023; RGI 7.0
Consortium, 2023).

W niniejszej pracy stosuje¢ nazwy geograficzne norweskie, zgodnie z opracowaniem 7he Place
Names of Svalbard (Jaklin, 2003). Korzystatam réwniez z zaktualizowanego zestawienia
dostepnego w  cyfrowej bazie danych  Norweskiego Instytutu  Polarnego
(https://data.npolar.no/placename).
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CEL BADAN

Glownym celem pracy doktorskiej byta rekonstrukcja zmian zlodowacenia, w tym zmian
zasiegu wybranych lodowcéw potudniowego Spitsbergenu w holocenie w kontekscie roli szarz
lodowcowych w ewolucji pokrywy lodowej wyspy. Nie analizowano szczegoétowo fluktuacji
lodowcoéw od drugiej potowy lat 1970-tych, ktére stanowily przedmiot licznych badan
glacjologicznych z wykorzystaniem danych teledetekcyjnych (np. Btaszczyk i in., 2013, 2023;
Ziaja 1 Ostafin, 2015; Saferna i in., 2023; Pawlowski i Ostafin, 2024), ale wykorzystano
te wyniki dla zrozumienia procesu szarzy i zmian ich zasiggu. Cele szczegotowe pracy
doktorskiej obejmowaty:

1) Ustalenie okresow awansow i recesji lodowcow potudniowego Spitsbergenu na podstawie
wynikow datowania C i °Be;

2) Identyfikacj¢ szarz wybranych lodowcow sprzed okresu obserwacji satelitarnych (od II pot.
lat 1970-tych) na podstawie dowodéw geomorfologicznych i materiatdéw historycznych;

3) Wskazanie gldownych czynnikow warunkujacych zmiany zasiegu lodowcow potudniowego
Spitsbergenu w holocenie, ze szczegdlnym uwzglednieniem znaczenia szarz lodowcow, jako
procesu przyspieszajacego deglacjacje.
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OBSZAR BADAN

Svalbard to archipelag wysp na Oceanie Arktycznym, rozciagajacy si¢ migdzy 74° a 81° N oraz
10° a 35° E. Do najwigkszych wysp nalezga: Spitsbergen, Nordaustlandet, Edgeoya, Barentsoya,
Kviteya, Prins Karl Forland, Kongseya oraz Bjerngya (Ryc. 1 a, b). Klimat Svalbardu
ksztaltowany jest przez ujemny bilans radiacyjny, naptywajace z poOlnocy zimne masy
powietrza arktycznego i cieplejsze, wilgotniejsze masy powietrza z potudnia, oraz ciepty Prad
Zachodniospitsbergenski i zimny Prad Wschodniospitsbergenski (Walczowski, Piechura, 2011;
Gjelten 1 in., 2016; Przybylak i in., 2016). Charakterystyczng cechg Svalbardu jest gradient
klimatyczny miedzy cieplejszym zachodnim Spitsbergenem a chlodniejsza wschodnia czescig
archipelagu.

Obszar badan lezy w poludniowej czgsci Spitsbergenu i obejmuje wybrane lodowce
w otoczeniu Hornsundu i w jego sasiedztwie (Ryc. 1). Hornsund to najdalej potozony
na poludnie fiord Spitsbergenu o dhugosci okoto 35 km i powierzchni 320 km?, pomiedzy
ziemiami Wedel Jarslberg Land i Torell Land na potnocy a Serkapp Land na poludniu
(Prominska i in., 2018). Lodowce pokrywajg 67% powierzchni basenu glacjalnego Hornsundu
(okoto 1200 km?) i zdecydowang wiekszo$¢ stanowiag lodowce uchodzace do morza, ktore
reprezentuja 97% zlodzonego obszaru (Btaszczyk 1 in., 2013). Wiekszos$¢ lodowcoOw wykazuje
przebieg potudnikowy w nawigzaniu do gtownych nasunie¢ i uskokéw (Jania, 1988;
Birkenmajer, 1990). Podobnie rownoleznikowy przebieg fiordu Hornsund nawigzuje
do orientacji uskokow (Bednarek i1 in., 1993). Skaly budujace obszar badan obejmuja
od metamorficznych i weglanowych skat prekambryjskich w zachodniej, przez paleozoiczne
1 triasowe skaty weglanowe, piaskowce, zlepience i tupki w centralnej czesci Hornsundu po
kredowe i paleocenskie tupki, mutowce i piaskowce we wschodniej czgsci fiordu (Birkenmajer,
1990; Harland, 1997). W latach 1979-2018 S$rednia roczna temperatura powietrza
monitorowana w okolicy Polskiej Stacji Polarnej Hornsund (77°00° N, 15°33° E) wynosita —
3.7°C i wzrastala o 1,14°C na dekade (Wawrzyniak, Osuch, 2020). Srednia roczna suma
opadow w tym okresie wynosita 478 mm i wzrastata o 61,6 mm na dekadg.

Obszar moich szczegotowych badan terenowych obejmowal lodowce Hornbreen, Hansbreen,
Vestre Torellbreen i Werenskioldbreen oraz ich przedpola. Hornbreen i Hansbreen uchodza
do Hornsundu, a Vestre Torellbreen konczy si¢ czgsciowo na ladzie, a czesciowo w zatoce
Isfjellbukta. Werenskioldbreen w calo$ci zakonczony jest na ladzie. Charakterystyke lodowcow
przedstawitam w artykutach sktadajacych si¢ na niniejszg prace doktorskg (Osika i in., 2022;
Osika, Jania, 2024; Osika i in., 2025a). Szerszy obszar obj¢to rekonesansowymi obserwacjami
porownawczymi, a zwlaszcza analizie danych literaturowych oraz historycznych danych
kartograficznych i fotograficznych.
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Rye. 1. Obszar badan. (a) Lokalizacja Svalbardu; w tle: ESRI World Topographic Map oraz ESRI World Hillshade.
(b) Obszar badan w potudniowym Spitsbergenie; dane wektorowe za © Norwegian Polar Institute (2014). (c)
Obszar badan terenowych i poboru materialu do datowania 4C i '°Be (biale prostokaty). Lodowce (czarny tekst):
Austre T. — Austre Torellbreen, Ch — Chomjakovbreen, Fl — Flatbreen, G — Gasbreen, Ha — Hambergbreen, He —
Hedgehogfonna, Ho — Hornbreen, K — Korberbreen, Me — Mendeleevbreen, Mu — Miihlbacherbreen, P —
Paierlbreen, Sa — Samarinbreen, Sv — Svalisbreen, Sy — Sykorabreen, W — Werenskioldbreen. Zatoki (niebieski
tekst): H — Hansbukta, Ho — Hornbukta, Is — Isbjernhamna, Isf — Isfjellbukta. Pétwyspy (pomaranczowy tekst): B
— Baranowskiodden, O — Oseanograftnagen, T — Treskelen. Szczyty gorskie i przetecze (z6ity tekst): Fa —
Fannytoppen, Fg — Fugleberget, F1 — Flatpasset. W tle: zobrazowanie satelitarne Sentinel-2A z 08.08.2024
(https://browser.dataspace.copernicus.eu/).

Zrédlo: Osika i in. (2025a), zmienione
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METODY

Podstawowym Zrédlem danych do opracowania niniejszej pracy byty badania terenowe, ktore
zrealizowatam podczas okolo 3-tygodniowych wypraw Uniwersytetu Slaskiego w sierpniu
2020, 2021, 2022 oraz 2024 r. Dodatkowe obserwacje przeprowadzilam podczas
kilkudniowego pobytu w Hornsundzie na poczatku wrzes$nia 2023 r. Celem badan terenowych
byto kartowanie geomorfologiczne przedpoli lodowcow oraz pobor materiatu do datowania '*C
i !Be. Rekonstrukcje zmian zasiegu wybranych lodowcéw  przeprowadzitam
z wykorzystaniem roznego rodzaju danych 1 metod badawczych.

1. Studia literatury na temat paleogeografii Arktyki, Svalbardu i obszaru badan dostarczyty
informacji na temat gldwnych okresow fluktuacji lodowcow i warunkéw klimatycznych
w holocenie (np. Divine i in., 2011; Luoto i in., 2018; Devendra i in., 2023; Jang i in., 2025)
oraz danych geochronologicznych. Nowe wyniki i opublikowane daty '*C i '°Be byty podstawa
wyznaczenia okresOw awansu i recesji lodowcoéw potudniowego Spitsbergenu w holocenie
(Osika i in., 2022, 2025a). Opracowania geomorfologiczne przedpoli lodowcow (np. Cwigkata
i in., 2018) oraz zestawienia lodowcow szarzujacych lub takich, ktore mogly szarzowac
w przesztosci (Farnsworth i in., 2016; RGI 7.0 Consortium, 2023) byly punktem wyj$cia analiz
geomorfologicznych i identyfikacji szarz lodowcoéw w przesziosci.

2. Kartowanie geomorfologiczne przedpoli lodowcoéw przeprowadzitam na podstawie danych
teledetekcyjnych wysokiej rozdzielczosci oraz badan terenowych. Gtéwnym celem kartowania
byta identyfikacja form rzezby terenu charakterystycznych dla lodowcow szarzujacych, jak
grzbiety z wycis$nigcia szczelin dennych (crevasse-squeeze ridges), ozy harmonijkowe
(concertina eskers) lub wielkoskalowe lineacje glacjalne i podwodne systemy moren
koncowych ze sptywami osadow, ktore swiadczylyby o wystgpowaniu szarz w przesztosci
(Ryc. 2 i 3; Evans, Rea, 1999; Ottesen, Dowdeswell, 2006). Mapy i szkice opracowatam
w programie QGIS w ukladzie wspotrzednych WGS84/UTM33N. Jako zrodlta danych
wykorzystatam:

(1) ortofotomapy przedpoli lodowcéw Hansbreen i Werenskioldbreen (rozdzielczo$¢ ok. 8 19
cm) oraz cyfrowe modele wysokosci (rozdzielczo$¢ ok. 17 cm) ze zdje¢ lotniczych
pozyskanych podczas kampanii SIOS w czerwcu 2020 r., opracowane i opublikowane przez
Btaszczyk i in. (2022),

(2) zobrazowania ESRI World Imagery (ESRI, 2025) o rozdzielczosci 1,2 m, stosowane
w opracowaniach geomorfologicznych (np. Reinthaler, Paul, 2023; McCerery i in., 2024),

(3) ortofotomapy o rozdzielczosci 40 cm opracowane ze zdj¢¢ lotniczych z 2010 i1 2011 r.,
opublikowane jako wirtualny serwer mapowy WMTS przez Norweski Instytut Polarny
(https://geodata.npolar.no),

(4) cyfrowy model wysokosci ArcticDEM o rozdzielczos$ci 2 m (Porter i in., 2023),

(5) cyfrowe modele dna morskiego na przedpolu lodowca Hansbreen udostgpnione przez
Norweska Stuzbe Hydrograficzng oraz z danych batymetrycznych opracowanych
1 opublikowanych przez Btaszczyk i in. (2021).
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Ryec. 2. Zesp6t form rzezby terenu charakterystycznych dla lodowcow szarzujacych (ladowa czgéc przedpola): a)
strefa zewngtrzna z proglacjalnie nasunigtymi osadami sprzed okresu wystapienia fazy aktywnej szarzy; b) strefa
stabo rozwinigtej moreny pagorkowatej; c) strefa moreny zlobkowanej (fluted moraine), grzbietow z wycisniecia
szczelin dennych (crevasse-squeeze ridges) i oz6w harmonijkowych (concertina eskers); 1) proglacjalny stozek
naptywowy (proglacial outwash fan); 2) glacitektoniczna morena koncowa (thrust-block moraine); 3) morena
pagorkowata (hummocky moraine); 5) oz harmonijkowy (concertina esker); 6) grzbiet moreny ztobkowanej
(fluting); 7) lodowiec.

Zrédio: Evans, Rea, 1999.
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Ryc. 3. Zespot form rzezby terenu charakterystycznych dla lodowcow szarzujacych uchodzacych do morza
(podwodna cze$¢ przedpola): 1) moreny recesyjne przekroczone; 2) lineacje glacjalne; 3a) morena koncowa; 3b)
loby splywow osadow na dystalnej stronie moreny koncowej; 4) grzbiety wypetienia szczelin dennych o uktadzie
romboedrycznym; 5) morenki roczne z awanséw w okresie zimowym.

Zrédio: Ottesen, Dowdeswell, 2006.
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3. Analiza archiwalnych map i fotografii w celu analizy zmian zasi¢gu lodowcoéw i1 rozpoznania
szarz w przesztosci na podstawie charakterystycznych cech powierzchni lodowcéw (Tab. 1,
Ryc. 4). Fotografie pozyskatam z Cyfrowego Archiwum Obrazéw Biblioteki Narodowej Austrii
(https://onb.digital/), cyfrowego archiwum fotografii Norweskiego Instytutu Polarnego
(https://bildearkiv.npolar.no/fotoweb/), cyfrowego Archiwum Nikolaia Aleksandrovicha
Morozova w Rosyjskiej Akademii Nauk (https://www.ras.ru/namorozovarchive/about.aspx)
oraz archiwum obrazow lotniczych TopoSvalbard (https://toposvalbard.npolar.no/). Podobnie
jak w opracowaniach na temat szarz lodowcéw w réznych czgsciach Arktyki (Jania, 1988;
Lefauconnier, Hagen, 1991; Copland i in., 2003; Grant 1 in., 2009; Sund 1 in., 2009), jako
najwazniejsze kryteria identyfikacji szarz przyjetam:

1) nagly, znaczacy awans lodowca,

2) zafaldowania i zapetlenia moren srodkowych oraz zafalowania foliacji,

3) stromos¢ czota, ktore przyjmuje forme nabrzmiatego lobu,

4) silne i chaotyczne uszczelinienie powierzchni, czesto siggajace gornej czesci lodowca.

5) widoczne strefy §cinania na granicy lodowca szarzujacego z lodowcami doptywowymi w
fazie uspokojenia.

4. Datowania '*C materialu organicznego pozyskanego z osadow lodowcowych (muszli matzy
morskich, gleb kopalnych, drewna dryftowego i kosci wieloryba). Material pozyskatam
podczas prac terenowych w latach 2020-2022. Cze¢$¢ muszli oraz zebro wieloryba pozyskano
wczesniej (2019 1 1985 r). Wybrane probki materiatu przekazatam do datowania
radioweglowego technika AMS w Gliwickim 1 Poznanskim Laboratorium Radiowgglowym.
Nowe (63) i opublikowane wcze$niej daty (25) skalibrowatam w programie OxCal 4.4 stosujac
krzywe kalibracyjne Marine20 i IntCal20 (Heaton i in, 2020; Reimer i in., 2020) oraz korekte
o pozorny wiek wody morskiej zwigzany z efektem rezerwuarowym (Pienkowski 1 in., 2022).
Wyniki datowania przedstawialam w artykutach Osika i in. (2022, 2025a) oraz w zestawie
danych w repozytorium Zenodo (tacznie 88 dat, Osika i in., 2025b).

5. Datowania probek skat z moreny Lodowca Hansa metoda izotopu kosmogenicznego '°Be.
Podczas badan terenowych w 2022 r. pozyskatam 3 probki gtazow z bocznej czegsci moreny
czotowej na przeteczy Flatpasset (ok. 160 m n.p.m.) oraz jeden glaz z trimline na stoku
Fannytoppen. W 2021 1 2022 r. pozyskalam 7 probek z moreny czotowej u podnodza
Fannytoppen. Wstepna preparatyke probek przeprowadzitam podczas stazu na Uniwersytecie
w Zurychu w 2022 r. (kruszenie, przesiewanie, tugowanie woda krdlewska, plukanie).
Pozostatg cze$¢ preparatyki chemicznej przeprowadzil dr Dmitry Tikhomirov (Uniwersytet
w Zurychu). Pomiary technika AMS przeprowadzono na ETH. Wyniki przedstawilam
w artykule Osika i in. (2025a).
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Rok

Rodzaj danych

Zrédio

1613 Mapa Narrative of a voyage to Spitzbergen in the year 1613 (Fotherby, 1613)
1625 Mapa Mapa “Greneland” [Spitsbergen] w “Purchas His Pilgrimes” (Purchas, 1625)
1634 Mapa Kaart van Spitshergen door M.H. Middelhoven (Middelhoven, 1634)
Paskaert van Spitsbergen, met alle zijn zeekusten zoo veel tot noch toe bekent is
1663 Mapa (Doncker, 1663)
Nieuwe afteekening van Het Eyland Spits-Bergen opgegeven door de
1714 Mapa Commandeurs Giles en Outger Rep, en in't Ligt gebrat en uytgegeven (van Keulen,
1714)
1758 Mapa Carte du Spits-Berg (Bellin, 1758)
A chart of Spitzbergen or East Greenland, comprising an original survey of the west
1820 Mapa
coast (Scoreshy, 1820)
Karta ofver Spetsbergen: hufvudsakligast enligt iakttagelser under de svneska
1861-1864 Mapa expeditionera aren 1861 och 1864 af N. Duner och A.E. Nordenskiold (Dunér and
Nordenskiold, 1865)
1872 Mana Die Arktische Expedition des Grafen Hans Wiltschek nach Spitzbergen & Nowaja
P Semlja Juni - Sept. 1872, 1:200 000 (Peterman, 1874)
1872 Fotografie The Austro-Hungarian North Pole expedition (https://onb.digital/)
1897 Mapa Ekspedycje Sir Martina Conway’a na Spitsbergen (Conway, 1898;
P https://data.npolar.no/map/archive/)
1899 Mapa Plan 6fver det svebsk-ryska gradmétningsnétet pa Spetsbergen efter nyaste
P sammanstild Maj 1900, 1:1 000 000 (de Geer, 1923)
Océan Glacial arctique. Spitzberg. Région des travaux de I’expédition de
1899-1901 Mapa I’ Académies de sciences de Russie pour la mesure d’un arc de méridien en 1899—
1901, 1:200 000 (Wassiliew, 1925)
1899-1901 Fotografie The Swedish-Russian Arc-qf-Merldlan Expedition in 1899-1901
(https://www.ras.ru/)
1917-1918 qudowe zdjceia Norweskie ekspedycje na Svalbard (https://bildearkiv.npolar.no/fotoweb/)
otogrametryczne
1918 Mana Mapa morska z lat 1917-1921 1917-1921, Hornsund to Dunderbay, 1:100 000
P (Norwegian Polar Institute, 1921)
1918 Mapa Mapa morska nr 504 z 1934 r., Fra Serkapp til Bellsund, 1:200 000 (Hoel, 1938)
Lotnicze zdj¢cia
fotogrametryczne Wyprawa norweska w 1936; Geyman et al., 2022 (dostepne na
1936 , .
(skonsne) oraz https://toposvalbard.npolar.no/)
ortofotomapa
1960 Mapa Mapa morska nr 504 z 1984 r., Fra Serkapp til Bellsund, 1:200 000 (Norwegian

Polar Institute, 1984)

Tab. 1. Zrédta danych historycznych wykorzystane do rekonstrukcji zmian zasiggu i identyfikacji szarz
lodowcow potudniowego Spitsbergenu. Za: Osika i in., 2025a (zmienione).
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Ryec. 4. Przyklady danych historycznych na temat zasiegu lodowcow Hornsundu. (a) Paierlbreen, Hornbreen,
Chomjakovbreen i Samarinbreen na fotografii z wyprawy austro-wegierskiej w 1872 r. (b) Lodowce Hornsundu
na mapie z wyprawy rosyjsko-szwedzkiej w latach 1899—1901 (Wassiliew, 1925). (¢) Hornbreen, Chomjakovbreen
i Samarinbreen na zdjeciu fotogrametrycznym z wyprawy norweskiej w 1918 r. Lodowce: G — Gésbreen, H —
Hansbreen, K — Korberbreen, M — Miihlbacherbreen, P — Paierlbreen, S — Samarinbreen.

Zrédlo: (a) Austrian National Library, Vienna, Signature: Pk 650, 19 (modified). (b) Wassiliew, 1925;
https://data.npolar.no/map/archive. (c) © Adolf Hoel, Norsk Polarinstitutt (Numer zdjecia: NBR9201 05204,
zmienione).
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WYNIKI

Datowania “C materialu z osadéw lodowcowych

Obecno$¢ materialu organicznego (muszli malzy morskich, kosci wieloryba) w osadach
moreny dennej 1 czotowej $wiadczy o przemieszczeniu i inkorporacji osadow morskich
do systemu glacjalnego podczas awansu lodowcéw. Podobnie gleby kopalne 1 ros§linnos¢
tundrowa znajdujaca si¢ ponizej warstwy gliny $wiadcza o recesji lodowcoéw w cieplejszym
klimacie 1 nastepujagcym po nim awansie lub awansach. Tym samym datowanie radioweglowe
materiatu organicznego pozwala na odtworzenie zmian zasi¢gu lodowcoéw w przesziosci.

Wyniki datowania radiowgglowego (63 probki) i opublikowane wczesniej daty (25 dat)
przedstawialam w pracach Osika i in. (2022, 2025a) oraz w zestawie danych w repozytorium
Zenodo (Osikaiin., 2025b). Zdecydowang wickszo$¢ stanowig probki muszli z osadow moreny
dennej i czolowej (70 dat, w tym 54 nowe; Ryc. 51 6).

Najwiecej probek pozyskalam z przedpola lodowca Hansbreen (lacznie 35 dat, w tym 31
nowych). Oprécz 1 daty zebra wieloryba (nowej) 1 9 dat tundry subfosylnej (w tym 5 nowych),
pozostate daty pochodza z probek muszli z osadow moreny dennej, czolowej i pagérkowate;.
Dwie probki muszli pobratam z warstwy gliny pokrywajacej gory lodowe odcielone z dolnej
czesci klifu lodowca Hansbreen. Wszystkie daty z przedpola lodowca Hornbreen (29, w tym
18 nowych) pochodza z probek muszli z moreny dennej i pagorkowatej. Z przedpola
Werenskioldbreen pozyskalam 4 nowe daty muszli z moreny dennej i czotowej, obok 10
opublikowanych wczesniej (po 5 dat muszli i tundry kopalnej). Z przedpola Vestre Torellbreen
pozyskatam 10 nowych dat (7 dat muszli i1 3 daty drewna dryftowego).

Sposrod 70 probek muszli z obszaru badan, 46 pochodzi z wczesnego holocenu, 7
ze srodkowego, a 12 z poznego. Pozostate probki muszli sg starsze, niz 11,7 cal ka BP
1 wszystkie pochodza z przedpola Werenskioldbreen. Najstarsze probki muszli z przedpoli
pozostatych lodowcow wydatowano na ok. 11,3 cal ka BP (Hansbreen, muszla z gory lodowej
odcielonej z dolnej czesci klifu lodowca), 10,9 cal ka BP (Hornbreen, muszla z poludniowe;j
czesci ptw. Treskelen) 1 10,5 cal ka BP (Vestre Torellbreen, muszla z moreny koncowej z MEL).
Najmtodsze probki muszli z przedpola lodowca Hansbreen zostaty wydatowane na ok. 1,6 12,8
cal ka BP i1 pochodza z moreny pagorkowatej u podnéza Fannytoppen i moreny dennej na piw.
Baranowskiodden. 3 probki muszli z przedpola lodowca Hornbreen sg miodsze, niz 1950 r.
Oproécz nich, najmtodsze probki muszli pochodzg z ptw. Treskelen i zostaly wydatowane na ok.
1,3 cal ka BP (Birkenmajer, Olsson, 1997); 2,1 oraz 2,6 cal ka BP. Podobnie wiek jednej probki
muszli z przedpola Vestre Torellbreen wykracza poza krzywa kalibracyjng Marine20 (Heaton
1in., 2020) 1 jest prawdopodobnie mtodszy, niz 1950 r. Oprocz niej, najmlodsze probki
wydatowano na ok. 0,7 1 2,1 cal ka BP. Najmlodsza probka muszli z przedpola
Werenskioldbreen zostala wydatowana na ok. 10,0 cal ka BP (Traczyk, 2008).
Charakterystyczng cecha datowanych muszli wystgpowanie obok siebie probek o skrajnie
odmiennym wieku (od wczesnego po pozny holocen), co wskazuje na silne wymieszanie
materiatu. Podobnie nie stwierdzitam prawidlowosci miedzy wiekiem muszli a wysokoscia
nad poziomem morza lub odlegtoscia od czota lodowca w okresie badan.
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Materiat organiczny wytapiajacy si¢ na powierzchni lodowca Hansbreen zostal wydatowany
na srodkowy holocen (Karczewski, Rachlewicz, 1999). Dla pordéwnania, probki drewna
dryftowego z przedpola Vestre Torellbreen (nowe) oraz tundry subfosylnej i gleb kopalnych
z przedpoli lodowcow Hansbreen i Werenskioldbreen (nowe i opublikowane; Baranowski,
Karlén, 1976; Pekala, 1989; Kasprzak i in., 2020) pochodza z p6znego holocenu. Wiek gorne;j
warstwy tundry subfosylnej w obrgbie moreny dennej lodowca Werenskioldbreen (c. 0,7 cal ka
BP; Baranowski, Karlén, 1976) jest podobny do wieku tundry subfosylnej w niewielkiej
progracjalnej morenie spigtrzonej (push moraine; ok. 0,6 1 0,7 cal ka BP; Kasprzak i in., 2020)
oraz wieku listkow torfowcow w nowych probkach pozyskanych spod warstwy gliny
w potudniowej czesci przedpola Lodowca Hansa (ok. 0,6 cal ka BP). Probki drewna dryftowego
z grzbietow morenowych Vestre Torellbreen pozyskane podczas badan terenowych
wydatowano na ok. 0,7; 0,6 1 0,2 cal ka BP.

Datowania ’Be z moreny lodowca Hansbreen

o . , : I +0,11
Wyniki datowania glazow z moreny czotowej lodowca Hansbreen obejmuja okres od 0,077

ka do 10,07 £ 0,56 ka. Wyniki datowania glazu z trimline wskazuja wiek 0,2 + 0,04 ka.
Wiekszo$¢ dat nie przekracza 1,2 ka, z wyjatkiem jednej probki z wezesnego holocenu (10,07
+ 0,56 ka) i trzech ze srodkowego (6,75 + 0,36 ka; 4,68 + 0,27 ka oraz 4,65 + 0,27 ka). Zaréwno
na przeteczy Flatpasset jak i u podnoza Fannytoppen nie stwierdzitam prawidlowosci
przestrzennych wieku probek. W pierwszym obszarze daty '°Be obejmuja okres od 0,45 + 0,04

ka do 10,07 + 0,56 ka. U podnoza Fannytoppen, daty '°Be obejmuja okres od 0,07J_r8:(1)% ka

do 4,68 + 0,27 ka (zewngtrzny grzbiet morenowy) oraz od 1,08 £ 0,07 ka do 6,75 + 0,36 ka
(wewnetrzny grzbiet, Ryc. 7).
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Ryec. 5. Nowe (pogrubione etykiety) i opublikowane wczesniej wyniki datowania radioweglowego (mediana wieku
kalendarzowego, cal BP) z przedpoli lodowcéw (a) Hansbreen i (b) Hornbreen. ,,x” oznaczytam muszle mtodsze,
niz 1950 r., ktorych wieku nie kalibrowatam. Linig przerywang oznaczytam prébki o przyblizonej lokalizacji.
Wspotrzgdne w metrach w uktadzie WGS 84 UTM 33N. W tle: zobrazowanie satelitarne Sentinel-2A z 08.08.2024
(https://browser.dataspace.copernicus.eu/).

Za: Osikaiin., 2025 a, b (zmienione).
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Ryec. 6. Nowe (pogrubione etykiety) i opublikowane wczesniej wyniki datowania radioweglowego (mediana wieku
kalendarzowego, cal BP) z przedpoli lodowcow (a) Vestre Torellbreen i (b) Werenskioldbreen. ,,x” oznaczytam
muszle, ktérej wiek kalibrowany przekracza zakres krzywej kalibracyjnej dla organizméw morskich
i prawdopodobnie jest mtodszy, niz 1950 r. Linig przerywana oznaczylam probki o przyblizonej lokalizacji.
Wspotrzgdne w metrach w uktadzie WGS 84 UTM 33N. W tle: zobrazowanie satelitarne Sentinel-2A z 08.08.2024
(https://browser.dataspace.copernicus.eu/).

Za: Osika iin., 2025 a, b (zmienione).
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Ryc. 7. Nowe i opublikowane wyniki datowania glazoéw z moren lodowcéw w Hornsundzie. (a, b) Wyniki
datowania '°Be gtazéw z moreny lodowca Hansbreen. (¢) Opublikowane daty '°Be glazow z moreny lodowca
Hornbreen (Philipps i in., 2017). Wspdtrzedne w metrach w uktadzie WGS 84 UTM 33N. W tle: TopoSvalbard,
© Norwegian Polar Institute (https://toposvalbard.npolar.no/).

Zrédlo: Osika i in., 2025a (zmienione).

24



Zapis szarz wybranych lodowcow poludniowego Spitsbergenu w rzezbie
terenu

Wyniki kartowania geomorfologicznego wykazaty obecnos¢ roznorodnych form rzezby terenu,
w tym grzbietow z wycisnigcia szczelin dennych (crevasse-squeeze ridges, CSRs), uwazanych
za formy charakterystyczne dla lodowcow szarzujacych (Tab. 2; Evans, Rea, 1999; Ottesen,
Dowdeswell, 2006; Farnsworth i in., 2016; Ben-Yehoshua i in., 2023). Szczeg6lng uwage
zwraca boczna czg$¢ moreny czolowej Lodowca Hansa na przetgczy Flatpasset (ok. 160
m n.p.m.), ktora wskazuje probe przekroczenia masywu gorskiego przez awansujacy lodowiec.
W rzezbie dna Hansbukty wystepuja lineacje lodowcowe (streamlined glacial lineations)
oraz formy z wycisni¢cia szczelin dennych i/lub morenki roczne z awanséw w okresie
zimowym. W obrgbie Hansbukty i Isbjernhamny zidentyfikowalam moreny czotowe
ze sptywami osadoéw po stronie dystalnej, ktore sugeruja co najmniej dwie szarze lodowca
Hansbreen w przesztosci. Na przedpolach lodowcow Werenskioldbreen i Vestre Torellbreen
wystepuja ozy harmonijkowe (concertina eskers), ktore rowniez sg uwazane za formy rzezby
diagnostyczne dla lodowcow szarzujacych (Evans, Rea, 1999). W srodowisku ladowym, formy
szczelinowe z wycisnigcia (CSRs) zachowaly si¢ w obszarach ograniczonej dziatalnos$ci wod
roztopowych, w szczego6lnosci na drumlinach 1 mutonach pokrytych warstwa moreny denne;.
Ich identyfikacj¢ nierzadko utrudnia zaawansowany stopien zatarcia form, ktore przyjmuja
posta¢ kopcow zbudowanych z gliny (30-50 cm wysokosci) lub pasow osadow (kilka —
kilkanascie cm wysokosci), ktorych uktad nawigzuje do sieci przecinajacych si¢ grzbietow.
Kontrast ten jest szczegodlnie widoczny na przedpolu lodowca Hansbreen, gdzie grzbiety
z wycisniecia szczelin dennych przyjmujg form¢ od wyraznych, przecinajgcych si¢ grzbietow
(do 50 cm wysokosci) w pdétnocno-zachodniej czeséci przedpola, po pojedyncze kopce i1 pasy
osadow w potudniowo-wschodniej czesci. Na przedpolu lodowca Werenskioldbreen, formy te
wystepuja w potudniowo-wschodniej cze$ci przedpola, w strefie drumlinow skalnych
pokrytych warstwa moreny dennej i przyjmuja postac niskich grzbietow (do 20 cm wysokosci)
zbudowanych z gliny. Na przedpolach lodowcéw Hornbreen i Vestre Torellbreen, grzbiety
z wycisniecia szczelin dennych sg wyraznie rozwinigte, wyzsze (powyzej 1 m) i przyjmuja
posta¢ kopcodw oraz przecinajacych si¢ grzbietow. Opis geomorfologiczny przedpoli lodowcoéw

przedstawilam w artykulach sktadajacych si¢ na niniejszg prac¢ doktorska, w szczegdlnosci
Osika i Jania (2024).
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Formy rzezby terenu
Lodowiec Grzbiety z | Morena Drumliny | Ozy Morena Morena Proglacja- Rozlegle
wycisnig- | zlobkowa- harmonij- pagorko- | koncowaz | Ina morena | sandry
cia na (fluted kowe wata jadrem czolowa,
szczelin moraine) (concertina lodowym | spigtrzona
dennych eskers) (thrust block
(CSRs) moraine  /
push
moraine)
Hansbreen + + + + +
Hornbreen + + + +
Werenskiold- + + + + + + + +
breen
Vestre + + + + + + + +
Torellbreen

Tab. 2. Wybrane formy rzezby terenu ladowej cz¢sci przedpoli lodowcoéw Hansbreen, Hornbreen,
Werenskioldbreen i Vestre Torellbreen.

Zapis szarz wybranych lodowcow w materialach historycznych

Wyniki analiz historycznych map i fotografii przedstawiatam w pracach Osika, Jania (2024)
oraz Osika i in. (2025a). Mapy z XVII i XVIII w. maja charakter szkicow przedstawiajacych
uproszczony zarys linii brzegowej Hornsundu (Tab. 1). Niemniej, poszczegdlne odnogi fiordu
wydaja si¢ bardziej rozlegle, niz w XIX w., co sugeruje mniejszy zasieg lodowcow
uchodzacych do morza w poréwnaniu z maksimum Matej Epoki Lodowej (MEL). Na mapie
z wyprawy szwedzkiej w latach 1861-1864 (Dunér, Nordenskiold, 1865) zasigg lodowcodw
uchodzacych do Hornsundu wydaje si¢ wigkszy, niz w opracowaniach kartograficznych z
XVII w. Doktadno$¢ map nie pozwala na doktadniejsza analize zmian zasiegu lodowcow.

Zdecydowanie wigcej danych na temat stanu lodowcow dostarczaja fotografie, w szczegdlnosci
z wyprawy austro-wegierskiej w 1872 r. i norweskiej w 1918 r. Fotografie z 1872 r.
udokumentowaty wigkszo§¢ lodowcéw uchodzacych do Hornsundu i ujawnity przestanki
trwajacej szarzy lodowca Hansbreen. W 1872 r. zasigg lodowca byt mniejszy, niz lokalizacja
moreny koncowej z okresu MEL, a powierzchnia lodowca silnie i chaotycznie uszczeliniona,
z widocznym nabrzmieniem w dolnej czgsci lodowca 1 stromym czolem w formie lobu.
Podobnie silnie, chaotycznie uszczeliniona powierzchnia lodowca Paierlbreen i zasieg
nawiazujacy do lokalizacji moreny czolowej z MEL sugeruje szarz¢ krotko przed wykonaniem
fotografii. W tym czasie Hornbreen spoczywat na ptw. Treskelen i przekroczyl jego potudniowa
czg$¢. Zdjecia fotogrametryczne z wyprawy norweskiej w 1918 r. dostarczajg przestanek fazy
uspokojenia lodowca Hansbreen, ktorego zasi¢g nawigzywal do ladowej 1 podmorskiej czesci
moreny koncowej z MEL, a powierzchnia byta pokryta siecig waskich, przecinajacych sie
szczelin, obejmujacych znaczng cze$¢ glownego strumienia lodowca. W poréwnaniu z 1872 r.,
czoto lodowca Hornbreen wycofalo si¢ w poludniowej czesci, a Chomjakovbreen
i Miihlbacherbreen awansowaly. W 1918 r. Werenskioldbreen wykazywal przejawy fazy
uspokojenia po szarzy, ktérej dowodem byta zapetlona morena srodkowa. Zdjgcia lotnicze
skos$ne z 1936 r. wykazaty rozlegla recesj¢ lodowcoéw Hornsundu w poréwnaniu z 1918 r.
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DYSKUSJA

Interpretacja i ograniczenia poszczegolnych metod

Kartowanie geomorfologiczne przedpoli lodowcow bylo oparte o dane teledetekcyjne wysokiej
rozdzielczosci, ktore pozwolity na rozpoznanie nawet mniejszych form, jak grzbiety
z wycisnigcia szczelin dennych, poszczegolne grzbiety (flutes) moreny ztobkowanej oraz kemy.
Wyniki kartowania weryfikowalam podczas badan terenowych. Mimo bardzo wysokiej
rozdzielczo$ci ortofotomapy, ktéra byla podstawg kartowania przedpola lodowca
Werenskioldbreen (ok. 9 cm), liczba grzbietow z wycisnigcia szczelin dennych moze by¢
niedoszacowana z uwagi na niewielkie rozmiary form. W potudniowo-wschodniej czgsci jego
przedpola w sierpniu 2024 r. zidentyfikowatam grzbiety o szerokos$ci i wysokosci ok. 20 cm,
ktéore nie byly widoczne na ortofotomapie. Przyktad ten wskazuje konieczno§¢ badan
terenowych w rozpoznaniu form uwazanych za diagnostyczne dla szarz lodowcow, ktorych
rozw0j i morfometria $cisle zaleza od rodzaju 1 ilosci dostgpnego materiatu i ktore szybko
ulegaja degradacji wskutek dziatalnosci wod roztopowych i1 procesow peryglacjalnych
(Farnsworth 1 in., 2016; Ben-Yehoshua i in., 2023).

Pozyskane muszle matzy morskich i zebro wieloryba redeponowane w osadach lodowcowych,
jak réwniez gleby kopalne pokryte warstwa gliny, stanowig zapis okres6w recesji lodowca
w cieplejszych okresach holocenu 1 nastepujacych po nich awansow. Bardzo duze
zrdéznicowanie wieku muszli matzy morskich w osadach moren dennych i czolowych wskazuje
na wymieszanie osadow podczas awansu. Biorgc pod uwage wymagania $rodowiskowe
datowanych gatunkéw, wyniki datowania wskazujg okresy recesji lodowcow uchodzacych
do morza, ktora pozwolila na kolonizacj¢ fiordow. Malze Mya truncata, Hiatella arctica,
Chlamys islandica czy Astarte borealis wykazuja wrazliwo$¢ na wysoka koncentracje
zawieszonych osadow nieorganicznych, typowa dla przedpoli lodowcow uchodzacych do
morza. Wspotczesnie wystepuja w centralnej lub zewngtrznej czgsci fiordow arktycznych,
gdzie stezenie materiatu jest mniejsze (Wlodarska-Kowalczuk i in., 1998; Rozycki, 1992;
Wtodarska-Kowalczuk, 2007; Aswathy et al., 2023). W przypadku odpowiednio duzej liczby
probek, brak malzy w poszczegdlnych okresach moze sugerowaé awans lodowcow
uchodzacych do morza (Osika i in., 2022). Podobnie minimalny wiek awansu lodowcoéw moze
by¢ interpretowany na podstawie wieku subfosylnych gleb lub tundry kopalnej przykrytej
warstwa diamiktonu (Baranowski and Karlén, 1976; Kaprzak i in., 2020).

Datowanie probek gtazow metoda izotopu kosmogenicznego '“Be jest powszechnie stosowane
do okreslenia wieku depozycji moren (Balco, 2011). Wyniki datowania probek z moreny
czotowej lodowca Hansbreen s3 silnie zrdéznicowane zar6wno migdzy poszczegdlnymi
stanowiskami poboru glazéw, jak rowniez w obregbie poszczegolnych grzbietéw morenowych.
Rozproszone daty °Be, w szczegblnosci z wezesnego i $rodkowego holocenu, nie sg poparte
wynikami datowania radioweglowego materiatu z przedpola lodowca Hansbreen, wynikami
datowania '°Be glazéw z moreny lodowca Hornbreen (Philipps i in., 2017), ani zmianami
zawartosci detrytusu glacjalnego z dryfujacych gor lodowych (ice-rafted debris; IRD)
w osadach na przedpolu Hornsundu (Devendra i in., 2023). Z tego wzgledu uwazam,
ze otrzymane daty '°Be nie odzwierciedlajg rzeczywistego wieku moren z uwagi na wysoka
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zawarto$¢ nuklidow odziedziczonych z wczesnego 1 srodkowego holocenu. W tym okresie
lodowce Arktyki, w tym Svalbardu, ulegly recesji wskutek ocieplenia klimatu i osiagnegty
minimalne zasi¢gi w holocenie lub zanikty (Farnsworth i in., 2020; Larocca, Axford, 2022).
Problem ,,postarzonych” dat wystapil podczas datowania moreny grenlandzkiego lodowca
Gletscherlukket, pochodzacej z MEL (Larsen i in., 2021). Otrzymane daty '’Be obejmowaty
okres od 10.2 to 1.6 ka, co autorzy przypisali obecnosci nuklidéw odziedziczonych z wezesnego
1 srodkowego holocenu. W Hornsundzie, Philipps 1 in. (2017), analizujagc zmiany zasiggu
Lodowca Horna, pomingli najstarsza date '°Be gtazow morenowych z ptw. Treskelen (6,35 +
0,46 ka) jako odstajacg od pozostatych dat, ktore w wigkszosci obejmowaty druga potowe
péznego holocenu. Z uwagi na odziedziczenie nuklidow, wyniki datowania '°Be glazow
morenowych z przedpola lodowca Hansbreen nie zostaty uwzglednione w analizie zmian
zasiegu lodowcow Hornsundu w holocenie.

Sposrod analizowanych materiatow historycznych, najwigcej danych na temat stanu lodowcow
dostarczyly fotografie z wyprawy austro-wegierskiej w1872, naziemne zdjgcia
fotogrametryczne z wyprawy norweskiej w 1918 r. 1 zdjgcia lotnicze skosne z 1936 r. Bardzo
wysoka jako$¢ zdje¢ pozwolita na rozpoznanie charakterystycznych cech powierzchni
lodowcow wskazujacych faze aktywna szarzy (m.in. gesta sie¢ glebokich szczelin
o chaotycznym przebiegu obejmujacych znaczng czes¢ powierzchni lodowca, wypukle czoto
lodowca), wezesng fazg uspokojenia (rozlegly zasieg lodowca nawigzujacy do rozpoznanych
moren koncowych, gesta sie¢ zaci$nietych szczelin) lub zaawansowang recesj¢ lodowcow
(wklesty przebieg czota). Ograniczenia w rozpoznaniu przestanek szarz dotycza liczby
fotografii dokumentujacych poszczegdlne lodowce oraz odlegltosci, z ktorej wykonano zdjecia.
Przyktadowo, fotografie lodowca Hansbreen z 1872 r. udokumentowaly stref¢ czolowa, ale
nie objety wyzszych partii lodowca. Zdjecia fotogrametryczne z 1918 r. wykonane
z Fannytoppen pozwolily oceni¢ stan znacznej czgsci gtdéwnego strumienia i zidentyfikowac
zaci$nigte, przecinajace si¢ szczeliny siegajace wysoko w gore lodowca (Osika, Jania, 2024).
Zdjecia fotogrametryczne strefy czolowej niektorych lodowcéw (np. Vestre Torellbreen
z19181.) sa silnie przeswietlone, co utrudnito i/lub uniemozliwito ich interpretacjg.
Ze wzgledu na ograniczong doktadno$¢, mapy historyczne (Tab. 1) dostarczyly danych
jakosciowych na temat fluktuacji lodowcow (wigkszy/mniejszy zasieg). W przypadku
lodowcow uchodzacych do morza, awans lub recesja byly odzwierciedlone zmiang linii
brzegowej Hornsundu.
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Fluktuacje lodowcow poludniowego Spitsbergenu w holocenie

Na podstawie wynikéw datowania radiowegglowego, opublikowanych dat radiowgglowych
i'"Be z Hornsundu, materialow historycznych oraz opublikowanych danych
paleoklimatycznych (mi.in. Divine i in., 2011; Luoto 1 in., 2018; Devendra i in., 2023)
wyrdznitam nastepujace okresy fluktuacji lodowcow poludniowego Spitsbergenu:

1. Deglacjacj¢ na przetomie plejstocenu i holocenu,
2. Recesje lodowcow we wezesnym i sSrodkowym holocenie,

3. Rozwoj lodowcow w pierwsze] potowie poznego holocenu (zasiggi lodowcow
mniejsze, niz maksymalne z Matej Epoki Lodowej),

4. Awanse lodowcow ok. 2,2—1,5 cal ka BP,
5. Recesj¢ lodowcow ok. 1,5-1,0 cal ka BP,
6. Awanse lodowcow od ok. 0,7 cal ka BP,

7. Mala Epoke Lodowa, w ktorej maksymalne zasiegi lodowcow byly bezposrednim
efektem szarz.

Szczegdlowy opis poszczegolnych faz znajduje si¢ w artykule Osika i in. (2025a).

Podczas ostatniego zlodowacenia, Hornsund stanowil droge odplywu jednego ze strumieni
lodowych ladolodu Svalbardu i Morza Barentsa (Ottesen i in., 2007). Datowanie wieku
ekspozycji powierzchni skalnych izotopami '°Be, 2°Al oraz in situ '*C dostarczylo przestanek
deglacjacji potudniowo-zachodniego Spitsbergenu miedzy 18 a 16 ka oraz deglacjacji
centralnej i wewngtrznej czgsci Hornsundu przed 13,3 £ 0,61 13,0 + 0,7 ka (Young i in., 2018).
Nowe wyniki datowania radioweglowego muszli z moreny czotowej Werenskioldbreen
wskazuja na recesje lodowca przed 12,5 cal ka BP. Nowe i opublikowane wcze$niej daty muszli
z przedpola lodowca i z osadow wytapiajacych sie na jego powierzchni (Birkenmajer, Olsson,
1998) wykazaty, ze recesja lodowca wystepowata do okresu wyniesienia terasy morskiej
po 10,0 cal ka BP (najmtodsza data muszli). Podobnie jak w innych regionach Svalbardu,
recesja lodowcow w obszarze badan utrzymywata si¢ we wezesnym 1 srodkowym holocenie
ze wzgledu na zwigkszone nastonecznie w okresie letnim i1 wzrost $rednich warto$ci
temperatury powietrza, jak rowniez wzrost temperatury wody morskiej przez zwigkszony
naptyw cieptej wody atlantyckiej niesionej przez Prad Zachodniospitsbergenski (Telesinski
11n., 2018; Farnsworth 1 in., 2020; Devendra 1 in., 2023). Zapisem recesji lodowcoOw sg liczne
muszle matzy z ich przedpoli datowane na wczesny 1 srodkowy holocen oraz niskie warto$ci
detrytusu glacjalnego z dryfujacych goér lodowych (ice-rafted debris; IRD) w osadach
na przedpolu Hornsundu (Ryc. 8; Devendra i in., 2023). Podczas badah nie uzyskatam
dowodow awansow lodowcow we wezesnym holocenie, ktore stwierdzono w innych obszarach
Svalbardu (np. Ktysz i in., 1988; Farnsworth i in., 2017, 2018, 2024). Lindner i in. (1986)
oraz Lindner 1 Marks (1993) wyro6znili okres awansu lodowcow okoto 8 ka BP (stadiat
Gronfjorden), jednak nasze badania nie dostarczyly przestanek awansu lodowcow w tym
okresie. Rozbieznos$ci moga wynika¢ z ograniczonej liczby datowanych probek muszli matzy
z moreny lodowca Hornbreen na ptw. Treskelen, jakimi dysponowali Marks i1 P¢kala (1986).
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Autorzy zinterpretowali wyniki datowania radioweglowego (okoto 8 ka BP) jako przyblizony
wiek awansu lodowca Hornbreen i prawdopodobnie pozostalych lodowcéw Hornsundu.
Interpretacja ta byla powtarzana w pdzniejszych pracach (Lindner i in., 1986; Lindner, Marks,
1993). Tarasov i in. (1992) oraz Birkenmajer i Olsson (1997) opublikowali wigcej dat muszli z
ptw. Treskelen, ktore objety zarowno wcezesny, srodkowy, jak 1 pdzny holocen. Na tej podstawie
Birkenmajer i Olsson (1997) wykluczyli awans lodowca po ptw. Treskelen we wczesnym
holocenie. Podczas badan stwierdzitam podobne zroznicowanie dat muszli matzy z tego
obszaru, co wskazuje na silne wymieszanie materiatu (Osika i in., 2022, 2025 a, b). Warunki
klimatyczne wczesnego holocenu nie zapewnialy pozytywnego bilansu masy lodowcow
1 mozliwe awanse w tym okresie najpewniej mialyby charakter szarz (Farnsworth 1 in., 2020).
Farnsworth 1 in. (2024) stwierdzili awanse niektorych lodowcéw wyprowadzajacych z czapy
lodowej Asgardfonna na przetomie plejstocenu i holocenu, ktére wiazali z odprezeniem
glacjoizostatycznym i podniesieniem obszaru powyzej wysokosci linii rownowagi bilansowej
(eguilibrium line altitute; ELA). Analiza relatywnych krzywych zmian poziomu morza
wskazuje mniejsze podniesienie regionu Hornsundu w poroéwnaniu w pétnocno-wschodnim
Spitsbergenem (Farnsworth i in., 2020). Ze wzgledu na mniejsze podniesie obszaru, odprezenie
glacjoizostatyczne mialo ograniczony wplyw na rozwdj] lodowcoOw potudniowego
Spitsbergenu, a nisko potozone pola akumulacyjne dodatkowo utrudniaty nagromadzenie masy
1 odbudowe¢ lodowcow. Przypuszczalnie, zasiegi lodowcow potudniowego Spitsbergenu byty
mniejsze z uwagi na ograniczenia topograficzne, a pdzniejsze awanse zatarly §lady
wczesniejszej dynamiki.

Spadek srednich warto$ci temperatury powietrza oraz ograniczony naplyw cieptej] wody
atlantyckiej w poznym holocenie pozwolily na zmniejszenie ablacji powierzchniowej
i frontalnej oraz odbudowe lodowcow (np. Forwick 1 in., 2010; Skirbekk i in., 2010; Telesinski
11in., 2018; Allaart i in., 2021; Devendra i in., 2023). Mimo rozwoju lodowcéw uchodzacych
do Hornsundu przed ok. 4,0 cal ka BP (Jang i in., 2025), wyniki datowania muszli matzy i gleb
kopalnych wskazuja, ze ich zasiegi byly znacznie mniejsze, niz podczas maksimum Matej
Epoki Lodowej. Malze wrazliwe na wysoka koncentracje zawieszonego materialu
nieorganicznego wystepowatly w obrebie maksymalnych zasiggow lodowcow z MEL ok. 2,8
cal ka BP (Hansbreen), 2,5 1 2,1 cal ka BP (Hornbreen — ptw. Treskelen) oraz 2,1 cal ka BP
(Vestre Torellbreen). Podobnie ptw. Oseanograftangen na przedpolu lodowca Hansbreen byt
wolny od lodu w pierwszej potowie poznego holocenu, jak wskazujg daty gleby kopalnej
przykrytej warstwa gliny (ok. 3,6; 2,8 i 2,1 cal ka BP; Pe¢kala, 1989; Osika i in., 2025b).
Uwazam, ze ograniczony zasi¢g lodowcow uchodzacych do morza w pierwszej polowie
pdznego holocenu mogt by¢ zwigzany ze zwigkszonym naptywem cieptej wody atlantyckie;j
1 wzrostem temperatury wody, ktory stwierdzono na przedpolu Hornsundu ok. 2,2—-1,8 cal ka
BP (Devendra i in., 2023), jak rowniez w Isfjorden (Brice i in., 2023) czy wschodnim
Svalbardzie (Pawtowska i in., 2020). Rekonstrukcje paleoklimatyczne na podstawie danych z
jeziora Svartvatnet w Hornsundzie dodatkowo wskazaly wzrost §redniej rocznej i lipcowej
temperatury powietrza, ktory ograniczatby tempo rozwoju lodowcow w tym okresie (Ryc. 8;
Luoto 1 in., 2018).
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Awanse lodowcow poludniowego Spitsbergenu wystepowaty ok. 2,2—-1,5 cal ka BP.
Na podstawie wynikéw datowania '°Be, Hornbreen zwickszyl swoj zasieg po ptw. Treskelen
ok. 1,9 £ 0,3 ka (Ryc. 7c; Philipps i in., 2017) i awans ten mogltby nawigzywa¢ do wysokich
wartosci detrytusu glacjalnego z dryfujacych gor lodowych (/RD) w osadach na przedpolu
Hornsundu i centralnej czgsci fiordu ok. 2,2 cal ka BP (Devendra i in., 2023; Jang i in., 2025).
Co istotne, awans ten wystapit w okresie wzrostu $redniej rocznej temperatury powietrza
1 temperatury wody ok. 2,2—1,9 cal ka BP (Ryc. 8; Luoto i in., 2018; Devendra 1 in., 2023),
co mogloby sugerowac szarz¢ zamiast awansu zwigzanego wylacznie z ochtodzeniem klimatu.
Sposrod lodowcow konczacych si¢ na ladzie, wyniki datowania radiowgglowego tundry
kopalnej pomigdzy dwiema warstwami gliny sugeruja awans lodowca Werenskioldbreen przed
1,5 cal ka BP (Baranowski, Karlén, 1976), a wyniki datowania '°Be moren lodowca Scottbreen
sugeruja jego awans ok. 1,7 = 0,1 ka (Philipps i in., 2017).

Recesja lodowcow wystapita podczas Sredniowiecznego Okresu Cieptego miedzy 1,5-0,7 cal
ka BP (Miller i in., 2010; Divine i in., 2011). Nowe i opublikowane wyniki datowania muszli
matzy wskazuja recesj¢ lodowca Hansbreen ok. 1,6 cal ka BP, Hornbreen ok. 1,3 cal ka BP
(Birkenmajer, Olsson, 1997) oraz Vestre Torellbreen ok. 0,7 cal ka BP. Podobnie wyniki
datowania listkow torfowcow 1 gleby kopalnej wskazuja, ze ptw. Oseanograftangen byl wolny
od lodu do 0,6 cal ka BP lub dtuzej. Sposroéd lodowcow ladowych, recesje stwierdzono m.in.
w przypadku lodowcow Werenskioldbreen (1,5-0,7 cal ka BP; Baranowski, Karlén, 1976),
Renardbreen (1,1-0,6 cal ka BP; Dzierzek i in., 1990) oraz Longyearbreen (1,9-1,1 cal ka BP;
Humlum i in., 2005). Podobnie jak we wczesniejszych okresach ocieplenia, recesja lodowcow
nastgpita w odpowiedzi na wzrost temperatury powietrza (Sredniej rocznej i w okresie letnim)
oraz wzrost temperatury wody morskiej. Devendra i in. (2023) stwierdzili zwigkszony naptyw
cieplej wody atlantyckiej i wzrost temperatury wody u wejscia do Hornsundu ok. 1,5-1,0 cal
ka BP, podobnie jak Isfjorden (2,0-1,2 cal ka BP; Brice i in., 2023), wschodnim Svalbardzie
(ok. 1,7 cal ka BP; Pawlowska i in., 2020) i zachodniej czgsci Morza Barentsa (Sarnthein i in.,
2003). W Hornsundzie, Luoto i in. (2018) odtwarzajac warunki paleoklimatyczne z danych
z jeziora Svartvatnet stwierdzili wzrost §redniej rocznej i1 lipcowej temperatury powietrza
ok. 1,5 cal ka BP (Ryc. 8). Mimo ocieplenia klimatu, Jang i in. (2025) wskazali na mozliwe
awanse lodowcow uchodzacych do Hornsundu ok. 940 i 1380 r. na podstawie zawartosci
izotopéw Nd w osadach morskich. Uwazam, ze awanse te mialy charakter szarz z uwagi
na warunki klimatyczne oraz jedynie krotkotrwaty wzrost zawartosci detrytusu glacjalnego
z dryfujacych gor lodowych (/RD) w osadach morskich z Hornsundu (Majewski i in., 2009).
Podobne ,,piki” zawartosci IRD towarzyszyly dobrze rozpoznanym szarzom lodowcow
uchodzacych do morza, jak Paulabreen ok. 1300 r. (Hald 1 in., 2001).

Dane paleoklimatyczne z rdzenia lodowego z Lomonosovfonna sugeruja, ze do konca XIII w.
temperatury w okresie zimowym (grudzien — luty) byly zblizone do wartosci w latach 30. i 90.
XX w., a w latach 1130 — 1300 nastapilo wyjatkowo intensywne topnienie w okresie letnim,
porownywalne do lat 90. XX w. (Ryc. 8; Grinsted i in., 2006; Divine i in., 2011). Pomimo
ocieplenia, Hornbreen ponownie awansowat po ptw. Treskelen ok. 0.7 + 0.2 ka (Philipps 1 in.,
2017), podobnie jak Werenskioldbreen po 0,7 cal ka BP (Baranowski and Karlén, 1976;
Kasprzak et al., 2020). Wiek listkow torfowcoéw wskazuje mozliwy awans lodowca Hansbreen
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po 0,6 cal ka BP, ktory moglby nawigzywa¢ do naglego wzrostu IRD i izotopow Nd
w Hornsundzie ok. 0,57 cal ka BP (Jang i in., 2025). W tym okresie wystgpily dobrze
rozpoznane szarze lodowcow uchodzacych do morza, jak Paulabreen ok. 1300 r. (Hald i in.,
2001) 1 Nathorstbreen ok. 1160 r. (Lovell i1 in., 2018). Z uwagi na warunki klimatyczne,
sprzyjajace zwickszonej dostawy wdd roztopowych do podtoza lodowcow, pojawia sie pytanie
o charakter awansu lodowcéw obszaru badan. Joe 1 in. (2022) powigzali rozbudowang morene
czolowa lodowca Hambergbreen z szarzg lub szarzami ok. 0,7 cal ka BP. Z uwagi
na redepozycj¢ materialu podczas Malej Epoki Lodowej, podczas badan terenowych
nie stwierdzitam stratyfikacji glin na ptw. Treskelen wskazujgcej na kilka awanséw w p6znym
holocenie, podobnie jak w poprzednich opracowaniach tego obszaru (Marks, 1983; Philipps
11in.,2017). Niemniej, Hornbreen jest lodowcem szarzujgcym, co sugeruje mozliwos¢ tego typu
awansOw w przesztosci (Grabiec i in., 2018). Werenskioldbreen nie rozwingt rozbudowane;,
proglacjalnej moreny typu thrust block moraine charakterystycznej dla lodowcow szarzujacych
(Lovell, Boston, 2017), ale posiada niewielkg moren¢ czotowa spietrzong (push moraine)
w formie pojedynczego grzbietu o wysokosci ok. 4 m, z warstwa tundry subfosylnej datowanej
na ok. 0,7 1 0,6 cal ka BP (Kasprzak i in., 2020). Niemniej, moreny typu thrust block moraine
mogly ulec degradacji podczas sztormow i1 wskutek dziatalnosci wod roztopowych, jak rowniez
mogla si¢ nie rozwing¢ z uwagi na uwarunkowania topograficzne (Szupryczynski, 1963;
Lonne, 2016). Zatem brak tego typu moreny nie wyklucza szarzy lodowca Werenskioldbreen
w tym okresie. Zdaniem Baranowskiego (1968, 1977) morena czolowa z jadrem lodowym jest
efektem awansu poprzedzajacego Mata Epoke Lodowa i1 zostata przemodelowana podczas
maksimum MEL. Awans ten najprawdopodobniej byt szarza (Baranowski, 1977; Jania, 1988).

Poczatek Matej Epoki Lodowej nie jest jednoznaczny w danych paleoklimatycznych z rdzenia
lodowego z Lomonosovfonna, jednak pierwsze wyrazniejsze oznaki ochtodzenia widoczne sa
na poczatku XVII w. (Isaksson et al., 2003; Kekonen et al., 2005; Grinsted et al., 2006).
Maksimum ochtodzenia wystapito okoto 1850 r. (Divine i in., 2011). Mapy historyczne (Tab. 1)
wskazuja, ze w XVII 1 XVIII zasigg lodowcow uchodzacych do morza byl najpewniej mniejszy,
niz w XIX w. Nieco inny przebieg fluktuacji lodowcow podczas MEL przedstawili Jang i in.
(2025), wyrdzniajac okres ograniczonego zasiegu lodowcow na poczatku MEL, awanse
lodowcoéw miedzy 1580 a 1620 r., faze recesji lodowcow oraz drugi okres awansu lodowcow
okoto 1900 r. Ostatnie szarze lodowcéw udokumentowano na fotografiach z 1872 i 1918 r.,
na ktorych mozna rozpoznaé przejawy trwajacej fazy aktywnej lub fazy uspokojenia
po przebytej szarzy. Przebieg szarz poszczegdlnych lodowcéw Hornsundu przedstawitam
w pracach Osika i Jania (2024) oraz Osika i in. (2025a). Co istotne, maksymalne zasiegi
lodowcow z MEL byly tozsame z maksymalnymi zasiggami szarz pod koniec MEL,
co wykazatam m.in. w przypadku lodowca Hansbreen (Osika, Jania, 2024). Fotografie z 1872 r.
wskazuja rdwniez trwajaca faze aktywna lub wezesng fazg uspokojenia lodowca Paierlbreen,
ktérego chaotycznie uszczeliniona powierzchnia kontrastowata z sgsiednim lodowcem
Miihlbacherbreen w fazie uspokojenia. Oprécz Hornsundu, szarze pod koniec MEL byly
powszechne na Svalbardzie, a wérdd lodowcow szarzujacych pod koniec XIX w. byty m.in.
Kongsbreen, Kongsvegen-Kronebreen w 1869 r. (Liestol, 1988), Nathorstbreen ok. 1870 r.
(Liestol, 1977), Von Postbreen w 1870 r. (Liestel, 1993), a nawet mniejsze lodowce ladowe
w centralnej czgsci Spitsbergenu (Mannerfelt i in., 2024). Zapis geomorfologiczny i dane
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historyczne wykazaly, ze maksymalne zasiegi lodowcow pod koniec MEL czgsto byty
bezposrednio zwigzane z szarzami, podobnie jak w Hornsundzie (Liestal, 1969; Lefauconnier,
Hagen, 1991; Lovell i in., 2018; Dowdeswell i in., 2020; Zagoérski i in., 2023; Mannerfelt i in.,
2024). Odpowiedzi wymaga pytanie o rol¢ warunkoéw klimatycznych w synchronicznym
wystepowaniu szarz w roéznych obszarach Svalbardu. Szarze lodowcow ladowych,
wspotczesnie zimnych, mogly by¢ zwigzane z rozwojem struktury politermalnej wraz
z nagromadzeniem masy w warunkach ochtodzenia klimatu (Sevestre i in., 2015). Szarze
wiekszych, politermalnych lodowcow ladowych i lodowcéw uchodzacych do morza mogty by¢
zwigzane z zwigkszong dostawg wody do podtoza. Dane z rdzenia z Lomonosovfonna
wskazuja, ze lata 60. 1 70. XIX w. oraz 1890-1910 byt cieplejsze, niz 50. i 80. XIX w. (Divine
et al., 2011). Szarze mogly wystapi¢ w latach cieplejszych, poprzedzonych nagromadzeniem
masy w chtodniejszych, wczesniejszych dekadach. Niemniej, odpowiedzi wymaga pytanie
o sum¢ opadow podczas MEL i ich role w rozwoju lodowcoéw w tym okresie (np. Nesje i in.,
2008).
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Ryec. 8. Zestawienie danych proxy z holocenu. Od gory: zmiany zawartosci detrytusu glacjalnego z dryfujacych
g6r lodowych (ice-rafted debris; IRD) w osadach morskich SW Svalbardu (rdzen OCE2019-HR7-GC; Devendra
i in., 2023); rekonstrukcja temperatury powierzchniowej (surface air temperature, SAT) w miesigcach grudzien-
luty w Longyearbyen z rdzenia lodowego z Lomonosovfonna (Divine i in., 2011); rekonstrukcja temperatury
powietrza w lipcu na podstawie sktadu gatunkowego ochotkowatych (Chironomidae) z jeziora Svartvatnet
w potudniowym Spitsbergenie (Luoto i in., 2018); rekonstrukcja temperatury glebinowej (benthic water
temperature; BWT) z rdzenia osadow morskich w SW Svalbardzie (rdzen OCE2019-HR7-GC; Devendra i in.,
2023); rekonstrukcja temperatury wody powierzchniowej (sea surface temperature,; SST) z rdzenia IM09-20-GC
w zachodniej czg¢éci Morza Barentsa (Lacka i in., 2019); rekonstrukcja temperatury wody powierzchniowej
z rdzenia JM09-KA11-GC w zachodniej cze$ci Morza Barenstsa (Berben i in., 2014); rekonstrukcja temperatury
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wody powierzchniowej z rdzenia OCE2019-HR7-GC (Devendra i in., 2023); 8'30 z rdzenia lodowego GISP2
(Grootes i in., 1993). Niebiesko-czerwona skala schematycznie przedstawia fluktuacje lodowcow potudniowego
Spitsbergenu w holocenie: recesje lodowcow w okresach ocieplenia (glacier recession), stopniowe odbudowanie
masy lodowcéw podczas neoglacjatu (glacier re-growth) i okresy awansu lodowcow (w tym szarz) w pdznych
holocenie (glacier advances).

Zrédio: Osika i in., 2025a.

Hornsund jako fiord i cieSnina w holocenie

Ze wzgledu na topografi¢ podtoza lodowcow Hornbreen i Hambergbreen, w szczegolnosci
obecnos$¢ przeglebienia o giebokosci ok. 40 m p.p.m., funkcjonowanie Hornsundu jako fiordu
lub cie$niny zalezy od dynamiki lodowcow uchodzacych do morza. Wskutek recesji lodowcow,
otwarcie cie$niny 1aczacej Morze Grenlandzkie z Morzem Barentsa nastapi
najprawdopodobniej miedzy 2053-2065 r. (Grabiec i in., 2018; Saferna i in., 2023). Nowe
1 opublikowane wczesniej wyniki datowania muszli malzy morskich z przedpola lodowca
Hornbreen (Marks, Pekala, 1986; Tarasov i in., 1992; Birkenmajer, Olsson, 1997) wskazuja
recesj¢ lodowcow systemu Hornbreen-Hambergbreen we wezesnym i §rodkowym holocenie,
ktora doprowadzita do otwarcia ciesniny ok. 10,9 cal ka BP (najstarsza data muszli)
lub wczesniej. Podczas obserwacji w latach 70. 1 80. sposrod datowanych gatunkéw tylko jeden
stwierdzono w Brepollen (R6zycki, 1992). Zasieg pozostalych byt ograniczony do zewngtrznej
i centralnej czgsci Hornsundu, gdzie zawarto§¢ zawieszonego materialu mineralnego
dostarczanego przez lodowce uchodzace do morza jest znacznie nizsza. Warto zwrdci¢ uwage,
ze najstarsze muszle z moreny dennej w wewnetrznej czesci Hornbukty sg podobnego wieku,
jak muszle z moreny dennej na ptw. Treskelen (10,5 i 10,9 cal ka BP) i w obu obszarach
wystepuja muszle datowane na wezesny, srodkowy 1 pdzny holocen. Awans lodowca Hornbreen
1 zwigzane z nim zamknigcie cie$niny mogl nastapic¢ ok. 3,9 cal ka BP (wiek muszli z moreny
dennej na wybrzezu Hornbukty) lub pdzniej, ok. 2,1 cal ka BP (wiek muszli z moreny denne;j
na ptw. Treskelen), lub nawet ok. 1,9 £ 0,3 ka ($redni wiek '°Be czterech probek gtazow
zmoreny koncowej na piw. Treskelen; Philipps i in., 2017), w zaleznosci od dynamiki
lodowcow szarzujacych. Recesja lodowcow podczas Sredniowiecznego Okresu Cieplego
najpewniej doprowadzita do ponownego otwarcia cie$niny, jak sugeruje wiek muszli z moreny
dennej na ptw. Treskelen (ok. 1,3 cal ka BP; Birkenmajer, Olsson, 1997). Ponowny awans
Lodowca Horna po Treskelen oraz zwigzane z nim mozliwe zamknigcie cieSniny nastgpit
ok. 0.7 £ 0.2 ka (Philipps i in., 2017). Po tym okresie nie stwierdzitam przestanek ponownego
otwarcia ciesniny.

Obecnos¢ cies$niny taczacej Morze Grenlandzkie z Morzem Barentsa modyfikowala cyrkulacje
pradow morskich w tej czgsci Svalbardu: cieptego Pradu Zachodniospitsbergenskiego
1 zimnego Pradu Wschodniospitsbergenskiego. Wedlug opracowania Grabca i in. (2018),
w przypadku ponownego otwarcia ciesniny, glebokos¢ wody bedzie przekraczata 40 m wzdtuz
osi taczacej Morze Grenlandzkie z Morzem Barentsa. Gleboko§¢ wody w centralnej czgsci
nowego fiordu wzdluz osi Hornbreen—Flatbreen bedzie przekraczala 70 m. Zamknigcie
ciesniny tej glebokosci wymagato serii szarz wyprowadzajacych znaczne ilosci lodu
z obszaréw rezerwuarowych. Model konceptualny zamknigcia ciesniny Hornsund poprzez
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szarze lodowcoéw przedstawili Grabiec 1 in. (2018). Szarze lodowcoéw najpewniej nastgpity
synchronicznie lub jedna po drugiej, podobnie jak zaobserwowano w przypadku systemu
lodowcowego Nathorstbreen od 2008 r. (Sund i in., 2014). Podczas szarzy, lodowiec Flatbreen
mogt awansowa¢ w kierunku potudniowym po masyw gorski Professorryggen i rozdzieli¢ si¢
na dwie odnogi, Hambergbreen w kierunku wschodnim i Hornbreen w kierunku zachodnim.
Szarze poszczegdlnych lodowcow uchodzgcych do morza w Brepollen (Svalisbreen,
Mendeleevbreen, Storbreen, Chomjakovbreen, Samarinbreen) pozwolily na rozbudowanie
rozleglego systemu lodowcowego w wewngtrznej czeSci Hornsundu. Hambergbreen
dodatkowo byt zasilany przez lodowiec Sykorabreen wyprowadzajacy 16d z czapy lodowej
Hedgehogfonna. W ten sposob szarze lodowcow doprowadzily do uformowania pomostu
lodowego taczacego Torell Land na poétnocy i Serkapp Land na potudniu.
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WNIOSKI

1. Fluktuacje lodowcow obszaru badan przebiegaly generalnie synchronicznie z pozostata
czgscig Svalbardu 1 podobnie jak w innych regionach, odzwierciedlaly zmiany bilansu masy,
w tym takze temperatury powietrza i wody morskiej. Z uwagi na brak danych, pytanie o rolg
opadow atmosferycznych w rozwoju lodowcoéw wymaga dalszych badan. Nisko potozone
strefy akumulacyjne na potudniowym Spitsbergenie dodatkowo sprzyjaly szybkiej recesji
lodowcéw w okresach ocieplenia i spowalnialy tempo ich odbudowy w okresach
chtodniejszych. Kluczowa rolg¢ w ewolucji pokrywy lodowej odgrywaty szarze lodowcow.
Najbardziej spektakularne byto kilkukrotne doprowadzenie do utworzenia pomostu lodowego
taczacego Torell Land i Serkapp Land.

2.Na podstawie kartowania geomorfologicznego, analizy materialdow historycznych
oraz nowych i opublikowanych wynikéw datowania materiatu organicznego metodg '*C
oraz glazoéw morenowych metoda °Be wyrdznitam nastepujace okresy fluktuacji lodowcow
poludniowego Spitsbergenu: (1) deglacjacje, (2) recesje lodowcoéw we wezesnym i sSrodkowym
holocenie, (3) rozwdj lodowcow w pierwszej potowie pdznego holocenu, (4) awanse lodowcow
ok. 2,2-1,5 cal ka BP, (5) recesj¢ lodowcow ok. 1,5-1,0 cal ka BP, (6) awanse lodowcoéw od
ok. 0,7 cal ka BP oraz (7) Matg Epok¢ Lodowa.

3. Dynamika lodowcow systemu Hornbreen-Hambergbreen decyduje o funkcjonowaniu
Hornsundu jako fiordu lub cie$niny miedzy Morzem Grenlandzkim i Morzem Barentsa.
Wskutek recesji lodowcoéw, Hornsund byt ciesning w okresie wczesnego 1 $rodkowego
holocenu. Nowe i opublikowane wczesniej daty '*C muszli z moreny dennej lodowca
Hornbreen i opublikowane daty '°Be glazéw morenowych z ptw. Treskelen wskazuja, ze awans
lodowcdw 1 zamknigcie cie$niny nastapity ok. 3,9 cal ka BP lub pdzniej, ok. 2,1 cal ka BP lub
dopiero 1,9 + 0,3 ka (Philipps i in., 2017). Ponowne otwarcie cie$niny mogto nastapi¢ ok. 1,3
cal ka BP do kolejnego awansu lodowcdéw ok. 0,7 £+ 0,2 ka (Birkenmajer, Olsson, 1997; Philipps
iin., 2017).

4. Wyniki  kartowania geomorfologicznego oraz fotografie archiwalne wskazuja,
ze maksymalne zasiegi badanych lodowcéw pod koniec Matej Epoki Lodowej (MEL) byly
efektem szarz. Do kluczowych form rzezby terenu, ktore pozwolity zidentyfikowaé szarze
lodowcow, nalezg grzbiety z wycisnigcia szczelin dennych (crevasse-squeeze ridges, CSRs),
ozy harmonijkowe (concertina eskers), lineacje lodowcowe (streamlined glacial lineations)
oraz moreny czolowe spigtrzone. Wystepowanie szarz w réznych obszarach Svalbardu
pod koniec MEL wskazuje mozliwos¢ istnienia podobnych czynnikow wyzwalajacych szarze
lodowcow w tym okresie.

5. Maksymalne zasiegi zidentyfikowanych awanséw w poznym holocenie byty bezposrednio
zwigzane ze zjawiskiem szarzy lodowcow, zwlaszcza dhugich, o stabo nachylonej powierzchni
1 rozwinigtym, rozgalezionym systemie akumulacyjnym. Szarze byly poprzedzone
dlugotrwatym nagromadzeniem masy w strefie rezerwuarowej w warunkach chtodniejszego
klimatu 1 wysoce prawdopodobnym wzrostem opaddéw $niegu na poczatku okresu cieplejszego.
Czynnikiem wyzwalajacym byta najprawdopodobniej zwigkszona dostawa wod ablacyjnych
z powierzchni do podtoza lodowcow w okresach cieplejszych, gdzie stabe nachylenie
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1 przegtebienia utrudnialy jej szybki odplyw, zmniejszajac tarcie i utatwiajac poslizg lodowca.
Zmieniato si¢ w ten sposob stale potozenie geometrycznego srodka ciezkosci lodu 1 nastepowat
gwaltowny transfer masy do strefy ablacji. Skutkiem tego byly wyrazne szarze lodowcow.
Rozciagnigcie jezora ponizej linii rownowagi przyspieszato nastepnie recesje¢ lodowca. Z uwagi
na niesprzyjajace uwarunkowania topograficzne ograniczajace tempo akumulacji $niegu i lodu,
najwicksze awanse lodowcoéw wystgpity nie wczesniej, niz w drugiej polowie pdznego
holocenu.

6. Szarze lodowcow istotnie przyspieszaja redukcje zlodowacenia potudniowego Spitsbergenu
i prawdopodobnie catego Svalbardu w dobie wspotczesnego ocieplenia klimatu. Podobng rolg
odegraly w cieplejszych okresach w przesztosci, zwigkszajac tempo recesji lodowcow
we wczesnym holocenie oraz w cieplejszych fazach pdznego holocenu. Proces ten ma charakter
,konwulsyjnego” zaniku zlodowacenia z cyklicznymi szarzami lodowcow prowadzacymi
do stosunkowo krotkotrwatego zwiekszenia powierzchni zlodzonej. Nastepujace po sobie
szarze prowadza do odprowadzenia mas lodu ze strefy rezerwuarowej do odbierajacej az
do wyczerpania strefy rezerwuarowe;.
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WYZWANIA I OTWARTE PYTANIA

Doswiadczenia nabyte podczas analizy zmian zasiggu lodowcow potudniowego Spitsbergenu
w holocenie pozwalaja wskaza¢ obszary wymagajace dalszych badan oraz wyzwania zwigzane
ze specyftika historii zlodowacenia tej czesci Svalbardu w holocenie.

Fluktuacje lodowcow obszaru badan przebiegaty synchronicznie z pozostalg cze$cig Svalbardu.
Niemniej, podczas badan nie stwierdzilam przestanek awanséw zwigzanych z ochtodzeniem
mtodszego dryasu lub awansow dynamicznych towarzyszacych deglacjacji, jakie
zidentyfikowano w innych obszarach Svalbardu (np. Farnsworth i in., 2017, 2022, 2024).
Odpowiedzi wymaga pytanie, czy tego typu awanse wystepowaly w Hornsundzie, czy recesja
lodowcoéw we wezesnym holocenie miata charakter szybkiej deglacjacji frontalnej i arealne;.
Ograniczone podniesienie glacjoizostatyczne w regionie Hornsundu w poréwnaniu np.
z polnocno-wschodnim Svalbardem oraz nisko potozone pola akumulacyjne lodowcow
utrudnialy nagromadzenie mas lodu w strefie rezerwuarowej, ktory moglby zostaé
odprowadzony podczas szarz. Jednocze$nie wielokrotna redepozycja osadow podczas
awansow lodowcow w pdéznym holocenie ogranicza zastosowanie metody radioweglowe;j
w datowaniu moren.

Redepozycja osadow stanowi wyzwanie w przypadku datowania moren metoda '°Be,
a niedostateczna erozja podczas awansu prowadzi do ,,postarzenia” wieku z uwagi na obecnos¢
izotopdéw odziedziczonych z wezesnego i srodkowego holocenu, kiedy lodowce Svalbardu byty
mniejsze, niz wspodlczesnie. Niestabilnos¢ moren z uwagi na zanik jadra lodowego moze
prowadzi¢ do ,,odmtodzenia” wieku datowanych skat wskutek redepozycji. Zastosowanie par
izotopow (1°Be i 2°Al) moze dostarczy¢ dodatkowych danych na temat historii ekspozycji
1 pogrzebania glazow (np. Tylmann, Moskalewicz, 2020).

Istotnym zrodtem danych na temat fluktuacji lodowcoOw pozostaja rdzenie osadéw morskich
(np. Jang i in., 2025). Podobnie jak w przypadku datowania moren potozonych na ladzie,
wyzwanie w rekonstrukcji fluktuacji lodowcow Hornsundu we wczesnym i $rodkowym
holocenie na podstawie rdzeni osadow morskich stanowi wielokrotna redepozycja materiatu.
Jej przejawem jest zréznicowanie wieku muszli malzy w morenie dennej na ptw. Treskelen,
wybrzezu Hornbukty, przedpolach lodowcow Hansbreen lub Vestre Torellbreen. Awanse
lodowca Hornbreen poza Treskelen doprowadzity do wymieszania osadow z wczesnego,
srodkowego 1 poznego holocenu i jego depozycji w formie moreny dennej 1 czotowej potozonej
na zachod od ptw. Treskelen. Z tego wzgledu rekonstrukcja fluktuacji z okresu poprzedzajacego
Mata Epoke Lodowa pozostanie wyzwaniem w przypadku lodowcow uchodzacych
do wewnetrznej czesci fiordu.

Dotychczas nie odtworzono minimalnego zasiggu lodowcoéw Svalbardu w holocenie
(Farnsworth i in., 2020). Mozliwe dowody geomorfologiczne najpewniej zostaly
przemodelowane podczas rozbudowy i awansow lodowcow w pdznym holocenie. Z uwagi
na uwarunkowania topograficzne, dowody potencjalnej obecnosci lodowcoéw we wezesnym
holocenie moga znajdowaé si¢ w najwyzej potozonych cyrkach, szczegdlnie o ekspozycji
poinocnej, gdzie mogltyby zachowaé si¢ ptaty lodu pokryte gruzem lub lodowce gruzowe.
Jednoczesnie podczas deglacjacji nastgpuje odstonigcie okalajacych grzbietoéw i nunatakow,
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gdzie pokrywa lodowa jest ciensza (Szafraniec, Dobinski, 2020). To utrudnia identyfikacje
obszaréw o mozliwie najstarszym lodzie. Zrodtem informacji na temat obecnosci lub zaniku
lodowcoéw moga by¢ osady jeziorne w zlewniach zlodowaconych (np. Rethe i in., 2015).
W poréwnaniu z liczbg lodowcow, tego typu badania nadal sg stosunkowo nieliczne nawet
w najlepiej zbadanych obszarach Svalbardu.

W porownaniu z rekonstrukcjami temperatury powietrza lub wody morskiej, badania na temat
zmian wielko$ci opadow w holocenie pozostajg stosukowo nieliczne (np. Kjellman i in., 2024).
Odpowiedzi wymaga pytanie o role opadow w rozwoju lodowcoéw w p6znym holocenie (Nesje
i in., 2008) oraz jakie czynniki sprzyjaly wystepowaniu szarz lodowcow poludniowego
Spitsbergenu w poszczegdlnych okresach holocenu.
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Holocene ice-free strait followed by
dynamic Neoglacial fluctuations:
Hornsund, Svalbard

Aleksandra Osika,"” Jacek Jania and Joanna Ewa Szafraniec

Abstract

The recession of the Hornbreen-Hambergbreen glaciers (Hornsund, Svalbard) will lead to the formation of a strait between the Greenland and Barents
Seas within a few decades. We provide evidence for the earlier existence of this strait, in the Early—Middle Holocene and presumably since 1.3 ka cal.
BP until glacier advance 0.7 0.3 ka or earlier. Radiocarbon dating of mollusc shells from the ground moraines in the Hornbreen forefield indicate the
existence of the marine environment at the contemporary glacierized head of Hornsund since 10.9 ka cal. BP or earlier due to glacier retreat. The gap
in the radiocarbon dates between 3.9 and 1.3 ka cal. BP and the published results of '°Be exposure dating on Treskelen suggest the strait’s closure after
glacier advance in the Neoglacial. Subsequent re-opening occurred around 1.3 ka cal. BP, but according to '°Be dates from Treskelen, the strait has
again been closed since ca. 0.7 £ 0.3 ka or earlier. The oldest known surge of Hornbreen occurred around 1900. Analysis of Landsat satellite images,
morphometric indicators characterizing the glacier frontal zones and previous studies indicate one surge of Hambergbreen (1957—-1968) and five re-
advances of Hornbreen in the 20th century (after 1936, between 1958 and 1962, in 1986—1990, 1998—1999, 201 1). While the warmer Holocene intervals
might be a benchmark for the effects of future climate change, glacier dynamics in post-Little Ice Age climate warming seems to be an analogue of glacier

retreats and re-advances in the earlier periods of the Holocene.
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Introduction

Over the last 50years, the Arctic has been warming three times
faster than the global average (AMAP, 2021). For this reason, the
last 20years have witnessed exceptionally rapid deglaciation,
contributing to sea level rise (Box et al., 2018; Zemp et al., 2019).
In Svalbard, the maximum extent of glaciers in the last few
100years was reached at the turn of the 19th and 20th centuries,
and since the 1930s they have been receding (Martin-Moreno
et al., 2017; Noél et al., 2020). As elsewhere in the Arctic, this
process accelerated in the 1990s (Nuth et al., 2007). This reces-
sion has been especially rapid in the case of tidewater glaciers,
which lose their mass by intensive frontal ablation (calving and
submarine melt) (Btaszczyk et al., 2009, 2013, 2021; Petlicki
et al., 2015). Ongoing climate warming and deglaciation are
responsible for significant changes in the Arctic environment, as
exemplified by the development of paraglacial processes on
recently exposed areas, the evolution of the geometry of degla-
cierizing fjords (Strzelecki et al., 2020) and Arctic borealization
(Polyakov et al., 2020). During the first half of the Holocene,
similar changes occurred in Svalbard and elsewhere in the Arctic
(Bartels et al., 2017; Kaufman et al., 2004; Mangerud and Svend-
sen, 2018; Salvigsen and Hggvard, 2006). A growing body of evi-
dence from the marine and terrestrial environments has
demonstrated that in the Early and Middle Holocene the climate
of Svalbard was warmer than today and that the glaciers receded
to their minimum extents or disappeared altogether (Birks, 1991;
Farnsworth et al., 2020; Mangerud and Svendsen, 2018; Rathe
et al., 2015; Svendsen and Mangerud, 1997).

Despite the different causes of the warmer climate in that
period and at present, the dramatically smaller extent of glaciers
in the first half of the Holocene could provide a benchmark for
predicting the consequences of future warming in the Arctic
(Allaart et al., 2021; van der Bilt et al., 2019). On the other hand,
the glacier dynamics observed in post-Little Ice Age (post-LIA)
climate warming may, in accordance with uniformitarianism, be
analogous to their behaviour in earlier periods of deglaciation.
Although interest in the Holocene history of Svalbard is growing,
our understanding of the environment of southern Spitsbergen in
the warmer intervals is still insufficient (cf. Farnsworth et al.,
2020). The crucial area in this region is the Hornbreen-Hamberg-
breen glacier isthmus, connecting Sgrkapp Land with the rest of
Spitsbergen and limiting the contact of warmer water masses car-
ried by the West Spitsbergen Current (WSC) with the cold Bar-
ents Sea. GPR soundings have revealed a subglacial depression
ca. 40 m below sea level (Grabiec et al., 2018), probably of a
continuous nature. Hence, future decades are expected to see the
opening of the Hornsund strait as a consequence of the ongoing
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Figure |. Overview (a) and detailed (b and c) location of the study area. Hornbreen-Hambergbreen ice bridge between the Greenland and
the Barents Seas (c). Glaciers (black letters): Fl. — Flatbreen, Ha. — Hambergbreen, Ho. — Hornbreen, Is. — Isingbreen, Me. — Mendeleevbreen,
Sa. — Samarinbreen, Sk. — Skjoldfonna, St. — Storbreen, Sv. — Svalisbreen, Sy. — Sykorabreen. Capes (yellow letters): T. — Treskelen, S. — Selodden.
Mountains (orange letters): O. — Ostrogradskijfjella, P. — Professorryggen. Ocean currents: WSC — West Spitsbergen Current, ESC — East
Spitsbergen Current, SC — Segrkapp Current. Figure map modified from TopoSvalbard © Norwegian Polar Institute 2021. Landsat-8 image ID:
LC08_LITP_210005_20200804_20200804_01_RT from 04.08.2020, USGS/NASA Landsat (U.S. Geological Survey, 2021). Photo A. Osika

(26.08.2021).

retreat of these glaciers (Grabiec et al., 2018). Geomorphological
investigations and analyses of bivalve shells and foraminifera
from the ground moraines on the coastal areas at the head of the
fjord suggest that an ice-free marine environment in the recently
and contemporarily glacierized part of eastern Hornsund could
also have occurred in the Early-Middle Holocene and the Medi-
eval Warm Period (Birkenmajer and Olsson, 1997; Birkenmajer
and tuczkowska, 1996; Grabiec et al., 2018; Heintz, 1953).

This work aims to highlight the possible periods when Horn-
sund functioned as a fjord/strait between the Greenland and Bar-
ents Seas, depending on the fluctuations of the glaciers of the
Hornbreen-Hambergbreen system. To the best of our knowledge,

this is also the first study of the subfossil mollusc shells from the
glacial sediments of the recently exposed coast of Hornbukta.

Study area

Hornsund is the southernmost fjord system of Spitsbergen,
between Wedel-Jarlsberg Land and Torell Land in the north and
Sgrkapp Land in the south (Figure 1a and b). The east-west ori-
ented fjord system is approximately 35km long, 2-12km wide
and ca. 320km? in area (Prominska et al., 2018; Strzelecki et al.,
2020). Hornsund is known for its numerous glaciers, covering ca.
67% of the surrounding drainage basin of ca. 1200 km? (Btaszczyk
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Figure 2. The ground moraine with hummocky relief from degraded crevasse-squeeze ridges (CSRs) in the Hornbreen forefield (a) dissected
by streams (b). Overview of the CSR network on the aerial image from 201 | (ID: 25163/119) modified from TopoSvalbard © Norwegian
Polar Institute 2021 (c). The arrow indicates the approximate direction of the glacier’s movement during the surge. (a and b) — photo A. Osika

(August 2020).

et al., 2013). The vast majority of them terminate in the sea (97%
of the glacierized area of 781 km?). Blaszczyk et al. (2013) point
out that the tidewater glaciers in Hornsund are retreating faster
than the average rate in Svalbard (ca. 70m a* and ca. 45m atin
2001-2010, respectively). The glaciers of southern Spitsbergen as
a whole also have one of the most negative mass balances (Nuth
et al., 2010; Schuler et al., 2020; @stby et al., 2017).

The distribution of glaciers in Hornsund is governed by the
topography, which, in turn, depends closely on the geological
structures (Jania, 1988). The mountain ridges and major glacier
valleys correspond to the longitudinal direction of the main over-
thrusts and faults (Birkenmajer, 1990). On the other hand, the lati-
tudinal faults have given predestination to the course of the fjord
system (Bednarek et al., 1993). Hence, fluctuations from tidewa-
ter glacier tributaries determine the shape of Hornsund. The fjord
system is influenced by the warm WSC and the cooler water
masses from the Barents Sea carried by the Sgrkapp Current (SC)
(Prominska et al., 2018). The mean annual air temperature at the
Polish Polar Station in Hornsund was -3.7°C in 1979-2018 and
has been increasing by 1.14°C per decade since then (Wawrzyn-
iak and Osuch, 2020).

The study area is located at Brepollen in the inner part of
Hornsund (Figure 1b). At the end of the LIA (~1900 AD), Brepol-
len was entirely glacierized by confluent glacier tongues. During
that period, Hornbreen overpassed Treskelen and Hambergbreen
advanced to Storfjorden (Vassiliev, 1907). Since then, post-LIA
retreat has led to the separation of tributary glaciers and the expo-
sure of new coastal systems (Strzelecki et al., 2020), a process

that has been interrupted by surge episodes of diminishing extent
(Bfaszczyk et al., 2013; Jania, 1988).

Today, Hornbreen is supplied mainly by Flatbreen and, to a
lesser extent, by Isingbreen. Hornbreen is about 6 km wide in the
frontal zone and, together with its lateral glaciers, covers an area of
176.2km? (Btaszczyk et al., 2013). Hambergbreen, in turn, is sup-
plied by Skjoldfonna and also partly by Flatbreen. Hambergreen
has a surface area of 35km? and terminates in a 4.7 km long cliff.
Hornbreen and Hambergbreen are separated by a several km long
ice divide at ca. 180 m a.s.l. (Grabiec et al., 2018). The partly con-
fluent Hornbreen-Hambergbreen glaciers form an ice bridge ca.
4.9km wide (Norwegian Polar Institute, 2021) between the Green-
land and Barents Seas (Figure 1b and c). The ongoing recession
has given rise to the development of two bays in their forefields:
Hornbukta and Hambergbukta. Surface water conditions influence
glacier retreat rates in the different catchments. A lower rate of
retreat has been measured in Hambergbukta (2000-2015; 71ma™*
compared to 106 m a~* in Hornbukta) associated with cooler waters
of the East Spitsbergen Current (ESC) (Grabiec et al., 2018). The
recession of the Hornbreen-Hambergbreen system will end in the
collapse of the ice isthmus (Grabiec et al., 2018).

In this study, we focus on the terrestrial part of the Hornbreen
forefield: the southern coast of Hornbukta at the foot of Ostro-
gradskijfjella and the two peninsulas — Selodden and Treskelen.
The topography of the southern coast of Hornbukta is dominated
by ground moraine with hummocky relief and degraded cre-
vasse-squeeze ridge (CSR) networks, indicative of surge epi-
sodes in the 20th century (Figure 2; cf. Farnsworth et al., 2016;
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Strzelecki et al., 2020). At the foot of Ostrogradskijfjella, there is
also lateral moraine. During the culmination of the LIA (~1900
AD), the ice margin of Hornbreen terminated along Treskelen.
The LIA push moraine is located west of Treskelen and is visible
on the Hornsund bathymetry map (Moskalik et al., 2013). Both
peninsulas are covered with ground moraine from degraded CSR
networks. Following the LIA, Treskelen has been ice-free since
the 1940s (Heintz, 1953) and Selodden was exposed in the 1950s.
Deglaciation of the southern coast of Hornbukta has been pro-
gressing since the 1990s (Btaszczyk et al., 2013). At these sites,
Hornbreen deposited shell-bearing diamict (Birkenmajer, 1958;
Birkenmajer and Olsson, 1997; Heintz, 1953; Rodzik, 1996). On
the southern coast of Hornbukta numerous sandstone cobbles
and boulders are present (Figure 2a and b). During preliminary
studies in 2019, no shells were found in the lateral moraines of
Hornbreen or in the ground moraine on the northern coast of
Hornbukta. Initial observations at Hambergbukta have not
revealed any shells either in the lateral moraines of the Hamberg-
breen—Sykorabreen system at the foot of the steep slopes of
Koval’skijfiella and Kamnova. For this reason, these sites are not
included in the study area.

The bedrock of Treskelen is composed of sandstones, con-
glomerates, limestones and shales from the Upper Carboniferous
to the Upper Triassic (Birkenmajer, 1990; Harland, 1997). The
characteristic components of this area are raised marine terraces
developed on structural ridges parallel to the shoreline. Detailed
geomorphological descriptions and the history of deglaciation
were given by for example Birkenmajer (1960), Heintz (1953),
Marks (1983) and Philipps et al. (2017). The bedrock along Horn-
bukta and Hambergbukta is composed of Cretaceous and Palaeo-
cene shales, siltstones, sandstones and mudstones (Birkenmajer,
1990; Harland, 1997). Submarine landforms in the forefield of
Hambergbreen were described by Noormets et al. (2021) .

Materials and methods

Geomorphological observations in the forefield of Hornbreen
have been carried out occasionally since 1999. During fieldwork
in August 2019 and 2020, we collected samples of subfossil mol-
lusc shells from the surface of the moraine at the foot of Ostro-
gradskijfjellaand in the southern part of Treskelen (Treskelodden).
The shells were sampled beyond the reach of the sea waves or
streams so as to exclude recently redeposited specimens. Geo-
morphological sketch mapping was carried out in the sample col-
lection area. Aerial images from 1936 and 2011 (Norwegian Polar
Institute, 2021) and high-resolution orthoimages from 2017
(Btaszczyk et al., 2019) were used to analyse the distribution of
landforms and indirectly the direction of glacier flow. After iden-
tification, the samples were submitted to the Poznan Radiocarbon
Laboratory (4 samples) and the Gliwice Radiocarbon Laboratory
(6 samples) for AMS radiocarbon dating. We also compiled previ-
ously published radiocarbon dates (conventional technique) of 11
shell samples from Treskelen and Selodden (Birkenmajer and
Olsson, 1997; Marks and Pekala, 1986; Tarasov et al., 1992). All
14C dates were calibrated (or recalibrated, in the case of previ-
ously published data) to calendar years (cal. BP; BP=AD 1950)
using OxCal 4.4.4 software (Bronk Ramsey, 2009, 2017) and the
Marine20 calibration curve (Heaton et al., 2020). In consultation
with the Poznahn Radiocarbon Laboratory (T. Goslar, 2020, per-
sonal communication), a AR value was calculated using the
14CHRONO Marine20 Reservoir Database (Reimer and Reimer,
2001) as a weighted mean of all available records from Spitsber-
gen (n=6). We thus applied the AR value of -56 = 33. The results
of radiocarbon dating and (re)calibration are presented in Supple-
mental Material S1. The median (re)calibrated ages were used to
analyse the spatio-temporal distribution of the shells. The division
of the Holocene into Early, Middle and Late-Holocene together

with boundaries between intervals (11,700-8236 yr b2k, 8236—
4250 yr b2k and 4250 yr b2k to present) is consistent with the
International Commission on Stratigraphy (Walker et al., 2019).
The species names follow the World Register of Marine Species
(WoRMS Editorial Board, 2021).

Landsat-5 (1985-1998), Landsat-7 (1999-2013) and Land-
sat-8 (2014-2020) satellite images (L5, L7 and L8, respectively)
were used to determine the Hornbreen and Hambergbreen ice-
cliffs positions (Supplemental Material S2). The U.S. Geological
Survey (USGS) and National Aeronautics and Space Administra-
tion (NASA) share this data on the Earth Explorer portal (U.S.
Geological Survey, 2021). The ice-cliffs positions in 2004 were
defined using Terra ASTER © NASA satellite scene. Colour
compositions (5, 4, 3— L5 and L7 and 6, 5, 4 — L8) in the near-
infrared and red channels of the visible spectrum with a resolu-
tion of 30 m X 30 m were used and loaded into QGIS version 3.16
Hannover software in the Universal Transverse Mercator (UTM)
zone 33N coordinate system on the WGS84 ellipsoid (EPSG:
32633). The satellite images from L5 and L7 were additionally
georeferenced using a first-order polynomial function and cubic
interpolation methods. For this purpose, control points located at
the summits and other topographically characteristic sites were
used, depending on the cloud cover on the images. The mean
transformation error was 0.54-1.44 pixels. The colour composi-
tions enabled ice (blue) to be distinguished from water (black,
navy blue) and land (red, brown). The position of the ice-cliff
was manually vectorized at a scale of 1: 20,000 (cf. Aradottir
et al., 2019; Flink et al., 2015). In some cases, topographic maps
(1:100,000) published by the Norwegian Polar Institute were
used (Supplemental Material S2; cf. Szafraniec, 2020).

The files with the ice-cliff position allowed calculating the
morphometric parameters of the glacier frontal zone of the tide-
water glacier. These parameters are a glacier front dynamics indi-
cator CfD and an ice-cliff balance indicator CfE. CfD is the ratio
of the glacier front area contained in a circle of diameter equal to
the distance between the anchoring points of the ice-cliff on land
to the area of the entire circle. CfE, in turn, is the ratio of the diam-
eter of the circle to the length of the ice-cliff. These indicators and
the glacier frontal zone were defined and characterized by Szafra-
niec (2020). In that pioneering analysis, they were used to deter-
mine the beginning and end of the active phase of the surge of the
tidewater glaciers in Spitsbergen. A surging glacier is considered
to be one with CfD > 0.5 and positive CfE. The beginning and end
of the active phase of the surge are considered to be a jump in the
inter-annual indicator values of ca. 0.05 and higher.

Results

Geomorphological context of the shell samples

Abundant shells were detected in glacial diamict in the further
part of the Hornbreen forefield (Treskelen) and on the southern
coast of Hornbukta. At the foot of Ostrogradskijfjella, the shell
fragments were identified even close to the dead ice margin. The
shells occur up to 91 m a.s.l. on Treskelen (100 m a.s.l. according
to Marks and Pekala, 1986) and up to 20m a.s.l. on the southern
coast of Hornbukta. The landscape of the coast of Hornbukta and
the southern part of Treskelen is dominated by moraine with hum-
mocky relief from degraded CSR networks. Obliteration of CSR
networks increases with distance from the glacier front. The CSRs
on Treskelen are now poorly preserved but visible in the aerial
photo (ID: S36_2509) from 1936 (Norwegian Polar Institute,
2021). The shells were collected from compact, massive, clast-
rich, matrix-supported diamict, forming the CSRs. The diamicton
has a silty clay matrix. Similar to the previous studies (Heintz,
1953; Lindner and Marks, 1997; Philipps et al., 2017), the ground
moraine did not reveal the differentiation into more than one unit
from separate re-advances.
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Figure 3. The extent of Hornbreen in the period 1985-2020. Sentinel-2A image ID: S2A_MSIL2A_20200825T121701_N0214_R009_
T33XWF_20200825T 164241 .SAFE from 25.08.2020 (European Space Agency, 2021). The spatial variability of shell sizes (a—e) in the

Hornbreen forefield. (a—e) photo A. Osika.

Size of the shell fragments

A characteristic feature of the shells collected in the forefield of
Hornbreen is the distinct relationship between the size of the frag-
ments and distance from the glacier front. This pattern is particularly
evident on the southern coast of Hornbukta, where the fragments
become gradually smaller towards the Hornbreen terminus, the tini-
est ones occurring in the vicinity of dead ice (Figure 3). In the west-
ern part of this coast, the fragments are larger and numerous intact

valves are present. Well-preserved shells (large fragments and
undamaged valves) were also found on Treskelen, as described by
for example Birkenmajer and Olsson (1997) and Heintz (1953).

Species composition

Supplemental Material S3 lists the species collected in the shell-
bearing moraines, and compares them with earlier findings and
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Figure 4. Location of the '“C dated shell samples from the Early, Middle and Late-Holocene and median calibrated ages (cal. BP). The
approximate location of previously analysed samples is based on sketches and diagrams published by Birkenmajer and Olsson (1997),

Marks and Pekala (1986) and Tarasov et al. (1992). 10Be exposure ages from Philipps et al. (2017). The date 6.35 = 0.46 ka was rejected

by Philipps et al. (2017) as anomalously old and not considered in this study. The approximate extent of Hornbreen around 1900 and in
1985-2020. The approximate extent ca. 1900 is based on geomorphological evidence on aerial photo (ID: S36_2509) from 1936 (Norwegian
Polar Institute, 2021) and bathymetry map (Moskalik et al., 2013). Sentinel-2A image ID: S2A_MSIL2A_20200825T121701_N0214_R009_
T33XWF_20200825T 164241 .SAFE from 25.08.2020 (European Space Agency, 2021).

the species distribution in Hornsund in the 1970-1980s. Mya
truncata, Hiatella arctica and Chlamys islandica are the domi-
nant species from the southern coast of Hornbukta, whereas
Astarte borealis and A. elliptica are less common. M. truncata, H.
arctica and C. islandica can be identified in the shell debris from
the marginal zone. The gastropod shell of Boreotrophon truncatus
was found in the western part of the coast at the foot of Ostro-
graskijfjella, where the shells are better preserved. These species
are boreal-arctic or cosmopolitan (Rézycki, 1992). Fragments of
coralline algae, presumably of the Lithothamnion species, were
also found in the research area. None of the thermophilous spe-
cies for Svalbard, such as Mytilus edulis, Modiolus modiolus, Zir-
faea crispata or Arctica islandica (Mangerud and Svendsen,
2018), were identified in the moraines.

14C dating of mollusc shells

The results of radiocarbon dating, together with the previously
published dates, range from the Early to the Late-Holocene
(Figures 4 and 5, Supplemental Material S1). The majority of
samples (15 out of 21) are from the Early Holocene. The oldest
shell was collected from the ground moraine on Treskelen (ca.
10.9 cal. ka BP), but the oldest samples from the southern coast
of Hornbukta are of a similar age (up to ca. 10.8 ka cal. BP).
The range of radiocarbon dates from the coast of Hornbukta
(ca. 3.9-10.8 ka cal. BP) is smaller than from Treskelen and
Selodden peninsulas (ca. 1.3-10.9 ka cal. BP). The samples
from the Middle (ca. 7.4, 6.3, 4.4 and 4.3 ka cal. BP) and Late-
Holocene (ca. 3.9 and 1.3. ka cal. BP) are both from the distal
and proximal part of the glacier forefield. There is no clear rela-
tionship between the age and distance of samples from the

Figure 5. The summed probability density of the radiocarbon
dates from the forefield of Hornbreen (n = 21), OxCal 4.4.4.
(Bronk Ramsey, 2009, 2017).

glacier terminus (Figure 4), as the sediments were mixed during
the surges. Similarly, no association has been found between
the age and elevation of the sampling sites.

Surge-type behaviour detected from the

morphometric parameters of glacier frontal zones

Fluctuations in the morphometric parameters characterizing the
frontal zones of Hornbreen and Hambergbreen are illustrated in
Figure 6 and Supplemental Material S4. The highest values of CfE
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Figure 6. Calculated morphometric indicators (CfE, CfD) of the Hornbreen (a) and Hambergbreen (b) frontal zones and the 2-year moving
averages. ‘A’ indicates the active phase of a surge. The question mark indicates the glacier advance in 201 | that is visible on the satellite images

but not recorded in the coefficients.

and CfD for Hornbreen in the last 40years were reached in 1986—
1990 (0.675-0.853 and 0.542-0.605) and 1998-1999 (0.729-0.825
and 0.557-0.575). The glacial frontal zone was then more convex
(Figure 3). CfE fell and stabilized at a negative level between these
two peaks, while CfD hovered around 0.5 (Figure 6). The glacial
frontal zone was concave (Figure 3). After the last maximum and a
rapid decline, CfE stagnated with negative values, while CfD
remained below 0.5. The highest values of CfE and CfD for Ham-
bergbreen were recorded in 1961 (0.758 and 0.532) but there are no
data from 1961-1985. In the last 40years, CfE has been constantly
negative, CfD has been lower than 0.5, and the glacial frontal zone
has been concave.

Discussion
Deglaciation

During Late Weichselian, Hornsund was a pathway for an ice
stream in the west part of the Svalbard—Barents Sea Ice Sheet
(Ottesen et al., 2007; Rebesco et al., 2014). Cosmogenic expo-
sure dating suggested ice-sheet thinning and deglaciation of
Hornsund mouth at 17.4 = 1.5 ka (Young et al., 2018). The cen-
tral and inner parts of the fjord system were deglaciated by
13.3 0.6 and 13.0 = 0.7 ka, respectively. Presumably, the oldest
reported mollusc shell from Hornsund in the Late Glacial-Early
Holocene transition was collected from the raised marine terrace
in the outlet of Lisbetdalen (Sgrkapp Land, 30m a.s.l.) and dated
to ca. 12.6 ka cal. BP (Salvigsen and Elgersma, 1993). East of

southern Spitsbergen, ice shelf and ice streams in Storfjoden
decayed rapidly in the Early Bglling, ca. 15.3 ka cal. BP and at
the beginning of the Holocene (Rasmussen and Thomsen, 2021).
Rapid deglaciation resulted from the increased inflow of the
warm Atlantic water to the Svalbard margin as well as atmo-
spheric warming (Bartels et al., 2017; Rasmussen and Thomsen,
2021; Slubowska et al., 2005; Slubowska-Woldengen et al.,
2007; Lacka et al., 2015).

The Late Glacial-Early Holocene transition was also a period
of glacier re-advances in many regions of Svalbard (Farnsworth
et al., 2017, 2018; Flink et al., 2018; Larsen et al., 2018; Lgnne,
2005), although the warming climate did not favour a positive
mass balance of glaciers. According to Farnsworth (2018) and
Farnsworth et al. (2020), the possible advances of glaciers were
temporary and unsustainable surge-type fluctuations not driven
by long-term positive mass balance conditions. At that time, they
caused a large volume of ice to be transposed from the upper part
of the glacier to its terminus, ending in the sea and thus accelerat-
ing mass loss by calving and increased melting. Thus, the surge-
type re-advances led to faster deglaciation (Farnsworth, 2018;
Oerlemans and van Pelt, 2015; Szafraniec, 2013a, 2013b). These
surges seem to be similar to those we are observing today, despite
the negative mass balance of glaciers (e.g. Nathorstbreen; Sund
et al., 2014). In the Late Glacial or Early Holocene, a surge-type
advance occurred in Mohnbukta, and other glaciers on the east
coast of Storfjoreden may also have re-advanced in this period
(Flink et al., 2018). Considering the contemporary surge-type
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behaviour of the Hornbreen-Hambergbreen glaciers (see section
5.3), similar re-advances may have also occurred during deglacia-
tion of eastern Hornsund. Noormets et al. (2021) identified a pre-
LIA moraine ridge at the forefield of Hambergbreen, indicating at
least two episodes of surging. However, the age of this landform
is unknown.

Early—Middle Holocene ice-free strait

The radiocarbon dating results reveal that the shells from the
ground moraine in the Hornbreen forefield are derived from
Early, Middle and Late-Holocene marine sediments (Figures 4
and 5). It is noteworthy that the shells occur even close to the
modern edge of the dead ice front of Hornbreen. The age of the
shells indicates the period when the sea extended much farther
eastwards, where nowadays, Hornbreen and Hambergbreen exist.
Then, the shells within the marine sediments were incorporated
by the advancing Hornbreen, transported westwards and depos-
ited as shell-bearing moraines (cf. Boulton et al., 1996). Similar
shell-bearing moraines, indicating glacier recession before the
advance, have been reported in many regions of Svalbard (e.g.
Blake, 1989b; Ronnert and Landvik, 1993; Salvigsen and
Hggvard, 2006), as well as more widely in the Arctic (e.g. Elles-
mere Island; Blake, 1981, 1989a).

Radiocarbon dates revealed the existence of the marine envi-
ronment as a consequence of the retreat of Hornbreen-Hamberg-
breen glaciers in the Early and Middle Holocene, ca. 10.9-3.9 ka
cal. BP (Figure 5). In this period, the glaciers of Svalbard reached
their minimum extents or disappeared completely (e.g. Farnsworth
et al., 2020; Rathe et al., 2018; Svendsen and Mangerud, 1997),
and many tidewater glaciers retreated onto land (e.g. Allaart et al.,
2021; Forwick et al., 2010). Hence, the predicted decay of Horn-
breen-Hambergbreen glacier isthmus and opening of the strait in
the next several decades (Grabiec et al., 2018) suggests that it was
also open in the Early and Middle Holocene when the climate of
Svalbard was warmer than today (e.g. de Wet et al., 2018; van der
Bilt et al., 2015). Our reasoning is consistent with the findings of
Nielsen and Rasmussen (2018) and Noormets et al. (2021), who
indicated that the southern part of Storfjorden (SE Svalbard) was
already ice-free at 11.6 ka cal. BP. At that time, the minimal depo-
sition, if any, of ice-rafted debris (IRD) also suggests that the tide-
water glaciers of this region had significantly receded or even
retreated onto land after 10.0 ka cal. BP (Nielsen and Rasmussen,
2018; Noormets et al., 2021). Thus, the presence of older shells in
the Hornbreen forefield cannot be ruled out and would suggest a
retreat of Hornbreen-Hambergbreen and the strait opening much
before the period indicated in our work (10.9 ka cal. BP). How-
ever, analysing the current dynamics of the Hornbreen-Hamberg-
breen system (see section 5.3), the glaciers could have surged and
closed the strait during the Late Glacial-Early Holocene transition
(cf. Farnsworth, 2018; Jania, 1988). The episodes of re-advances
could block the strait, but the rapid recession in the warmer climate
would lead to re-opening. When the glaciers receded far from the
strait mouth in the Early Holocene, the blockage of the strait was
less probable. Palli et al. (2003) emphasize that Hornbreen and
Hambergbreen were ‘unable to build up the reservoir-area mass
and geometry for a new surge’ at the beginning of this century. The
glaciers thickness and extent in the Early and Middle Holocene
seem to have been much smaller, as evidenced by the strait exis-
tence. With a significant retreat of the glaciers and a small amount
of mass in the accumulation zone, closure of the strait should not
have been possible, even if a successive glacier surge did occur.
Hence, considering other sources of data, the gaps in the spread of
14C dates around 8 and 7 ka cal. BP, and between 6 and 5 ka cal. BP
(Figure 5) may not result from the glacier advances and the block-
age of the strait. The IRD values from Storfjorden and the Sval-
bard shelf west of Hornsund remained low in these periods

(Nielsen and Rasmussen, 2018; Telesinski et al., 2018) and lake
records have not revealed glacier advances in other regions of
Svalbard (Allaart et al., 2021; de Wet et al., 2018; Rethe et al.,
2015, 2018; Svendsen and Mangerud, 1997). In Hornsund, the
radiocarbon dates of peat melted on the surface of Hansbreen sug-
gest significant reduction in the glacier area around 7.9 and 5.9 ka
cal. BP (Oerlemans et al., 2011) and the reconstructions from Lake
Svartvatnet indicate warmer climate since 5.5 ka cal. BP (base of
the core) to 5.0 ka cal. BP (Luoto et al., 2018).

The existence of the Hornsund strait in the Early and Middle
Holocene is supported by the species composition of the 14C
dated shells. The list of species collected on the southern coast of
Hornbukta is consistent with that from Treskelen (Supplemental
Material S3; Birkenmajer, 1958; Birkenmajer and Olsson, 1997,
Heintz, 1953; Marks and Pekala, 1986; Tarasov et al., 1992). We
are aware that our list may be incomplete, as our main aim was
to collect material for radiocarbon dating and identify possible
thermophilic species (Mangerud and Svendsen, 2018), not to
detail the species composition of the mollusc communities. Our
observations and previous studies have shown that the glacigenic
sediments are dominated by Chlamys islandica, Mya truncata,
Hiatella arctica, Astarte borealis and A. elliptica (Birkenmajer,
1958; Birkenmajer and Olsson, 1997; Denisenko and Tarasov,
1992; Heintz, 1953). These molluscs are boreal-arctic or cosmo-
politan (Hiatella arctica) (Rézycki, 1992). Being suspension-
feeding bivalves, they are not found close to tidewater glaciers
because the high concentration of inorganic suspensions near the
ice cliff is associated with the dilution of nutritious suspensions
and would clog their filtering appendages (Gorlich et al., 1987;
Moore, 1977; Wiodarska-Kowalczuk, 2007; Wiodarska-
Kowalczuk et al., 1998). The preference of these species for the
outer basins of the Arctic fjords (Wiodarska-Kowalczuk, 2007
and references therein) was confirmed by observations in Horn-
sund in the 1970s and 1980s. Only H. arctica of the species men-
tioned above was found in the heavily glacierized Brepollen; the
others were found to occur only in the western and central part of
Hornsund, away from the tidewater glaciers (Supplemental
Material S3; Rézycki, 1992). The shells or syphon holes of sus-
pension-feeding molluscs were not detected in Hornbukta during
the surveys of benthic macrofauna using a drop camera in 2016
(K. Deja, 2021, personal communication). Thus, the sediments
with *C dated shells could not have accumulated near the ice
cliff of Hornbreen, and the glacier must have retreated far from
the area of origin of the marine sediments with molluscs, includ-
ing withdrawal on land. Considering the contemporary distribu-
tion of molluscs and their sensitivity to high concentrations of
inorganic suspensions, the species composition of the shells con-
firms the significant recession of the Horn-Hamberg glaciers,
presumably associated with the strait’s opening in the warmer
periods of the Holocene.

Reconstructing the coastal outline of eastern Hornsund is nec-
essary to establish whether the strait could not have been buried
shortly after deglaciation. The topography of eastern Hornsund
during the Early Holocene is unknown. However, we assume that
the model of the ice-free topography may shed light on the state
of the glaciers in Brepollen in this warmer period. We also pre-
sume that the glacio-isostatic depression in the freshly exposed
area after the extensive Weichselian glaciation was no less deep
than the present depth of the glacier bed under the Hornbreen-
Hambergbreen system. The subglacial topography of the glacier
isthmus was studied using GPR soundings, which revealed a
depression between the Greenland and Barents Seas (Grabiec
etal., 2018). The approximate coastline of eastern Hornsund after
the disappearance of glaciers can be delineated using the GPR
data together with the results of glaciological investigations and
the fjord bathymetry from a multi-beam echo-sounder (Grabiec
et al., 2018; Noormets et al., 2021; Figure 7). The subglacial
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Figure 7. The approximate course of the strait’s shoreline and depth below the Hornbreen-Hambergbreen ice bridge (Grabiec et al., 2018,
modified). The lines represent probable contours of the subglacial topography and isobaths in the bays. Bedrock and bathymetry contour lines
every 25m. Selected points are marked. Sentinel-2A image ID: S2A_MSIL2A_20200825T121701_N0214_R009_T33XWF_20200825T 164241.

SAFE from 25.08.2020 (European Space Agency, 2021).

topography of this area was described by Grabiec et al. (2018).
Deglaciation would lead to the uncovering of a new over-deep-
ened branch of the fjord (below 70m b.s.1.) along the Hornbreen-
Flatbreen axis and a shallower basin in the area occupied by
Hambergbreen. The section near the contemporary ice divide
between Hornbreen and Hambergbreen would be a channel ca.
40m deep linking the Greenland and the Barents Seas. In general,
the sediment accumulation rate in Svalbard is higher in the inner
and lower in the outer parts of the fjords (e.g. Legezynska et al.,
2017; Renaud et al., 2007) and changes over time. In the warmer
periods (the Early Holocene and nowadays), the linear accumula-
tion rate was greater (Sternal et al., 2012; Zajgczkowski et al.,
2004), whereas in the colder phases of the Holocene it was sig-
nificantly lower (e.g. Szczucinski et al., 2009). In the Early Holo-
cene, after the period of rapid deglaciation and intense sediment
supply, the accumulation rate in the eastern part of Hornsund may
have been similar to that in the outer parts of the Svalbard fjords
at present. Assuming a sedimentation rate of 0.5cma? (the outer

part of Hornsund at present, Szczuciriski et al., 2006) and ignor-
ing sediment compaction, it would take over 8000years for the
40-m-deep channel to fill up. In addition, the sedimentation in the
open strait was presumably disturbed by local marine tidal cur-
rents between the Greenland and Barents Seas, as well as by the
intensive inflow of the ESC. The latter can be suggested by the
lack of thermophilic mollusc shells in Hornsund (Birkenmajer
and Olsson, 1970). Thus, the strait could have been closed only by
advancing glaciers.

Neoglacial and LIA dynamic activity

After 3.9 ka cal. BP there is a lack of radiocarbon dates of mollusc
shells until ca. 1.3 ka cal. BP (Figure 5). This time span corre-
sponds with significant cooling and increased glacier activity dur-
ing the Neoglacial in Svalbard after ca. 54 ka cal. BP (Allaart
et al., 2021; Philipps et al., 2017; Rgthe et al., 2015; van der Bilt
et al., 2015; Werner, 1993). The timing of these re-advances was
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diverse (de Wet et al., 2018; Farnsworth et al., 2020), and geo-
morphological investigations have revealed that some of them
were of the surge-type (e.g. two surges of Nathorstbreen ca. 2.7 ka
cal. BP; Kempf et al., 2013, the surge of Hinlopebreen before 2.6
ka cal. BP; Flink and Noormets, 2018). However, less is known
about the Neoglacial in Hornsund. The palaeoclimatic reconstruc-
tions based on fossil Chironomidae assemblages from Lake Svar-
tvatnet indicate a cooling episode at ca. 3.3 ka cal. BP (Luoto
et al., 2018). Baranowski and Karlén (1976) described a subfossil
tundra from the forefield of Werenskioldbreen dated to ca. 1.5~
0.7 ka cal. BP. The vegetation remains were found between two
layers of lodgement till and the underlying one confirms the
advance before 1.5 ka cal. BP. Evidence for pre-LIA surges has
been detected in the forefield of Hambergbreen (Noormets et al.,
2021). Radiocarbon dates from the southern coast of Hornbukta
and Treskelen reveal the existence of the marine environment at
the head of Hornsund until ca. 3.9 ka cal. BP and around 1.3 ka
cal. BP. Thus, the possible pre-LIA advance of Hornbreen-Ham-
bergbreen system in the Late-Holocene could have occurred
between 3.9 and 1.3 ka cal. BP. Philipps et al. (2017) proposed
two periods of Hornbreen advance in the Late-Holocene: 1.9 + 0.3
ka and 0.7 +0.3 ka from the °Be exposure dating of moraine
boulders on Treskelen. The latter may correspond to surges of
other Svalbard glaciers, such as Nathorstbreen ca. 700-890 cal.
BP (Lovell et al., 2018), Paulabreen ca. 650 cal. BP (Hald et al.,
2001; Larsen et al., 2018; Lysa et al., 2018) and Osbornebreen ca.
520 =+ 70 cal. BP (Evans and Rea, 2005; Farnsworth et al., 2017).
The glaciers presumably retreated between the two possible
advances during the Medieval Warm Period (MWP; Miller et al.,
2010), also known as the Little Climatic Optimum ca. 1.2-0.7 ka
cal. BP (Hansen et al., 2011). The recession of Hornbreen-Ham-
bergbreen system around 1.3 ka cal. BP or earlier is supported by
the age of the youngest shell sample from Treskelen (Supplemen-
tal Material S1: sample U-2985; Birkenmajer and Olsson, 1997).
Pawtowska et al. (2016) suggested a rapid retreat of tidewater
glaciers in Hornsund between AD 1000-1600 based on low sedi-
ment accumulation rates (SAR) and IRD, together with changes
in the foraminiferal community visible in microfossils and ancient
DNA. Subfossil peat and buried soils from the forefield of Weren-
skioldbreen indicated this glacier’s recession between ca. 1.5-0.7
ka cal. BP (Baranowski and Karlén, 1976; Kabala and Zapart,
2009). The episodes of glacier retreat were also recorded in other
regions of Spitsbergen (Dzierzek et al., 1990; Furrer et al., 1991;
Reusche et al., 2014; Rethe et al., 2015). As a result of glacier
retreat in the Hornsund Region, the strait could also have been
open during this warmer interval.

The widespread advances of Svalbard glaciers occurred in the
LIA, particularly between 1890 and 1920 (Martin-Moreno et al.,
2017). Many of them have been associated with surge-type
dynamics. According to the map from the Russian—Swedish
expedition, the surge of Hambergbreen occurred a short time
before 1900 (Lefauconnier and Hagen, 1991; Vassiliev, 1907), but
an extensive glacier system was indicated at the head of the Horn-
sund Fjord on the map prepared during the Austro—Hungarian
North-Pole Expedition 1872-1874 (Daublebsky von Sterneck Zu
Ehrenstein, 1874). Vassiliev’s map probably captured the early
quiescent phase of Hornbreen. Thus, this glacier must have surged
around 1900 or earlier (Grabiec et al., 2018). Further evidence for
the Hornbreen surge at the end of the 19th century stems from
several relief features typical of surge-type glaciers, such as a
push moraine west of Treskelen visible on the bathymetry map of
Brepollen (Moskalik et al., 2013) and the CSR networks on the
proximal side of this peninsula (Heintz, 1953: pp. 9 and 29). The
latter are also visible in the oblique aerial photo (ID: S36_2509)
from 1936 (Norwegian Polar Institute, 2021). The location and
arrangement of these forms exclude the possibility of their cre-
ation during the next surge in the 1930s.

A conceptual model of the strait’s blockage by surging gla-
ciers, based on the example of LIA, was described by Grabiec
et al. (2018). In the first stage, Hornsund may have been blocked
from the west by surges of the vast tidewater glaciers Samarin-
breen, Mendeleevbreen, Svalisbreen and Storbreen. Then, follow-
ing the formation of the barrier, the easternmost part of Flatbreen
could have reached the Professorryggen massif during the surge
and split into two branches: Hornbreen facing west and Hamberg-
breen facing east. Subsequent surges of Flatbreen and Sykorabreen
may have led to the filling of modern Hambergbukta with ice and
the advance of Hambergbreen into Storfjorden. However, Horn-
sund may also have been closed first by Hambergbreen and then
by Hornbreen. A thorough reconstruction of the strait’s closure is
not easy and will require further research.

The maximum extent of the Hornbreen-Hambergbreen system
in the L1A was reached around 1900. Since then, the glaciers have
been retreating with interrupting episodes of surging (Btaszczyk
et al., 2013). The surge of Hornbreen occurred after 1936 (Palli
et al.,, 2003), and Storbreen surged in 1958 (Btaszczyk et al.,
2013; K. Birkenmajer, personal communication; Jania, 1988).
Flatbreen was in an active phase in the 1960s (Grabiec et al.,
2018), and the last significant advance of Hornbreen took place
between 1958 and 1962 (Koryakin, 1975). Our morphometric
indicators characterizing the frontal zones (CfE and CfD) reveal
two additional periods of possible surges of Hornbreen: 1986—
1990 and 1998-1999 (Figure 6). In both, the CfE values are posi-
tive and CfD > 0.5, which is typical for the active phase of a surge
(Szafraniec, 2020). The surge around 2000 is consistent with the
previous findings reported by Jania (2001). Additionally, satellite
images suggest an advance in 2011 (Figure 3), although this is not
discernible in the morphometric parameters. Hambergbreen, in
turn, surged in 1957-1968 (Lefauconnier and Hagen, 1991;
Noormets et al., 2021) and the calculated morphometric indica-
tors are also in line with the earlier results (CfE: 0.758, CfD:
0.532; Figure 6). Apart from the periods of the active phase with
the peak values of the coefficients, CfE remains negative and CfD
< 0.5, indicating glacier stagnation or recession (Szafraniec,
2020).

A conceptual model of sediment redeposition during
surges in the Brepollen area

The shell-bearing moraines were formed by the redeposition of
marine sediments during the surge of the Hornbreen glacier sys-
tem. During the active phase, marine sediments were pushed up
from the seafloor by ploughing and transported to the west, form-
ing a push moraine (e.g. the submarine moraine ridge west of
Treskelen). CSRs were formed by upward infilling the basal cre-
vasses with saturated sediments during the active phase of the
glacier surge and subsequent meltout (e.g. Araddttir et al., 2019;
Boulton et al., 1996; Farnsworth et al., 2016; Flink et al., 2015;
Ingdlfsson et al., 2016; Rea and Evans, 2011). Evidence for the
glacier surge around 1900 was observed by Heintz (1953), who
detected CSR networks and moraine with hummocky relief on
the glacier forefield, as well as shell-bearing diamict that had
been moved up along thrust planes and exposed on the surface of
Hornbreen.

The exact number of surges throughout the Holocene and the
detailed original location of the material is unknown. Neverthe-
less, the following points are worth emphasizing: (1) a wider
range of the radiocarbon dates from Treskelen and Selodden (ca.
1.3-10.9 ka cal. BP) than from the southern coast of Hornbukta
(ca. 3.9-10.8 ka cal. BP); (2) a small number of Late-Holocene
shells among the samples; (3) the gradual decrease in shell frag-
ment size towards the glacier terminus on the southern coast of
Hornbukta in contrast to the well-preserved shells on Treskelen,
regardless of their age. Considering the results of 1°Be exposure
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Figure 8. The conceptual model for sediment redeposition during surges in Brepollen. In the Neoglacial (a), the surge of Hornbreen may have
led to the redeposition of the uppermost layers of marine sediments, perhaps from the Late-Middle Holocene. During subsequent surges in
the LIA (b) the glacier may have incorporated the marine sediments accumulated in the recession phase as well as much older ones, perhaps
from the Middle-Early Holocene, from deeper sedimentary levels. In the ground moraine, the younger sediments could have become covered

and mixed with older ones (c).

dating on Treskelen (Philipps et al., 2017), we propose a concep-
tual model of sediment redeposition during the surges (Figure 8).
In the first stage, for example in the Neoglacial, the surge of
Hornbreen may have led to the redeposition of the uppermost lay-
ers of marine sediments, perhaps from the Late-Middle Holocene
(Figure 8a). During subsequent surges, for example around 1900
or much earlier, the glacier may have incorporated the marine
sediments accumulated in the recession phase as well as much
older ones, perhaps from the Middle-Early Holocene, from deeper
sedimentary levels (Figure 8b). Thus, the younger sediments on
Treskelen, Selodden and at the foot of Ostrogradskijfjella could
have become covered and mixed with older ones (Figure 8c). This
may explain the dominance of Early Holocene shells among the
radiocarbon-dated samples. However, more radiocarbon dates are
needed to support this hypothesis, particularly from the vertical
profiles.

Moreover, the small number of samples from the Middle
and Late-Holocene could also be explained by the abandon-
ment of the younger sediments in Hornbukta or Brepollen if the
older surges had been less extensive. Then, during the LIA,
these moraines could have been overridden by Hornbreen, with

only part of the sediments being transported west to Treskelen.
Nevertheless, more evidence is necessary to support this
hypothesis: for instance, a detailed bathymetry map and marine
geophysical surveys of the internal structure of sediments in
Brepollen, which could indicate the existence of overridden
pre-LIA moraine ridges.

In our study area, there is a clear relationship between the size
of the shell fragments and the distance from the contemporary
glacier terminus (Figure 3). Presumably, the Early Holocene
shells in the ground moraine on Treskelen are well preserved
because they may have been redeposited during the LIA and they
were not affected by the subsequent surges in the 20th century.
Heintz (1953) noted that not only were the shells contained in the
ground moraine in a good condition; those melted from the supra-
glacial diamicton were also relatively undamaged, the sediments
having protected them from disintegration during transport. In
turn, the sediments deposited on the southern coast of Hornbukta
were subsequently overridden, entrained and reworked during
surges several times in the 20th century. The diminishing extent
of surge-type re-advances is reflected by the larger shell particles
and intact valves in the further part of the glacier forefield and the
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small fragments in the eastern part of this area, near the modern
terminus. To our knowledge, a similar relationship has not been
described for surging glaciers in Svalbard. For this reason, the
spatial pattern of shell sizes in the ground moraine in the Horn-
breen forefield is a unique, though indirect record of a series of
surges of diminishing extent and is a phenomenon worth investi-
gating in other locations.

Conclusions

e Fluctuations of the Hornbreen-Hambergbreen system
determine if Hornsund functions as a fjord or a strait link-
ing the Greenland and Barents Seas. The subfossil mol-
lusc shells in the ground moraine at the terrestrial part of
the Hornbreen forefield indicate the recession of the gla-
cier system, which led to the subsequent collapse of this
ice isthmus and opened the Hornsund strait in the Early
Holocene and perhaps during the MWP.

e The glaciers’ retreat is supported by the species composi-
tion of the *C dated shells. The bivalve species are sus-
pension feeders, which generally prefer the outer basins of
the Arctic fjords and they are not found in the vicinity of
ice cliffs, as large amounts of inorganic suspended matter
would clog the filtering apparatus.

e The opening of the strait occurred ca. 10.9 ka cal. BP or
earlier and presumably around 1.3 ka cal. BP, when the
glaciers in Hornsund receded. According to published
19Be exposure dates, the subsequent glacier advances led
to the strait’s closure in the LIA (0.7 £0.3 ka or earlier)
with a culmination in the 19th century. The closure of the
strait may have also occurred in the Neoglacial between
ca. 3.9 and 1.3 ka cal. BP.

e |t can be assumed that surges of the glaciers near the head
of Hornsund occurred one after another, as happens nowa-
days. At first, Hornsund may have been blocked from the
west by surging glaciers. The surging Flatbreen reached
the Professorryggen massif and split into two branches:
Hornbreen facing west and Hambergbreen facing east.
Subsequent surges may have caused Hambergbreen to
advance into Storfjorden. In this way, the strait was
blocked by a glacier isthmus linking Serkapp Land with
Spitsbergen.

e In our conceptual model, the first glacier surge episodes
led to the redeposition of the younger marine sediments
from the Late-Middle Holocene. These were subsequently
covered and mixed with older sediments from deeper sed-
imentary levels during the successive surges (e.g. during
the LIA). This may explain the dominance of Early Holo-
cene shells among the radiocarbon-dated samples.

e Analyses of satellite images, the morphometric indicators
characterizing the frontal zones and previous studies indi-
cate six advances of Hornbreen: around 1900 or earlier,
after 1936, between 1958 and 1962, in 1986-1990, 1998-
1999 and 2011. The great majority of these advances were
glacier surges. The confirmed surges of Hambergbreen
occurred around 1900 or earlier and in 1957-1968. The
diminishing extent of re-advances is reflected by the
larger shell particles and intact valves in the further part of
the glacier forefield and the small fragments near the
modern terminus. Glacier dynamics of the Hornbreen-
Hambergbreen system in post-Little Ice Age climate
warming seems to be an analogue of glacier retreats and
re-advances in the earlier periods of the Holocene.
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Zalacznik 2

Supplement S1. Radiocarbon dated shells from the moraines in the Hornbreen forefield.

Elevation

Calibrated ages BP (Marine20, AR = -56 + 33)

Lab ID Locality Lat. N Long. E Collection year Dated material Age *C (BP) References
(mas.l) Median|  68.3% Confidence interval 95.4% Confidence interval
U-2753 Treskelen N/A N/A 5-10 1974 Mya truncata 9690 + 160| 10524 10725-10245 cal. BP (68.3%) 11061-10116 cal. BP (95.4%)| Birkenmajer, Olsson (1997)
. = 9
U-2757 Treskelen N/A N/A 5-10 1974 Chlamys islandica 8770 120 9314 9475-9175 cal. BP (65.1%) 9618-8986 cal. BP (95.4%) Birkenmajer, Olsson (1997)
9170-9151 cal. BP (3.1%)
— = 9
U-2755 Treskelen N/A N/A 5-10 1974 Hiatella arctica 8400 + 140 8849 9052-9046 cal. BP (0.7%) 9261-8457 cal. BP (95.4%) Birkenmajer, Olsson (1997)
9026-8620 cal. BP (67.5%)
U-2833 Treskelen N/A N/A 5-10 1974 Astarte borealis 4280 + 170 4278 4519-4018 cal. BP (68.3%) 4779-3822 cal. BP (95.4%)| Birkenmajer, Olsson (1997)
U-2763 Selodden N/A N/A 5 1974 Mya truncata 9770 +150| 10637 10871-10382 cal. BP (68.3%) 11101-10220 cal. BP (95.4%)| Birkenmajer, Olsson (1997)
= = 9
U-2969 Treskelen N/A N/A 5-20 1974 Chlamys islandica 9750 +160| 10609 10851-10338 cal. BP (68.3%) 11107-11107 cal. BP (0.2%) Birkenmajer, Olsson (1997)
11089-10117 cal. BP (95.3%)
— = 9
U-2971 Treskelen N/A N/A 5-20 1974 Mya truncata 9610 + 140| 10412 10619-10612 cal. BP (0.8%) 10877-10001 cal. BP (95.2%) Birkenmajer, Olsson (1997)
10595-10201 cal. BP (67.5%) 9985-9974 cal. BP (0.2%)
- = 9
U-2985 Treskelen N/A N/A 5-20 1974 Astarte borealis 18504150 1309 1499-1452 cal. BP (1.0%) 1669-1658 cal. BP (04%)| g1y o ajer, Olsson (1997)
1483-1127 cal. BP (67.3%) 1651-956 cal. BP (95.0%)
Gd-3178 Treskelen N/A N/A 90-100 N/A Chlamys islandica 8680 + 60 9219 9336-9102 cal. BP (66.3%) 9424-9005 cal. BP (95.4%) Marks, Pekala (1986)
GIN-7083 Treskelen N/A N/A 5-40 1991 Chlamys islandica 8380 + 80 8820 8974-8688 cal. BP (68.3%) 9095-8541 cal. BP (95.4%) Tarasov et al. (1992)
GIN-7084 Selodden N/A N/A N/A 1991 Chlamys islandica 7090 + 200 7449 7649-7245 cal. BP (68.3%) 7872-7012 cal. BP (95.4%) Tarasov et al. (1992)
Poz-125715 | S coast of Hornbukta | 77°01'13"| 16°36'30" 1.8 2019 Chlamys islandica 9180 + 50 9823 9950-9680 cal. BP (68.3%) 10093-9576 cal. BP (95.4%) This study
— — 9
Poz-125672 | S coast of Horbukta | 77°01'13"| 16°36'30" 18 2019 Hiatella arctica 98a0+50| 1077 ~ 10851-10842cal. BP (1.7%))  11040-11035 cal. B (0.2%) This study
10834-10579 cal. BP (66.5%) 11016-10497 cal. BP (95.2%)
10927-10909 cal. BP (2.9%) 11055-10550 cal. BP (95.3%)
P0z-125671 | S coast of Hornbukta | 77°01'56"| 16°38'44" 1.8 2019 shell debris 9870 +50| 10776 10900-10889 cal. BP (1.9%) 10542-10539 cal. BP (0.2%) This study
10883-10630 cal. BP (63.4%)
— o —
Poz-125670 | S coast of Hornbukta | 77°02/08" | 16°39'52" 25 2019 shell debris 9750+50| 10sg9| 10708-10475cal.BP(68.3%)|  10856-10842 cal. BP (0.5%) This study
10835-10329 cal. BP (95.0%)
GdA-6409 S coast of Hornbukta | 77°01'38"| 16°37'47" 2.5 2020 Astarte borealis 4010 £ 35 3918 4021-3820 cal. BP (68.3%) 4119-3713 cal. BP (95.4%) This study
GdA-6410 S coast of Hornbukta [ 77°02'20"| 16°41'40' 20.3 2020 Astarte borealis 4400 + 35 4435 4529-4330 cal. BP (68.3%) 4647-4226 cal. BP (95.4%) This study
= o —
GdA-6411 | S coast of Hornbukta | 77°00'28"| 1632'53" 16 2020| Boreotrophon truncatus | 8140+50| gso3| 85888404 cal BP (68.3%) 8726-8724 cal. BP (0.1%) This study
8717-8326 cal. BP (95.3%)
GdA-6412 S coast of Hornbukta | 77°00'22"| 16°32'17" 1.6 2020 Astarte elliptica 6020 + 40 6308 6393-6220 cal. BP (68.3%) 6485-6132 cal. BP (95.4%) This study
GdA-6413 Treskelen 76°59'46"| 16°13'5: 27.8 2020 Chlamys islandica 9000 + 50 9580 9670-9476 cal. BP (68.3%) 9817-9399 cal. BP (95.4%) This study
GdA-6414 Treskelen 76°59'48"| 16°14'03" 40.7 2020 Mya truncata 9940 +50| 10880 11018-10755 cal. BP (68.3%) 11118-10644 cal. BP (95.4%) This study
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Supplement S2. Data sources for calculating the morphometric indicators of glacier termini.

Hornbreen Hambergbreen

Year Identifier Acquisition data Year Identifier Acquisition data

Svalbard 1:100,000
1976* LM22300041976200AAA05 18.07.1976 1936(C12 Markhambreen (topographic map). Oslo:
Norsk Polarinstitutt; 1956

1977 1937
1978 1938
1979 1939
1980 1940
1981 1941
1982 1942
1983 1943
1984 1944
1985|LT52080051985234KIS00 22.08.1985 1945
1986|LT52070061986230KIS00 18.08.1986 1946
1987|LT52080051987192KIS00 11.07.1987 1947
1988|LT52070051988204KIS00 22.07.1988| 1948
1989 1949
1990|LT52080051990232KIS00 20.08.1990 1950
1991 1951
1992|LT52070051992263KIS00 19.09.1992 1952
1993 1953
1994|LT52080051994243KIS00 31.08.1994 1954
1995|LT52080051995246KIS00 03.09.1995 1955
1996 1956
1997|LT52080051997219KIS00 07.08.1987 1957
1998|LT52080051998270KIS00 27.09.1998 1958
1999|LE72090051999208KIS00 27.07.1999 1959
2000 1960

Svalbard 1:100,000
1961|C12 Markhambreen (topographic map). Oslo:

Norsk Polarinstitutt; 2008
2001|LE72110052001179EDCOO 28.06.2001

2002 LE72080052002193EDCO0 12.07.2002 1962
2003 1963
2004 (AST_L1A.003:2025232921 07.08.2004 1964
2005|LE72130042005204EDCO0 23.07.2005 1965
2006 1966
2007 1967
2008 1968
2009 1969
2010|LE72110052010236EDCO0 24.08.2010 1970
2011|LE72110052011207ASNOO 26.07.2011 1971
2012 1972
2013|LE72130042013194EDCO0 13.07.2013 1973
2014(1C82100052014232LGNO1 20.08.2014 1974
2015(LC82090052015212LGNO1 31.07.2015 1975
2016(LC82090052016215LGNO1 02.08.2016 1976
2017(LC82110052017215LGNOO 03.08.2017 1977
2018(1C80272392018225LGNOO 13.08.2018 1978
2019(LC82100052019230LGNOO 18.08.2019 1979
2020(1C82100052020217LGNOO 04.08.2020 1980

1981
1982
1983
1984
1985|LT52080051985234KIS00 22.08.1985
1986|LT52070061986230KISO0 18.08.1986
1987|LT52080051987192KISO0 11.07.1987
1988|LT52070051988204KIS00 22.07.1988|
1989
1990|LT52080051990232KISO0 20.08.1990
1991
1992|LT52070051992263KIS00 19.09.1992
1993
1994|LT52080051994243KIS00 31.08.1994
1995|LT52080051995246KIS00 03.09.1995
1996
1997|LT52080051997219KIS00 07.08.1987
1998|LT52080051998270KISO0 27.09.1998
1999
2000
2001|LE72110052001179EDCO0 28.06.2001
2002|LE72080052002193EDCO0 12.07.2002
2003
2004|AST_L1A.003:2025232921 07.08.2004
2005
2006
2007
2008
2009
2010|LE72110052010236EDCO0 24.08.2010
2011|LE72110052011207ASNOO 26.07.2011
2012
2013|LE72130042013194EDCO0 13.07.2013
2014|LC82100052014232LGNO1 20.08.2014
2015|LC82090052015212LGNO1 31.07.2015
2016|LC82090052016215LGNO1 02.08.2016
2017|LC82110052017215LGNOO 03.08.2017
2018|1C80272392018225LGN0OO 13.08.2018
2019|LC82100052019230LGNOO 18.08.2019
2020)1C82100052020217LGNOO 04.08.2020

*In 1976 the termini of Hornbreen, Storbreen, Svalisbreen and Mendeleevbreen were confluent.
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Supplement S3. Species list of molluscs in the ground moraines in the Hornbreen forefield and their distribution in Hornsund Fjord in the 1970-1980s.

Molluscs from shell-bearing moraines

Species distribution in Hornsund (1977-1985)*

Taxa Treskelen Ostrogradskijfjella .
- - - - - Hornsund open water | Gashamna | Isbjornhamna | Brepollen
Heintz (1953)( Birkenmajer (1958) [ This study This study
Mya truncata (Linnaeus, 1758) + + + + + +
Chlamys islandica (O. F. Mdller, 1776) + + + + +
Hiatella arctica (Linnaeus, 1767) + + + + + +
Astarte borealis (Schumacher, 1817) + + + +
Astarte elliptica (T. Brown, 1827) + + + +
Astarte montagui + +
Boreotrophon truncatus (Strgm, 1768) + + +
Macoma calcarea (Gmelin, 1790) + + +
Buccinum glaciale + + +
Balanus + + +
Lithotamnium sp. + + + +

* After: Rozycki O (1992) Occurrence of Gastropoda and Bivalvia in Hornsund Fiord (West Spitsbergen, Svalbard). Polish Polar Research 13(1): 41-52.
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Supplement S3. Morphometric indicators (CfE, CfD) characterizing the frontal zones of Hornbreen and Hambergbreen.

Hornbreen Hambergbreen
Year [CfD |CfE Year |CfD  [CfE
1976( 0.457| -0.803 1936| 0.445( -0.590
1977 1937
1978 1938
1979 1939
1980 1940
1981 1941
1982 1942
1983 1943
1984 1944
1985 0.468| -0.843 1945
1986 0.567| 0.675 1946
1987 0.605| 0.769 1947
1988( 0.594| 0.853 1948
1989 1949
1990( 0.542| 0.754 1950
1991 1951
1992( 0.499| -0.835 1952
1993 1953
1994 0.508| -0.779 1954
1995( 0.497| -0.815 1955
1996 1956
1997 0.517| -0.742 1957
1998( 0.575| 0.729 1958
1999 0.557| 0.825 1959
2000 1960
2001| 0.479| -0.872 1961 0.532| 0.758
2002| 0.481| -0.838 1962
2003 1963
2004| 0.416| -0.826 1964
2005| 0.434| -0.888 1965
2006 1966
2007 1967
2008 1968
2009 1969
2010 0.461| -0.804 1970
2011| 0.379| -0.818 1971
2012 1972
2013 0.326| -0.587 1973
2014| 0.237| -0.692 1974
2015| 0.403| -0.897 1975
2016| 0.380| -0.834 1976
2017| 0.409| -0.848 1977
2018| 0.368| -0.824 1978
2019| 0.377| -0.829 1979
2020 0.390| -0.873 1980

1981
1982
1983
1984

1985| 0.151( -0.548
1986| 0.231( -0.626
1987| 0.273 -0.748
1988| 0.321( -0.719
1989
1990
1991
1992| 0.363( -0.887
1993
1994 0.440( -0.930
1995| 0.401( -0.843
1996
1997| 0.358( -0.890
1998| 0.320( -0.845
1999
2000| 0.377( -0.919
2001| 0.374( -0.918
2002| 0.396( -0.916
2003
2004| 0.331( -0.789
2005
2006
2007
2008
2009
2010| 0.304( -0.759
2011| 0.311( -0.780
2012
2013| 0.242( -0.737
2014| 0.175( -0.685
2015| 0.295( -0.847
2016| 0.191( -0.703
2017| 0.138( -0.667
2018| 0.198( -0.675
2019 0.139( -0.625
2020| 0.177 -0.637
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Zalacznik 6

Geomorphological and historical records of the
surge-type behaviour of Hansbreen (Svalbard)

Aleksandra Osika €2 and Jacek Jania

Faculty of Natural Sciences, University of Silesia, Institute of Earth Sciences, Bedzinska 60, 41-200 Sosnowiec,
Poland

Abstract

This paper presents geomorphological and historical records of the surge-type behaviour of
Hansbreen, one of the most studied tidewater glaciers in Svalbard. The surge-type behaviour
of the glacier has not been considered before due to the lack of evidence of this phenomenon.
We integrate geomorphological mapping of the terrestrial and submarine forefields with histor-
ical data from the 19th and 20th centuries to reconstruct the glacier dynamics and identify the
possible timing of surging. Landform assemblages are representative of the surging glacier land-
system, including crevasse-squeeze ridges (CSRs) and submarine streamlined glacial lineations.
Abundant CSRs in the outer part of the terrestrial forefield were also documented in the
1980s, but most have been obliterated since then. We suggest the identified surge landsystem
was produced during a surge of Hansbreen detected from photographs taken during the
Austro-Hungarian expedition in 1872. Historical photogrammetric photos from the
Norwegian expedition in 1918 revealed surge-diagnostic features in the glacier surface, including
a folded medial moraine and a dense, complex network of crevasses. A potential next surge
remains questionable in the following decades due to the low-lying accumulation area of the
main stream hindering the mass build-up, but potential surges of the tributary glaciers should
not be excluded.

Introduction

Surge-type glaciers exhibit multiyear, quasi-cyclical velocity fluctuations between a prolonged
quiescent phase of slow flow and a shorter active phase of fast flow, during which ice velocities
can increase by 10-1000 times (Meier and Post, 1969; Raymond, 1987; Sund and others, 2009).
Most surge-type glaciers concentrate in spatial clusters within an optimal climatic envelope,
such as Svalbard (74-81°N) (Sevestre and Benn, 2015). Glaciers cover 57% of the land of
this archipelago and more than 60% of the glaciated area is represented by tidewater glaciers
(Blaszczyk and others, 2009; Nuth and others, 2013). There is general agreement that surging
is a common phenomenon in Svalbard (e.g. Liestol, 1969; Jania, 1988; Lefauconnier and
Hagen, 1991; Hagen and others, 1993; Sevestre and Benn, 2015; Farnsworth and others,
2016; Benn and others, 2023), although the estimated percentage of surge-type glaciers varies
from 13% (Jiskoot and others, 1998) to 90% (Hagen and Liestel, 1990). The duration of the
quiescent phase typically ranges from 30 to 150 years, but can be as long as 500 years
(Dowdeswell and others, 1991; Hagen and others, 1993; Murray and others, 2003).
Therefore, the length of surge cycles often exceeds the observation period, which poses a
risk of misclassification of glaciers as non-surging if the active phase has not been observed
and associated geomorphological and glaciological records of surging have been obliterated
since then (Benn and Evans, 2010).

The frequency of surges is influenced by climatic conditions through changes in the mass
balance and modification of the thermal structure of glaciers (Dowdeswell and others, 1995;
Sevestre and others, 2015). In recent centuries, Svalbard glaciers reached their maximum
extent during the Little Ice Age (LIA) and many of these advances were surge-related (e.g.
Liestol, 1969; Lefauconnier and Hagen, 1991; Christoffersen and others, 2005; Sevestre and
others, 2015; Farnsworth and others, 2016; Zagérski and others, 2023). The main sources
of data about the timing of the late LIA surges are historical observations of glaciers that
have recently advanced (e.g. the surge of Kongsvegen dated to c. 1800; Liestol, 1988) or evi-
dence of glaciers experiencing the active phase of a surge as recorded in historical drawings
and maps (e.g. Recherchebreen in 1838; Liestel, 1993, Kongsvegen in 1869; Liestel, 1988,
Nathorstbreen and Paulabreen mapped in 1898; Ottesen and others, 2008). Although the phe-
nomenon of glacier surges was unknown at that time, this unique photographic and carto-
graphic documentation can be reinterpreted to identify the evidence for past surge events
(e.g. Zagorski and others, 2023). However, in regions with less archival data on glacier fluctua-
tions during the LIA, such as Hornsund, most surges have only been recorded in the second
half of the 20th and in the 21st century (Blaszczyk and others, 2013). The first maps present-
ing glacier termini in this area were prepared during the Austro-Hungarian North Pole
Expedition 1872-1874 (Peterman, 1874) and the Swedish-Russian Arc-of-Meridian
Expedition to Spitsbergen 1899-1902 (Wassiliew, 1925) when the glaciers were already exten-
sive or even at their LIA maxima. The scales of these maps and the simplified cartographic
representation of glaciers on the older map do not allow the identification of evidence of
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ongoing surges, such as extensive crevassing or folded medial
moraines (Copland and others, 2003). Therefore, some surges
may have occurred in this area during the LIA that are not docu-
mented in existing inventories.

In the case of sparse archival data, the application of surging
glacier landsystem models based on characteristic landform
assemblages in the terrestrial (Evans and Rea, 1999, 2003) and
submarine forefields (Ottesen and Dowdeswell, 2006; Ottesen
and others, 2008, 2017) allows the detection of surge-like behav-
iour of glaciers with no documented surging history
(Christoffersen and others, 2005; Farnsworth and others, 2016,
2017; Flink and Noormets, 2018). The landforms are a record
of a fully active surge with glacier advance (stage 3 according to
Sund and others, 2009) marked with pro- and supraglacial mor-
aines and characteristic meltwater drainage patterns (Lonne,
2016). One of the key features of the surge landsystems are
crevasse-squeeze ridges (CSRs), which indicate basal crevassing
and saturated basal sediments during the active surge phase,
while the preservation of the ridges implies abrupt surge termin-
ation and ice stagnation during the quiescent phase (Evans and
Rea, 1999; Ben-Yehoshua and others, 2023). Fast ice flow during
the surge can be inferred from streamlined glacial lineations
(Ottesen and Dowdeswell, 2006). Glaciotectonic moraines, often
associated with debris flow lobes in the marine environment,
reflect an advance onto and deformation of proglacial sediments
(Lovell and others, 2018). Ice-cored hummocky moraines record
entrainment and transport of high volumes of sediments during
the advance, and subsequent melt-out on stagnant ice (Evans
and Rea, 1999). Small submarine retreat moraines reflect minor

Aleksandra Osika and Jacek Jania

winter advances of quiescent tidewater glaciers (Flink and others,
2015).

Hansbreen (Hornsund, south Spitsbergen) is one of the most
studied glaciers in Svalbard and its possible surge behaviour has
long been debated (e.g. Jania, 1988; Jania and Glowacki, 1996;
Rachlewicz and Szczuciniski, 2000; Cwigkala and others, 2018).
The glacier and surrounding area have been the subject of numer-
ous investigations (e.g. Jania, 1988; Glazovskiy and others, 1992;
Vieli and others, 2002; Pilli and others, 2003; Grabiec and others,
2012; De Andrés and other, 2018; Laska and others, 2022) and its
contemporary dynamics are well understood (Blaszczyk and
others, 2021, 2024). According to the Randolph Glacier
Inventory (RGI) V7.0, there is ‘no evidence’ that Hansbreen is
a surge-type glacier (Maussion and others, 2023; RGI 7.0
Consortium, 2023). In contrast to most medium-sized or large
tidewater glaciers in Hornsund, Hansbreen has not surged since
the regular monitoring of glacier dynamics initiated in 1982
and there is no unequivocal evidence for surging earlier in the
20th century (Blaszczyk and others, 2013; Szafraniec, 2020).
Over the last 40 years, three tidewater glaciers in Hornsund
underwent a surge: Paierlbreen (advance of 380m in
1992-1995), Mendeleevbreen (advance of 1.5 km in 1997-2002)
and Svalisbreen (advance of c. 400 m in 2016-2020; Blaszczyk
and others, 2023). Evidence of an ongoing surge was also reported
in the case of Miithlbacherbreen (in 1961; Sund and others, 2009)
and Korberbreen (in 1938; Liestol, 1969). Marine-terminating
Storbreen, Hornbreen and Samarinbreen are also surge-type gla-
ciers (Fig. 1b; Jiskoot and others, 2000). Minor advances
(c. 100-300m) of Hansbreen were observed in 1957—-1959

Figure 1. (a) Location of Hansbreen in the Svalbard archipelago and (b, c) Hornsund. (b) Glaciers: Ho, Hornbreen; K, Kérberbreen; Me, Mendeleevbreen; Mu,
Mihlbacherbreen; P, Paierlbreen; Sa, Samarinbreen; St, Storbreen; Sv, Svalisbreen. (c) Glaciers (black letters): D, Deileggbreen; F, Fuglebreen; K, Kvitungisen; S,
Staszelisen; T, Tuvbreen; V, Vrangpeisbreen. Mountain ridges; peaks and saddles (yellow letters): Fa, Fannytoppen; Fb, Fugleberget; Fp, Flatpasset; Fr,
Flatryggen; VT, Vesletuva. Peninsulas and islands (orange letters): B, Baranowski Peninsula (Baranowskiodden); Hh, Hansholmane; O, Oseanograftangen. Bays:
Hb, Hansbukta; I, Isbjernhamna. PPS, Polish Polar Station Hornsund. Figure map: © Norwegian Polar Institute (Norwegian Polar Institute, 2014). Sentinel-2B

from 27 July 2023.
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(Kosiba, 1960), 1973-1977 and 1993-1995, and an episode of
increased surface velocity occurred in the early 1990s, but these
events were interpreted as ‘mini-surges’ rather than fully devel-
oped surges (Jania, 1988, 1998). Landforms diagnostic of surging
were not detected in the submarine forefield of Hansbreen when
it was mapped with multibeam echosounder in 2008 (Tegowski
and others, 2016; Cwigkala and others, 2018). Farnsworth and
others (2016) classified Hansbreen as a surge-type glacier based
on the presence of CSRs in the terrestrial forefield. The geomorph-
ology of the recently deglaciated submarine and terrestrial marginal
zones presents an opportunity to investigate newly exposed geomor-
phological evidence for possible surging. Several studies have also
demonstrated the importance of integrating terrestrial and submar-
ine geomorphological records with historical datasets and observa-
tions in order to evaluate evidence for past surging of tidewater
glaciers (e.g. Ottesen and others, 2008; Lovell and others, 2018;
Aradottir and others, 2019; Zagérski and others, 2023).

Here, we present the geomorphology of Hansbreen’s terrestrial
and submarine forefields and combine this with historical data to
evaluate its surge-type behaviour.

Study site

Hansbreen is a polythermal tidewater glacier that terminates in
Hansbukta on the northern side of Hornsund in south-west
Spitsbergen (Fig. 1; Jania and others, 1996; Blaszczyk and others,
2019). The system consists of the main trunk flowing from north
to south, four main tributary glaciers on the west (Fuglebreen,
Tuvbreen, Deileggbreen and Staszelisen) and several minor tribu-
taries on the east. The glacier is approximately 14 km long with a
c. 2km-long grounded calving front, 51.3km? in area (as of
2015), a total ice volume of 9.6 km’, a mean surface slope of
1.8° along the centreline and up to 5.6° along the centrelines of
the tributaries (Grabiec and others, 2012; Blaszczyk and others,
2019, 2024). There is a distinct ice divide between Hansbreen
and Vrangpeisbreen at the highest part of the main trunk at
c. 4990 m a.s.l, whereas the tributary glaciers reach up to 565 m
a.s.l. (Blaszczyk and others, 2019). The delineation of the eastern
border is not straightforward due to the transfluence of ice from
the accumulation field of Hansbreen to Kvitungisen, a tributary of
Paierlbreen. Around 2010, the mean and the maximum thickness
of the glacier were 171 and 386 m, respectively, and the mean sur-
face elevation was 306 m a.s.l. (Grabiec and others, 2012). The
surface mass balance has been surveyed since 1989 and the
mean annual value in 2000-2019 was —0.26 m w.e. (Schuler
and others, 2020). In 2007-2015, the mean annual velocity mea-
sured c. 3.5 km from the calving front varied from 49.3 to 88.2 m
a~' and the central part of the front was 4-5 times faster. The
average retreat rate in 1992-2015 was 38 ma~" with a maximum
of 311ma™! (Btaszczyk and others, 2021). The bedrock of the
main trunk is overdeepened below sea level for 10 km from the
calving front, and this overdeepening corresponds to a quarter
of the total bedrock area beneath the glacier system (Grabiec
and others, 2012; Otero and others, 2017). The geological struc-
ture is complex and diverse with several stratigraphic units of
N-S orientation. The main valley has developed within Middle
and Late Proterozoic phyllites, dolomites and conglomerates as
well as Cambrian dolomites and quartzites. The west tributary
glaciers have eroded Middle Proterozoic quartzites, marbles, phyl-
lites and schists (Birkenmajer, 1990; Ohta and Dallmann, 1999).
In 1979-2018, mean annual air temperature and precipitation
measured at the nearby Polish Polar Station were —3.7°C and
235 mm with increase trends of +1.14°C and +61.6 mm per dec-
ade (Wawrzyniak and Osuch, 2019, 2020).

Similar to other glaciers in Hornsund, the first maps of the
Hansbreen frontal position were based on surveys by the
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Austro-Hungarian (1872-1874) and Swedish-Russian expeditions
(1899-1902) (Peterman, 1874; Wassiliew, 1925). At this time,
Hansbreen occupied Hansbukta, the Baranowski Peninsula
(Baranowskiodden), part of Isbjernhamna, Oseanograftangen
and raised marine terraces at the foot of Fugleberget and
Fannytoppen. The geomorphology of the forefield was investi-
gated by Birkenmajer (1960), Karczewski and others (1984),
Pekala (1989), Lindner and others (1992), Rachlewicz and
Szczucinski (2000). Since that time, there have been no new stud-
ies of the entire terrestrial forefield. The submarine geomorph-
ology of Hansbukta was outlined by Jania (1988, 1998) and
Tegowski and others (2016), and described in detail by
Cwigkata and others (2018).

Materials and methods

We mapped the terrestrial forefield by combining field investiga-
tions with remote sensing data, as recommended by Chandler
and others (2018). Field observations were carried out in
2021-2023 with detailed mapping in August 2022. Our map is
based on a very high-resolution orthophotomosaic and DEM gen-
erated and published by Blaszczyk and others (2022) from aerial
photos acquired on 22 June 2020 using a Dornier DO228 aircraft.
The resolution of the orthophotomosaic and the DEM are 0.0843
and 0.169m, with a maximal vertical DEM error of 0.54m.
Mapping of the submarine forefield was based on two datasets of
bathymetric data. We mapped most of the forefield using a high-
resolution DEM (1m) based on multibeam bathymetric data
from the Norwegian Hydrographic Service collected in 2008 (The
Norwegian Mapping Authority, Kartverket). This dataset was
used in the previous geomorphological studies of Hansbukta
(Tegowski and others, 2016; Cwigkata and others, 2018). In add-
ition, we used a DEM generated by Blaszczyk and others (2021)
from multiple data sources to map the areas not surveyed in
2008. The DEM was based on measurements from a small boat
using a Norbit Wideband Multibeam Sonar with a positioning sys-
tem (2014, 2016, 2017) and data collected from a small boat with a
single beam echosounder Lowrance HDS5 with positioning (2015).
The assessed accuracy of these bathymetric data was +5m
(Btaszczyk and others, 2021). We mapped the landforms in
QGIS using the WGS84/UTM33N spatial reference system. Some
small areas of the forefields were not covered by the bathymetry
data or the orthophotomap and a small part of the seafloor with
a surveyed topography remained unclassified in the geomorpho-
logical map (Figs 2 and 3). Changes in the frontal position of
Hansbreen were taken from supplementary data to Blaszczyk and
others (2013, 2021) and vectorized from Sentinel-2 images in nat-
ural colour compositions for the period 2016-2018.

To characterize the changing glacier and its forefield over time,
we used historical maps and photographs from 1872
(Austro-Hungarian North Pole expedition, Peterman, 1874), a
map from 1899 (Swedish-Russian Arc-of-Meridian Expedition,
Wassiliew, 1925), a map and archival photographs from the
Norwegian expedition to Spitsbergen in 1918 (Hoel, 1929),
oblique aerial photographs from 1936 by the Norwegian Polar
Institute and the orthophotomap from these data (Geyman and
others, 2022), terrophotogrammetric documentation of the
Hansbreen forefield in 1982-1996 from the archives of the
University of Silesia (Jania and Kolondra, 1982) and the ortho-
photomap based on vertical aerial photographs from 2011 by
the Norwegian Polar Institute, available in the TopoSvalbard
online archive (https:/toposvalbard.npolar.no/). The historical
photographs from 1872 were acquired from the Austrian
National Library Digital Image Archive (https://onb.digital/) and
from 1918 from the digital image archive of the Norwegian
Polar Institute (https://bildearkiv.npolar.no/fotoweb/). The
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Figure 2. Hansbreen and its forefield. Orthophotomap from June 2020 after Btaszczyk and others (2022) and bathymetric map based on the Norwegian
Hydrographic Service multibeam data (2008) combined with bathymetric data (2014-2017) after Btaszczyk and others (2021) were used to produce the geomor-
phological map (Fig. 3). Changes in the frontal position of Hansbreen after Btaszczyk and others (2013, 2021), Sentinel-2A from 2 August 2016 and 18 September
2018, and Jania (1988). The dashed line marks the glacier extent in 1938 based on terraphotogrammetric measurements conducted by Pillewizer (1939).

purpose of the historical data was to help interpret the forma-
tion of landforms and to assess past glacier frontal positions
and any geomorphological or glaciological evidence for surging.
As the surge criteria, we considered (1) looped moraines, (2)
deformed ice structures, (3) heavy surface crevassing, (4) a
surge bulge and (5) shear margins on the glacier surface
(Lefauconnier and Hagen, 1991; Copland and others, 2003;
Grant and others, 2009).

Hansbreen surging glacier landsystem

Glacial and glacifluvial landforms are classified according to their
origin and morphological features and presented in the context of
their associations (subglacial, supraglacial, ice-marginal, progla-
cial, glacimarine). We describe the terrestrial and submarine mar-
ginal zones separately to highlight the similarities and contrasts
between landform assemblages in different environments.

Glacier ice and debris covered glacier ice

The main tongue of Hansbreen is densely crevassed at the active
calving front, and similarly crevassed at the confluence zone
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between Tuvbreen and the main trunk (Figs 1 and 2). The dom-
inant crevasse pattern is transverse with additional sigmoidal cre-
vasses near the confluence zone. A dense network of crevasses
with different orientations and crevasse traces (healed crevasses)
can be observed in the eastern lateral zone of Hansbreen, includ-
ing the land-terminating part, which transitions into the ice-cored
hummocky moraine. The extensively crevassed central and east-
ern parts of Hansbreen contrast with the almost uncrevassed sur-
faces of Tuvbreen and Fuglebreen, which are dominated by
crevasse traces and exhibit a few supraglacial streams and
moulins.

Two medial moraines can be traced on the western part of
the glacier (Figs 1 and 2). The medial moraine between the
main trunk of Hansbreen and Tuvbreen takes the form of a
wide belt of highly dispersed debris a few centimetres thick,
with fine clasts of metamorphic rocks from the nunatak Tuva.
Snow patches partially mask a scattered medial moraine between
Tuvbreen and Fuglebreen composed of fine-grained, homoge-
neous debris sourced from the metamorphic rocks of the
Vesletuva mountain. We interpret the former as an ice-stream
interaction medial moraine and the latter as an ablation-
dominant moraine.
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Figure 3. Geomorphological map of the forefield of Hansbreen. Glacier extent on 22 June 2020.

Terrestrial forefield

Ice-moulded bedrock: Ice-moulded bedrock is exposed on abundant
glacially eroded skerries and capes in Hansbukta and
Isbjornhamna, which often take the form of roches moutonnées
(Fig. 3). The most prominent of these features is the Baranowski
Peninsula, which is covered by a thin, discontinuous layer of fluted
till with numerous bedrock outcrops of amphibolites. The surface
of the peninsula is streamlined with minor roches moutonnées
and rock drumlins (Fig. 4a). Similarly, streamlined bedrock with
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a fluted till surface occurs at the foot of Fannytoppen, across
Hansbukta from the Baranowski Peninsula (Fig. 4b). A large, 9.5
m high roche moutonné, partially draped with a thin layer of fluted
till is located in the north-western forefield near the glacier ter-
minus (Figs 5a and c). In the south-eastern forefield, ice-moulded
bedrock is also represented by glacio-isostatically uplifted marine
abrasive terraces and sea stacks covered with till.

Fluted till surface: Ice-moulded bedrock is strewn with a thin
layer of coarse-grained, matrix-supported diamicton interpreted
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Figure 4. Streamlined topography of (a) the Baranowski Peninsula and (b) at the foot of Fannytoppen with parallel-sided flutings on a thin layer of till. Note CSRs
transverse and oblique to flutes on the Baranowski Peninsula. Shaded relief maps after Btaszczyk and others (2022).

as subglacial traction till and a discontinuous layer of supraglacial
diamicton of subglacial origin with similar properties (Skolasinska
and others, 2016). The clasts are sub-angular to sub-rounded, ran-
ging from gravels to boulders up to 2m in diameter. The total
thickness of diamictons is usually less than 0.5-1 m (Rachlewicz
and Szczucinski, 2000).

The till surface is densely fluted, except in areas reworked by
meltwater streams, where only the most prominent flutes can be
recognized. Flutes are low, flow-parallel ridges composed of till
similar to the till plain, but with significantly smaller clasts.
Their formation is connected with infilling of till into a subglacial
cavity in the lee-side of a boulder (e.g. Boulton, 1976; Benn, 1994;
Ives and Iverson, 2019). Flutings concentrate in four spatial clus-
ters: (1) the streamlined topography of the Baranowski Peninsula
(Fig. 4), (2) the recently exposed north-western part of the fore-
field, at the foot of Fugleberget (Fig. 5), (3) raised marine terraces
at the foot of Fannytoppen (Fig. 4) and (4) remnants of till plain
on Oseanograftangen (Fig. 6). Most of the flutings are parallel-
sided and up to 84 m long with nearly constant width between
0.3 and 2.4 m and height below 0.3 m, commonly with a boulder
lodged on the stoss-side of the flute. There is a second group of
short tapering flutes up to 14 m long, with boulders embedded
at their heads and decreasing width and height in a downstream
direction. The assemblages of long flutings associated with CSRs,
which can be observed in the Hansbreen forefield, are vital com-
ponents of the surging glacier landsystems (e.g. Evans and Rea,
1999, 2003; Christoffersen and others, 2005; Benn and Evans,
2010; Aradéttir and others, 2019; Ives and Iverson, 2019).

Crevasse-squeeze ridges (CSRs): Low, diamicton ridges oriented
transverse or oblique to ice-flow direction and superimposed on
flutes are interpreted as CSRs. CSRs are composed of the same
till as flutings and their formation involves till infilling of basal
crevasses that have opened during a surge and subsequent emer-
gence of ridges from stagnating ice during the quiescent phase
(e.g. Boulton and others, 1996; Rea and Evans, 2011;
Farnsworth and others, 2016; Ben-Yehoshua and others, 2023).
The landforms are a key characteristic of the geomorphological
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record produced by surging glaciers and have been reported in
the forefields of numerous glaciers in Svalbard with both con-
firmed and undocumented surge histories (e.g. Heintz, 1953;
Boulton and others, 1996; Glasser and others, 1998; Ottesen
and Dowdeswell, 2006; Farnsworth and others, 2016; Ottesen
and others, 2017; Flink and Noormets, 2018; Aradodttir and
others, 2019). The morphology of CSRs in the forefield of
Hansbreen ranges from distinct, intersecting ridges c. 0.5m
high to remnants of ridges or mounds and sediment trails reflect-
ing the characteristic criss-cross pattern of CSRs. A network of
well-defined cross-cutting ridges c. 0.5 m high, up to 3.5 m wide
and up to 50 m long that overlay dense flutes can be seen emer-
ging from the downwasting glacier snout in the northwestern part
of the forefield (Fig. 5). The most prominent ridges approach the
height of 0.8 m (Fig. 5d). In contrast, CSRs on the Baranowski
Peninsula appear as indistinct ridges in the field and are best iden-
tified on the orthophotomaps. However, in the 1980s they were
visible as abundant, distinct diamicton ridges transverse or
oblique to underlying flutes (Fig. 7). In the eastern forefield,
CSRs occur less frequently and are mostly individual diamicton
ridges and mounds 6-40 m long and 0.3-0.5 m high overprinted
on highly degraded flutes (Figs 6 and 8). The ridges are located
among numerous cross-cutting diamicton trails a few centimetres
high, which mimic the networks of CSRs and flutings. Similar fea-
tures interpreted as the remains of CSRs were described in west-
ern Svalbard by Ben-Yehoshua and others (2023). In the
southernmost forefield, transverse and oblique CSRs are superim-
posed on fluted till draped on two roches moutonnées (Fig. 6).
Their morphology ranges from distinct, short ridges and mounds
approaching 0.3-0.5 m in height, to degraded, intersecting ridges
a few centimetres high taking the form of diamicton trails.
Eskers: Low, locally eroded sinuous eskers are visible in the
eastern forefield on the till plain with fluvial overprinting. The
ridges are 70-90 m long, 1-3 m wide, up to 0.5 m high and dis-
sected by meltwater channels. They can be recognized by their
surface of compact, sub-angular to rounded clasts ranging from
fine gravels to 30 cm boulders with absent finer fractions. Based
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Figure 5. Fluted till surface with CSRs at the foot of Fugleberget in the north-western part of the forefield. (a) Overview of the flutings and CSRs networks on the
orthophotomap from 2020 (Btaszczyk and others, 2022). (b) Flutings and CSRs emerging from downwasting glacier ice in August 2020. Hummocky moraine and
trimline on the Fugleberget slopes in the background. (c) The same area in September 2023. Note two drumlins (dr) and a roche moutonné (rm) overprinted with
flutings and well-developed CSRs. (d) A prominent CSR c. 0.8 m high with the extent marked with the dashed line. (b-d) Photos A. Osika.

on their sinuous morphology, we interpret them as landforms
developed in stagnant ice during the quiescent phase.
Hummocky moraine: Hummocky moraine occurs on the ice-
proximal side of the lateral terminal moraine (Fig. 3). In the west-
ern part of the forefield, it takes the form of low, ice-cored, aligned
hummocks, depressions and ponds, transitioning to the north
into regular, ice-cored, low-amplitude linear ridges, interpreted
as controlled moraine (Evans, 2009). The formation of hum-
mocky and controlled moraines involves entrainment, transport
and melt-out of debris on a stagnant glacier snout, leading to
the accumulation of supraglacial debris cover (Boulton, 1968;
Rachlewicz and Szczucinski, 2000; Schomacker and Kjeer, 2008;
Evans, 2009; Ewertowski and others, 2011). In controlled
moraine, the supraglacial debris retains distinct linearity reflecting
the inherited pattern of englacial debris concentrations (Evans,
2009). In the eastern forefield, hummocky moraine occurs as a
complex of irregular, partly ice-cored, low-amplitude mounds
and depressions at the proximal zone of the lateral terminal
moraine (Fig. 8). The second assemblage is a complex of low,
recently exposed ice-cored hummocky moraines adjacent to the
slopes of Fannytoppen and Flatryggen. The surficial sediments
are clast-rich, matrix-supported diamictons with large clasts of
metamorphic and sedimentary rocks (Skolasiniska and others,
2016). Abundant fragments of marine mollusc shells can be
found up to the Flatpasset saddle between Fannytoppen and
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Flatryggen at c. 150 m a.s.l. (Fig. 2). The development of hum-
mocky moraines requires entrainment and transport of large
volumes of debris, which is particularly effective and widespread
during the active phase of surging (Evans and Rea, 1999; Lovell
and others, 2015a). Therefore, they are an important component
of the surging glacier landsystems, although they are not inde-
pendently diagnostic of surge-type behaviour (Evans and Rea,
2003).

Lateral terminal moraine: The outer, most prominent moraine
belts are interpreted as lateral terminal moraines that extend
underwater as a frontal terminal moraine (Fig. 3). In the western
forefield, the lateral terminal moraine occurs as a conspicuous
controlled moraine belt with sub-parallel units reflecting the for-
mer englacial structures in the glacier snout (cf. Evans, 2009). The
outer moraine belt is 1130 m long, up to 200 m wide, 30 m high
and ice-cored as evidenced by electrical resistivity tomography
(Glazer and others, 2020), but the internal structure is unknown.
The transverse profile is asymmetric with a steeper distal slope. In
the south-eastern forefield, the lateral terminal moraine takes the
form of two arcuate ridges 570 and 580 m long, 30—50 m wide and
up to 8 m high, dissected by proglacial channels. The ridges are
probably ice-cored based on the evidence of ongoing de-icing
processes. The relief of their southern margins is subdued and
resembles the adjacent hummocky moraine. In turn, the lateral
terminal moraine on Flatpasset (Fig. 8c) occurs as a distinct,
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Figure 6. (a, b) Roches moutonnées on Oseanograftangen overprinted with fluted till and CSRs. Note the extensive beaches and storm ridges around the hills and
remaining of the plain south of the lake, indicating the flutes and CSRs reworking by coastal processes. (c) Levelled flutes (parallel; blue lines) and CSRs (oblique
and transverse; red lines). The latter take the form of low ridges (0.3-0.5 m) or diamicton trails a few centimetres high.

arcuate ridge 420 m long, up to 30 m wide, 6 m high and probably
ice-cored. The northern part merges with ice-cored hummocky
moraine, whereas the south-western part is associated with a trim-
line on the adjacent Fannytoppen slope. The lateral terminal mor-
aines are composed of clast-rich diamicton with sub-angular to
sub-rounded, and occasionally angular large clasts of meta-
morphic and sedimentary rocks. We interpret them as the outer
and oldest ridges of controlled moraines, formed by debris
entrainment during glacier advance and supraglacial melt-out of
sediments from stagnating ice, preserving the ice core from deg-
radation (cf. Evans, 2009).

Trimline: Trimlines can be traced on the eastern and south-
eastern slopes of Fugleberget at 174-70 m a.sl. and the western
slopes of Fannytoppen at 173-32 m a.s.l. (Figs 3 and 8). We inter-
pret them as the maximum thickness of Hansbreen during the
surge (cf. Yde and others, 2019). The imprint is discontinuous
due to paraglacial reworking and formation of talus cones. A

gradual elevation decline corresponds to widening and lateral
spread-out of the glacier tongue. Well-developed trimlines from
the LIA are typical for Svalbard glaciers and their formation
and distribution are primarily controlled by bedrock erodibility
(Rootes and Clark, 2022). According to their study, erosional
trimlines are slightly more common among surging and tidewater
glaciers in Svalbard compared to land-terminating glaciers or gla-
ciers with no known surge history.

Submarine forefield

Drumlinized seafloor and streamlined glacial lineations: The
drumlinized seafloor comprises c. 750 m wide zone in the prox-
imal part of the submarine forefield, taking the form of stream-
lined topography with drumlinoids, low-amplitude streamlined
ridges and grooves (Figs 2 and 3). In the central zone, an oval,
symmetrical ridge 260 m long and 90 m wide, interpreted as a

Figure 7. (a, b) Terrestrial photogrammetric photograph of the Baranowski Peninsula from 1982. Note long, parallel-sided flutings and low CSRs (white arrows)
oblique and transverse to the flutes. Today, CSRs in this site are sparse and have an indistinct appearance in the field.
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Figure 8. (a) Low, obliterated CSRs c. 0.3-0.5 m high among sediment trails reflecting the cross-cutting pattern of CSRs and flutings at the foot of Fannytoppen. (b)
Ice-cored hummocky moraine in this area. In the background, hummocky moraine and trimline on the slopes of Fugleberget. (c) Hummocky moraine (h) and trim-
line (t) on the Fannytoppen slopes. The arrow marks the lateral terminal moraine and the rectangle illustrates the location of the roches moutonnées with CSRs on

Oseanograftangen. (a-c) Photos A. Osika.

drumlin, can be observed between a similar ridge with an indis-
tinct appearance and a prominent drumlinoid 190 m wide. In
the western part, an assemblage of distinct, flow-parallel, low-
amplitude ridges and grooves up to 430 m long can be observed
on the slopes of an overdeepening that extends to a depth of
94 m. The ridges are up to 5m high, 30 m wide and the distance
between their crests is usually 40-60 m. We interpret these as
streamlined glacial lineations, which indicate high velocities dur-
ing glacier advance and are a key characteristic of the submarine
forefields of tidewater surge-type glaciers in Svalbard (e.g. Flink
and others, 2015, 2018; Dowdeswell and Ottesen, 2016; Ottesen
and others, 2017; Streuff and others, 2018). Based on their
morphology and elongation ratios, the ridges represent a con-
tinuum between elongated drumlins and mega-scale glacial linea-
tion, indicating subglacial streamlining (MSGL; Stokes and Clark,
2002; Spagnolo and others, 2014).

Esker: A single, sinusoidal ridge in the inner part of the fore-
field, which can be traced to an R channel in the nearby land-
terminating part of the glacier is interpreted as an esker, resulting
from the infilling of the subglacial conduit with sediments during
decreasing meltwater discharge (Ottesen and others, 2008). The
ridge is 390 m long, up to 10 m wide, 2 m high and faces east
for the first 185 m before turning south. The distinct morphology
of the first segments contrasts with blurred distal part c. 90 m long
ending at the recessional moraine. Eskers have been documented
in the forefields of many tidewater glaciers in Svalbard and, in the
case of surge-type glaciers, inferred to have developed after surge
termination (Ottesen and others, 2008; Dowdeswell and Ottesen,
2016; Flink and others, 2018; Noormets and others, 2021).

Small moraine ridges — CSRs and / or De Geer moraines: Small
ridges oriented subparallel to the calving front and overprinting
the flow-parallel ridges of streamlined bedforms can be traced
across the inner part of Hansbukta. The transverse, locally
branching and cross-cutting ridges approach 10-20 m in width
and 3 m in height with spacing of 15-50 m. Their spatial pattern
and abundance compared with the number of winter glacier
advances (Blaszczyk and others, 2021) and the proximity of
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CSRs in the terrestrial forefield (Fig. 3) imply that the ridges
are probably submarine CSRs formed during a surge (e.g.
Ottesen and others, 2008; Dowdeswell and Ottesen, 2016).
Based on a similar appearance, some ridges could be De Geer
moraines, also known as small annual retreat moraines or push
moraines (e.g. Streuff and others, 2015; Flink and Noormets,
2018). The formation of De Geer moraines involves the pushing
of sediments during seasonal winter advances (Boulton, 1986;
Ottesen and Dowdeswell, 2006). The landforms are widespread
in the proximal but not visible in the central or outer parts of
the forefield, possibly because they have been buried by sediments
from meltwater plumes.

Recessional moraines: Several distinct transverse ridges, larger
than those described above, can be observed primarily in the cen-
tral and outer parts of the forefield. The ridges are oriented sub-
parallel to the calving front, up to 10-15 m high and partly buried
in glacimarine sediments (Cwigkala and others, 2018). In the
proximal forefield, a chain of crescent ridges c. 5m high corre-
sponds to several winter advances to a similar position in
2013-2015. The most conspicuous ridges correspond with glacier
advances in 1957-1959, 1973-1977 and during the 1990s (Jania,
1998; Cwigkata and others, 2018; Blaszczyk and others, 2021).
We interpret the ridges as recessional moraines associated with
minor readvances interrupting the overall glacier retreat
(Robinson and Dowdeswell, 2011; Flink and others, 2015;
Streuff and others, 2018).

Terminal moraines: Two terminal moraines can be observed in
the submarine forefield of Hansbreen, each of them associated
with a debris flow lobe. The outermost terminal moraine takes
the form of a large, crescent, transverse ridge beyond
Hansbukta, emerging onshore as the ice-cored lateral terminal
moraines and marking the LIA maximum of Hansbreen (Figs 2
and 3). The total length of the LIA terminal moraine approaches
5100 m with a submarine part of c. 3300 m. The arcuate form
indicates the radial splaying of the glacier beyond the constraining
mountain ridges. The indentation in the distal flank is related to
the abrupt break in the slope into a deeper fjord basin, which has
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prevented the full development of the moraine (cf. Dowdeswell
and others, 2020). The outermost terminal moraine of
Hansbreen was described in detail by Cwigkala and others
(2018). The submarine ridge is plain-topped, c. 13 m high, with
clear margins in the central, but extensively blurred in the lateral
parts and located in a water depth of 10-25m. Rock outcrops,
fields of megaripples, iceberg pits and ploughmarks can be iden-
tified on the moraine surface (Cwigkata and others, 2018). On the
proximal flank, four oval, flat-floored depressions 28-55m in
diameter and 2m deep are interpreted as kettle holes. Near
Oseanograftangen, the moraine surface is eroded by a channel-
like feature interpreted as a glacifluvial incision, 2-7m deep,
160-250 m wide, and with blurred margins reworked by sediment
flows (Figs 2 and 3). In Isbjernhamna, the outermost terminal
moraine is subdued and overprinted with a debris flow lobe asso-
ciated with an inner terminal moraine.

The inner terminal moraine occurs as transverse ridge seg-
ments up to 3 m high, semi-parallel to the outer terminal moraine
and corresponding to the glacier extent in 1938 (Figs 2 and 3). We
imply that terminal moraines have been formed by surges based
on their resemblance to surge terminal moraines of Svalbard tide-
water glaciers, in particular the association with well-developed
debris flow lobes (e.g. Flink and others, 2015; Burton and others,
2016; Noormets and others, 2021). The morphology of the inner
terminal moraine of Hansbreen is similar to the moraines of
Tunabreen or Blomstrandbreen, corresponding to surges in the
20th century (Flink and others, 2015; Burton and others, 2016).
In each site, the terminal moraines of subsequent surges are sig-
nificantly smaller than the LIA terminal moraine and often dis-
continuous across the fjord. The formation of submarine
terminal moraines involves thrusting and pushing of sediments dur-
ing glacier advances as well as depositional processes during glacier
stillstand, which may be long-lasting on a sill (e.g. Benn and Evans,
2010; Ottesen and others, 2017; Lovell and others, 2018).

Debris flow lobes: We identified two glacigenic debris flow
lobes in the forefield of Hansbreen. The outermost lobe overprints
the distal flank of the large terminal moraine, the adjacent flat-
floored area of Isbjernhamna and a steep northern side of the
Hornsund Fjord beyond the outermost terminal moraine (Figs
2 and 3). In Isbjernhamna, the lobe is flat-surfaced with clear
outer margins, several rock outcrops and small, circular depres-
sions, which are probably iceberg pits. Towards the break in
slope into a deeper part of Hornsund, the lobe surface becomes
hummocky with abundant iceberg pits, ploughmarks and minor
sediment slides and flows. Similar topography can be observed
beyond the central and eastern parts of the outermost terminal
moraine with several prominent downslope-oriented flow struc-
tures. The ice-proximal margins of the moraine are clear, apart
from the area adjacent to the moraine incision affected by mass-
wasting processes. The second debris flow lobe is associated with
the inner terminal moraine and superimposed on the top of the
outermost, large terminal moraine in Isbjernhamna. The land-
form has distinct margins and flow direction to the south-west
(Figs 2 and 3). According to published backscattering data, the
sediment flow lobes are composed of fine-grained or mixed
material contrasting with coarse-grained surficial sediments of
the terminal moraines (Cwigkata and others, 2018). Glacigenic
debris flow lobes result from the bulldozing or pushing of seafloor
sediments in front of the advancing terminus during surging and
subsequent slope failure on the distal side of the glaciotectonic
moraine (Dowdeswell and Ottesen, 2016; Lovell and others,
2018). The steep topography beyond the outermost terminal
moraine has presumably controlled the development of the asso-
ciated debris flow lobe, as they usually take the form of extensive
gently sloped lobes in flat-floored areas (e.g. Dowdeswell and
others, 2016; Flink and others, 2018; Streuff and others, 2018).
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Smooth glacigenic seafloor: Smooth seafloor with flat-floored
depressions separated by transverse moraine ridges comprises a
major part of the submarine forefield (Figs 2 and 3). The max-
imum depth of depressions increases towards the current glacier
front. We interpret these as glacially overdeepened basins filled
with sediments from meltwater plumes, previously described by
Tegowski and others (2016) and Cwigkata and others (2018).
The basin-fill sediments partly bury the moraine ridges from
minor readvances of Hansbreen. The sediment thickness ranges
from 10m in the central to 25m in the southernmost part of
the submarine forefield and the estimated mean sediment accu-
mulation rate in particular basins ranged between 0.25 and 0.4
ma~' (Cwigkala and others, 2018). In the topography of the
smooth seafloor, Cwigkata and others (2018) documented fields
of megaripples, pockmarks, iceberg pits and ploughmarks.

Pockmarks: Pockmarks occur in the southernmost part of the
forefield as small, circular depressions with diameters and depths
approaching 15 and 1 m, respectively. The distribution of pock-
marks in the basin adjacent to the frontal terminal moraine was
documented by Cwigkata and others (2018), who suggested
their possible origin as gas migration along faults or seepage of
pore water due to very high sedimentation rate. Widespread cra-
ters and mounds related to methane release develop in the Arctic
seabed after deglaciation (Andreassen and others, 2017). Apart
from geological factors (e.g. Weniger and others, 2019), pock-
marks in Svalbard fjords may form as a result of water escape
from rapidly deposited glacigenic debris flow lobes related to sur-
ging (Ottesen and others, 2008; Forwick and others, 2009).
Pockmarks in Hansbukta may be of similar origin considering
the high sediment accumulation rate in the basins (cf. smooth gla-
cigenic seafloor; Cwigkata and others, 2018). In addition, we infer
that their formation may be associated with the burying of
organic-rich sediments during glacier advance.

Hansbreen on archival maps and photographs (1872-1936)
Historical maps

The first published sketch map of the Hansbreen snout (scale 1:
200000) was prepared in 1872 during the Austro-Hungarian
North Pole Expedition (Peterman, 1874). The glacier was also
presented on a 1: 200 000 map from the Russian—Swedish exped-
ition in 1899-1901 (Wassiliew, 1925). The frontal position can be
traced on a 1: 100 000 map based on reconnaissance photogram-
metric surveys of the Hornsund area in 1918 during the
Norwegian expeditions in 1917-1921 (Fig. 9a; Hoel, 1929). In
these maps, Hansbreen occupies Hansbukta and the north-eastern
part of Isbjernhamna, covering the Baranowski Peninsula and
Oseanograftangen. However, the maps are not detailed enough to
accurately assess the extent and possible fluctuations of the glacier.
Hence, our study is primarily based on archival photographs docu-
menting the extent and surface morphology of Hansbreen.

Archival photographs

Unique photographic documentation of Hansbreen from the late
19th and early 20th centuries was collected by the
Austro-Hungarian expedition in 1872 and the Norwegian exped-
ition in 1918. In 1936, Hansbreen was documented on oblique
aerial photographs during the Norwegian mapping campaign of
Svalbard (Luncke, 1936). The photographs provide data on the
glacier extent, surface morphology, ice structure in the ice cliff
and geomorphological features, which shed light on the glacier
dynamics. In addition, they are a vital source of data on geomor-
phological processes.

1872: Photographs from the Austro-Hungarian expedition in
1872 documented the terrestrial margins of Hansbreen and part
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Figure 9. (a) Hansbreen on a 1: 100 000 map ‘Spitsbergens Kyst, Hornsund til Dunder Bay’ based on the Norwegian Spitsbergen expeditions in 1917-1921 with
photogrammetric measurements in Hornsund in 1918 (public domain, https://data.npolar.no). (b-g) Terrestrial photogrammetric documentation of Hansbreen
from 1918. (b) The radially expanded glacier snout after surge advance. Note a folded medial moraine in the eastern part of the glacier. (c-f) A complex network
of narrow, cross-cutting crevasses and crevasse traces documented from Fannytoppen. (g) The glacier front in Isbjgrnhamna. Note a waterfall from an active supra-
glacial channel in the background. (b) © Olaf Holtedahl, Norsk Polarinstitutt (modified), (c-f) © Jorgen Glgersen, Norsk Polarinstitutt (modified), (g) © Adolf Hoel,

Norsk Polarinstitutt (cropped and modified).

of the calving front. In the western terrestrial zone, the glacial ter-
minus had already reached its LIA maximum position (Fig. 10a).
The marine-terminating zone was densely and chaotically cre-
vassed with a conspicuous surface bulge (Fig. 10b). At the foot
of Fannytoppen, the terrestrial margin of Hansbreen terminated
as a steep ice cliff, exposing inclined and folded debris layers.
The photograph also documented top-down and bottom-up cre-
vasses and a convex surface profile (Figs 10c and d). In this part of
the glacier, the terminus had not yet reached the LIA maximum,
today marked by the lateral terminal moraine adjacent to rocky
raised marine terraces. The proglacial outwash plains mapped
outside the terminal moraine were also absent in this photograph
(Figs 3 and 10c).

1918: The Norwegian Spitsbergen expedition in 1918, led by
Adolf Hoel and Sverre Rovig, conducted reconnaissance photo-
grammetric measurements in Hornsund. The comprehensive
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documentation, including photogrammetric photos, overlays the
entire glacier. At that time, the glacier front was anchored on
the small Hansholmane islands and Oseanograftangen (Figs 9a
and b). The extent of the terrestrial margins was similar to that
of 1872, but the calving front positions are difficult to compare
due to insufficient data from the previous photographs.
Glacier-free unnamed islands within the terminal moraine belt
suggest a slight retreat from the maximum LIA position. A photo-
graph from the southern side of Hornsund revealed a folded
median moraine between Hansbreen and one of the eastern tribu-
taries (Fig. 9b). The two black features on the calving front can be
observed in other photographs and could be interpreted as the
mouths of subglacial channels. The photos from Fannytoppen
documented a dense, complex network of intersecting crevasses
and crevasse traces extending high up on the main trunk of the
glacier (Figs 9c—f). Most crevasses were narrow, which allowed
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Figure 10. Photographs of Hansbreen from the Austro-Hungarian expedition in 1872. (a) The western terrestrial margin of the glacier. (b) Crevassed marine-
terminating zone with a conspicuous surface bulge. (c, d) The eastern terrestrial margin, where the glacier had not yet reached the maximum extent. Note folded
and inclined debris layers, top-down and bottom-up crevasses exposed on the ice cliff and a convex surface profile of the glacier. © ONB Vienna: Image ID

00299043, 00480587 and 00444839 (cropped and modified).

the expedition to cross the glacier (Hoel, 1929). The photographs
also documented a steep ice cliff in Isbjernhamna with supra- and
englacial sediments and a waterfall at the ice front (Fig. 9g).
Compared to 1872, this part of the glacier had a smooth topog-
raphy in 1918.

1936: By 1936, the glacier had retreated beyond Hansholmane,
but the terminus was still anchored on Oseanograftangen and the
Baranowski Peninsula (Fig. 11). The glacier front was relatively
straight and slightly expanded in the central zone. The downwast-
ing of the stagnant terrestrial margins had led to the development
of the ice-cored moraine complexes. The lateral moraines of the
eastern tributary glaciers had merged into a wide belt along the
glacier margin. As a result, the folded moraine of the 1918
photo was no longer visible as it was probably squeezed to the
eastern lateral moraine. The surface morphology was dominated
by crevasse traces and wide transverse crevasses in the frontal
zone. Some crevasse traces reflected the intersecting pattern of
crevasses documented in 1918.

Discussion

Geomorphological records of surging

The forefield of Hansbreen with CSRs, fluted till plains, hum-
mocky moraines, high trimlines, drumlinized seafloor, glacial
lineations, De Geer moraines, terminal moraines with debris
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flow lobes and other components (Fig. 3) indicates at least one
surge event. Such landform assemblages are consistent with sur-
ging glacier landsystem models in terrestrial and submarine envir-
onments (Evans and Rea, 1999, 2003; Ottesen and Dowdeswell,
2006; Ottesen and others, 2008, 2017; Flink and others, 2015;
Aradéttir and others, 2019).

The key features diagnostic for the surges of Hansbreen are
CSRs, glacial lineations and two glacitectonic terminal moraines
with debris flow lobes. Terrestrial CSRs and flutings occur up to
the southernmost part of field (Figs 2-8). In Svalbard, CSRs net-
works emerging from stagnating ice may be related to surge epi-
sodes from years to over a century ago (Lovell and others, 2015a;
Farnsworth and others, 2016). CSRs and flutings in the terrestrial
forefield of Hansbreen correspond with the submarine features.
The rapid ice flow during the surge is evidenced by the stream-
lined glacial lineations (Figs 2 and 3; Ottesen and others, 2008,
2017; Streuff and others, 2018), although their absence would
not preclude a surge event (Aradottir and others, 2019). The sub-
marine CSRs and glacial lineations appear only in the inner part
of Hansbukta, but they might have been more widespread in the
past and buried later with glacimarine sediments. A restricted
extent or absence of CSRs on the fjord floor, but occurrence on
land, were evidenced in the forefield of surge-type
Blomstrandbreen (Burton and others, 2016; Farnsworth and
others, 2016) and the glacial system of Trygghamna (Aradottir
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Figure 11. Hansbreen in the oblique aerial photograph from 1936. © Norwegian Polar Institute.

and others, 2019). Hansbreen has not developed a terrestrial
thrust-block moraine diagnostic of surging, but such landforms
are not widespread in the lateral forefields of surge-type tidewater
glaciers in Svalbard (Lenne, 2016; Lovell and Boston, 2017). The
slightly curvilinear ridges of the lateral terminal moraines and the
submarine large terminal moraine indicate the radial expansion of
the glacier snout when entering the Hornsund Fjord (Figs 2, 3, 9).
The occurrence of terrestrial CSRs up to the southernmost part of
the forefield (Figs 3 and 6), the dimensions of the submarine ter-
minal moraine and the occurrence of a debris flow lobe on its dis-
tal flank imply that the maximum LIA extent of Hansbreen was
related to a surge. The lateral terminal moraine on the
Flatpasset saddle (Figs 2 and 3) marks the glacier’s attempt to
pass the mountain ridge during this surge advance when the gla-
cier entrained marine sediments with mollusc shells and depos-
ited with diamicton up to 150 m a.s.l.

The inner terminal moraine with a debris flow lobe is the main
evidence of a possible second surge. The lobe has overprinted the
large terminal moraine and the flow direction of sediment was to
the south-west, perpendicular to the inner moraine (Figs 2 and 3).
The inner moraine corresponds to the frontal position of
Hansbreen in 1938, which was similar or, in some parts, slightly
more extensive than in 1936 (Fig. 2). The dimensions of the
moraine and the sediment lobe are notably smaller than those
from the LIA maximum. However, in Svalbard, surge terminal
moraines from the 20th century tend to be less prominent than
surge moraines from the LIA and may have similar morphology
to recessional moraines (Burton and others, 2016). Surge end
moraines of Tunabreen from 1930, 1971 and 2004 are much
lower than the outermost moraine belt from the 1870s surge
and only two surge moraines have adjacent debris flow lobes
(Flink and others, 2015). The younger debris flow lobe of
Hansbreen has similar dimensions to debris flow lobes on the
outermost surge moraines of Blomstrandbreen (Streuff and
others, 2015, 2022). This glacier has not developed debris flow
lobes at all during the subsequent surges in the 20th century
(Burton and others, 2016). The formation of the inner surge
moraine of Hansbreen may have been limited by the scarce supply
of sediment from resistant metamorphic rocks in the glacier basin
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that had been redeposited during the older surge. Low surge end
moraines with small or without debris flow lobes may also reflect
a short-active surge phase, which limits the sediment supply to the
glacier terminus (Flink and others, 2015). In addition, most of the
moraine ridges in the central and southern Hansbukta have been
partly buried with glacimarine sediments, which mask their pri-
mary size. If the inner terminal moraine had a continuation across
Hansbukta, it also might have been buried and subdued.

Historical records of surging

1872 - ongoing surge: The photographs of Hansbreen from the
Austro-Hungarian expedition in 1872 reveal characteristic fea-
tures of an active surge phase (Fig. 10). The glacier surface was
densely crevassed with a conspicuous bulge, which we interpret
as a surge front propagating downglacier (e.g. Sund and others,
2009; Lovell and Fleming, 2023). A surge bulge reflects the
mass displacement from the reservoir area and builds up in a
high friction zone near the glacier front (Haga and others,
2020). The ice thickness at the south-western margin corre-
sponded to the trimline on edge between the eastern and southern
slopes of Fugleberget (Fig. 2). Most of the southern slope is over-
printed with talus cones and it was not possible to identify a clear
trimline over there (Figs 2, 3, 10a). The vertical ice extent in 1872
was not documented on the other mountain slopes. The south-
eastern margin of Hansbreen had a convex surface profile and a
steep ice cliff with debris-rich structures (Figs 10c, d). Similar fea-
tures are typical for the termini of surging glaciers (e.g. Lovell and
others, 2015a; Ingélfsson and others, 2016; Sobota and others,
2016; Lovell and Fleming, 2023) and we suggest they fed the sub-
sequent controlled moraines in this area (Fig. 3). The glacier
extent in this area was smaller than marked by the LIA lateral ter-
minal moraine. Hence, we imply that the surge was underway and
the glacier was advancing to the maximum LIA position.

1918 - quiescent phase: Photographic documentation from the
Norwegian Spitsbergen expedition in 1918 provides evidence for a
glacier in the quiescent phase. The radially expanded snout was
anchored on capes and small islands, and the glacier extent cor-
responded to the outermost submarine terminal moraine and


https://doi.org/10.1017/aog.2024.32

14

the lateral terminal moraines. The ice thickness was similar to the
trimlines mapped on the Fugleberget slopes and the southern
slope of Fannytoppen (Figs 3 and 9). The frontal position did
not change significantly between 1872 and 1918 (Koryakin,
1974; Jania, 1988). We suggest it was linked to anchoring the ter-
minus on the terminal moraine and skerries with the prevailing
thinning of the glacier tongue by the surface ablation rather
than limited frontal ablation in shallow water. The water depth
on the terminal moraine ranges from 2 to 15m and does not
exceed 25m on the ice-proximal side of the belt (Fig. 2). The
southernmost extent of the calving front was on the
Hansholmane islands, which were probably one of the pinning
points within the moraine belt (Figs 1, 2, 3, 9a and b). The
mouths of subglacial channels could be observed on the calving
front (Figs 9a and b) and the location of one of them seemed
to correspond with an incision in the submarine terminal
moraine (Figs 2 and 3), which suggests possible glacifluvial origin
of this feature. The surface morphology of Hansbreen revealed
compelling evidence for a surge before 1918, such as a folded
medial moraine and a dense, complex network of intersecting cre-
vasses and crevasse traces extending high up on the main trunk of
the glacier (Fig. 9). We infer that abundant healed crevasses and
their cross-cutting pattern were associated with rapid ice flow
while surging in 1872. In 1918, the glacier terminus in
Isbjornhamna had a smooth topography and an active supragla-
cial channel with a waterfall at the ice cliff, which suggests closed
crevasses in this part of the glacier during the quiescent phase
(Fig. 9g). Similar spectacular features can be observed on the
front of Brasvellbreen (https:/toposvalbard.npolar.no/) after dec-
ades of the quiescent phase in the aftermath of its surge in 1938
when the glacier tongue was badly crevassed (Schytt, 1969).

Late 1930s - limited evidence for a subsequent surge: In the
western part of the forefield, the inner terminal moraine with a
debris flow lobe suggests a younger surge of Hansbreen, which
might have occurred in the first half of the 20th century
(Fig. 2). Oblique aerial photographs from 1936 do not indicate
a fully active surge (stage 3 according to Sund and others, 2009)
as the surface morphology was dominated by crevasse traces,
wide transverse crevasses were confined to the frontal zone, the
terrestrial margins were stagnant, and the calving front was rela-
tively straight and slightly expanded only in the central zone
(Fig. 11). These data alone do not allow a qualitative assessment
of the upper part of the glacier for evidence for the first two stages
of the active surge phase expressed by changes in the glacier thick-
ness (Sund and others, 2009). In August 1938, Pillewizer (1939)
measured the unusually high surface velocity of Hansbreen
using the terrestrial photogrammetric method of Finsterwalder
(1931), which could suggest an active surge phase, and his map
indicates an advance in some parts of the glacier front compared
to 1936 (Fig. 2). If such event occurred, it may have been related
to the inner terminal moraine with a debris flow lobe. However,
additional evidence is necessary to support this interpretation in
its current state.

Reconciling glacial geomorphology and past dynamics of
Hansbreen

The possible surge-type behaviour of Hansbreen has long been
debated for the lack of evidence of an ongoing surge in the obser-
vation period (e.g. Jania, 1988; Jania and Glowacki, 1996;
Rachlewicz and Szczuciniski, 2000; Cwigkala and others, 2018).
We present the records of at least one surge event.
Photographic documentation of the glacier extent, surface morph-
ology and ice structure in the ice cliff revealed characteristic fea-
tures for the active surge phase in 1872 (Fig. 10) and quiescence in
1918 (Fig. 9). This advance was marked by the outermost terminal
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moraine, trimlines and the lateral terminal moraines (Figs 2 and
3). Sparse historical data may suggest a minor surge episode in the
1930s, but further investigation is necessary to confirm this event.
The imprints of the possible younger surge are much weaker than
the LIA surge and the only compelling geomorphological evi-
dence is the inner terminal moraine with a debris flow lobe
(Fig. 3).

Our interpretation differs from previous investigations, which
did not conclude that surges had occurred. Cwigkata and others
(2018) analysed the submarine forefield and excluded the possi-
bility of surging in the last c. 120 years based on the absence of
streamlined glacial lineations, overridden recessional moraines,
CSRs or a surge moraine with a debris flow lobe. However, drum-
linized seafloor, streamlined glacial lineations and CSRs are not
visible in the multibeam data collected in 2008, which they used
for geomorphological mapping. Such landforms occur in the
inner zone of Hansbukta surveyed in 2014-2017 (Fig. 3). CSRs
were also not identified in the terrestrial forefield of Hansbreen
(Skolasinska and others, 2016 and references therein), but part
of the debris-rich structures in the passive ice cliff described by
Rachlewicz and Szczucinski (2000) resembled CSRs at the base
of surge-type glaciers (e.g. Evans and Rea, 2003; Lovell and others,
2015a). Apart from the north-western forefield, most CSRs are
subdued and take the form of low ridges or sediment trails
(Figs 6 and 8), similar to those described in Trygghamna
(Aradéttir and others, 2019; Ben-Yehoshua and others, 2023).
CSRs in the Hansbreen forefield are less abundant, lower and
worse preserved than in many surge-type glaciers in Svalbard,
e.g. Nathorstbreen (Lovell and others, 2018), Sefstrombreen
(Boulton and others, 1996), Tunabreen, Von Postbreen (Lovell
and others, 2015a) or the Hornbreen-Hambergbreen glacier sys-
tem (Osika and others, 2022). Therefore, previous investigations
could have omitted them without high-resolution remote sensing
data.

Our study shows the importance of compiling terrestrial and
submarine geomorphology with historical records for recon-
structing past glacier dynamics. However, if the archival data
are sparse, the identification of surge-type glaciers is impeded
by the low preservation potential of surge-diagnostic landforms
or topographic or geological conditions meaning that they do
not form in the first place (e.g. Hansen, 2003; Farnsworth and
others, 2016; Ingdlfsson and others, 2016; Gadek and others,
2022). Therefore, we infer that the number of Svalbard surge-type
glaciers or decaying glaciers that surged in the past can be under-
estimated if the geomorphological fingerprints have been obliter-
ated and historical records are lacking or unrecognized. One
example may be a cold-based valley Tellbreen, which was thought
not to have ever surged (Belum and Benn, 2011). However, the
basal sequence and glaciological structures revealed that it had
experienced warm-based conditions and dynamic ice flow, most
probably during the LIA (Lovell and others, 2015b).

Interestingly, the 1870s surge of Hansbreen occurred in a per-
iod of numerous surge events in Svalbard between 1860s—1900s
(e.g. Fridtjovbreen in 1861; Liestal, 1993, Kronebreen,
Kongsvegen and Kongsbreen in 1869; Liestol, 1988, Von
Postbreen in 1870; Liestel, 1993, Nathorstbreen in the 1870s or
1880s; Liestol, 1977; Ottesen and others, 2008, Sefstrémbreen in
1882-1886; De Geer, 1910, Recherchebreen and Renardbreen at
the turn of the 1870s and 1880s; Zagorski and others, 2023,
Scottbreen in 1880s; Zagérski and others, 2023, Hambergbreen
c. 1900; Wassiliew, 1925 or Paulabreen before 1898; Ottesen
and others, 2008). The 1930s was another decade of apparent
surge clustering (e.g. Brasvellbreen in 1936-1938; Schytt, 1969,
Negribreen in 1935-1936; Liestol, 1969, Korberbreen in 1938;
Liestel, 1969, Markhambreen in 1930-1936; Hagen and others,
1993, Arnesenbreen in 1925-1935; Hagen and others, 1993 or
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Etonbreen, Rijpbreen and Clasebreen in 1938; Hagen and others,
1993), although, despite some evidence, a surge of Hansbreen in
this period remains questionable. Such synchronicity of surge
advances might suggest regional factors affecting glacier dynam-
ics. The reconstructed winter surface air temperatures in
Longyearbyen were higher in the 1860s and early 1870s than in
the 1850s or late 1870s (Divine and others, 2011). The 1920s
and 1930s corresponded to the early 20th-century climate warm-
ing in Svalbard (Nordli and others, 2020) and we speculate that
these surges may have been related to increased water content
at the glacier beds from enhanced summer melt and produced
by frictional heating (cf. enthalpy balance theory by Benn and
others, 2019). However, this observation requires further studies
on the LIA climate conditions and investigation into triggering
factors of glacier surges (e.g. Benn and others, 2023).

Repeated surge events of many Svalbard glaciers with different
durations of the quiescent phase (e.g. Tunabreen; Flink and
others, 2015, Blomstrandbreen; Burton and others, 2016,
Negribreen; Haga and others, 2020) raise the question about a
potential future surge of Hansbreen. In our opinion, the surface
topography of Hansbreen, ie. the low-lying accumulation area
of the main trunk and significant ice supply by the western tribu-
tary glaciers, as well as the subglacial topography with overdee-
penings along the centreline, will hinder the build-up of mass
and triggering the next surge. A dramatic increase in solid precipi-
tation will be critical to fill up the reservoir area(s) and allow the
rapid transfer of large amounts of ice to the receiving zone. We
can speculate that such conditions will not be fulfilled in the fol-
lowing decades under projected climatic conditions in Svalbard
(Hanssen-Bauer and others, 2019). However, one should not
exclude possible dynamic advances of the western tributary gla-
ciers after retreat of the main trunk. The loose of the back-stress
from the Hansbreen main tongue may lead to re-organization of
the surface profiles of the tributary glaciers through re-advances
(Farnsworth and others, 2017).

Conclusions

We present a reconstruction of the past dynamics of Hansbreen
by combining geomorphological mapping of the terrestrial and
submarine forefields with historical data from Spitsbergen expedi-
tions in the 19th and 20th centuries. Landform assemblages,
including CSRs, flutings, glacial lineations and terminal moraines
with debris flow lobes are consistent with the published surging
glacier landsystem models and indicate at least one surge of
Hansbreen.

Photographic documentation from the Austro-Hungarian
expedition in 1872 revealed evidence of an ongoing active surge
phase, such as a surge bulge, extensive surface crevassing, top-
down and bottom-up crevasses and a convex surface profile of
the terrestrial margin. The terminus had not yet reached the
surge maximum. This surge corresponded to the maximum LIA
extent of Hansbreen, marked by the outermost submarine ter-
minal moraine with a debris flow lobe, terrestrial lateral terminal
moraines and trimlines.

In 1918, the glacier was in the quiescent phase and the calving
front was anchored on small islands and capes. The photogram-
metric photos from the Norwegian expedition revealed further
evidence of the surge before 1918, including a folded medial
moraine and a dense, complex network of intersecting healed cre-
vasses extending high up on the main trunk of Hansbreen. There
may have been a subsequent surge in the 1930s based on a minor
submarine terminal moraine with a debris flow lobe but this
potential event requires further investigation.

Under projected climatic conditions, the low-lying accumula-
tion area of the main trunk will hinder the mass build-up, and
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a potential next surge will probably remain questionable in the
following decades. However, surges of the western tributary gla-
ciers should not be excluded, in particular as a dynamic response
when they lose the back-stress from the receding main tongue.
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Highlights

e Widespread glacier recession in the Early Holocene and significant reduction of glacier
extents in the Middle Holocene

e High sensitivity of S Spitsbergen glaciers to climate changes throughout the Holocene

e Late Holocene glacier expansion hindered by warmer Atlantic water and atmospheric
warming

e Glacier surges were crucial for reaching the maximum glacier extents in the Little Ice

Age and probably in the transition from colder to warmer phases of the Holocene



Manuscript File Click here to view linked References %

1 Holocene glacial history of southern Spitsbergen

3 Aleksandra Osika®*, Jacek Jania®, Natalia Piotrowska®, Dmitry Tikhomirov®, Joanna Ewa
Szafraniec?, Dhanushka Devendra®, Marcus Christl®, Markus Egli¢, Andreas Vieli

7 2 Institute of Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice,
8  Bedzinska 60, 41-200 Sosnowiec, Poland

9  PInstitute of Physics, Silesian University of Technology, Stanislawa Konarskiego 22B/217, 44-
10 100 Gliwice, Poland

11 ¢ Department of Geography, University of Zurich, Zurich, Switzerland

12 9 Department of Palaeoceanography, Institute of Oceanology, Polish Academy of Sciences, 81-
13 712 Sopot, Poland

14  ©laboratory of lon Beam Physics, ETH, Zurich, Switzerland
15

16  *Corresponding author: laleksandra.osika@gmail.com


https://www2.cloud.editorialmanager.com/jqsr/viewRCResults.aspx?pdf=1&docID=10005&rev=0&fileID=320026&msid=def29183-78ee-4a36-9896-ad8bb5df0743
https://www2.cloud.editorialmanager.com/jqsr/viewRCResults.aspx?pdf=1&docID=10005&rev=0&fileID=320026&msid=def29183-78ee-4a36-9896-ad8bb5df0743

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

Abstract. Climate change affects the extent of glaciers in Svalbard, and warmer periods of the
Holocene may serve as analogues for predicting their future decay. While the Holocene glacial history
of central, western and northern Svalbard is relatively well-studied, knowledge of glacier fluctuations
in southern Spitsbergen remains limited. We reconstruct the Holocene glacier dynamics in Hornsund
and adjacent areas, using geomorphological, geochronological, and historical data. New and published
radiocarbon ("*C) and cosmogenic nuclide ("°Be) dates were combined with historical maps dating back
to the 1600s and photographs from 1872-1936. The ages of mollusc shells from till deposits and Little
Ice Age (LIA) moraines suggest glacier retreat in the Early Holocene, enabling colonisation of glacier-
free branches of Hornsund. During the first half of the Late Holocene, the extent of tidewater glaciers
remained reduced compared to their LIA maxima. Their limited advance was likely constrained by
increasing sea-surface temperatures and atmospheric warming between c. 2.2-1.8 and 1.5-0.7 cal ka
BP. The maximum Late Holocene glacier extents were associated with surges, probably preceded by
ice mass accumulation due to climatic cooling and increased precipitation. However, many surges may
also have occurred under warmer conditions. Most glaciers in southern Spitsbergen are highly sensitive
to climatic changes, both through mass balance and surging, due to their specific topographic settings
(low-elevation, gently sloping, long, multi-branched glaciers with overdeepenings in the bedrock). The
interaction between climate variability and glacier surging played a crucial role in glacier evolution
throughout the Holocene.

Keywords: glacier fluctuations, glacier surges, glacial geomorphology, Holocene Thermal Maximum,
Medieval Warm Period, Little Ice Age, Svalbard, Hornsund

1. Introduction

Svalbard glaciers covered 33,750 km? in ~2010, which corresponded to 57% of the terrestrial area of
the archipelago (Nuth et al.,, 2013). Located at the edge of the retreating sea ice and affected by
contrasting oceanic and air regimes, since 1979, Svalbard has warmed almost twice as fast as the Arctic
and seven times faster than the global average (Nordli et al., 2020; Rantanen et al., 2022). Glacier
recession has been observed since the maximum of the Little Ice Age (LIA) at the turn of the 19 and
20" centuries and dramatically accelerated in the 1990s (Nuth et al., 2007; Martin-Moreno et al.,
2017). Schuler et al. (2020) estimated the total mass balance of Svalbard glaciers in 2000-2019 as —8
+ 6 Gt a%. The retreat rate is higher for marine-terminating glaciers, which also lose mass by frontal
ablation (Btaszczyk et al., 2013). They represent more than 60% of the glaciated area in Svalbard
(Bfaszczyk et al., 2009), although the number of tidewater glaciers that became land-terminating
increased in the last decade (Kochtitzky and Copland, 2022).

The present-day fluctuations of Svalbard glaciers reflect an increase in air and sea-water temperatures,
and their dynamics, including glacier surges (Luckman et al., 2015; Holmes et al., 2019; Btaszczyk et al.,
2023). Considering surge-type behaviour as one of the key factors of rapid changes in glacier extent
could improve our understanding of their past behaviour, current dynamics and projections for the
future environment in the warmer Arctic (Hanssen-Bauer et al., 2019). The pattern of climatic and
glacier changes throughout the Holocene has been consistent in different parts of the Arctic, despite
spatial and temporal variability of the phases of warming in the Early and Middle Holocene and cooling
in the Late Holocene (Larocca and Axford, 2022). Geochronological records from Svalbard indicate
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glacier retreat in the Early Holocene corresponding to the Holocene Thermal Maximum (HTM), which
led to the glacial minimum between c. 8.0 and 6.0 cal ka BP (Rgthe et al., 2018; Allaart et al., 2020;
Farnsworth et al., 2020). A decrease in summer insolation, climate cooling and glacier advances
occurred in the Neoglacial after 4.0 cal ka BP (Werner, 1993; Miller et al., 2017; Farnsworth et al.,
2020), including the LIA (Martin-Moreno et al., 2017). However, climate cooling was punctuated by
warmer phases with glacier retreat, such as the Medieval Warm Period (MWP) c. 1.2—-0.7 cal ka BP
(Dzierzek et al., 1990; Divine et al., 2011). The Holocene glacier advances have reflected the
combination of climatic drivers and surges (Lefauconnier and Hagen, 1991; Dowdeswell et al., 2020).
Glacier surges are quasi-cyclical, brief periods of rapid ice flow with velocities 10—-1000 times higher
than usual, i.e. the balance flow through the equilibrium line altitude (ELA) cross section of the tongue,
often associated with extensive advances (Meier and Post, 1969; Raymond, 1987; Sund et al., 2009).
Svalbard is a well-defined cluster of surging glaciers (Sevestre and Benn, 2015), and every larger glacier
in south Spitsbergen is surge-type (Jania, 1988; Lefauconnier and Hagen, 1991; Bfaszczyk et al., 2013,
2023). Geological records over the archipelago revealed surge advances also earlier in the Holocene
(e.g. Farnsworth et al., 2016; Flink et al., 2018; Larsen et al., 2018; Lovell et al., 2018; Zagérski et al.,
2023). One of the hypotheses tested in this work is recognizing the importance of surging for changes
in glacier extent in southern Spitsbergen in the Holocene. Relatively rich data on the interplay between
climate change and glacier surge dynamics during and after the LIA have been collected and
interpreted (e.g. Dowdeswell et al., 1995; Lgnne, 2014; Sund et al., 2014; Dunse et al., 2015; Zagdrski
et al., 2023), and they may serve as analogues for glacier behaviour in the past.

Compared with well-studied central, western and northern Svalbard (Farnsworth et al., 2020),
knowledge of the Holocene glacier changes in southern Spitsbergen is still limited. Previous
investigations have provided evidence of glacier retreat in the Early Holocene and the MWP, and
advances in the Late Holocene (Baranowski and Karlén, 1976; Lindner et al., 1984; Dzierzek et al., 1990;
Birkenmajer and Olsson, 1997; Philipps et al., 2017; Osika et al., 2022; Osika and Jania, 2024; Jang et
al., 2025). Lindner et al. (1986, 1987) and Lindner and Marks (1993) reconstructed the Quaternary
chronostratigraphy of this part of Svalbard, but the time constraints of glacier advances are still
debated (Baranowski, 1977; Birkenmajer and Olsson, 1997; Osika et al., 2022; Jang et al., 2025). Here,
we reconstruct the Holocene fluctuations of tidewater and land-terminating glaciers in southern
Spitsbergen using a compilation of new and published radiocarbon and cosmogenic exposure dates,
and historical data from Svalbard expeditions in the 1600s—1900s. We link climatic conditions with
glacier surge dynamics (e.g. Dowdeswell et al., 1995; Sund et al., 2014; Dunse et al., 2015) to support
a more realistic reconstruction of past glacier activity. In addition, we assess the similarities and
differences in how the glaciers of southern Spitsbergen responded to climatic changes throughout the
Holocene, compared to the rest of Svalbard.

2. Study area
2.1. Regional setting

Southern Spitsbergen is a relatively small region of Svalbard in the form of an upturned triangle,
located between the cold East Spitsbergen Current (—1.5°C to 2.0°C) and warm West Spitsbergen
Current transporting Atlantic Waters (AW; > 3°C) towards the Arctic Ocean (Prominska et al., 2018;
Btaszczyk et al., 2021), and exposed to the direct inflow of warmer and wetter air masses from the SW
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(Migata et al., 2023). Thus, weather changes are frequent and climatic conditions are of the oceanic
type. The regional topography with tectonically predefined main valleys of dominant N-S orientations
determines the pattern of glacierisation as a network of low-elevated interconnected ice masses —
mainly tidewater glaciers, which are particularly susceptible to an increase in ablation and the ELA rise
(Jania, 1988; Noél et al., 2020). The subglacial topography with extensive zones below sea level
amplifies their retreat when the calving fronts reach the glacier-bed overdeepenings (Grabiec et al.,
2012b; Furst et al., 2018; Btaszczyk et al., 2021). Glaciers in this region have one of the most negative
mass balances in Svalbard (Nuth et al., 2010; @stby et al., 2017; Schuler et al., 2020), and many of them
are surge-type (Jania, 1988; Lefauconnier and Hagen, 1991; Noormets et al., 2021; Zagoérski et al.,
2023).

The Hornsund region, Recherchefjorden and the Barents Sea shore are the most investigated areas of
southern Spitsbergen, based on intensive field studies supported by historical cartography,
photography and remote sensing data (e.g. Jania, 1988; Btaszczyk et al., 2013; Kavan et al., 2022;
Zagérski et al., 2023). Hornsund is a west-east oriented fjord system, c. 35 km long and 320 kmZin area,
separating Wedel-Jarlsberg Land and Torell Land in the north from Sgrkapp Land in the south (Fig. 1).
Glaciers cover c. 67% of the Hornsund drainage basin, and most terminate in the sea (c. 97% of the
glacierized area; Btaszczyk et al., 2013). Mean annual air temperature and precipitation at the Polish
Polar Station Hornsund (77°00’ N, 15°33’ E) were —3.7°C and 478 mm in 1979-2018, with increasing
trends of +1.14°C and +61.6 mm per decade (Wawrzyniak and Osuch, 2020).

2.2. Glaciers and glacial geomorphology

Here, we focus on four glaciers and terrestrial parts of their forefields: Hornbreen, Hansbreen, Vestre
Torellbreen (tidewater) and Werenskioldbreen (land-terminating). All of them underwent at least one
glacier surge based on current observations or geomorphological and historical records (Sund et al.,
2009; Grabiec et al., 2012a; Szafraniec, 2013; Osika et al., 2022; Osika and Jania, 2024).

Hornbreen is a tidewater glacier at the head of Hornsund, supplied by Flatbreen and Isingbreen and
separated from neighbouring Hambergbreen with an ice divide at c¢. 180 m a.s.l. Hornbreen and
Hambergbreen form an ice isthmus c. 4 km wide between the Greenland and the Barents Seas (Fig. 1c;
Osika et al., 2022; Saferna et al., 2023). During the LIA, Hornbreen was confluent with several tidewater
glaciers in Brepollen. The bed of the Hornbreen-Hambergbreen system is overdeepened c. 40 m b.s.l,,
and glacier recession will lead to the collapse of the ice bridge and presumably opening of the
Hornsund strait between 2055 and 2065 (Grabiec et al., 2018; Saferna et al., 2023). The water depth
at Hornbreen within the 1992 extent and the range of bathymetric data is on average 52 m, but
exceeds 140 m in the central part of Brepollen (Btaszczyk et al., 2023). The geomorphology of the
glacier forefield is representative of surging glacier landsystems, including fluted moraine, crevasse-
squeeze ridges (CSRs) and a large submarine terminal moraine west of Treskelen (Evans and Rea, 1999;
Moskalik et al., 2013; Osika et al., 2022). The diamicton of CSRs and underlying till contain abundant
mollusc shells from the Early to the Late Holocene (Osika et al., 2022, and references therein).

Hansbreen is a tidewater glacier near the Hornsund mouth and one of the most investigated glaciers
in Svalbard (e.g. Jania, 1988; Vieli et al., 2002; Otero et al., 2017; Btaszczyk et al., 2021), including
monitoring of the surface mass balance since 1989 (Grabiec et al., 2012b). Apart from the main flow
unit with a low-lying accumulation area of up to 500 m a.s.l., the glacier is supplied by four tributaries
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on the west (Fuglebreen, Tuvbreen, Deileggbreen and Staszelisen; Fig. 1c). The maximal water depth
at the calving front was 94 m in 2014 (Btaszczyk et al., 2021). The subglacial topography of the main
tongue is overdeepened below sea level for 10 km from the calving front (Grabiec et al., 2012b; Otero
et al., 2017). Hansbreen has not surged during regular observations since 1982, but geomorphological
and historical data indicate a surge advance in the 1870s and a possible minor surge in the late 1930s
(Osika and Jania, 2024). The found landform assemblages are typical for surging glaciers, including
CSRs, glacial lineations and a large submarine terminal moraine with a debris flow lobe (Evans and Rea,
1999; Osika and Jania, 2024).

Vestre Torellbreen is a tidewater glacier in SW Wedel Jarlsberg Land, supplied by Hggstebreen draining
Amundsenisen, Profiloreen and Skoddebreen on the east and Lifjellfonna on the west (Fig. 1c; Hagen
et al.,, 1993), and grounded below sea level besides the eastern tributaries and the ice divide
(Macheret, 1981; van Pelt and Frank, 2025). The central part terminates in Isfjellbukta, whereas the
west and east flanks are land-based. Within the range of bathymetric data and the LIA terminal
moraine, the average water depth does not exceed 10 m (https://toposvalbard.npolar.no/). Previous
investigations addressed glacier dynamics and geometry (Jania, 1988; Rehak et al., 2004), ice thickness
and subglacial topography (Macheret et al., 1985), and geomorphology of the terrestrial forefield
(Karczewski et al., 1984; Pekala et al., 1985; Szafraniec, 2013). To our knowledge, the western part of
the forefield has only been described by Szafraniec (2013) based on remote sensing data, and there is
not much known about the Holocene history of this glacier. The forefield of Vestre Torellbreen is a
palimpsest of glacial and glaciofluvial landforms reflecting surge advances, including push moraines
(Szafraniec, 2013).

Werenskioldbreen is a land-terminating glacier on the west coast of Spitsbergen (Fig. 1c). The glacier
is divided by a distinct medial moraine into the northern part, Skilryggbreen, and the southern part
with the Slyngfjellbreen and Angellkroken trunks. Werenskioldbreen and its forefield have been the
subject of numerous investigations, including multi-annual series of glaciological, meteorological and
hydrological data (e.g. Kosiba, 1960; Palli et al., 2003; Majchrowska et al., 2015; Ignatiuk et al., 2022;
Stachniak et al., 2022). A looped medial moraine visible in the photogrammetric photos from 1936
indicates that the glacier surged sometime before (https://toposvalbard.npolar.no/, photo S36_2646).
Since then, surge-type behaviour has not been observed. The glacier has developed on a raised marine
terrace from the Early Holocene (Birkenmajer and Olsson, 1998), and a small part of the subglacial
topography (0.25% of the area) is overdeepened slightly below sea level (First et al., 2017). The
forefield is dominated by an ice-cored terminal moraine with a low ridge of proglacial push moraine
(Kasprzak et al., 2020). The ages of marine shells from the terminal moraine, sediments melted out on
the glacier surface, and sediments of the raised marine terrace within the forefield indicated the
reduced glacier extent before the Last Glacial Maximum and during the Late Glacial-Holocene
transition (Birkenmajer and Olsson, 1998; Traczyk, 2008). The ages of plant remains from the ground
moraine suggested glacier advances before 1.5 cal ka BP and after 0.7 cal ka BP (Baranowski and Karlén,
1976), the latter of which was also inferred from the ages of subfossil tundra in the push moraine
(Kasprzak et al., 2020). Here, these results are integrated with new dates to compare the fluctuations
of Werenskioldbreen with other glaciers around Hornsund.

3. Methods
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3.1. Geomorphological mapping

Geomorphological mapping and sample collection for *C and °Be dating were conducted in 2019-
2024. The mapping was focused on the identification of glacier surge evidence (Figs. 2 and 3). We
combined analysis of remote sensing data and field investigation, as recommended by Chandler et al.
(2018). For Hansbreen and Werenskioldbreen, we used high-resolution DEMs and orthophotomaps
generated from aerial images collected by Dornier DO228 aircraft in June 2020, produced and
published by Btaszczyk et al. (2022). The horizontal resolution of these products for Hansbreen and
Werenskioldbreen is 8.43 cm and 8.7 cm for orthomosaics and 16.9 cm and 17.4 cm for DEMs. To map
the forefields of Vestre Torellbreen and Hornbreen, we used the ESRI World Imagery basemap (ESRI,
2025) with a horizontal resolution of 1.2 m, 2-meter resolution DEMs from ArcticDEM version 4.1
(Porter et al., 2023) and related hillshades with an azimuth of 315°. In the clouded and shaded areas,
we also used a 0.4-meter resolution orthophotomap from aerial photographs captured in 2010 and
2011, available as WMTS from the Norwegian Polar Institute Map Data and Services
(https://geodata.npolar.no/). Detailed maps with an extended description will be presented in a
separate study.

3.2. Radiocarbon dating

We collected marine mollusc shells, paleosoils and driftwood from glacial sediments for radiocarbon
dating for the time constraints on glacier changes. Mollusc shells were sampled from the surficial part
of the ground and terminal moraines, excluding coastlines and channels. Two samples of subfossil soils
below glacial diamict were taken on Oseanograftangen in the outer part of the Hansbreen forefield
(Fig. 2c and d). We also sampled two shell fragments from a basal till layer on sediment-laden icebergs
at Hansbreen. A broken whale rib with traces of subglacial transport (scratches like striations) was
collected from the hummocky moraine on the Baranowski Peninsula in 1985.

Fifty-four samples of marine shells, two samples of paleosoils, three samples of driftwood and the
whalebone were submitted to the Gliwice Radiocarbon Laboratory for accelerator mass spectrometry
(AMS) radiocarbon dating. The pretreatment of each sample was tailored to its specific material. The
shell samples were mechanically cleaned, washed in an ultrasonic bath in demineralised water for c.
0.5 hours. The outermost layer, potentially including secondary carbonates, was removed by
subjecting it to 0.5 M HCI for 0.5 hours at room temperature. The samples were then crushed and
subjected to hydrolysis using concentrated H3PO, in a vacuum line. The resulting CO, was dried using
an ethanol-dry ice trap at -70 °C, and a subsample equivalent to 1 mg of carbon was transferred to an
AGE-3 automated graphitisation instrument in a quartz tube to produce elemental graphite (Némec et
al., 2010; Wacker et al., 2010a). Pretreatment of organic samples was performed following the ABA
(acid-base-acid) protocol. The first step was treatment with 0.5 M HCI for 1 hour at 85 °C. It was
followed by treatment with 0.1 M NaOH for 1 hour at 85 °C to remove the humic compounds. The
samples were then subjected to 0.5 M HCI for 1 hour at 85 °C. For driftwood samples, after the ABA
treatment, the holocellulose was extracted using 5% NaClO, acidified to pH 2 by adding HCl at 70 °C
for 1 hour. After each step, the samples were rinsed with demineralised water until a neutral pH was
reached. The final step was drying at 60 °C. The whalebone sample underwent collagen extraction
following the protocol by Piotrowska and Goslar (2002). The acid treatment (0.5 M HCI at room
temperature) was applied to remove the apatite fraction, followed by a base wash (0.1 M NaOH at
room temperature for 0.5 hours). Then, the collagen was extracted at pH 3 for 8 hours at 85 °C. The
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obtained supernatant was separated using Eeze syringe filters and freeze-dried. The prepared organic
material was then packed into tin capsules and combusted using a Vario Micro Cube (Elementar™)
elemental analyser. The CO, was then transferred to an AGE-3 system. The graphite, which had been
pressed into cathodes, was analysed for its **C concentration using the MICADAS spectrometer, as
described by Ustrzycka et al. (2025). Oxalic Acid Il (NIST SRM-4990C) was used as a modern reference
material. As background material, the phthalic anhydride (Sigma-Aldrich) was used for organic
samples, while marble was used for shell samples. The radiocarbon ages and their uncertainties were
calculated using BATS software (Wacker et al., 2010b), including correction for isotopic fractionation
based on 63C values measured in MICADAS.

New and previously reported dates (in total 88 dates) were (re)calibrated to calendar years (cal BP; BP
= 1950 CE) in OxCal 4.4.4 software (Bronk Ramsey, 2009, 2017, 2021) using Intcal20 calibration curve
for the terrestrial material (Reimer et al., 2020) and the Marine20 for the mollusc shells and the
whalebone (Heaton et al., 2020). In the case of published radiocarbon dates of molluscs based on the
conventional technique with separate ages of the “inner” and “outer” fractions, we used the *C ages
of the “inner” fractions for further analysis (e.g. Birkenmajer and Olsson, 1998). We applied the AR
values recommended for western Svalbard, —-61 * 37 for molluscs and -160 + 41 *C yrs for the
whalebone (Piefkowski et al., 2022). New results and published *C dates (AMS and conventional
technique) are available in an open dataset (Osika et al., 2025). We present median values in Figs. 4
and 5, and refer to the median values rounded to the nearest century in the discussion.

3.3. 1%Be dating

Due to the lack of large boulders of non-carbonate rocks, in 2021 and 2022, we collected ten cobbles
of dolomitic sandstones, quartzite and schist from the lateral terminal moraine of Hansbreen (Fig. 6a
and b). Three samples were collected from the moraine ridges at the Flatpasset saddle c. 160 m a.s.l.
and seven from the moraine ridges on a raised marine terrace at the foot of Fanytoppen c. 20-30 m
a.s.l. In addition, one cobble of quartzite was collected from a trimline on Fanytoppen (Fig. 2e). We
used a 2—4.5 cm thick top layer, cut from each sample with a saw, hammer, and chisel. The dip and dip
directions were measured with a geological compass, and the topographic shielding was calculated
using a point-based topographic shielding ArcGIS toolbox developed by Li (2018) and a 5-m DEM
generated and published by the Norwegian Polar Institute (2014b) from aerial photographs from 2010
and 2011. Physical and chemical preparation was conducted at the Cosmogenic and Fallout
Radioisotope Analysis Laboratory at the University of Zurich.

Due to different sample lithology, the density of every sample was measured in the laboratory, giving
an average of 2.60 + 0.05 g cm™. The samples were crushed and sieved to a 250-600 pum fraction.
Quartz separation and purification included froth flotation, heavy liquid separation and leaching in
diluted hydrofluoric acid. Because some samples required a longer time to extract 60 g of pure quartz,
chemical isolation of beryllium was done in two batches following an adapted procedure of Kohl and
Nishiizumi (1992). The °Be/°Be ratio of the samples was measured with the MILEA AMS system at ETH
Zurich (Maxeiner et al., 2019). Nuclide ratios were normalised to in-house secondary standards S2007N
and S2010N (Christl et al., 2013). The final concentration of 1°Be in quartz was corrected to the
background of preparation blank samples, while its error includes errors of AMS standards and blanks.
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Exposure age of the samples was calculated with the “Cronus-Earth” online calculator ver. 3
(https://hess.ess.washington.edu, Balco et al., 2008). The local production rate of °Be was derived
with the calibration sets of Baffin Bay and Arctic by Young et al. (2013) and the classic non-time-
dependent scaling scheme by Lal (1991) and Stone (2000). We assumed that the effects of glacio-
isostatic uplift, snow/vegetation cover and rock erosion on the exposure age are negligible. Final
exposure ages and the data used to calculate them are presented in Table 1a and b, and Fig. 6a and b.

3.4. Historical maps and photographs

We used a set of historical maps and photographs from Spitsbergen expeditions in the 1600s—1900s
(Table 2; Figs. 7, A.1, A.2, A.3 and A.4) as a source of qualitative data on changes in glacier extent over
time and to identify surge evidence in their surface morphology. We considered the following glacier
surge criteria: a rapid advance of the glacier terminus, looped moraines and deformed ice structures,
a steepened and bulging terminus, heavy and extensive surface crevassing and shear margins on the
glacier surface (Lefauconnier and Hagen, 1991; Copland et al., 2003; Grant et al., 2009). The historical
photographs were acquired from the Austrian National Library Digital Image Archive
(https://onb.digital/), the digital image archive of the Norwegian Polar Institute
(https://bildearkiv.npolar.no/fotoweb/), the digital Archive of the Nikolai Aleksandrovich Morozov —
the Russian Academy of Sciences (https://www.ras.ru/namorozovarchive/about.aspx) and the
TopoSvalbard online archive (https://toposvalbard.npolar.no/). Descriptions by Sir Martin Conway
(1897, 1898) from his expedition to Hornsund in 1897 provided additional information about the state
of glaciers at the end of the LIA.

4. Results
4.1. Outline of glacial geomorphology

4.1.1. Hansbreen

The forefield of Hansbreen reveals typical features for surge-type glaciers, including fluted till plains
with crevasse-squeeze ridges (CSRs) and terminal moraine on the Flatpasset saddle, marking the
attempt to overpass the mountain ridge (Fig. 2a and b). Detailed description of the surge landsystem
was provided by Osika and Jania (2024). We collected fine shell debris, fragments and a few intact
marine mollusc shells from the till plain on the Baranowski Peninsula, Oseanograftangen and at the
foot of Fannytoppen. Shell fragments and fine shell debris were also sampled from the surficial part of
the terminal and hummocky moraines, including moraine ridges at the Flatpasset saddle, up to 160 m
a.s.l.

In the outer forefield, we identified subfossil soil below glacial diamicton (Fig. 2c and d). The soil occurs
within a short incision in schists of Oseanograftangen (N76° 59.998' E15° 39.091') as a dark brown layer
10 cm thick below 45 cm of massive, matrix-supported diamicton. C. 20 m to the NE (N77° 00.002' E15°
39.138'), we found a layer of organic material 0.3—-0.5 cm thick below 45 cm of similar diamicton. From
each site, we sampled the soils for AMS radiocarbon dating.
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4.1.2. Hornbreen

The forefield of Hornbreen is dominated by fluted moraine and CSRs in the form of cross-cutting ridges
and sediment mounds (Fig. 2f). On the Treskelen Peninsula, we also mapped terminal moraine (Fig.
2g). At Chomjakovbreen, eroded flutings, oriented W-E, contrast with an assemblage of distinct flutes
oriented NW-SE, associated with well-defined CSR networks (Fig. A.5). We identified and collected shell
fragments from the diamicton of CSRs, till plain and hummocky moraine on Treskelen, on the eastern
coast of Selbukta and the southern coast of Hornbukta (Osika et al., 2022).

4.1.3. Vestre Torellbreen

The topography at Vestre Torellbreen forefield with flutings, CSRs, concertina eskers, overridden
moraine ridges, and elongated drumlins (Fig. 3a and b) is typical for surging glaciers (e.g. Evans and
Rea, 1999; Jonsson et al., 2014). We mapped three surge end moraines dissected by channels with
braided outwash fans (Fig. 3c). In the southern part of the forefield, the outer controlled moraine is
associated with a proglacial composite ridge system (Lovell and Boston, 2017). We sampled mollusc
shell fragments, fine shell debris and driftwood from the surficial diamicton layer of the middle surge
end moraine, LIA terminal moraine and the ice-cored hummocky moraine in the outer forefield. One
shell fragment was collected from the surface diamicton layer, 1 cm thick, covering fluvioglacial
sediments of an esker.

4.1.4. Werenskioldbreen

The forefield of Werenskioldbreen can be divided into the southern zone with drumlins and fluted till
plains, and the northern part with outwash plains and kame terraces. We identified sparse, low CSRs
overprinting the fluted moraine in the south-eastern forefield (Fig. 3 d and e). The topography reveals
the remnants of two medial moraines, continuing on the glacier ice between Werenskioldbreen and
Angellkroken and between Skilryggbreen and Slyngfjellbreen. Within the multi-crested terminal
moraine, one can recognise the inner moraine ridge associated with the remnants of the Skilryggbreen-
Slyngfjelloreen medial moraine and piggybacked on the outer part of the terminal moraine system,
partly dissected with several channels. Fragments and intact mollusc shells occur sporadically in the till
plain and terminal moraine.

4.2. Radiocarbon dating
4.2.1. Hansbreen

Radiocarbon ages of mollusc shells in the Hansbreen forefield range from the Early to the Late
Holocene (Fig. 4a). Most samples are from the Early Holocene, including two shell fragments from
sediment-laden icebergs from Hansbreen. One of them is the oldest dated shell in this forefield (GdA-
7027; c. 11.3 cal ka BP). Three samples were dated to the Middle and two to the Late Holocene. The
youngest shell was collected from the hummocky moraine at the foot of Fannytoppen and dated to c.
1.6 cal ka BP (GdA-6643). There is no relation between the ages of molluscs and the distance from the
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glacier terminus or elevation above sea level, presumably due to reworking and redeposition during
glacier advances. The median age of collagen extracted from a whalebone collected from glacial
diamict on the Baranowski Peninsula indicates the 17" century (median: 1683 CE, 1 sigma: 1599-1779
and 1792-1795 CE).

Radiocarbon dating of subfossil soils in the outer forefield reveals a few hundred calendar years
discrepancy between the fractions above and below 250 um (Osika et al., 2025). The age of moss
phyllids from the soil in the erosional incision (GdA-7032) is similar to the age of the fraction below
250 um (c. 0.6 cal ka BP; Osika et al., 2025). The sample from the second site (GdA-7033) contained
traces of seeds and husks, which were too sparse for *C dating. Subfossil soil from this peninsula was
dated by Pekala (1989) to a similar age of c. 2.75 cal ka BP obtained for our fraction >150 um (GdA-
7033.2).

4.2.2. Hornbreen

Our results and reported *C dates of marine shells at Hornbreen (Osika et al., 2022, and references
therein) range from the Early to the Late Holocene (Fig. 4b). Most samples (18 from 29) are from the
Early Holocene, with the oldest c. 10.8 and 10.9 cal ka BP collected on Treskelen. Three specimens
from the east coast of Selbukta are younger than 1950 CE. Apart from these, the youngest samples are
dated to c. 1.3 cal ka BP (Birkenmajer and Olsson, 1997), 2.1 and 2.6 cal ka BP. They were all collected
on Treskelen.

4.2.3. Vestre Torellbreen

14C dates of marine shells from the forefield of Vestre Torellbreen (7 samples) span the Early and Late
Holocene (Fig. 5a). The oldest sample of shell debris was dated to c. 10.5 cal ka BP, similar to the ages
of single shell fragments from the inner and outer forefield (c. 10.0 and 10.2 cal ka BP). The age of one
shell from the LIA terminal moraine (GdA-6637) extends beyond the Marine20 calibration curve
(Heaton et al., 2020) and is probably younger than 1950 CE. Three driftwood samples from diamicton
on the top of moraine ridges were dated to the Late Holocene with median values of 702, 636 and 173
cal BP, although the youngest’s 1 and 2 sigma confidence intervals exceed 1950 CE (Osika et al., 2025).
There is no correlation between the *C ages and the location of sampling sites in particular end
moraines.

4.2.4. Werenskioldbreen

New and published *C dates of molluscs from the Werenskioldbreen forefield form two clusters of
ages, at the turn of the Late Glacial and Early Holocene and before the Last Glacial Maximum (Fig. 5b).
Two younger shell fragments collected in 2020 are c. 11.7 and 12.5 cal ka BP, whereas two older shells
predate the Last Glacial Maximum. The oldest shells are from the outer part, and the youngest from
the inner part of the forefield and terminal moraine.

4.3. °Be dating

10
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The '°Be ages of cobbles from the moraine ridges of Hansbreen range from 0.073-11 ka to 10.07 +
0.56 ka (Table 1 a and b, Fig. 6 a and b). The quartzite boulder from the trimline on Fannytoppen yields
an age of 0.2 + 0.04 ka. Most ages do not exceed 1.2 ka, although two samples are from the Early
Holocene (10.07 + 0.56 ka and 6.75 + 0.36 ka) and two from the late Middle Holocene (4.68 + 0.27 ka
and 4.65 *+ 0.27 ka). There are no spatial patterns of ages at the Flatpasset saddle or the foot of
Fanytoppen. In the former, the °Be ages range from 0.45 + 0.04 ka to 10.07 + 0.56 ka. In the latter,
the °Be ages range from 0.0715:31 ka to 4.68 + 0.27 ka (the outer moraine ridge) and from 1.08 + 0.07
ka to 6.75 + 0.36 ka (the inner ridge).

4.4, Historical data
4.4.1.1613-1820

The maps from the 1600s and 1700s are highly generalised, but the approximate calving front positions
can be estimated from changes in the shoreline. The maps outline the main branches of Hornsund,
which appear more extensive than during the late LIA (Fig. A.1a). However, the accuracy is insufficient
for a detailed comparison with subsequent works from the 1800s (Middelhoven, 1634; Doncker, 1663;
van Keulen, 1714; Bellin, 1758). A more detailed map by William Scoresby from 1820 shows the
confluent termini of Vestre and Austre Torellbreen marked as the “lceberg Mount”. It presents two
distinct fjord branches in the northern, two in the southern Hornsund, and one in the inner part of the
fjord, which could correspond to Brepollen.

4.4.2.1861-1900

The map from the Swedish expedition in 1861-1864 (Fig. A.1b; Dunér and Nordenskiold, 1865) shows
the termini of Werenskioldbreen, Hornbreen and two marine-terminating glaciers in northern
Hornsund, probably Hansbreen and Paierlbreen or Miihlbacherbreen. The fjord branches are
significantly shorter, and glaciers are more advanced than in the maps from the 1600s or 1700s. The
terminus of Hornbreen appears more expanded in the southern part than in the subsequent maps
from 1872, 1897 or 1899 (Figs. 7b and A.1; Peterman, 1874; Conway, 1898; Wassiliew, 1925). This map
also shows a large glacier corresponding to the confluent lobes of Austre and Vestre Torellbreen (Fig.
A.1b).

The photographs from the Austro-Hungarian expedition in 1872 documented most of the tidewater
glaciers in Hornsund (Figs. 7 and A.2). The photos of Hansbreen described in detail by Osika and Jania
(2024) revealed extensive surface crevassing, basal crevasses and debris-rich englacial structures
exposed in the ice cliff. The terminus was bulging, steep and less advanced than the LIA terminal
moraine position. The glaciers of Brepollen were confluent into a large system, Hornbreen, which had
overpassed the southern part of Treskelen and was heavily crevassed in 1872 (Fig. 7). At this time, the
terminus of Paierlbreen appears thickened, chaotically crevassed and radially splayed beyond Vestre
Burgerbukta, in contrast to the smooth and subdued surface topography of Mihlbacherbreen (Figs.
7a and A.2b). In the map from 1897 (Fig. A.1d; Conway, 1898), Miihlbacherbreen appears to have a
steep terminus and heavily crevassed surface on the confluence with Kvalfangarbreen and Wibebreen.
In 1897, the surface of Kérberbreen was also densely crevassed, and its terminus was expanded
beyond constraining mountain ridges (Conway, 1898). A similar front position is presented in the Arc
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of Meridian expedition’s map from 1900 (Fig. 7b; Wassiliew, 1925). Gasbreen, the largest land-
terminating glacier in Hornsund, was documented in the photograph and mapped in 1899 with a
smooth surface topography and a debris-covered terminus at the terminal moraine (de Geer, 1923).

4.4.3.1917-1918

The photographs and maps from Norwegian expeditions documented surface morphology and glacier
extent in 1917 and 1918 (Figs. 7c, A.1e, f and A.3; Norwegian Polar Institute, 1921, 1938). By 1917,
Hansbreen had splayed radially beyond Hansbukta, and its surface revealed a dense network of narrow
cross-cutting crevasses and crevasse traces (Fig. A.3a; Osika and Jania, 2024). Compared with the maps
from 1861-1899, the calving front of Hornbreen has slightly retreated (Figs. 7 and A.1f). The surface
of Storbreen appears to be more crevassed and thicker than other flow units of Hornbreen . The medial
moraine between Chomjakovbreen and Mendelejevbreen was folded and pushed to the north (Fig.
7c). By 1918, the eastern margin of Paierlbreen had slightly retreated, whereas Mihlbacherbreen had
expanded beyond the fjord (Fig. A.3b). Compared with the map from 1897 (Conway, 1898),
Kvalfangarbreen and Wibebreen were more advanced and pushed their medial moraines to the west.
The photos from 1918 documented the crevassed surface of Werenskioldbreen with two looped
medial moraines (Fig. A.3c and d). At that time, the extensive lobes of Vestre and Austre Torellbreen
were at their terrestrial terminal moraines from the LIA (Fig. A.3e and f).

4.4.4.1936

Aerial photographs from 1936 reveal widespread glacier retreat compared to 1918 and the late 1800s.
The recession of Hornbreen has led to the development of Brepollen in the southeast from Treskelen
(Fig. A.4a). Chomjakovbreen was still expanded and heavily crevassed. Samarinbreen had retreated
over 1 km at the centreline since 1918. Chaotic crevassing can also be observed on Storbreen, the
widest flow unit at the terminus of the glacier system in Brepollen, compared to the very narrow units
of Mendeleevbreen, Svalisbreen and Hornbreen (Fig. A.4a). Wibebreen and Kvalfangarbreen retreated
by 1936 and were dominated by the main trunk of Miihlbacherbreen (Fig. A.4b). The downwasting
terminus of Werenskioldbreen exposed most of the terminal moraine (Fig. A.4c).

5. Glacier changes throughout the Holocene

5.1. Interpretation of the *C and °Be dates

Radiocarbon-dated mollusc shells and a whalebone redeposited in the moraines, and paleosoils below
glacial diamict are evidence of glacier recession and subsequent advances. The spread ages of
reworked marine shells ranging from the Early to the Late Holocene indicate reduced glacier extent
and ice-free environments in recently or currently glacierized areas (Blake, 1989; Salvigsen and
Hggvard, 2006; Osika et al., 2022). Our mollusc specimens represent suspension-feeding species
sensitive to the high amounts of suspended inorganic material typical for the forefields of tidewater
glaciers (Moore, 1977; Wtodarska-Kowalczuk et al., 1998; Wtodarska-Kowalczuk, 2007). They exhibit a
preference for the outer and central basins of the Arctic fjords with lower glacial sedimentation
(Wtodarska-Kowalczuk, 2007) that was also observed in Hornsund and Kongsfjorden (Rézycki, 1992;
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Aswathy et al., 2023). In turn, the gaps in the mollusc chronologies may suggest glacier expansion
(Osika et al., 2022). The limiting ages of glacier advances can be inferred from *C dates of subfossil
vegetation layers embedded between or overlaid by glacial diamicton (e.g. Baranowski and Karlén,
1976) or driftwood redeposited inland during advance (e.g. Marks and Pekala, 1986).

More precise time constraints on glacier advances require cosmogenic exposure dating, yielding the
timing of moraine abandonment (Balco, 2011; Philipps et al., 2017). However, the spread '°Be dates
on the moraine ridges of Hansbreen (Fig. 6a and b), in particular the Early and Middle Holocene ages,
are not supported by the 1“C ages from this forefield, reported °Be ages from terminal moraines in
southern Spitsbergen (Fig. 6¢; Philipps et al., 2017) or changes in the ice-rafted debris (IRD) flux near
the Hornsund mouth (Fig. 8; Devendra et al., 2023). We infer that most, if not all, of the °Be ages from
the Hansbreen moraines are anomalously old and reflect nuclide inheritance from the previous
exposure during the Early and Middle Holocene when Svalbard glaciers were smaller than present
(Farnsworth et al., 2020). A similar scenario was described for the apparent °Be ages at the LIA
moraine at Gletscherlukket, SE Greenland, ranging from 10.2 to 1.6 ka (Larsen et al., 2021). The
youngest sample may reflect redeposition during the LIA advance or subsequent remobilisation.
Hence, the 1°Be dates from the Hansbreen forefield are not considered in further discussion on glacier
changes in the Holocene.

5.2. Late Pleistocene/Holocene transition — deglaciation

In the Late Weichselian, Hornsund was a pathway for an ice stream draining the Svalbard—Barents Sea
Ice Sheet (Ottesen et al., 2007). Surface exposure dating with 1°Be, 2°Al, and in situ **C suggested coastal
deglaciation of SW Spitsbergen between 18 and 16 ka, whereas the central and inner part of Hornsund
were deglaciated by 13.3 £ 0.6 and 13.0 £ 0.7 ka (Young et al., 2018). East of Hornsund, the Storfjorden
Ice Stream decayed after 15.3 cal ka BP and during the Younger Dryas—Holocene transition in response
to advection of warm AW and atmospheric warming (Rasmussen and Thomsen, 2021; Joe et al., 2022).
The shell ages at the Werenskioldbreen forefield indicate glacier retreat by 12.5 cal ka BP and
emergence of a raised marine terrace after 10.0 cal ka BP (Fig. 5b; Birkenmajer and Olsson, 1998;
Traczyk, 2008). We have not found the evidence for glacier re-advances in Hornsund during the Late
Glacial-Early Holocene transition, which have been detected in Svalbard (Farnsworth et al., 2017,
2018, 2022, 2024). However, Joe et al. (2022) suggested a short still stand of re-advance of marine-
terminating glaciers or ice streams in the nearby Little Storfjorden (eastern Svalbard) between 13-12
cal ka BP.

5.3. Early and Middle Holocene glacier retreat

Deglaciation was followed by glacier recession in the Early and Middle Holocene. The oldest fragment
from a sediment-laden iceberg at Hansbreen (Osika et al., 2025) suggests that the glacier was smaller
than present, at 11.3 cal ka BP. The oldest shells collected at Hornbreen and Vestre Torellbreen
demonstrate extensive retreat by 10.9 cal ka BP and 10.4 cal ka BP. Based on the ages of molluscs, the
reduced glacier extents persisted throughout the Early and Middle Holocene, as in the circumpolar
Arctic (Farnsworth et al., 2020; Larocca and Axford, 2022). The mean summer air temperatures in
Svalbard reconstructed from lake records were up to 7 °C higher in the Early Holocene than the 1850—
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1900 CE preindustrial baseline (van der Bilt et al., 2019). The increased air temperature and the
enhanced inflow of warm AW to Svalbard fjords led to glacier recession to their Holocene minima
between 8.0-6.0 cal ka BP (Farnsworth et al., 2020). At the inner shelf outside of Hornsund, the highest
flux of AW and associated maxima of the surface and bottom water temperatures occurred between
10-7 ka BP (Fig. 8; Devendra et al., 2023). From the circum-Arctic perspective, the vast majority of
glaciers (>90% of 66 records) were smaller than present or entirely disappeared at 7-6 cal ka BP
(Larocca and Axford, 2022). In Svalbard, lake archives indicate that small glaciers in their catchments
were considerably smaller than present or absent in the Early and Middle Holocene (Snyder et al.,
2000; Rgthe et al., 2015, 2018; de Wet et al., 2018; Farnsworth et al., 2020). According to marine
records, tidewater glaciers have retreated to the inner part of their fjords or even onto land (e.g.
Bartels et al., 2017; Nielsen and Rasmussen, 2018; Allaart et al., 2020). However, Early Holocene re-
advances of some glaciers were also recorded (Lgnne, 2005; Forwick et al., 2010; Larsen et al., 2018;
Farnsworth et al., 2024). A very low sedimentation rate and limited terrestrial input near Hornsund in
9-7 cal ka BP were linked to the reduced extent of tidewater glaciers (Devendra et al., 2023).
Oerlemans et al. (2011) suggested that Hansbreen, the nearest tidewater glacier, retreated onto land
by c. 8 cal ka BP based on the ages of subfossil vegetation reworked and melted out on the glacier
surface. The minimum extent of southern Spitsbergen glaciers remains unknown, although recent
investigation implies the persistence of the Asgardfonna Ice Cap (NE Spitsbergen) in the Early Holocene
due to glacio-isostatic rebound after deglaciation (Farnsworth et al., 2024). The postglacial relative sea
level curves suggest that the rebound in Hornsund was significantly lower than in the NE Spitsbergen
(Farnsworth et al., 2020), but the modelling of glacio-isostatic rebound showed that the largest glaciers
in southern Spitsbergen survived the HTM (Fjeldskaar et al., 2018). It was also suggested that some
glaciers in NE Spitsbergen persisted due to increased precipitation (Auer et al., 2025). However, with
low elevations of southern Spitsbergen glaciers, such an effect may have been limited to the highest
parts of the Amundsenisen ice field rather than tidewater glaciers with low-lying accumulation areas.

Fluctuations of the Hornbreen-Hambergbreen system determine whether Hornsund is a fjord or a
strait between the Greenland Sea and the Barents Sea. The ages of molluscs from the Hornbreen
forefield imply that glacier retreat led to the opening of the Hornsund strait in the Early Holocene (Fig.
4b). The passage was glacier-free presumably during most of the Holocene, as suggested by the 4C
shell dates ranging from the Early to the Late Holocene, and the Late Holocene °Be ages from terminal
moraine on Treskelen (Figs. 4b and 6¢; Philipps et al., 2017; Osika et al., 2022, 2025). However, the
Late Glacial-Early Holocene glacial advances identified in the central and northern Spitsbergen (e.g.
Lgnne, 2005; Forwick et al., 2010; Farnsworth et al., 2017, 2020, 2024; Larsen et al., 2018) suggest the
possibility of similar short-lived re-advances punctuating the glaciers’ retreat, which could block the
strait until the final collapse of the Hornbreen-Hambergbreen system (Osika et al., 2022). Previous
investigations into the glacial history of Hornsund discussed the possibility of wide-range glacier
advances around 8 ka BP (Gronfjorden Stage; Lindner et al., 1986; Lindner and Marks, 1993). This
discrepancy with our results may be related to the limited number of samples used for dating the
terminal moraine of Hornbreen (Marks and Pekala, 1986). The result of radiocarbon dating (c. 8 ka *C
BP) was interpreted as the limiting age of Hornbreen advance up to Treskelen, and other glacier
advances in Hornsund. Further works provided more ages from this moraine, ranging from the Early
to Late Holocene, and excluded the hypothesis of an extensive Early Holocene advance (e.g.
Birkenmajer and Olsson, 1997). Increased summer air temperatures during the HTM did not favour the
positive mass balance of glaciers (Farnsworth et al., 2020), and we suggest that the possible advances
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at that time were glacier surges, which may have blocked the strait for a short time during the overall
glacier recession.

5.4. Glacier re-growth in the first half of the Late Holocene

During the Late Holocene, the weakened advection of the warm AW and the sea surface temperature
(SST) decrease were recorded in different parts of Svalbard (Slubowska et al., 2005; Skirbekk et al.,
2010; tacka et al., 2019; Rasmussen and Thomsen, 2021), including the shelf outside Hornsund after
c. 6 cal ka BP (Telesinski et al., 2018; Devendra et al., 2023). Glacier re-growth occurred in response to
the reduced surface ablation due to lower summer air temperatures (e.g. Allaart et al., 2021) and a
decline in SST, which controls the frontal ablation of tidewater glaciers (Luckman et al., 2015; Btaszczyk
et al., 2023). The increase in IRD content in marine sediments suggested the growth of Tunabreen c.
5.6 cal ka BP (Forwick et al., 2010) and Nordenskioldbreen c. 5.4 cal ka BP (Baeten et al., 2010), and
overall increase in the glacial activity in Svalbard, e.g. in Kongsfjorden since c. 3.5 cal ka BP (Skirbekk et
al., 2010) or Wahlenbergfjorden since c. 3.1 cal ka BP (Bartels et al., 2018). Lake sedimentary archives
indicate the reapperance of glaciers in their catchments after c. 3.5 cal ka BP (Rothe et al., 2015, 2018;
Allaart et al., 2021). Around 2.7 cal ka BP, marine-terminating Nathorstbreen surged twice (Kempf et
al., 2013). We have not found evidence for glacier surges in Hornsund at this time, although low AW
influx to the inner shelf west of Hornsund and increased iceberg rafting, probably from fluctuating
glacier margins, occurred between 3.5-2.2 cal ka BP (Devendra et al., 2023).

The period of the Late Holocene glacier advances prior to the LIA was often called a Revdalen Stage in
Hornsund around 2.5-3 ka BP (Karczewski et al., 1981; Marks, 1983; Lindner et al., 1986; Lindner and
Marks, 1993). Although Hornsund glaciers expanded seaward by c. 4 cal ka BP (Jang et al., 2025), our
14C-dating results (Figs. 4 and 5) show they were less extensive in this interval than their LIA maxima.
Suspension-feeding molluscs were present within the maximum LIA extent of Hansbreen at c. 2.8 cal
ka BP and Vestre Torellbreen at c. 2.1 cal ka BP. Mollusc shells collected at the Treskelen Peninsula are
of similar ages (c. 2.1 and 2.5 cal ka BP; Osika et al., 2025). The outer part of the Hansbreen forefield
was ice-free in the first half of the Late Holocene based on the ages of subfossil soil below glacial
diamict (c. 3.6, 2.8 and 2.1 cal ka BP; Pekala, 1989; Osika et al., 2025). The extent of Hambergbreen and
glaciers in Brepollen was still reduced at c. 2.4 and 2.1 cal ka BP, as indicated by the ages of benthic
foraminifera and molluscs (Noormets et al., 2021). Based on the *C and °Be ages, Hornsund was a
strait until 3.9 cal ka BP (the age of shell debris from Hornbukta) or longer, up to c. 2.1 cal ka BP (the
oldest shell from Treskelen), or c. 1.9 + 0.3 ka (average °Be moraine ages (n=4) on Treskelen in Philipps
et al., 2017), depending on the intricate dynamics of surge-type glaciers of the Hornbreen-
Hambergbreen system (Osika et al., 2022). The interval between 2.2-1.8 cal ka BP evidenced a stronger
inflow of AW and higher SST and benthic water temperature (BWT) at the southwestern Svalbard inner
shelf (Fig. 8; Devendra et al.,, 2023), similarly to Isfjorden (Brice et al., 2023), eastern Svalbard
(Pawtowska et al., 2020) and in the western Barents Sea (Sarnthein et al., 2003; tacka et al., 2019).
Moreover, an increase in the mean annual and July air temperatures is visible in paleoclimate
reconstructions from Svartvatnet lake in the Hornsund region (Fig. 8; Luoto et al., 2018). Hence, we
imply that substantial tidewater glacier expansion in the early Late Holocene was hindered during
higher SST and summer air temperatures.
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5.5. Glacier advances in c. 2.2-1.5 cal ka BP

Glacier advances in southern Spitsbergen occurred between c. 2.2 and 1.5 cal ka BP. Based on the 1°Be
ages, Hornbreen expanded to the Treskelen Peninsula by 1.9 + 0.3 ka (Fig. 6¢; n=4; Philipps et al., 2017),
and this advance could correspond to the peak of IRD at the entrance to Hornsund and in the central
basin of the fjord around 2.2 cal ka BP (Fig. 8; Devendra et al., 2023; Jang et al., 2025). Jang et al. (2025)
linked this IRD peak with the overall glacier expansion or the collapse of tidewater glaciers. Notably,
the advance of Hornbreen and the IRD peak coincided with increased mean annual and July air
temperatures in Hornsund c. 2.2-1.9 cal ka BP (Fig. 8; Luoto et al., 2018) and the SST rise between 2.2—
1.8 cal ka BP (Devendra et al., 2023). Hornbreen and its former tributary tidewater glaciers are surge-
type, and rapid advance to the Treskelen Peninsula, suggested by mollusc shells only slightly older and
of a similar age to the °Be moraine ages, indicate a surge event in this warmer interval. However, due
to reworking during the LIA, mapping of the terrestrial forefield did not reveal geomorphic imprints of
the pre-LIA advances of Hornbreen (Marks, 1983; Philipps et al., 2017; Osika et al., 2022).

Apart from Hornbreen, the ages of subfossil vegetation between two units of lodgement till indicate
the advance of Werenskioldbreen before 1.5 cal ka BP, with the maximum extent probably comparable
to the LIA culmination (Baranowski and Karlén, 1976). Similarly, the pre-LIA moraines of land-
terminating glaciers in northern Wedel Jarlsberg Land (southern Spitsbergen) were deposited around
1.7 £ 0.1 ka (Scottbreen) and before 1.1 cal ka BP (Renardbreen) when the glaciers reached their Late
Holocene maxima, 50—-100 m outside the LIA terminal moraines (Dzierzek et al., 1990; Philipps et al.,
2017). Glacier advances between 2.0 and 1.5 cal ka BP were also identified in other parts of Svalbard.
According to °Be exposure dating of terminal moraines, a valley glacier, Linnébreen (W Spitsbergen),
advanced and began to recede from its maximal Late Holocene extent at 1.6 + 0.2 ka (Reusche et al.,
2014) while the reconstructed ELA of a small valley glacier, Karlbreen (NW Spitsbergen), dropped c. 1.7
cal ka BP (Rgthe et al., 2015). Based on the lichenometric method, one of several periods of moraine
stabilisation in central and northern Spitsbergen occurred around 1500 years ago (Werner, 1993).

5.6. Glacier retreat in 1.5-1.0 cal ka BP

After the culmination of glacier advances, the following interval, c. 1.5-0.7 cal ka BP, corresponding to
the MWP (Miller et al., 2010; Divine et al., 2011), brought glacier retreat. Radiocarbon ages of marine
shells indicate the recession of Hansbreen (c. 1.6 cal ka BP) and Hornbreen (c. 1.3 cal ka BP; Fig. 4). One
sample of mollusc evidences a smaller area of Vestre Torellbreen c. 0.7 cal ka BP than the LIA maximum
(Fig. 5a). The ages of moss phyllids and bulk sediment from paleosoil (Fig. 4a; Osika et al., 2025) suggest
that the outer part of the Hansbreen forefield was ice-free until 0.6 cal ka BP or longer. The decay of
the Hornbreen-Hambergbreen system could lead to the re-opening of the Hornsund strait around 1.3
cal ka BP (Osika et al., 2022). Glacier retreat coincided with the enhanced influx of AW and SST increase
at the SW Svalbard inner shelf between 1.5-1.0 cal ka BP (Fig. 8; Devendra et al., 2023), which was also
recorded in Isfjorden (2.0-1.2 cal ka BP; Brice et al., 2023), eastern Svalbard (c. 1.7 cal ka BP;
Pawtowska et al., 2020) or western Barents Sea (c. 1.6 cal ka BP; Sarnthein et al., 2003). Mean annual
and July air temperatures inferred from the Svartvatnet lake were also higher around 1.5 cal ka BP (Fig.
8; Luoto et al., 2018).

Widespread recession has also affected land-terminating glaciers, including Werenskioldbreen in 1.5—
0.7 cal ka BP (the ages of subfossil vegetation below two moraine units; Baranowski and Karlén, 1976),
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Renardbreen c. 1.1-0.6 cal ka BP (the ages of organogenic deposits between two moraine ridges;
Dzierzek et al., 1990) and Longyearbreen c. 1.9-1.1 cal ka BP (the ages of subfossil bryophytes from a
relict soil below glacier surface; Humlum et al., 2005). Climate warming was also evidenced by the
return of the thermophilous mollusc Mytilus edulis to Isfjorden c. 0.9 cal ka BP (Samtleben, 1985;
Salvigsen et al., 1992) as well as in the mean December-February temperatures in c. 800-1200 CE
inferred from the Lomonosovfonna ice core (Divine et al., 2011). However, Devendra et al. (2023)
identified a distinct peak of IRD c. 1.0 cal ka BP at the SW Svalbard inner shelf, which they linked with
glacial activity based on an increase in terrigenous biomarkers and total organic carbon (TOC). Higher
IRD flux values were also recorded at the Hornsund mouth at 1075 CE (Majewski et al., 2009) and in
the central basin of the fjord system (Jang et al., 2025). Such sharp peaks of IRD may indicate enhanced
calving after glacier surges (e.g. Paulabreen c. 1300 CE; Hald et al., 2001). Indeed, Jang et al. (2025)
identified glacial advances in Hornsund at 940 and 1380 CE based on fluctuations of detrital
neodymium isotopes values, although they linked them with a probable shorter duration of the MWP
or a limited glacier response to this warmer period.

5.7. Glacier advances after c. 0.7 cal ka BP

In Svalbard, most Late Holocene glacier advances were dated to 1.0-0.5 cal ka BP (Farnsworth et al.,
2020). This time span corresponds to moraine stabilisation in central and northern Svalbard c. 1000
and 650 years ago (Werner, 1993). According to the °Be ages of moraine abandonment, Hornbreen
advanced to the Treskelen Peninsula around 0.7 £ 0.2 ka (Fig. 6¢; Philipps et al., 2017). The limiting age
of this advance can also be inferred from the age of driftwood from glacial diamicton on Treskelen,
dated to 810 + 70 *C yr BP (median 731 cal yr BP; Marks and Pekala, 1986). Therefore, tidewater
glaciers blocked the Hornsund strait again if it had been reopened during the MWP (Osika et al., 2022).
Radiocarbon ages of subfossil vegetation indicate an advance of Werenskioldbreen after 0.7 cal ka BP
(Baranowski and Karlén, 1976; Kasprzak et al., 2020). The moss phyllids from the subfossil soil suggest
a limiting age of the Hansbreen advance as c. 0.6 cal ka BP, which agrees well with the period of glacial
advances c. 0.57 cal ka BP (1380 CE) inferred from IRD peak and detrital neodymium isotopes in the
central basin of Hornsund (Jang et al., 2025). Similarly, the ages of organic material indicate that
Renardbreen advanced sometime after 0.6 cal ka BP (Dzierzek et al., 1990). Surges of large glacier
systems have also occurred c. 0.8-0.6 cal ka BP, such as Paulabreen c. 1300 CE (Hald et al., 2001; Larsen
et al., 2018) or Nathorstbreen c. 1160 CE (Lovell et al., 2018), which advanced to their Late Holocene
maxima. Notably, since 0.65 cal. ka BP Paulabreen has surged four times, with two surges between
0.65 cal. ka BP and c. 1898 CE, the surge c. 1898 CE and the last event in 2003-2005 CE (Larsen et al.,
2018; Lovell and Fleming, 2023). Therefore, glacier surges in the Late Holocene were frequent, and
glacier extents reflected coupled climatic conditions with dynamic advances. The winter temperatures
until the 1200s CE were comparable to those in the warmer decades of the 1930s and 1990s (Fig. 8;
Divine et al., 2011), and the period 1130-1300 CE witnessed intensive summer melt exceeding that
from the 1990s (Grinsted et al., 2006).

We suggest that the increased meltwater delivery to glacier beds could have promoted glacier surges
in Svalbard, as observed nowadays (Dunse et al., 2015). Surge events around and after 0.7 cal ka BP
may have also occurred in Hornsund. The advance of Hornbreen dated to c. 0.7 + 0.2 ka (Philipps et
al., 2017) coincided with warmer conditions inferred from the Lomonosovfonna ice core (Grinsted et
al., 2006; Divine et al., 2011). Joe et al. (2022) implied that the large terminal moraine complex in
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Hambergbukta is a product of glacier surges after 0.7 cal ka BP based on the increased IRD content in
marine sediments. A proglacial push moraine of Werenskioldbreen (Fig. 3f) contains a deformed layer
of subfossil tundra dated to a similar age (c. 0.7 and 0.6 cal ka BP; Kasprzak et al., 2020). This single
ridge, c. 4 m high, adjacent to a prominent ice-cored terminal moraine, is rather inconspicuous
compared to multi-crested composite moraine ridges associated with Svalbard surge-type glaciers
(Lovell and Boston, 2017). However, such a moraine system might have been eroded by meltwater or
storm surges (Szupryczynski, 1963), or it may not have developed due to topographic conditions
(Lgnne, 2016). Although our geochronological data show no direct evidence of pre-LIA advances of
Vestre Torellbreen, the overridden moraine ridges imply glacier advances sometime before the LIA
maximum.

5.8. Little Ice Age and glacier surges

The tributary fjords of Hornsund appear more extensive in the maps from the 1600s and 1700s (Table
2) than during the 1800s. A similar observation was noted by Zagorski et al. (2023) for
Recherchefjorden and interpreted as the reduced tidewater glaciers extent compared to the LIA
maximum in the 1800s. The age of a whale bone in the terrestrial forefield of Hansbreen (median 1683
CE, 1 sigma: 1599-1779 and 1792-1795 CE) suggests that tidewater glaciers in Hornsund were less
advanced at that time than at the LIA maximum. Subfossil vegetation from the lateral terminal moraine
of Hansbreen was dated to a similar age (Pekala, 1989; Osika et al., 2025). A slightly different scenario
for glacier development in Hornsund during the LIA was proposed by Jang et al. (2025) based on the
fluctuations of detrital neodymium isotopes and bulk mineralogical data from the fjord sediments.
They identified limited glacial activity at the onset of the LIA, glacier advances between 1580 and 1620
CE, followed by glacier retreat, and the second period of glacier advances around 1900 CE. A peak of
IRD shortly before 1600 CE was recorded in the outer basin of Hornsund and interpreted as evidence
for glacier surges or climatic advances (Majewski et al., 2009). In turn, the age of the whalebone from
the Hansbreen forefield could correspond to the period of glacier recession after 1620 CE (Jang et al.,
2025), which may have allowed for whaling in Hansbukta or at least colonisation of this fjord. Glacier
retreat after c. 1620 CE agrees well with more extensive fjords in the historical maps (Table 2)
compared to the late LIA.

According to the reconstruction from the Lomonosovfonna ice core, the clear onset of the LIA is
challenging to define, and the temperature decline was gradual, with the coldest period around 1850
CE (Fig. 8; Divine et al., 2011). However, the cooling signal has been visible since 1600 CE in the oxygen
isotopes and chemistry (Isaksson et al., 2003; Kekonen et al., 2005; Grinsted et al., 2006). Evidence for
the LIA in the marine archives from Hornsund can be seen since c. 1600 CE, although the timing of
glacier advances has been debated (Majewski et al., 2009; Pawtowska et al., 2016; Jang et al., 2025).
The shift to the glacier-proximal conditions after c. 1800 CE (Pawtowska et al., 2016) corresponds to
glacier surges in the late LIA. Extensive crevassing and a steepened, bulging terminus with open basal
crevasses in the photographs from 1872 indicate that Hansbreen was surging and had not yet advanced
to the LIA maximum marked by the terminal moraine (Osika and Jania, 2024). Chaotic, widespread
crevassing and a thick, radially splayed terminus extended to the LIA terminal moraine imply a surge
of Paierlbreen at or shortly before 1872 (Fig. 7a). The neighbouring Mihlbacherbreen appears less
expanded in the map from 1872 (Fig. A.1c; Peterman, 1874), and a smooth surface topography in the
photographs from this expedition implies a quiescent phase (Fig. A.2b). The splayed front of
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Korberbreen in this map and the description of a glacier “full of hidden crevasses” from 1897 (Conway,
1898) imply a surge in the late 1800s. The terminus of Hornbreen appears radially splayed in the
southern part in the map from 1861-1864 (Fig. A.1b; Dunér and Nordenskitld, 1865) and heavily
crevassed in the photos from 1872, which suggest a surge in or before 1860s. The Swedish-Russian Arc
of Meridian Expedition map shows that Hambergbreen underwent a surge around 1900, and
Hornbreen had slightly receded (Wassiliew, 1925). Land-terminating Gasbreen was already extensive
in the map from 1872 (Peterman, 1874), and the timing of its LIA maximum is difficult to define. In the
photograph from 1899, the glacier surface appears to be smooth, with a debris-covered terminus at
the LIA terminal moraine. Folded medial moraines and cross-cutting narrow crevasses and crevasse
traces in the photographs from 1918 indicate that Werenskioldbreen was in the quiescent phase after
a surge sometime before 1918 (Fig. A.3e and f). In 1918, Chomjakovbreen was during or shortly after
a surge, pushing the medial moraine with Mendeleevbreen to the north. This surge event corresponds
to the assemblage of flutings oriented NW-SE, overprinting older flutes from the late LIA surge of
Hornbreen (Fig. A.5). By 1918, the calving front of Hornbreen had slightly retreated. However, a surface
bulge and extensive crevassing suggested an ongoing surge of Storbreen, which pushed the other flow
units of the Hornbreen system to the south by 1936. A surge-type Miihlbacherbreen had also advanced
sometime before 1918 and expanded beyond Austre Burgerbukta (Fig. A.3b). A thickened terminus
and extensive crevassing in the map from 1897 (Conway, 1898) imply a glacier surge in the 1890s. The
timing of the LIA maximum of Vestre and Austre Torellbreen is difficult to estimate, as they were
already expanded in the maps from 1820 and the 1860s (Scoresby, 1820; Dunér and Nordenskidld,
1865) and in the photographs from 1918 (Fig. A.3e and f).

Many more glaciers in southern Spitsbergen and Svalbard experienced surge advances in the late
1800s. In south Spitsbergen, Recherchebreen and Renardbreen surged in the late 1870s or early 1880s,
Scottbreen in the 1880s (Zagorski et al., 2023) and Hambergbreen c. 1900 (Wassiliew, 1925). Surges
also affected the Kongsbreen, Kongsvegen- Kronebreen system (1869, Liestgl, 1988), Nathorstbreen
(c. 1870; Liestgl, 1977), Von Postbreen (1870, Liestgl, 1993), Paulabreen (before 1898; Ottesen et al.,
2008), and even small valley glaciers in central Spitsbergen (Mannerfelt et al.,, 2024).
Geomorphological and historical records show that the maximum LIA extents often correspond to
surge events (Liestgl, 1969; Lefauconnier and Hagen, 1991; Lovell et al., 2018; Dowdeswell et al., 2020;
Zagorski et al., 2023; Mannerfelt et al., 2024; Osika and Jania, 2024). Such clustering of glacier surges
in different parts of Svalbard suggests some supra-regional factors controlling these dynamic advances.
December—February surface air temperature values inferred from the Lomonosovfonna ice core
suggest that some surge events coincided with warmer winters (e.g., in the 1860s, early 1870s or 1890—
1910) compared to the 1850s or 1880s (Divine et al., 2011). The surges of valley land-terminating
glaciers were linked to the thermal switch from cold-based to polythermal conditions (Lovell et al.,
2015; Sevestre et al., 2015). We think that the widespread surges of larger, warm-based land-
terminating and tidewater glaciers, where such thermal transition would not be a trigger mechanism
(Sevestre et al., 2015), could have been related to increased water content at the glacier beds delivered
from the surface and produced by frictional heating, as pointed out in the enthalpy balance theory
(Benn et al., 2019). The question arises about the mean summer temperatures or the role of winter
precipitation in glaciers’ re-growth during the LIA (e.g. Nesje et al., 2008; D’Andrea et al., 2012).
Therefore, further investigations into the LIA climate conditions and glacier surge mechanisms are
necessary to identify the triggering factors of the widespread late LIA surges. Such works may also
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improve our understanding of the role of surging in the pre-LIA glacier advances and predictions of
further decay of land ice masses.

5.9. Glacier retreat punctuated by surge advances in the 20" and 21* centuries

The LIA was followed by rapid climate warming in Svalbard in the 1920s and 1930s and glacier retreat
interrupted by glacier surges (Martin-Moreno et al., 2017; Nordli et al., 2020). In Hornsund,
Korberbreen surged in 1938 (Liestgl, 1969). In the photos from 1936 (Fig. A.4a), Storbreen appears to
be after a surge, evidenced by an extensively crevassed and thickened terminus contrasting with dead
ice on Treskelen. Interestingly, more Svalbard glaciers experienced surges in the 1930s, including
Negribreen (1935-1936; Liestgl, 1969), Brasvellbreen (1936—1938; Schytt, 1969), Etonbreen, Rijpbreen
and Clasebreen (1938, Hagen et al.,, 1993) or Scott Turnerbreen (sometime in c. 1914-1936;
Mannerfelt et al., 2024). The 1920s and 1930s were much warmer than the 1910s, and the 1930s
witnessed frequent winter-warming events with positive temperatures between October and April
(Nordli et al., 2020). We suggest that these surges in Svalbard may have occurred in response to
increased water content at the glacier bed from enhanced summer melt and more frequent winter
melt days in this decade.

Glacier surges in Hornsund occurred in the 1960s (e.g. Mihlbacherbreen; Btaszczyk et al., 2013, and
Hambergbreen; Lefauconnier and Hagen, 1991). Vestre Torellbreen was surging in the 1960s (Jania,
1988), with the maximal extent marked by the middle surge end moraines. The 1950s were the second
warmer period in Svalbard in the twentieth century, and like the 1930s, they witnessed frequent
positive temperatures in winter (Nordli et al., 2020). The 1960s were another period of glacier surge
clustering in Svalbard, including Blomstrandbreen (1956—1966; Burton et al., 2016), Tunabreen (1966—
1971; Richard and Dowdeswell, 1994) or Marmorbreen (1965-1970; Hagen et al., 1993). The latest
surge advances in Hornsund were experienced by Paierlbreen in 1992-1995, Mendeleevbreen in
1997/98-2002 and Svalisbreen in 2016—2020 (Szafraniec, 2020; Btaszczyk et al., 2023). In southern
Spitsbergen, surges also affected Nathorstbreen with tributiaries, which advanced over 15 km in 2008—
2016 (Sund et. al., 2014; Lovell et al., 2018) or Recherchebreen in 2018-2020 (Zagdrski et al., 2023).
In 2007-2013, Vestre Torellbreen advanced due to the surge of its tributary glacier Profilbreen since
2007 (Sund et al., 2009). These events were one of many glacier surges in Svalbard this century (e.g.
Sund et al., 2009; Kaab et al., 2023). Their advances were usually smaller than previous ones, which
might suggest reduced reservoir filling by ice masses, and more abundant penetration of meltwater to
glacier beds or subglacial sediments in the periods of progressive warming. Tunabreen in
Tempelfjorden is a good example of a surge-type glacier with a short recurrence interval (40 years) and
smaller advances during successive active phases (Flink et al., 2015). This type of “convulsive” retreat
appears to be increasingly common (e.g. Recherchebreen; Zagérski et al., 2023) and should not be
excluded from reconstructions of deglaciation processes during earlier warmer periods of the
Holocene.

5.10. Glacier fluctuations in southern Spitsbergen in a pan-regional perspective

Reconstructing glacier changes in southern Spitsbergen raises the question of their similarity or
difference to the rest of Svalbard. Data on the Holocene glacier fluctuations in the entire archipelago
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are limited, but the timing of warmer and colder phases has been generally consistent in different parts
of Svalbard (Fig. 8; Farnsworth et al., 2020). Location between the warmer waters of the eastern
Greenland Sea to the west, the cold Arctic Ocean to the north, and the cool Barents Sea to the east
determines the contrasts in contemporary climatic conditions across the archipelago (e.g. Gjelten et
al., 2016; Hanssen-Bauer et al., 2019). Climatic gradients also result from differences in the extent and
duration of sea ice (Nihoul and Kostianoy, 2009; Bintanja and Selten, 2014; Gjelten et al., 2016), which
affects air temperature and precipitation patterns. Southern Spitsbergen is more exposed to the
advection of warmer and wetter air masses from the southwest, and to the variable influence of the
ocean currents and sea ice extent (Migatfa et al., 2023). Assuming that the regional climate gradients
were similar earlier in the Holocene, this region may have experienced slightly higher snow
accumulation, as is the case today (van Pelt et al., 2016; @stby et al., 2017; Schmidt et al., 2023), which
may have contributed to glacier development during the transition from warmer to colder phases of
the Holocene.

The development, persistence, and evolution of glacierisation depend on topographic conditions
controlling glacier extent and morphological type, which determine their vulnerability to changes in
mass balance components (e.g. Oerlemans, 1989; Benn and Evans, 2010). The presence of tidewater
glaciers implies additional significant mass loss due to frontal ablation, making marine-terminating
glaciers more sensitive to changes in climate and the thermal and dynamic properties of seawater at
the calving front (e.g. Btaszczyk et al., 2013; Li et al., 2025). Ground-penetrating radar studies of ice
thickness (e.g. Grabiec et al., 2012b) and inversion models (First et al., 2018; van Pelt and Frank, 2025)
indicate that long sections of glacierized valley floors in southern Spitsbergen are lower than those in
the other regions of Svalbard, including extensive overdeepenings below sea level. Such subglacial
topography has presumably hastened frontal ablation during the increased inflow of warm AW and
the SST rise. The bed of Amundsenisen, the largest and highest accumulation area of the glacier system
of the Wedel Jarlsberg Land, is also close to the sea level (Glowacki et al., 2008). The regional glacier
hypsometry (Fig. 1b) shows that the widest surface area of the S Svalbard glaciers is significantly lower
than in the other parts of Svalbard (@stby et al., 2017 — Fig. 2; van Pelt and Frank, 2025 — Fig. 6), which
has presumably promoted their recession in the Holocene, also influencing the highest sections due to
the glacier surface lowering (Szafraniec and Dobinski, 2020). Today, southern Spitsbergen appears to
be more sensitive to mass balance changes (Schuler et al., 2020; Schmidt et al., 2023; van Pelt and
Frank, 2025) than other regions of Svalbard. Considering the regional glacier surface mass balance data
(Schmidt et al., 2023 — Fig. 7), one can observe that during the second decade of the 215 century, the
mean annual accumulation rate in southern Spitsbergen was higher by a factor of 1.26 compared to
north-western Spitsbergen, and the mean summer surface ablation rate was higher by a factor of 1.58.
The amplitude between accumulation and surface ablation is also higher for southern Spitsbergen than
for the north-western region (approximately 1.86 m w.e. y'and 1.28 m w.e. y, respectively). A
comparison with other regions of Svalbard reveals similar differences. Therefore, a more pronounced
and rapid response of southern Spitsbergen glaciers to climate change, particularly warming, can be
expected.

6. Conclusions
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We integrated geomorphological, geochronological, and historical data to reconstruct the glacial
history of southern Spitsbergen with a special focus on Hansbreen, Hornbreen, Werenskioldbreen and
Vestre Torellbreen.

- The Early Holocene retreat of tidewater glaciers allowed colonisation of new ice-free branches of
Hornsund. The oldest marine mollusc shell from the Hansbreen forefield suggests that the glacier was
smaller than present at 11.3 cal ka BP. Glacier recession was linked to increased summer insolation
driven by orbital forcing, and SST rise. The collapse of the Hornbreen-Hambergbreen glacier system
led to the opening of the Hornsund strait by 10.9 cal ka BP.

- The Late Holocene climate cooling led to glacier re-growth. However, the extent of tidewater glaciers
in Hornsund in the first half of the Late Holocene was still reduced compared to their LIA maxima. The
expansion of tidewater glaciers was probably hindered by SST rise and the atmospheric warming.

- The climate cooling was interrupted by a short warm interval with glacier retreat between c. 1.5-0.7
cal ka BP, as evidenced by the radiocarbon ages of marine mollusc shells and subfossil vegetation.

- The Late Holocene glacier maxima corresponded to glacier surges. The surge events from the late LIA
were documented in the photographs from 1872, 1917 and 1918, which captured ongoing glacier
surges or the early quiescent phase. The dynamic advances in the Late Holocene were preceded by
mass build-up due to climate cooling and probable increase of snow precipitation at the beginning of
the warmer period. Still, they occurred in probably warmer intervals, according to published
paleoclimatic data.

- New *C dates of marine shells from Treskelen and published °Be ages from this peninsula (Philipps
et al., 2017) suggest that Hornsund may have been an open strait even until 1.9 + 0.3 ka when
Hornbreen advanced to Treskelen. Subsequent re-opening was possible around 1.3 cal ka BP until the
second re-advance c. 0.7 £ 0.3 ka.

- Surge-type behaviour of glaciers in southern Spitsbergen appears to be characteristic of transitions
from colder to warmer intervals, leading to significant frontal advances after the climatic thermal
minimum. Glaciers are a system for transporting mass, water, and heat, striving to reduce flow
resistance and maximise mass transport efficiency through the shape evolution during the active phase
of glacial surge (extension of the glacier tongue). Glacier surge is a natural response to increased heat
transfer in the global atmospheric and oceanic circulation system. Although initially providing stability
and energy efficiency to the glacier, it later causes accelerated recession, as mass transfer consistent
with the gravitational gradient pulls a significant portion of the glacier toward the ablation zone. We
suggest that “convulsive” deglaciation involving glacier surges is climatically driven and accelerates the
decay of land-based ice masses. As surge-type glaciers are widespread across the archipelago, coupling
climate change with glacier dynamics should be considered as a normal process affecting the Holocene
glaciation history of Svalbard. Surging glaciers may also be regarded as climatically controlled system:s,
leaving distinct imprints in the geological records.

- The general pattern of the Holocene glacier fluctuations in southern Spitsbergen is similar to that
observed in the other regions of Svalbard (Farnsworth et al., 2020). However, the specific topography
with large, low-inclined tidewater glaciers, and the proximity of the West Spitsbergen Current
transporting warmer Atlantic Waters, combined with exposure to warmer air masses, make this area
more sensitive to changes in glaciation, in particular during warmer periods of the Holocene.
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- Today, southern Spitsbergen has a more negative climatic mass balance with higher summer ablation
and winter accumulation than in most of Svalbard (Schmidt et al., 2023). High mass loss in summer is
promoted by low hypsometry and subglacial topography with overdeepenings below sea level, which
hasten frontal ablation once the glacier termini retreat into deeper water. These topographic conditions
have presumably fostered glacier recession earlier in the Holocene.
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1555  Table 1 a, b. 1°Be exposure ages and parameters used to calculate them.

Sample Latitude, Longitude, Altitude, Strike, Dip, Thickness, Density, Topographic
ID dec deg dec deg m a.s.| deg deg cm gcm3 shielding

AOH3 77.00630300 15.68286 79.16 135 15 2.5 2.59 0.963
AOH4 77.00261400 15.68833 27.48 95 30 2.5 2.68 0.995
AOH5 77.00296300 15.6885 31.06 145 15 4 2.6 0.995
AOH6 77.00314593 15.68708 34.65 305 18 3 2.66 0.995
AOH7 77.00355256 15.68921 34.8 260 45 2 2.51 0.990
AOH9 77.01887600 15.70975 159 40 25 4 2.52 0.982
AOH10 77.01887600 15.70975 159 20 30 2.9 2.67 0.982
AOH13 77.01894100 15.70876 160.9 90 15 4.5 2.6 0.984
AOH14 77.00350400 15.68706 37.3 70 27 3 2.6 0.994
AOH15 77.00304736 15.68707 34.6 95 10 25 2.63 0.994
AOH16 77.00239875 15.68835 27.23 160 7 2.8 2.55 0.996

1556
Sarl'rI;pIe nC:::Sr,tzg 9Be:1;;ike, r:;?:/:iziz Error, % 1:;; (;(:r/!; Error, % Age, ka Error, ka
AOH4 60.22 0.213 0.103 2.9 21.55* 4.5 4.68 0.27
AOH9 59.97 0.214 0.073 3.8 14.60* 5.8 2.77 0.19
AOH10 60.19 0.213 0.235 3.1 52.98* 4.0 10.07 0.56
AOH14 60.03 0.213 0.103 2.8 21.69* 4.3 4.65 0.27
AOH15 55.11 0.212 0.136 2.4 31.89* 3.8 6.75 0.36
AOH16 60.04 0.214 0.013 12.4 0.33* 161.2 0.07 0.11
Blank 1 0.214 0.012 13.0
AOH3 61.10 0.283 0.0047 10.8 0.95** 17.9 0.20 0.04
AOH5 60.85 0.280 0.0181 4.4 5.06** 5.5 1.09 0.07
AOH6 60.64 0.281 0.0180 4.1 5.09** 5.3 1.08 0.07
AOH7 60.35 0.283 0.0096 5.9 2.49%* 7.9 0.57 0.05
AOH13 58.37 0.280 0.0091 6.1 2.40%* 8.3 0.45 0.04
Blank 2 0.283 0.0019 15.2
Blank 3 0.283 0.0014 17.0

1557

1558 * corrected to background of preparation blank 1

1559 ** corrected to average background of preparation blanks 2 and 3
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1560  Table 2. Historical maps and photographs used in the study.

Year Type of data Source*
1613 Map Narrative of a voyage to Spitzbergen in the year 1613 (Fotherby, 1613)
1625 Map “Greneland” [Spitsbergen] map in “Purchas His Pilgrimes” (Purchas, 1625)
1634 Map Kaart van Spitsbergen door M.H. Middelhoven (Middelhoven, 1634)
1663 Ma Paskaert van Spitsbergen, met alle zijn zeekusten zoo veel tot noch toe bekent is
P (Doncker, 1663)
1714 Ma Nieuwe afteekening van Het Eyland Spits-Bergen opgegeven door de Commandeurs
P Giles en Outger Rep, en in't Ligt gebrat en uytgegeven (van Keulen, 1714)
1758 Map Carte du Spits-Berg (Bellin, 1758)
A chart of Spitzbergen or East Greenland, comprising an original survey of the west
1820 Map
coast (Scoresby, 1820)
Karta ofver Spetsbergen: hufvudsakligast enligt iakttagelser under de svneska
1861-1864 Map expeditionera aren 1861 och 1864 af N. Duner och A.E. Nordenskiold (Dunér and
Nordenskiéld, 1865)
1872 Ma Die Arktische Expedition des Grafen Hans Wiltschek nach Spitzbergen & Nowaja
P Semlja Juni - Sept. 1872, 1:200 000 (Peterman, 1874)
1872 Photographs The Austro-Hungarian North Pole expedition (https://onb.digital/)
1897 Ma Sir Martin Conway’s expeditions to Spitsbergen (Conway, 1898;
P https://data.npolar.no/map/archive/)
1899 Ma Plan 6fver det svebsk-ryska gradmatningsnatet pa Spetsbergen efter nyaste
P sammanstald Maj 1900, 1:1 000 000 (de Geer, 1923)
Océan Glacial arctique. Spitzberg. Région des travaux de I'expédition de I’Académies
1899-1901 Map de sciences de Russie pour la mesure d’un arc de méridien en 1899-1901, 1:200
000 (Wassiliew, 1925)
1899-1901 Photographs The Swedish-Russian Arc-of-Meridian Expedition in 1899-1901
(https://www.ras.ru/)
Terrestrial
1917-1918 photogrammetric Norwegian expeditions to Svalbard (https://bildearkiv.npolar.no/fotoweb/)
photos
Nautical chart from 1917-1921, Hornsund to Dunderbay, 1:100 000 (Norwegian
1918 Map .
Polar Institute, 1921)
1918 Map Nautical chart 504 from 1909-1935, Fra Sgrkapp til Bellsund, 1:200 000 (Hoel, 1938)
Oblique aerial
photographs and Norwegian expedition in 1936; Geyman et al., 2022 (available at
1936 .
derived https://toposvalbard.npolar.no/)
ortophotomap
Nautical chart 504 from 1984, Fra Sgrkapp til Bellsund, 1:200 000 (Norwegian Polar
1960 Map .
Institute, 1984)
1561 * Scale of the map is indicated when explicitly stated in the source material.
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Figure captions Click here to
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Fig. 1. Study area. (a) Division of Svalbard into S, NW and NE parts after van Pelt and Frank (2025); a
map after © Norwegian Polar Institute (2014a). (b) Glacier hypsometry (area-elevation distribution) in
the S (red), NW (dark blue) and NE (light blue) regions. The plot in the top right presents the cumulative
glacier area-elevation distribution. (c) Field research areas of geomorphological mapping and sampling
for *C and °Be dating (white rectangles). Glaciers (black letters): A — Angellkroken, Ch —
Chomjakovbreen, D — Deileggbreen, F — Fuglebreen, G — Gasbreen, Ha — Hambergbreen, Ho —
Hornbreen, Is — Isingbreen, Kb — Korberbreen, Kv — Kvalfangarbreen, L — Lifjellfonna, Me -
Mendeleevbreen, Mu — Miihlbacherbreen, N — Nannbreen, P — Petersbreen, Sa — Samarinbreen, Sk —
Skilryggbreen, Sl —Slyngfjellbreen, St — Staszelisen, Sv —Svalisbreen, T— Tuvbreen, W — Wibebreen, Wrn
— Werenskioldbreen. Bays (blue letters): AB — Austre Burgerbukta, VB — Vestre Burgerbukta, H —
Hansbukta, S — Selbukta. Peninsulas (orange letters): B — Baranowski Peninsula (Baranowskiodden), O
— Oseanograftnagen, T — Treskelen. Mountain peaks and saddles (yellow letters): Fa — Fannytoppen, Fg
— Fugleberget, Fl — Flatpasset. The star marks the Polish Polar Station Hornsund; background: satellite
scene Sentinel-2A from 08.08.2024 (https://browser.dataspace.copernicus.eu/).

Fig. 2. Glacier surge features within the marginal zones of selected glaciers in S Spitsbergen. (a)
Crevasse-squeeze ridges (CSRs) in the inner forefield of Hansbreen (white arrows). (b) Black arrow
marks the location of the lateral terminal moraine at Flatpasset. (c, d) Subfossil soil below glacial
diamict on Oseanograftangen. (e) A cobble of quartzite on the trimline of Hansbreen on Fannytoppen,
collected for 1°Be dating. (f) CSRs on Treskelen after the glacier surge of Hornbreen. (g) Little Ice Age
terminal moraine of Hornbreen climbing up to the Treskelen peninsula crest (arrow). Note a person in
a circle on the moraine crest as a scale. Photo by A. Osika (a—d, f, g) and M. Ciepty (e).

Fig. 3. Glacier surge geomorphological evidence on Vestre Torellbreen and Werenskioldbreen, SW
Spitsbergen. (a, b) Overridden moraines and drumlins in the forefield of Vestre Torellbreen. (c) Terminal
moraine of a surge advance of Vestre Torellbreen in the 1960s. (d) Fluted moraine and (e) a low CSR
(arrow) in the forefield of Werenskioldbreen. A glove for a scale. (f) A low ridge of proglacial push
moraine (arrow) in front of an ice-cored terminal moraine of Werenskioldbreen. Photo by A. Osika (a,
b, d—f) and M. Ciepty (c).

Fig. 4. New (bold font) and previously reported radiocarbon ages (median values, cal BP) of mollusc
shells, a whalebone and subfossil soils in the forefields of (a) Hansbreen and (b) Hornbreen. “x” marks
three shell samples younger than 1950 CE. Dashed circle marks the samples with unknown exact

locations. Background: Sentinel-2A from 08.08.2024 (https://browser.dataspace.copernicus.eu/).

Fig. 5. New (bold font) and previously reported radiocarbon ages (median values, cal BP) of mollusc
shells, driftwood and subfossil vegetation in the forefields of (a) Vestre Torellboreen and (b)
Werenskioldbreen. “x” marks a shell with the 1 and 2 sigma confidence intervals exceeding 1950 CE.
Dashed circle marks the samples from literature with unknown exact locations. Background: Sentinel-
2A from 08.08.2024 (https://browser.dataspace.copernicus.eu/).
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Fig. 6. New and previously reported 1°Be ages in Hornsund. (a, b) New °Be ages (ka) from cobbles from
the trimline and lateral terminal moraine of Hansbreen. (c) °Be ages (ka) from the Late Holocene
moraine of Hornbreen on Treskelen published by Philipps et al. (2017). Imagery from TopoSvalbard, ©
Norwegian Polar Institute (https://toposvalbard.npolar.no/).

Fig. 7. Glacier surge evidence in historical photographs and maps. (a) Tidewater glaciers of inner
Hornsund in the photograph from the Austro-Hungarian North Pole Expedition in 1872. Source:
Austrian National Library, Vienna, Signature: Pk 650, 19 (modified). (b) Hornsund glaciers on a
1:200,000 map from 1900 (Wassiliew, 1925; https://data.npolar.no/map/archive). Glaciers: G —
Gasbreen, H— Hansbreen, K — Kdrberbreen, M — Mihlbacherbreen, P — Paierlbreen, S — Samarinbreen.
(c) Frontal zone of Hornbreen in the photograph from the Norwegian expedition in 1918. Note the
recession of Hornbreen and Samarinbreen compared to 1872, which had separated the latter from the
Hornbreen-Hambergbreen system. Source: © Adolf Hoel, Norsk Polarinstitutt (Image ID:
NBR9201 05204, cropped and modified).

Fig. 8. Comparison of proxy records spanning the Deglaciation-Holocene. From top to bottom: ice-
rafted debris flux (IRD) in core OCE2019-HR7-GC (Devendra et al., 2023); December-February
temperature from the Lomonosovfonna ice core (Divine et al.,, 2011); July air temperature
reconstructed from Chironomidae assemblages from Svartvatnet lake in southern Spitsbergen (Luoto
et al., 2017); bottom water temperature (BWT) in core OCE2019-HR7-GC (Devendra et al., 2023); sea
surface temperature (SST) in core JM09-20-GC (tacka et al., 2019); sea surface temperature in core
JMO09-KA11-GC (Berben et al., 2014); sea surface temperature in core OCE2019-HR7-GC (Devendra et
al., 2023); and 80 from the GISP2 ice core (Grootes et al., 1993). Blue-red bar at the top and the
bottom schematically represents reconstructed glacier fluctuations in southern Spitsbergen in the
Holocene: glacier retreat in the warmer phases (red boxes), gradual ice mass build-up and glacier re-
growth in the Neoglacial (light blue boxes) and known periods of glacier advances (including glacier
surges) in the Late Holocene (dark blue boxes).
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17 Fig. A.1. Hornsund on historical maps: (a) 1758, (b) 1861-1864, (c) 1872, (d) 1897, and (e, f) 1918.
18 Glaciers: G - Gasbreen, H — Hansbreen, K — Korberbreen, Kv — Kvalfangarbreen, M -

2
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32

33
34
35

36
37
38

Muhlbacherbreen, P — Paierlbreen, Pt — Petersbreen, T — Torellbreen, W — Werenskioldbreen, Wb
—Wibebreen.

Sources of maps:

(a) Bellin, J.N., 1758. Carte Du Spits-Berg: Suivant les Hollandois pour Servir a l'Histoire Generale
des Voyages. Publisher J.N. Bellin, Paris.
Source: Universitatsbibliothek Bern, MUE Ryh 8403 : 1 B, https://doi.org/10.3931/e-rara-130665

(b) Dunér, N., Nordenskiold, A.E., 1865. Karta ofver Spetsbergen, hufvudsakligast enligt
iakttagelser under de svenska expeditionerna aren 1861 och 1864. Abrah. Lundquist & Cie.,
Stockholm.

Source: Lund University Library, alvin-record:465671

(c) Petermann, A., Peip, C., Domann, B., Perthes, J., Wiltschek, H., Daublebsky von Sterneck,
M.V., 1874. Die Arktische Expedition des Grafen Hans Wiltschek nach Spitzbergen & Nowaja
Semlja Juni-Sept. 1872: nach Aufzeichnungen des Contre-Admirals v. Sterneck & Ehrenstein.
Source: https://zs.thulb.uni-jena.de/receive/jportal_jparticle_00531743

(d) Conway, W.M., 1898. With ski & sledge over Arctic glaciers. J.M. Dent & Co., London. Map:
Central Spitsbergen, From sketch surveys made in 1896 & 1897, by Sir Martin Conway.
Source: Digital map archive of the Norwegian Polar Institute, https://data.npolar.no/map/archive/

(e, f) Norwegian Polar Institute, 1921. (Kart over) Farvannet mellom Hornsund og Dunderbay
1917-1921.
Source: Digital map archive of the Norwegian Polar Institute, https://data.npolar.no/map/archive/
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Fig. A.2. Photographs from the Austro-Hungarian North Pole Expedition in 1872: (a) Hansbreen,
(b) Paierlbreen and Muhlbacherbreen, (c) Hornbreen, Petersbreen and Kérberbreen.

Austrian National Library, Vienna, Signatures: Pk 650, 10; Pk 650, 21 and Pk 650, 20 (modified).
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Fig. A.3. Terrestrial photogrammetric data from the Norwegian Spitsbergen expedition in 1918. Kv
— Kvalfangarbreen, W - Wibebreen. Arrows in (¢) mark looped moraines on the surface of
Werenskioldbreen.

(a, c-e) © Olaf Holtedahl, Norsk Polarinstitutt (Image ID: NBR9201_05392; NBR9201_05415;
NBR9201_05416 and NBR9201_05437, modified), (b) © Werenskiold, Norsk Polarinstitutt (Image ID:
NBR9201_05547, modified), (f) © Wilhelm Solheim, Norsk Polarinstitutt (Image ID: NBR9201_05438,
modified).
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Fig. A.4. Oblique aerial photographs from 1936 of tidewater glaciers: (a, b) in inner Hornsund and
(c) Werenskioldbreen. Arrows mark looped moraines on the Werenskioldbreen surface.

TopoSvalbard (https://toposvalbard.npolar.no/), © Norwegian Polar Institute (Photo ID: S36_2697;
S36_2704 and S36_2643, modified).
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Fig. A.5. Fluted moraine with crevasse-squeeze ridges at Chomjakovbreen. Note the contrast
between eroded flutes oriented W-E (white arrow) and distinct flutes oriented NW-SE (black
arrow).

Background imagery: TopoSvalbard, © Norwegian Polar Institute (https://toposvalbard.npolar.no/).
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