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1. Streszczenie

Badania ilosciowe i jakosciowe proceséw eolicznych w wysokich szerokosciach
geograficznych nie sg obecnie prowadzone na szerokg skale, mimo Zze stanowig one wazny
element funkcjonowania geoekosystemow w regionach polarnych, szczegodlnie dotknietych
zachodzgcymi zmianami klimatycznymi. W niniejszej pracy przedstawiono wyniki pomiarow
tempa depozycji eolicznej dla jednej z dolin polodowcowych potozonej na Srodkowym
Spitsbergenie (Dolina Ebby). Badania prowadzone byty podczas osmiu sezonow letnich
(2012-2018 i 2022), a takze opierajg sie na datowaniach AMS *C i OSL osadéw niweo-
eolicznych i eolicznych.

Wspotczesne srednie tempo depozycji eolicznej w latach 2012—2018 wahato sie od 0,1
do 22,9 g'm~2-dzien™ w wybranych czesciach doliny i wynosito $rednio od 2,1 do 12,3
g-m~2-dzien™! w ciggu pierwszych siedmiu analizowanych sezonoéw letnich. Stosunkowo silne
zaleznosci (r? = 0,71, p = 0,017) zaobserwowano pomiedzy $rednig temperaturg powietrza
a wartoscig sredniej depozycji eolicznej, co moze wskazywa¢ na kluczowe znaczenie
materiatu fluwioglacjalnego jako materiatu zrédtowego. Pomiary wykonane w sezonie letnim
2022 wykazaty, ze tempo depozycji eolicznej byto niskie na poczatku sezonu, wahajgc sie od
0,3 do 0,6 g-m2-dzien. Mogto jednak dochodzi¢ do poziomu 25,4 g-m2-dzien! pod koniec
sezonu.

Tempo depozycji niweo-eolicznej oszacowano dla okresu od X| wieku, poprzez matg
epoke lodowa, do drugiej potowy XX wieku i wykazano, ze ma ono dos¢ statg wartos¢ 0,05 cm
rocznie. Od tego czasu tempo depozycji niweo-eolicznej wzrosto do 0,3 cm rocznie, co moze
by¢ zwigzane ze wzrostem temperatury powietrza i spowodowanymi tym panarktycznymi
zmianami Srodowiskowymi.

Dodatkowo przeprowadzono analize obtoczenia i zmatowienia ziaren kwarcu
zebranych z putapek eolicznych. Ta cze$¢ prac opierata sie na czterech letnich sezonach
badawczych (2015-2018). Wybrano ziarna kwarcu o srednicy 0,8—1,0 mm i poddano je dalszej
analizie pod mikroskopem, co pozwolito na podzielenie ich na szes¢ klas. Charakter ziaren
moze w duzej mierze wskazywaC¢ na warunki $rodowiskowe, w ktorych materiat byt
transportowany. W zebranym materiale dominowaty ziarna o niskim stopniu obtoczenia, co
moze wskazywac na stosunkowo krotki transport rzeczny lub eoliczny. Niewielkie ilosci typowo
zmatowionych ziaren kwarcu mogg wskazywac¢ na niskg dynamike Srodowiskowsg i krotki
transport, a takze na fakt, ze duze ilo$ci materiatu moga by¢ wywiewane z wnetrza doliny do
pobliskiej zatoki i fiordu. Na podstawie uzyskanych wynikow mozna wywnioskowac, ze swiezy

materiat jest wigczany w obieg z dwoch gtownych zrodet — osaddw morenowych i rzecznych,
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a nastepnie ulega on redystrybuciji eolicznej, szczegdlnie biorgc pod uwage tunelowy charakter
dolin poglacjalnych.

W pracy podkreslono ztozone interakcje miedzy procesami eolicznymi a warunkami
Srodowiskowymi w rejonach zimnych. Postepujgce zmiany klimatu mogg znaczgco wptyngc

na aktywnos¢ procesow eolicznych w przysztosci.

Stowa kluczowe: depozycja eoliczna, putapka eoliczna, datowanie osadow, warunki

peryglacjalne, srodowiska sedymentacyjne, Arktyka



2. Abstract

Quantitative and qualitative measurements of aeolian activity at high latitudes are not
currently carried out on a large scale, even though these processes are important elements of
the geomorphic system of polar regions, which are particularly affected by climate change.
This study presents the results of aeolian deposition rates measured and calculated for one of
the central Spitsbergen postglacial valleys (Ebba Valley). The results are based on eight
summer season field campaigns (2012—2018 and 2022), as well as on AMS *C and OSL
dating of niveo-aeolian and aeolian sediments.

Contemporary mean aeolian deposition rates in the years 2012-2018 ranged from 0.1
to 22.9 g'm~2-day! over selected parts of the valley and averaged from 2.1 to 12.3 g-m~2-day™
over the studied first seven summer seasons. Interestingly strong relationships (r> = 0.71,
p = 0.017) between mean air temperature and mean aeolian deposition were observed,
possibly indicating the importance of the source material delivered to the valley by glaciofluvial
processes. Measurements performed in the summer season 2022 revealed that aeolian
deposition rates were low at the start of the season, ranging from 0.3 to 0.6 g-m=2-day?, but
peaked at 25.4 g-m2-day* towards the end of the season.

Niveo-aeolian deposition rates were estimated for the period since the 11" century,
through the Little Ice Age, till the second half of the 20" century and revealed a rather constant
value of 0.05 cm per year. Since then, the niveo-aeolian deposition rate has significantly
increased and equalled 0.3 cm per year, which may be related to rising air temperatures and
associated pan-Arctic environmental changes.

Additionally, analysis of rounding and matting of quartz grains collected from aeolian
deposition traps was performed. This part of the study was based on four summer field
campaigns (2015-2018). Quartz grains with a diameter of 0.8—1.0 mm were selected and
subjected to further analysis under a microscope, which allowed them to be divided into six
individual classes. The nature of the grains can largely indicate the environmental conditions
in which the material was transported. The collected material was dominated by grains with
a low degree of roundness, which may indicate relatively short fluvial or aeolian transport. The
small amounts of typically matted quartz grains may indicate low environmental dynamics and
short transport, as well as the fact that large amounts of material are blown from the valley
interior to the nearby bay and fjord. This results highlights the importance of a fresh sediment
supply from two main sources, moraines and rivers, and their subsequent aeolian

redistribution, particularly in a wind-channelled valley environment.



The study underscore the complex interactions between aeolian processes and
environmental conditions in cold regions. Climate change may significantly affect the
magnitude of aeolian processes in the future.

Keywords: aeolian deposition, aeolian trap, sediment dating, periglacial conditions,
sedimentary environments, Arctic
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4, Wstep

Procesy i zjawiska s$rodowiskowe w regionach polarnych cechujg sie jedng
z najwyzszych na swiecie wrazliwoscig na globalne zmiany klimatyczne. Istotne zmiany
obserwuje sie nie tylko pod wzgledem ocieplenia klimatu i cofania sie czét lodowcow, ale
rowniez w kontekscie zmian w sukcesiji roslinnej, wysokosci opaddw, wilgotnosci powietrza
i gleby oraz warunkéw anemometrycznych (IPCC 2021). Wszystkie te czynniki sg niezwykle
istotne dla rozwoju proceséw eolicznych i zwigzanych z nimi form terenu. Jednak rola
i znaczenie aktywnosci wiatru w systemie peryglacjalnym sg jednymi z najmniej rozpoznanych
oraz najtrudniejszych do oceny, zwilaszcza w kontek$cie ilosciowym. Juz Troll (1948)
zasugerowat, ze procesy eoliczne sg jednymi z najwazniejszych czynnikow
morfogenetycznych w $rodowiskach peryglacjalnych. Niemniej jednak, procesy te sg czesto
pomijane w analizach obiegu energii i materii w geoekosystemach arktycznych. Na przyktad
Beylich i in. (2016) wskazujg, ze wcigz istnieje stosunkowo ograniczona ilos¢ danych, ktére
mozna wykorzysta¢ do stworzenia kompleksowych modeli koncepcyjnych i matematycznych
dotyczacych zlewni zlodowaconych.
Znaczacy przeglad wspétczesnej wiedzy dotyczacej rozwoju proceséw i form eolicznych
w wysokich szerokosciach geograficznych przedstawili m.in. McKenna Neuman (1993),
Seppala (2004), Brookfield (2011), Bullard (2012) i Bateman (2013). Najczesciej jednak
szczegOtowe pomiary terenowe procesow eolicznych ograniczaly sie do zaledwie kilku
wybranych miejsc w wysokiej Arktyce (zob. Maher 2011). Miedzy innymi niewielka liczba
badan obejmowata Spitsbergen, lub inne czeéci archipelagu Svalbard. Ponadto, wiekszo$¢é
badan dotyczacych problematyki eolicznej w tej czesci Arktyki przeprowadzono w latach
70. i 80. XX wieku. Nawet wtedy bezposrednie pomiary terenowe byty zazwyczaj ograniczone
do krotkoterminowych obserwacii. Co wiecej, wiekszosé badan eolicznych prowadzono na
zachodnim wybrzezu Spitsbergenu, ktére charakteryzuje sie wiekszg wilgotnoscig niz
wewnetrzne czesci wyspy (Dahlke i in. 2020). W rejonie Hornsundu oszacowano $rednie
roczne warto$ci akumulacji eolicznej na 29 g-m=2, a w przypadku nunatakéw wyniosty one
nawet 117 g-m=2 (Pekala 1980, Baranowski i Pekala 1982). Depozycja eoliczna byta
szczegdlnie zauwazalna podczas burz pylowych, osiggajgc wartosci 1,398 g-m™2 na sezon
letni (Piotrowski 1983), a w niektorych przypadkach 105 g-m= na 10 s (Szczypek 1982). Dla
regionu Arktyki oszacowano rowniez, ze w wyniku aktywnosci eolicznej, Srednio rocznie moze
by¢ gromadzone 0,5-2,0 mm materiatu (Wojtanowicz 1976). Czeppe (1966, 1968), ktéry
prowadzit obserwacje deflacji i akumulacji eolicznej zimg 1957/58 w otoczeniu Hornsundu,
zauwazyt, ze na potudniowym Spitsbergenie procesy eoliczne osiggajg najwiekszg
9



intensywno$¢ w okresie miedzy pazdziernikiem a marcem. Na podstawie jego badan
oszacowano, ze roczna wielkos¢ akumulacji eolicznej w regionie Hornsundu wynosita okoto
300-400 g'm™2. Inne prace opisujgce procesy eoliczne na Svalbardzie opublikowali miedzy
innymi Akerman (1980, 1983), Gebica i Szczesny (1988), Kida (1981, 1986, 1995) oraz Migata
i Sobik (1984). Wiekszosc¢ z tych badan stosowata rozne metody pomiarowe w réznych skalach
czasowych, co uniemozliwia bezposrednie poréwnanie wynikéw.

Jesli chodzi o centralny Spitsbergen, kompleksowe badania geologiczne i geograficzne
obszaru Doliny Ebby sg prowadzone od ponad 40 lat, jednak kwestie eoliczne byly poruszane
w tym rejonie wyjgtkowo rzadko. Nalezy wspomnie¢, ze w Dolinie Ebby w trakcie lata 2002
roku prowadzone byty pomiary efektywnosci transportu i akumulacji materiatu eolicznego
(Paluszkiewicz 2003). Wykazano, ze deflacja i akumulacja dotyczy gtéwnie frakcji pytowe;.
Najwiekszg efektywnosé transportu eolicznego zaobserwowano, gdy predkosé wiatru
przekraczata 5-6 m-s®. Najwiekszy wptyw na intensywno$¢ procesow eolicznych miaty
wilgotnos¢ powietrza i gleby, morfologia terenu oraz pokrycie roslinnoscig. Ze wzgledu na brak
statych i silnych wiatrow latem 2002 roku efektywnos¢ transportu i akumulacji eolicznej byta
stosunkowo mata. Badania procesow eolicznych w Dolinie Ebby przeprowadzono réwniez
latem 2005 roku, ale ograniczaty sie one do identyfikacji form akumulacji i erozji eolicznej
(Gorska-Zabielska 2007). Ponadto, depozycja eoliczna zostata oszacowana i uwzgledniona
jako istotny czynnik formowania gleby w dolinie (van der Meij i in. 2016). Wplyw dziatalnosci
wiatru na pokrywe roslinng byt rowniez analizowany przez Borysiak i in. (2020).
W ostatnim czasie Kavan i in. (2020) oszacowali catkowitg zawarto$¢ osaddéw (pytu)
w prébkach $niegu podczas sezonu $nieznego w otoczeniu Zatoki Petunia na 2,66—24,56
g-m?,

Pomimo wieloletniego rozwoju metod dotyczacych analiz charakteru i cech osadéw
eolicznych, fluwialnych i fluwioglacjalnych (Folk 1980, Pye i Tsoar 2009, Wachecka-Kotkowska
i in. 2014, Woronko i in. 2015, Zielinski i in. 2015) tego typu wyniki pochodzgce ze
wspotczesnych srodowisk peryglacjalnych wcigz nalezg do rzadkosci.

Niezbedne wydaje sie wiec prowadzenie dalszych ilosciowych badan dotyczgcych
depozycji eolicznej dla wcigz mato zbadanej $rodkowej czesci Spitsbergenu, przede
wszystkim w celu okreslenia warunkow srodowiskowych wysokiej Arktyki, zaréwno
w dtuzszych, jak i krétszych skalach czasowych. Jest to szczegodlnie wazne w Swietle ostatnio
obserwowanego w centralnej czesci Spitsbergenu rosngcego kontynentalizmu klimatu
(Przybylak i in. 2014, Dahlke i in. 2020, Ivanov i in. 2020), co moze by¢ potencjalnie zwigzane
z wiekszg intensywnoscig procesow eolicznych i/lub wyzszymi wskaznikami depozycji
eolicznej w przysztosci.
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Praca zaktadata realizacje pieciu najwazniejszych celéw badawczych:

a) okreslenie tempa depozycji eolicznej w warunkach peryglacjalnych wysokiej Arktyki
w dtugiej skali czasu (ij. kilku sezonéw badawczych) oraz w skali sezonowej (w obrebie
jednego sezonu letniego);

b) zbadanie wystepowania zaleznosci pomiedzy depozycjg eoliczng oraz cechami
zdeponowanego materiatu, a wybranymi czynnikami meteorologicznymi i Srodowiskowymi;

C) obliczenie tempa depozycji niweo-eolicznej i eolicznej od poczatku matej epoki
lodowej

d) przeprowadzenie analizy ilosciowej i jakosciowej ziarn kwarcu zdeponowanych
w putapkach eolicznych;

e) okreslenie zrodet pochodzenia materiatu transportowanego przez wiatr.

Badania prowadzone byty w Dolinie Ebby zlokalizowanej na Spitsbergenie (Ryc. 1),
najwiekszej wyspie archipelagu Svalbard. Dolina potozona jest nad Zatokg Petunia —
potnocnym krancem fiordu Bille. Pod wzgledem geologicznym jest to bardzo zréznicowany
region o ztozonych strukturach skat metamorficznych i osadowych i urozmaiconych formach
terenu (Dallmann i in. 2004, Rachlewicz 2009). Seria szesciu podniesionych teras morskich
tworzy czes$c¢ ujsciowg doliny. Najstarsza terasa zostata wydatowana metodg luminescencji na
13,3 tys. lat temu, a najmtodsza na 1,5 tys. lat temu (van der Meijj i in., 2016). Dawne
podniesione plaze zbudowane sg gtéwnie z piasku i zwiru, zawierajgcego muszle migczakow.
Osady polodowcowe, znajdujg sie pod warstwami osadéw terasowych i lokalnie na zboczach
doliny. Obszar ten wspotczesnie ksztaltowany jest przez procesy fluwioglacjalne oraz aktywne
ruchy masowe na stokach otaczajgcych doline masywow gorskich (Ktysz i in. 1989,
Karczewski i in. 1990, Pleskot 2015).

Srednia roczna temperatura powietrza w regionie Zatoki Petunia, na podstawie
obserwacji dla lat 2000-2003, wynosi okoto -6,5 °C (Rachlewicz i Szczucinski 2008).
Temperatury powyzej 0 °C sg zwykle rejestrowane miedzy potowa maja/poczatkiem czerwca
a poczagtkiem wrzesnia (Rymer i Rachlewicz 2014). Lipiec i sierpien to najcieplejsze miesigce
ze $rednig temperaturg 56 °C. Obszar badan charakteryzuje sie relatywnie wyzszymi
temperaturami powietrza w lecie niz pobliska stacja meteorologiczna w Svalbard Lufthavn
(Rachlewicz 2003, Rachlewicz i Styszyhnska 2007). Ponadto obszar ten charakteryzuje sie
silniejszg kontynentalno$cig niz potudniowa i zachodnia cze$¢ Svalbardu (Przybylak i in.
2014).

Obszar badan mozna zaliczy¢ do typu tak zwanych zimnych pustyn (cold deserts)

(Brookfield 2011) z sumag rocznych opaddéw ponizej 200 mm. Opady latem sg zwykle nizsze
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niz 50 mm, a maksymalne opady dzienne rzadko przekraczajg 10 mm. Wilgotnos¢ powietrza
jest stosunkowo wysoka ze wzgledu na niewielkg odlegtosc¢ od fiordu. Pokrywa sniezna zwykle
nie jest gruba i rzadko przekracza 0,5 m (Rachlewicz 2003, Przybylak i in. 2006, Rachlewicz
i Szczucinski 2008).

Wiatry potudniowe i potnocno-wschodnie sg typowe dla Doliny Ebby (Przybylak i in.
2006). Jednak maksymalng predko$¢ wiatru i najsilniejsze porywy wiatru, przekraczajgce
20 m-s, obserwuje sie gtéwnie ze wschodu, pétnocy i pétnocnego zachodu (Rachlewicz 2003,
Matecki 2015).

Obszar badan znajduje sie w strefie tundry arktycznej, porosnietej gtdwnie mchem,
porostami i nieciggta roslinnoscig kartowatych krzewinek. W regionie zatoki Petunia wystepuje
szes$¢ gtdwnych typow zbiorowisk roslinnych: Dryas octopetala, Saxifraga oppositifolia, Carex,
Deschampsia borealis, Papaver dahlianum oraz Festuca baffinensis (KlimeSova i in. 2012).
Najbardziej zwartg pokrywe roslinng mozna znalez¢ w zachodniej czesci Doliny Ebby, tj. blisko
ujscia rzeki Ebba. Najczestszymi gatunkami kartowatych krzewinek w dolinie sg Salix polaris
(Buchwal i in. 2013) i Dryas octopetala (Borysiak i in. 2020).

Pomiary depozycji eolicznej prowadzono przez siedem sezonéw letnich (2012-2018). Ze
wzgledu na ograniczenia logistyczne wynikajgce z prowadzenia badan w Arktyce pomiary
wykonywano w przedziatach czasu réznigcych sie liczbg dni. Najdtuzej badania prowadzono
w roku 2015 (64 dni), natomiast najkrécej w roku 2016 (44 dni).

Tempo depozycji eolicznej mierzone byto przy uzyciu zmodyfikowanych putapek Marble
Dust Collector. Projekt putapki zostat zaproponowany przez Ganora w 1975 roku,
udoskonalony przez Halla i Uptona (1988). Testy wykazaty wystepowanie wysokiej zaleznosci
miedzy wydajnoscig zbierania materialu w warunkach laboratoryjnych i terenowych.
Skutecznos¢ wychwytywania materiatu przez putapki malata jednak stopniowo wraz ze
zmniejszaniem sie wielkosci czgstek do 100 um. Ponizej tej wartosci ponownie obserwowany
byt wzrost wydajnosci. Wzrost predkosci wiatru byt kolejnym czynnikiem zmniejszajgcym
skutecznos¢ putapek (Hall i Upton 1988). Goossens i Offer (2000) udowodnili, ze wyniki
uzyskane przy uzyciu putapek Marble Dust Collector mozna wykorzysta¢ do pomiaru depozycji
osadow eolicznych.

W badaniach zastosowano dwa rodzaje putapek o Srednicy 195 i 210 mm. Kazda
putapka zostata umieszczona bezposrednio na powierzchni gruntu. Wysoko$¢ krawedzi
putapki wynosita okoto 2,5 cm, co zapobiegato gromadzeniu sie wewnatrz putapki materiatu
nieeolicznego (ij. pochodzacego ze sptywu powierzchniowego lub materiatu wzbijanego
w powietrze przez uderzajgce krople deszczu). Taka konstrukcja putapki pozwalata na

wychwytywanie zarowno grubszego materiatu przemieszczajgcego sie w wyniku saltacji
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eolicznej, jak i drobniejszego materiatu przemieszczajgcego sie w zawieszeniu. W latach
2012-2015 putapki byty wypetnione przeptukanymi, w celu usuniecia drobniejszych ziaren,
osadami lokalnego zwiru plazowego (o wielkosci czgstek > 4 mm). Materiat ten w duzej mierze
odzwierciedlat warunki powierzchniowe wystepujgce w otoczeniu putapek eolicznych. Od roku
2016 osady zwirowe w niektorych putapkach byly czesciowo zastepowane szklanymi kulkami
(marbles), aby utatwi¢ pozniejszy zbiér materiatu eolicznego z putapek. Pod koniec kazdego
sezonu pomiarowego putapki byly czyszczone poprzez mycie filtrowang wodg zwiru lub
szklanych kulek wraz z wewnetrzng czescig putapki. Po dekantacji materiat byt suszony
w temperaturze pokojowej i wysylany do laboratorium w celu doktadnego zwazenia. Aby
zapewnic poréwnywalnos¢ otrzymanych wynikow pomiedzy putapkami o roznych srednicach,
a takze w réznych sezonach badawczych (o réznej dtugosci), dokonano przeliczenia na

jednostki wyrazone w g-m=2-dzien™.

16°24'E 16°36'E 16°48'E

78°42'N

78°39'N

Ryc. 1. Ortofotomapa obszaru badan z dziewiecioma stanowiskami testowymi depozycji
eolicznej (1-9) w dolinie Ebba. Stacje meteorologiczne (E — dolina Ebba, S — lodowiec Sven,
P — miasto Pyramiden) sg oznaczone czarnymi gwiazdkami. Zrédto ortofotomapy — Norweski
Instytut Polarny. Wewnetrzna mapa przedstawia lokalizacje obszaru badan (czarne strzatki
i okrgg) na Spitsbergenie.
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Depozycje eoliczng mierzono w dziewieciu lokalizacjach (stanowiskach testowych),
odzwierciedlajgcych rézne warunki geomorfologiczne i wegetacyjne wzdtuz osi Doliny Ebby
(Ryc. 1): stanowiska tundrowe potozone najblizej fiordu z gestg pokrywa roslinng: wilgotne (1)
i suche (2); stanowiska w obrebie najwyzszej dawnej terasy morskiej z mato lub rzadko
wystepujacg roslinnoscig tundrowa: stok zawietrzny (3), szczyt (4) i stok dowietrzny (5);
stanowisko na pokrywie piaszczystej (6) porosniete jedynie pojedynczymi kepami trawy; oraz
trzy stanowiska testowe niemal bez roslinnosci potozone w centralnej czesci doliny (7), na
sandrze (8) i na morenie (9). Lacznie zebrano materiat z 132 putapek eolicznych podczas
siedmiu sezonow badawczych (w latach 2012-2014 na kazdym stanowisku testowym
znajdowato sie po jednej putapce, natomiast w latach 2015-2018 wykorzystano po trzy putapki
na kazdym stanowisku). Liczba putapek zostata zwiekszona po przeprowadzeniu
eksperymentu terenowego w 2014 r., ktéry wykazat, ze pomiary depozycji eolicznej moga
rézni¢ sie znaczgco nawet pomiedzy putapkami zlokalizowanymi w obrebie tego samego
stanowiska testowego (umieszczonymi w odlegtosci 1-2 m). Ponadto, z powodu aktywnosci
zwierzat w dolinie, trzy pufapki zostaty uszkodzone, dlatego czes¢ wynikow nie zostata
uwzgledniona w analizie. Byto to po jednej putapce ze stanowisk: (5) stok dowietrzny (rok
2012), (6) pokrywa piaszczysta (rok 2015) oraz (7) centrum doliny (rok 2016). Ponadto,
z powodu uszkodzenia przez cztowieka, pomiary w 2014 roku na stanowisku dowietrznym (5)
przeprowadzono tylko w drugiej potowie sezonu pomiarowego.

Aby obliczy¢ tempo depozycji eolicznej w dtuzszej skali czasu, pobrano dwie prébki
osadow do datowania metodg OSL i siedem probek do datowania metodg AMS #C. Osady
do datowania metodg OSL pobrano 14 sierpnia 2014 roku z wkopow wykonanych w osadach
niweoeolicznych i eolicznych, z gtebokosci 38 cm i 57 cm. Wszystkie prébki pobrano
w warunkach zapewniajgcych ochrone przed Swiattem stonecznym. Osady do datowania
metodg AMS *C pobrano z wkopu wykonanego w osadach niweoeolicznych 9 wrze$nia 2018
roku. Byly to trzy prébki z gtebokosci 60 cm (w miejscu kontaktu piasku eolicznego z dawng
powierzchnig terasy morskiej), dwie prébki z gtebokosci 58 cm, jedng probke z gtebokosci
17 cm i jedng probke z gtebokosci 12 cm. Na gtebokosci 58—60 cm materiat organiczny uzyty
do datowania metodg AMS “C skfadat sie z bardzo dobrze zachowanych fragmentéw i catych
lisci roslinnosci tundrowej. W dwodch ptytszych warstwach pobrany materiat zawierat
pozostatosci wymieszanej materii organicznej.

Dodatkowo, na podstawie wnioskéw wyciggnietych z badan z lat 2012-2018, w roku
2022 przeprowadzono pomiary uzupetniajgce na jednym ze stanowisk testowych -

w centralnej czesci doliny (7). Na stanowisku tym notowane byty wartosci depozycji eoliczne;j
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zblizone do sredniej depozycji obliczonej dla catej doliny na podstawie poréwnania wszystkich
dziewieciu stanowisk testowych. Podobnie jak w latach poprzednich pozostawiono w terenie
trzy putapki na okres catego sezonu pomiarowego (ktéry trwat 41 dni). Ponadto, trzykrotnie
podczas sezonu na tym samym stanowisku rozmieszczono po trzy dodatkowe putapki na
krotsze okresy (od 11 do 17 dni).

Wiekszos¢ danych meteorologicznych zebrana zostata za pomoca urzadzen ONSET
HOBO zlokalizowanych w poblizu stanowiska na szczycie najwyzszej dawnej terasy morskiej
(E/4, Ryc. 1). Predkosc i kierunek wiatru (na wysokosci 2 m) rejestrowano w nastepujgcych
odstepach czasu: 5 min (w latach 2012, w 1. potowie roku 2013 i w roku 2014) i 15 min
(w latach 2016, 2017 i 2018). Niestety, w wyniku pracy w trudnych warunkach, niektore
urzagdzenia pomiarowe ulegaty czestym awariom. Dlatego czes¢ wykorzystanych danych
dotyczgcych predkosci i kierunku wiatru pochodzita z automatycznej stacji meteorologicznej
(rejestrujgcej w odstepach jednogodzinnych), zlokalizowanej w poblizu stanowiska testowego
tundra sucha (E/2, Ryc. 1). Dane te zostaty wykorzystane do uzupetnienia luk w drugiej potowie
roku 2013 (od 5 sierpnia) i za rok 2015. Z powodu awarii czujnika w roku 2015 zapis informacji
dotyczacej kierunku wiatru rozpoczat sie dopiero 17 sierpnia.

W celu weryfikacji doktadnosci uzyskanych danych meteorologicznych, jak réwniez
w celu przeprowadzenia korelacji z wynikami depozycji eolicznej w roku 2022 uzyto takze
wynikéw uzyskanych z innych pobliskich automatycznych stacji meteorologicznych (P, S, Ryc.
1). Wykorzystano miedzy innymi automatyczng stacje meteorologiczng (rejestrujgca
w odstepach czasowych co 10 minut) zlokalizowang na lodowcu Sven od 2011 roku (Matecki
2019). Ponadto pozyskano dane meteorologiczne z pobliskiej miejscowosci Pyramiden,
ktérych rejestracja rozpoczeta sie od kohca 2012 roku oraz stacji meteorologicznej znajdujgcej
sie w stolicy Spitsbergenu - Longyearbyen, potozonej ok. 60 km na potudniowy zachéd od
obszaru badan. Dane zostaty pozyskane za posrednictwem bazy Seklima (Norweski Instytut
Meteorologiczny, https://seklima.met.no/).

Dane dotyczace wilgotnosci gleby dla Doliny Ebby zostaty zebrane za pomoca czujnika
Decagon umieszczonego na gtebokosci 10 cm na stanowisku znajdujgcym sie w poblizu
najwyzszej terasy morskiej. Czujnik ten zostat zamontowany w kepach kartowatych krzewinek
arktycznych i dziata od 2012 r. Dodatkowy czujnik wilgotnosci gleby (ONSET HOBO) zostat
umieszczony na gtebokosci 5 cm w poblizu stanowiska testowego na tundrze wilgotnej.
Czujnik ten zostat umieszczony w zwartej pokrywie roslinnej i dziatat od 2014 r. Dane
dotyczgce temperatury powietrza i wilgotnosci powietrza zostaty pozyskane z czujnikow
Decagon umieszczonych na wysokosci 10 cm nad powierzchnig gleby na stanowisku
znajdujgcym sie w poblizu najwyzszej terasy morskiej. Wszystkie pozyskane dane zostaty
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zagregowane ($rednia arytmetyczna) do odpowiadajgcych im okreséw pomiaru depozyciji
eolicznej.

Aby dokona¢ charakterystyki materiatu zdeponowanego w putapkach, przeprowadzono
analize wielkosci ziaren przy uzyciu standardowej metody sitowej. W tym celu uzyto zestawu
sit o odstepach potowy fi. Ze wzgledu na niewielkg ilos¢ materialu zdeponowanego
w wiekszosci putapek (tj. mniejszg niz 100 g) do dalszej analizy uzyto tylko materiatu
pochodzacego z trzech losowych putapek (o wadze materiatu > 30 g). Analizy statystyczne
wynikéw wielkosci ziaren przeprowadzono przy uzyciu oprogramowania Gradistat 9.1 (Blott
i Pye 2001). Obliczenia parametrow statystycznych oparte byty na zatozeniach Folka i Warda
(1957) oraz Folka (1954). Te samg metode zastosowano do analizy osadow pochodzgcych
z wkopow wykonanych w celu wykonania datowan (prébki reprezentowaty osady z réznych
gtebokosci: 6-13 cm, 14-21 cm, 38—44 cm i ponizej 60 cm).

Materiat eoliczny pochodzacy z pomiardéw depozycji eolicznej w latach 2015-2018 zostat
przesiany w celu wyizolowania ziaren o $rednicy 0,8-1,0 mm, co jest typowe dla analiz
obtoczenia i zmatowienia ziaren (Gozdzik 1980, 1995, Mycielska-Dowgiatto i Woronko 1998).
Do dalszych analiz wybrano wytgcznie ziarna kwarcu. Za wzgledu na brak zanieczyszczenia
ziaren weglanami nie zastosowano przemywania kwasem solnym. Ziarna kwarcu
zaklasyfikowano nastepnie, przy uzyciu binokularu, do szesciu grup na podstawie metody
obtoczenia wedtug Krumbeina (1941) oraz klasyfikacji stopnia obtoczenia i zmodyfikowane;j
metody zmatowienia powierzchni ziaren kwarcu wedtug Cailleux (1942), wraz z modyfikacjami
zaproponowanymi przez Gozdzika (1980, 1995) oraz Mycielskg-Dowgiatto i Woronko (1998):
nieobrobione (NU), matowe okragte (RM), btyszczgce zaokraglone (EL), matowe posrednie
(EM-RM), btyszczgce posrednie (EM-EL) i pekniete (C). Wybrano tgcznie 106 prébek
depozyciji eolicznej, co pozwolito na analize 1974 ziaren kwarcu pod katem stopnia obtoczenia
i zmatowienia.

Datowania dwoch probek metodg OSL zostaty przeprowadzone przez Netherlands
Centre for Luminescence na Uniwersytecie w Wageningen w Holandii zgodnie z przyjeta
metodologig wykonywania tego typu analiz. Natomiast materiat organiczny pozyskany
z osadow niweo-eolicznych zostat wydatowany metodg AMS “C. Analizy te przeprowadzono
w poznanskim laboratorium “C. Wszystkie otrzymane metodg AMS C daty zostaty
skalibrowane do lat kalendarzowych przy uzyciu oprogramowania kalibracyjnego OxCal,
wersja 4.4 (Bronk Ramsey 2009). Obliczenia dla probek 58-60 cm oparto na krzywej
kalibracyjnej IntCal 20 (Reimer i in. 2013, Reimer i in. 2020). Dla probek 12-17 cm
zastosowano krzywa kalibracyjng Bomb 13 NH1 (Hua i in. 2013).
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Analizy statystyczne dotyczyty w najwiekszym stopniu sprawdzenia wptywu parametréw
meteorologicznych na wielko$¢ depozycji eolicznej oraz charakter deponowanego materiatu.
W badaniach stosowano metody oparte na prostej regresji liniowej (r Pearsona, wspotczynnik
determinacji r* oraz wspotczynnik korelacji rang Spearmana). Kazda zmienna meteorologiczna
zostata usredniona do okresu odpowiadajgcemu czasowi prowadzenia pomiaréw w danym
sezonie badawczym. Dane weryfikowano pod katem rozktadu normalnego poprzez wizualny
przeglad histogramow i test Shapiro-Wilka.

Uzyskane metodami AMS *C i OSL daty zostaty wykorzystane do obliczenia tempa
depozyciji eolicznej w dtugiej skali czasu. Wykorzystano tutaj model zaproponowany przez van
der Meijj i in. (2019).
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5. Najwazniejsze wnioski

Artykut nr 1

Ocena ilosciowa dynamiki i aktywnosci proceséw eolicznych w Wysokiej Arktyce
w ostatnich latach nie byta prowadzona na szerokg skale. Wyniki dotyczgce tempa letnigj
depozyciji eolicznej uzyskane dla siedmiu okreséw badawczych, uzupetnione o oszacowanie
tempa depozycji eolicznej i niweo-eolicznej w przesziosci, sg jedynymi z pierwszych tego
rodzaju i wnoszg cenny wkfad do obecnej wiedzy na temat funkcjonowania geoekosystemow
peryglacjalnych i ich przemian. W szczegdélnosci mozliwe bylo obliczenie $redniej wielkosci
depozycji eolicznej w Dolinie Ebby wynoszgcej 5,6 g-m=2-dzien™. Na tej podstawie mozna
wskazaé, ze dno doliny moze by¢ pokrywane do ok. 500-600 g-m~2 materiatu eolicznego
podczas kazdego sezonu letniego. Wielko$¢ sredniej depozycji eolicznej byta pozytywnie
skorelowana ze srednig temperaturg powietrza, a zaleznosci te byty bardziej zauwazalne na
stanowiskach testowych potozonych blizej obszaru wystepowania fluwioglacjalnego materiatu
zrodtowego. Wykazano réwniez, ze wartosci Sredniej depozycji eolicznej sg lokalnie
ograniczane przez obecnosc¢ pokrywy roslinnej. Wspodtczesne procesy eoliczne w tej czesci
centralnego Spitsbergenu wydajg sie mie¢ raczej lokalny charakter, a transportowi ulega
materiat dostarczany do doliny przez strumienie i rzeki wyptywajace z lodowcow. Materiat
transportowany na duze odlegtosci prawdopodobnie jest deponowany w wodach fiordu.

Obliczone warto$ci depozycji niweo-eolicznej i eolicznej od XI wieku wykazaty, ze
nastepujgce zmiany klimatyczne, a zwtaszcza ocieplenie, majg wptyw na aktywnos$c¢ eoliczna.
Wzrost wielkosci depozycji eolicznej z 0,05 do 0,3 cm rocznie, zaznaczajgcy sie od poczatku
lat 60. XX wieku, jest znaczacym indykatorem zachodzgcych zmiany srodowiska na badanym
obszarze. Mozna sie spodziewac, ze dalszy wzrost temperatury powietrza, prognozowany dla
Arktyki, moze powodowa¢ w przysztosci dalsze zwigkszanie wartosci deponowanego
materiatu. Bedzie to miato istotny wptyw na funkcjonowanie pokrywy roslinnej, zmiany albedo

lodowcow, dostarczanie osadéw do fiordow, a takze na zycie ludzi i zwierzat w tym regionie.

Artykut nr 2

Podjete badania byty jednymi z pierwszych, w ktérych celem byta szczegotowa ocena

ilosciowa wielkosci depozyciji eolicznej w ciggu jednego sezonu letniego.
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Pomimo, ze rok 2022 réznit sie pod wzgledem warunkéw meteorologicznych od lat
poprzednich, zmierzone wartosci depozycji eolicznej znajdowaty sie w podobnym zakresie,
choé byly wyzsze od tych uzyskanych w latach 2012-2018.

Co wazne, wyniki wskazujg, ze depozycja materiatu niesionego przez wiatr rozpoczyna
sie dopiero pod koniec sezonu letniego. Wynika to z faktu, ze z reguly pod koniec lata
obserwuje sie silniejsze wiatry, wieksze sumy opadow i nizsze temperatury powietrza. To
wiasnie nizsze temperatury powietrza powodujg obnizenie poziomu wody w rzekach, co z kolei
powoduje odstanianie osadéw naniesionych przez rzeki lodowcowe w petni lata. Swiezy
materiat fluwioglacjalny moze by¢ wowczas wtgczany do transportu przez wiatr i osadzany
w dnie doliny.

Badania wykazaly, ze réznice w tempie depozycji eolicznej w ciggu sezonu mogg by¢
znaczne. Przez wiekszg czes¢ lata dobowe wartosci depozycji eolicznej osiggajg 0,3-0,6

g-m2. Pod koniec sezonu letniego mogg one wzrosnaé nawet do 25,4 g-m2 na dobe.

Artykut nr 3

Na podstawie analizy danych pochodzgcych z materiatu zebranego w putapkach
eolicznych w latach 2015-2018 udalo sie ustali¢ zaleznosci pomiedzy wystepowaniem ziaren
nalezacych do okreslonych klas morfologicznych, a zmiennymi sSrodowiskowymi (parametrami
meteorologicznymi i geomorfologicznymi).

Co istotne zidentyfikowano dwa gtowne zrédta pochodzenia materiatu eolicznego
deponowanego w putapkach. Pierwszym z nich byt Swiezy materiat nieobrobiony (ziarna NU)
pochodzacy najprawdopodobniej z osadéw z morenowych, gdzie wystepuje silne wietrzenie
mrozowe osadow. Materiat ten jest rozprowadzany przez wiatr na krétkich odcinkach wewnatrz
doliny (zgodnie z osig doliny) i podczas tego transportu moze nabiera¢ cech ziaren
przejsciowych, ktérych udziat procentowy byt zazwyczaj najwyzszy. Drugim byt osad
fluwioglacjalny (ziarna EL i EM-EL) pochodzgcy z aluwiéw rzecznych. Wielko$¢ dostarczanego
materiatu jest najczesciej uzalezniona od poziomu rzeki, czyli posrednio od ilosci niesionego
osadu. Poziom ten z kolei zalezy przede wszystkim od temperatury i iloSci opadéw w danym
roku. Zaobserwowano, ze dystrybucje tego materialu mogg ogranicza¢ silniejsze wiatry
z kierunkéw przeciwnych do wylotu osi doliny. Zaréwno transport eoliczny, jak i fluwialny,
w stosunkowo krotkich dolinach Spitsbergenu, nie trwa zwykle dtugo, co przektada sie na

najwiekszy udziat ziaren nalezgcych do klas posrednich EM-EL i EM-RM. Ziarna te moga
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réwniez mie¢ cechy nabyte w pierwotnych srodowiskach sedymentacyjnych - lodowcowym
i fluwioglacjalnym.

Stosunkowo niewielka liczba ziaren nalezacych do klasy RM, czyli tych o typowych
cechach eolicznych, moze wskazywa¢ na bardzo krotki transport lub niskg dynamike
Srodowiskowg w tego typu dolinach peryglacjalnych. Wiekszos¢ materiatu przed nabraniem
cech danego typu jest prawdopodobnie wywiewana i osadzana w pobliskiej zatoce i fiordzie.
Moze to potwierdza¢ stosunkowo wysoki udziat ziaren RM w poblizu zatoki na suchym
stanowisku tundrowym. Drugim powodem tak matej eolizacji moze by¢ zbyt krétki okres,
w ktorym panujg warunki pozwalajgce na zmatowienie powierzchni pojedynczych ziaren lub
brak objecia badaniami okresu jesieni.

Ze wzgledu na swojg orientacje i morfologie Dolina Ebby moze odzwierciedla¢ warunki
panujgce w tunelu aerodynamicznym, w ktérym swieze osady w srodowisku peryglacjalnym
przechodzg poczgtkowa faze eolizacji.

W warunkach zachodzgcych zmian klimatu dynamika Srodowiska bedzie ulegata
dalszym zmianom. Moze to réwniez wplynaé na zmiane dotychczasowych proporcji dostawy
materialu wietrzejgcego z moren i tego dostarczanego przez rzeki proglacjalne. To drugie
zrédto materiatu uczestniczgcego w aktywnosci eolicznej na Spitsbergenie moze zyska¢ na
znaczeniu ze wzgledu na rosngce wartosci opadow oraz wzrost temperatury powietrza
w Arktyce. Zmiany te mogg znaczgco wptyng¢ na funkcjonowanie geoekosystemow

peryglacjalnych zaréwno w skali lokalnej, jak i regionalne;.
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7. Zatgcznik nr 1

Artykut nr 1

Rymer K.G., Rachlewicz G., Buchwal A., Temme A.J.A.M., Reimann T., van der Meij W.M.,
2022: Contemporary and past aeolian deposition rates in periglacial conditions (Ebba Valley,
central Spitsbergen). CATENA, 211. DOI: 10.1016/j.catena.2021.105974

Errata do Artykutu nr 1

W nagtéwku tabeli nr 6 prezentujgcej wyniki datowan metodg OSL prawidtowg jednostkg dla
pozycji ,OSL age” powinno by¢ ,ka” a nie ,Gy”.
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Quantitative measurements of aeolian activity at high latitudes are not currently carried out on a large scale,
even though these processes are important elements of the geomorphic system of polar regions, which are
particularly affected by climate change. This study presents the results of aeolian deposition rates measured and
calculated for one of the central Spitsbergen postglacial valleys (Ebba Valley). The results are based on seven
summer season field campaigns (2012-2018), as well as on AMS '*C and OSL dating of niveo-aeolian and aeolian
sediments. Contemporary mean aeolian deposition rates ranged from 0.1 to 22.9 g-m~2day ! over selected parts
of the valley and averaged from 2.1 to 12.3 g-m~2.day ! over the studied summer seasons. Interestingly strong
relationships =071, p = 0.017) between mean air temperature and mean aeolian deposition were observed,
possibly indicating the importance of the source material delivered to the valley by fluvioglacial processes.
Moreover, aeolian deposition dependence on the source material reflected in the local nature of the process was
observed. Niveo-aeolian deposition rates were estimated for the period since the 11th century, through the Little
Ice Age, till the second half of the 20th century and revealed a rather constant value of 0.05 cm per year. Since
then, the niveo-aeolian deposition rate has significantly increased and equalled 0.3 cm per year, which may be
related to rising air temperatures and associated pan-Arctic environmental changes.

1. Introduction that can be used to create comprehensive conceptual and mathematical

models of geomorphic system in glacierized catchments.

Environmental processes in polar regions are some of the most sen-
sitive indicators of global climate change. This is observed not only in
terms of climate warming and glacier retreat but also in changes of plant
succession, precipitation, air humidity and soil moisture, as well as wind
conditions (IPCC, 2021). All these factors are extremely important for
developing aeolian processes and landforms. However, the role and
significance of wind activity in the periglacial system is one of the most
difficult to assess and so far, the least recognized especially in quanti-
tative terms. Troll (1948) suggested that aeolian processes are some of
the most important morphogenetic factors in periglacial environments.
However, these processes are often overlooked in analyses of energy and
matter circulation of Arctic ecosystems. For example, Beylich et al.
(2016) points out that there is still a relatively limited amount of data

A significant overview of contemporary development of aeolian
processes and landforms at high latitudes was presented by i.a. McKenna
Neuman (1993), Seppala (2004), Brookfield (2011), Bullard (2012) and
Bateman (2013). However, detailed field measurements of aeolian
processes were limited to only few sites located in the High Arctic (see
Maher, 2011). For example, many worldwide studies of aeolian pro-
cesses do not include Spitsbergen or other parts of the Svalbard archi-
pelago. Furthermore, most of the aeolian research in this part of the
Arctic was conducted in the 1970 s and 1980 s. Even then, direct field
measurements were usually limited to a short-term observations.
Moreover, the majority of the aeolian studies were conducted on the
western coast of Spitsbergen, which is more humid than its interior
(Dahlke et al., 2020). In the Hornsund area, the estimated mean niveo-

Abbreviations: AMUPS, Adam Mickiewicz University Polar Station; EBB, Ebba Valley; LYR, Longyearbyen (town); PYR, Pyramiden (town); SD, Standard deviation;

SVE, Sven Glacier.
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aeolian deposition totalled 29 g-m~2 per year and specifically for nun-
ataks it equalled 117 g~m_2 per year (Pckala, 1980; Baranowski and
Pckala, 1982) (Fig. 1, site HS). Aeolian deposition was especially
noticeable during dust storms with values of 1,398 g-m~2 per summer
season (Piotrowski, 1983) (Fig. 1, site KF) and 105 g-m_2 per 10 s
(Szczypek, 1982) (Fig. 1, site HS). For the Arctic region, it has also been
estimated that, as a result of aeolian activity, 0.5-2.0 mm per year of
material on average can be accumulated (Wojtanowicz, 1976). Also,
Czeppe (1966, 1968) who ran observations of deflation and aeolian
accumulation during the winter 1957/58 in the Hornsund area (Fig. 1,
site HS), noted that on southern Spitsbergen aeolian processes achieve
the largest intensity in the period between October and March. Based on
his study, the estimated rate of aeolian accumulation in the Hornsund
region was ca. 300-400 g-m~2 per year. Other work describing the
aeolian processes on Svalbard was performed by Akerman (1980, 1983)
(Fig. 1, site KL), Gebica and Szczesny (1988) (Fig. 1, site SL), Kida (1981,
1986, 1995) (Fig. 1, site WJ) and Migata and Sobik (1984) (Fig. 1, site
WJ). Most of these studies have used different measurement methods at
various time scales, which makes direct comparison impossible. In
contrast to southern Spitsbergen, the only recent study from central
Svalbard (Petunia Bay) by Kavan et al. (2020) estimated High Latitude
Dust deposition at 2.66-24.56 g-m~2 per snow season, i.e., total sedi-
ment concentration in snow samples. Therefore, it is essential to fill the
existing knowledge gap and to conduct quantitative study on aeolian
deposition in the continental, i.e. largely understudied part of the
Svalbard archipelago, over a longer time scale than one season. This is
especially important in the light of an increasing continentality recently
observed in the interior of Spitsbergen (Przybylak et al., 2014; Dahlke
et al., 2020; Ivanov et al., 2020), which, in terms of both warmer and
drier climate, might be potentially coupled with greater intensity of
aeolian processes and/or higher aeolian deposition rates.

The main goal of the study was i) to quantify aeolian deposition rates
in High Arctic periglacial conditions over a long time-scale (i.e. across
two and more seasons), and ii) to investigate relationships between
aeolian deposition and selected meteorological settings in order to
determine which weather variables induce high aeolian deposition
rates. Beforehand, meteorological conditions of the Ebba Valley were
characterised. In addition, we aimed to calculate the niveo-aeolian and
aeolian deposition rates since the beginning of the Little Ice Age and
discuss possible links or discrepancies between centennial and annual
time scales.

Catena 211 (2022) 105974
2. Study area

The Ebba Valley is located on Spitsbergen, the Svalbard archipel-
ago’s largest island. The valley is almost perpendicular to the axis of
Billefjord, in its northern tip called Petunia Bay (Fig. 2). Geologically it is
a very diverse region with complex sediment structures and landforms
(Dallmann et al., 2004; Rachlewicz, 2009). A series of six raised marine
terraces form the mouth section of the valley. The oldest terrace has
been luminescence dated to 13.3 ka, and the youngest to 1.5 ka ago (van
der Meij et al., 2016). The raised beaches are mainly built of sand and
gravel, with some mollusc shells. Past glacial processes are recorded as
glacial sediments present underneath terraces sediments layers and
locally on valley slopes. The area is being shaped by fluvioglacial pro-
cesses, as well as active mass movements on the surrounding mountain
massifs (Ktysz et al., 1989; Karczewski et al., 1990; Pleskot, 2015).

The mean annual temperature in the Petunia Bay region is about
—6.5 °C, as assessed for the period 2000-2003 (Rachlewicz and Szczu-
cinski, 2008). Temperatures above 0 °C are usually registered between
mid-May/early June and early September (Rymer and Rachlewicz,
2014). July and August are the warmest months with average temper-
atures of 5-6 °C. The study area is characterised by higher air temper-
atures during summers than the nearby meteorological station in
Svalbard Lufthavn (LYR) (Rachlewicz, 2003; Rachlewicz and Styszyn-
ska, 2007). Also, the area is characterised by stronger continentality
than the southern and western parts of Svalbard (Przybylak et al., 2014).

The study area is located in a semi-arid cold desert (Brookfield,
2011) with annual precipitation less than 200 mm. Summer precipita-
tion is usually less than 50 mm and maximum daily precipitation rarely
exceeds 10 mm. Air humidity is relatively high due to close distance to
the fjord. The snow cover is usually not thick (Rachlewicz, 2003; Przy-
bylak et al., 2006; Rachlewicz and Szczucinski, 2008).

Southern and north-eastern winds are typical for the Ebba Valley
region (Przybylak et al., 2006). However, maximum wind speed and
strongest wind gusts are mostly observed from the east, north and north-
west (Rachlewicz, 2003; Matecki, 2015).

The study area is located in the Arctic tundra zone, covered mostly
with moss, lichens and discontinuous dwarf shrubs vegetation. There are
six main plant community types in the Petunia Bay region: Dryas octo-
petala, Saxifraga oppositifolia, Carex — moss, Deschampsia borealis,
Papaver dahlianum, Festuca baffinensis (Klimesova et al., 2012). The
highest vegetation can be found in the western section of the Ebba
Valley, i.e., close to the mouth of the Ebba River. The most common
shrub species in the valley are Salix polaris (Buchwal et al., 2013) and
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Fig. 1. The location of the study area (black arrows and circle) in the central Spitsbergen, High Arctic. Black dots mark the location of the sites where the previous
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Fig. 2. Orthophotomap of the study area with nine aeolian deposition test sites (1-9) and two sediments dating sites (D1, D2) locations in the Ebba Valley. Four
weather stations (EBB1, EBB2, SVE, PYR) are marked with black stars. Orthophotomap source - Norwegian Polar Institute.

Dryas octopetala (Borysiak et al., 2020).

3. Methods
3.1. Current and past aeolian deposition

Measurements of aeolian deposition were conducted across seven
summer seasons. During the study any mineral material deposited in the
traps, regardless of grain size, was considered as aeolian deposition. Due
to logistic constraints in this remote area, the aeolian deposition mea-
surements were performed in various time windows over the subsequent
summer periods (Table 1). The longest study season was in 2015 (64
days), whereas the shortest in 2016 (44 days).

Aeolian deposition rates were obtained using modified Marble Dust
Collector traps. This trap design was proposed by Ganor in 1975 (later
developed by Hall and Upton, 1988) and measures vertical dust flux. It
was revealed that this type of trap shows high coherence between dust
collection efficiency between laboratory and field tests. However,
collection effectiveness of such traps decreased gradually with
decreasing particle size up to 100 um but increased below this value.
Wind speed increases were another factor reducing collection effec-
tiveness (Hall and Upton, 1988). Goossens and Offer (2000) proved that

Table 1
Time periods for aeolian deposition measurements during summer seasons
2012-2018.

Year Start date of End date of Number of ~ Number of
measurements measurements days traps per test
site
2012 July 18 September 14 58 1
2013  July 18 September 5 49 1
2014  July 13 September 9 58 1
2015 July 6 September 8 64 3
2016  July 19 September 1 44 3
2017  July 22 September 17 57 3
2018  July 20 September 12 54 3

results obtained using Marble Dust Collector traps can be used to mea-
sure aeolian sediment concentration and deposition. Two types of
sedimentary traps i.e., with the diameter of 195 and 210 mm, were used.
Each trap was placed directly on the ground surface. Trap rim height was
2.5 cm, which prevent the non-aeolian material (i.e., from surface runoff
or rainfall splash) to be accumulated within the trap. Such trap design
allowed to capture both coarser material travelling by aeolian saltation
and also finer material travelling by suspension. In the period
2012-2015 the traps were filled with pre-rinsed local beach gravel
sediments (with particle size > 4 mm, in order to remove finer grains).
This material largely reflected the surface conditions next to the aeolian
traps. From 2016, the gravel sediments in some traps were partially
replaced by glass marbles to facilitate the subsequent collection of
aeolian material from the traps. At the end of each sampling season
(Table 1), the traps were cleaned by washing the gravel or glass marbles,
together with the inside part of the trap, with filtered water. After
decantation, material was dried at room temperature, and sent to a
laboratory for accurate weighing. To ensure the comparability of the
obtained results between different trap diameters as well across field
seasons of various lengths, conversion into units expressed in
g-m~2-day~! was made.

Aeolian deposition was measured at nine field test sites reflecting
different geomorphological and vegetation settings along the Ebba
Valley axis (Fig. 2): wet (1) and dry (2) tundra sites located closest to the
fjord with dense tundra vegetation; leeward (3), top (4) and windward
(5) sites located at the highest marine terrace with less or sparse tundra
vegetation; sandy surface (6) site covered only with individual tufts of
grass; and three test sites with almost no vegetation located in the
central part of the valley (7), sandur (8) and moraine (9). In total 132
sedimentary traps were collected during seven sampling seasons, i.e.,
with one or three traps per test site in the period 2012-2014 and
2015-2018, respectively. The number of sedimentary traps per test site
was increased after field experiment conducted in 2014 showing that
aeolian deposition measurements differ significantly between traps
located within the same test site (placed at a distances of 1-2 m). Also,



K.G. Rymer et al.

due to wild animal encounters three traps were damaged, thus were not
included in the analysis, i.e., one trap from the windward, sandy surface
and central part of the valley test site from the year 2012, 2015 and
2016, respectively. Further, due to unintentional human activity, mea-
surements in 2014 at the windward test site were carried out only in the
second half of the measurement season.

To calculate long-term past aeolian deposition rates, two sediment
samples for OSL and seven samples for AMS 'C dating were collected.
Sediments for OSL dating were gathered on August 14, 2014 from pits
dug in aeolian deposits, from a depth of 38 cm at site D1 (78.7N, 16.6E)
and from a depth of 57 cm at site D2 (78.7N, 16.6E) (Fig. 2). All samples
were taken under light-protected conditions. Sediments for AMS 4C
dating were collected from the excavation at site D1 on September 9,
2018 (Fig. 3): three samples from a depth of 60 cm (i.e., at a contact of
the aeolian sand with an old marine terrace surface), two samples from a
depth of 58 cm, one sample from a depth of 17 cm and one sample from a
depth of 12 cm. At the depth of 58-60 cm the organic material used for
AMS *C dating consisted of very well-preserved fragments and entire
tundra shrubs leafs. In the two shallower layers, the sampled material
contained more dispersed remains of organic matter.

3.2. Meteorological and soil moisture data

Most of the meteorological data were collected using ONSET HOBO
devices located close to the highest marine terrace test site (EBBI,
Fig. 2). Wind speed and direction (at 2 m height) were recorded at the
following intervals: 5 min (in the years 2012, 1st half of 2013 and 2014)
and 15 min (in the years 2016, 2017 and 2018). Unfortunately, some of
the recording devices left in the area were occasionally damaged and left
defective. Therefore, wind speed and direction data from the automatic
weather station (recorded at one-hour intervals) located close to the dry
tundra test site (EBB2, Fig. 2) were used to fill data gaps for the second
half of the year 2013 (since August 5) and for year 2015. Due to sensor
failure in the year 2015, wind direction recording started only on August
17.

Meteorological data obtained from other nearby automatic weather
stations were used to verify data accuracy. For this purpose an automatic
weather station (recording at 10-minutes interval) installed on Sven
Glacier (SVE, Fig. 2) since year 2011 was used (Matecki, 2019). More-
over, daily meteorological data for Pyramiden, operating since the end
of 2012, (PYR, Fig. 2) and the Longyearbyen meteorological station,
located ca. 60 km south-west from the study area, were acquired via the
Seklima database (Norwegian Meteorological Institute, https://seklima.
met.no/).

Soil moisture data for the Ebba Valley, represented by a volumetric
water content, were collected using a Decagon sensor placed at a 10 cm
depth, located close to the EBB1 station. This sensor was mounted in
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sparse tundra vegetation and has been operating since 2012. An addi-
tional soil moisture sensor (ONSET HOBO) was placed at 5 cm depth
near the EBB2 station. This sensor was positioned in dense tundra
vegetation and has been operating since 2014. Air temperature and air
humidity data were acquired from Decagon sensors located at a 10 cm
height above the soil surface next to EBB1 (Fig. 2). Mean daily meteo-
rological and soil moisture data were aggregated (arithmetic mean) to
corresponding aeolian deposition measurement periods (Table 1).

3.3. Laboratory analyses and dating

To characterise the material deposited in the traps, grain size anal-
ysis was performed using the standard dry sieve method. For this pur-
pose, a set of sieves with an interval of half phi was used. Due to the
small amount of material found in some traps (i.e., less than 100 g) only
three random traps (with the amount of the material > 30 g) were used
for subsequent analysis. Statistical analyses on grain size results were
performed using Gradistat 9.1 software (Blott and Pye, 2001). Statistical
parameter calculations were based on Folk and Ward (1957) and Folk
(1954). The same approach was then used for the analysis of the sedi-
ments at the D1 dating site (samples represented sediment from different
depths: 6-13 cm, 14-21 cm, 38-44 cm and below 60 cm).

OSL and radiocarbon dating methods are widely used in the geo-
sciences and archaeology. Previous analyses of other samples taken in
the year 2014 showed the usefulness of the OSL method in the dating of
sandy sediments in the Ebba Valley (van der Meij et al., 2016) and in this
study the same procedures were maintained. The two samples used for
OSL dating (SPI-D with lab ID: NCL-2114069 and SPI-E with lab ID: NCL-
2114070) were opened and prepared under subdued orange light con-
ditions. After sieving to the 180-250 um fraction, purified quartz-rich
extracts were retrieved through mineral separation and HF etching.
Blue OSL equivalent dose (D.) measurements were performed using
small aliquots (~40-70 grains) and a single aliquot regenerative dose
protocol (Murray and Wintle, 2003) combined with an early background
subtraction approach (Cunningham and Wallinga, 2010). The mea-
surements were repeated on at least 96 replicates per sample to obtain
meaningful D, distributions. The Central Age Model (CAM; Galbraith
et al. 1999) was applied to establish the palaeodose of each sample,
which is the best estimate of the radiation dose received by the samples
since burial. To calculate the burial age for the samples, the sample
palaeodose was divided by the corresponding dose rate; the latter
established based on the radionuclide concentrations of the sample
(through gamma spectrometry) considering water attenuation effects
(Aitken, 1998) and the contribution from the cosmic dose rate (Prescott
and Hutton, 1994). More details on the experimental set-up, data ana-
lyses, and performance tests are provided in van der Meij et al. (2016).
OSL dating was carried out at the Netherlands Centre for Luminescence

i o

Fig. 3. Overview of A) the profile D1 from which sediments samples for AMS '“C dating were acquired. Blue stars represent sampling points. B) Indication of organic

material, i.e., tundra shrub leafs (white arrow), found at the depth of 60 cm.
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at Wageningen University in the Netherlands.

The macrofossil organic material (i.e., tundra shrub leafs) found in
the sediments was used for the AMS 14C dating. AMS *C dating was
performed at the Poznan l4c Laboratory. Goslar et al. (2004) showed
high precision of AMS '*C results obtained using a Compact Carbon AMS
system installed at the Laboratory. All AMS “C ages were calibrated to
calendar years using OxCal calibration software, version 4.4 (Bronk
Ramsey, 2009). Calculations for the 58-60 cm samples were based on
the IntCal 20 calibration curve (Reimer et al., 2013; Reimer et al., 2020).
For the 12-17 cm (post-bomb) samples, a Bomb 13 NH1 calibration
curve was applied (Hua et al., 2013).

3.4. Climate and aeolian deposition relationship analyses

In order to explore which climatic parameters impact aeolian
deposition in the Ebba Valley, seasonal values of aeolian deposition
were compared with available meteorological data. For this reason, both
mean seasonal aeolian deposition for the Ebba Valley as well mean
seasonal aeolian deposition for each test site were regressed against: i)
air temperature, ii) air humidity (both measured at a 10 cm height from
the soil surface), and iii) wind speed measured for the Ebba Valley (at 2
m height, EBB1). Each meteorological variable was represented by a
seasonal mean value computed for each calendar year and study period
length (Table 1). For simple linear regression at test sites level all values
were standardized using a z-score. The data were checked for normality
by a visual review of histograms and the Shapiro test.

3.5. Age modelling and calculation of past deposition rates

AMS 'C and OSL dates were used to calculate past aeolian deposi-
tion rates. To calculate meaningful deposition rates from multimodal
age distributions, several steps were taken, similar to the calculation of
deposition rates in van der Meij et al. (2019). First, weighted averages of
the uncalibrated ages were calculated for samples at 60 cm and 58 cm
depth using the errors as weights (Maybeck, 1979). The averaged ages
were calibrated using an IntCal 20 calibration curve (Reimer et al.,
2020) and combined with the modern *C ages and an OSL sample SPI-D
in a Bayesian deposition model in OxCal 4.4 (Bronk Ramsey, 2008;
Bronk Ramsey, 2009). The deposition models in OxCal use stratigraphic
positions of samples and dynamics of the deposition process to constrain
age distributions and reduce the uncertainty of the ages obtained and
resulting deposition rates. The Sequence-deposition model was selected,
which only uses the relative stratigraphic order of the samples. OxCal
also offers other, more complex, deposition models, where information
on the dynamics of the deposition process can be used to further
constrain the ages, but it was not possible to determine this information
for the study site. Next to the age uncertainty of the samples, also the
sampling depth has an uncertainty caused by the size of the samples
taken. A uniform probability distribution of sample depths for a 2 cm
vertical range for the AMS '*C samples and 4 cm vertical range for the
OSL samples was used.

The aeolian deposition rates between two samples were calculated
using the age distributions resulting from the deposition model and
depth distributions that represent the uncertainty of sampling depth.
These data were not normally distributed, so the Markov Chain Monte
Carlo approach to repeatedly sample ages from the age distributions and
depths from the depth distributions was used (n = 10,000). When the
sampled ages and depths were in correct chronological and stratigraphic
order, these ages and depths were used to calculate deposition rates by
dividing the depth difference by the age difference between two sam-
ples. This resulted in probability distributions for the deposition rates.
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4. Results

4.1. Meteorological and soil moisture conditions in summer seasons
2012-2018

Mean wind speed values observed in Petunia Bay area were rela-
tively low compared to the more open fjord system in the vicinity of
Longyearbyen (Table 2, Fig. 4). The bay in the interior of the fjord is
mostly surrounded by high mountain ranges which inhibit higher wind
speeds. Wind speeds in the Ebba Valley were half as high as in Long-
yearbyen. In the years 2013, 2017 and 2018 average wind speeds in the
Ebba Valley were the lowest and did not exceed 2.33 m-s~ .. At the same
time, it is worth noting that the mean wind speed values obtained in the
year 2013 and 2018 were the lowest at all four stations analysed. In
contrast, in 2012, 2014 and 2015, the mean wind speeds in the Ebba
Valley exceeded 3 m-s~! and reached a maximum of 3.73 m-s™* in the
year 2012. However, data from the other stations indicated that higher
wind speeds were more frequently noted in 2015, 2016 and 2017.
Similar trends were observed for average wind gust speeds. This was
especially noticeable when it comes to the occurrence of the weakest
winds in 2018 and the strongest in 2016. Therefore, it should be
considered that the most favourable winds for the aeolian activity
occurred in the Ebba Valley in the summer seasons 2012, 2014, 2015
and 2016. The anemometric conditions in the years 2013, 2017 and
2018 were the least favourable for these processes. Maximum registered
wind gusts in the Ebba Valley exceeded 14.9 m-s~! (year 2012) and 13.1
m-s~! (years 2015 and 2017, 2018).

The percentage of days with mean wind speeds higher than 5 m-s™
ranged from 0% (in the year 2013) to only 18% (years 2012 and 2015).
However, the percentage of days with average wind gusts above 5 m-s 2
ranged from 26% (in the year 2017) to 57% (year 2016). Thus, although
the mean wind speed conditions were less favourable for aeolian ac-
tivity, wind gusts were adequate to allowed redeposition of sediments
within the valley.

The dominant wind directions for the Ebba Valley were convergent
with the axis of the valley and the fjord. Therefore, most of the winds
came from the north-east, north and south, and south-west. This shows
that the wind conditions in the Ebba Valley are not as coherent as in the
rest of the Petunia Bay region, where one main wind direction is
dominant (Fig. 4).

Taking into account all weather stations, the highest air humidity
was observed in 2013 and 2018. The summer season 2015 was relatively
the driest, with air humidity reaching 78.8% in the Ebba Valley, 71.6%
in Pyramiden and 82.1% on Sven glacier (Table 2). Also, air humidity
showed a good correlation with total precipitation noted for Long-
yearbyen. Thus, it should be assumed that a similar precipitation
amounts occurred in the Petunia Bay as in Longyearbyen. Soil moisture
was the lowest in the years 2014, 2015 and 2016 and the highest in
2018, which overlaps with the lowest and the highest precipitation sums
for Longyearbyen (Table 2).

The highest mean air temperature of 7.4 °C was measured in the
Ebba Valley during the study season in 2015, whereas the lowest mean
temperature was noted in 2012 (5.7 °C) and 2017 (5.6 °C) (Table 2).

1

4.2. Aeolian deposition rates in summer seasons 2012-2018

Mean aeolian deposition for the Ebba Valley equalled 5.6
g-m~2.day ! and was highly heterogeneous between both study seasons
and test sites (Table 3). The highest mean aeolian deposition equalled
12.3 and 9.5 g-m~2day ! and was observed in year 2015 and 2018,
respectively. In the summer 2016 and 2017, mean aeolian deposition
was the lowest and reached around 2 g-m~2.day !, i.e., less than 40% of
the mean aeolian deposition calculated for seven summer seasons.

At the test sites level, the highest mean aeolian deposition was found
on the sandy surface and reached 74.4 g-m~2.day '. At the test sites
covered with dense tundra vegetation, the mean aeolian deposition did
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Table 2
Selected weather and soil variables measured at the Ebba Valley (EBB1 + 2), Sven Glacier (SVE), Pyramiden (PYR) and Longyearbyen (LYR) weather stations for the
summer seasons (2012-2018).

Variable Station 2012 2013 2014 2015 2016 2017 2018 Average
(ms™)
average wind speed EBB 1 + 2 3.73 2.20 3.13 3.17 2.94 2.33 2.27 2.82
SVE 1.88 1.68 1.73 1.90 1.91 1.79 1.69 1.80
PYR NA 2.02 2.37 2.23 2.43 2.48 1.75 2.21
LYR 4.76 4.15 4.28 4.50 4.72 5.14 4.12 4.52
(%)
average air humidity EBB 1 82.0 85.6 80.7 78.8 82.7 82.5 86.1 82.6
SVE 84.9 87.0 85.6 82.1 86.0 84.8 86.4 85.3
PYR NA 80.7 81.5 71.6 73.5 75.0 76.7 76.5
LYR 73.9 76.7 73.9 75.9 75.6 75.7 78.0 75.7
(m*m~%)
average soil volumetric water content EBB1 NA 0.18 0.16 0.16 0.17 0.16 0.18 0.17
EBB2 NA NA 0.30 0.28 0.33 0.31 0.35 0.31
(mm)
total precipitation LYR 52.1 71.2 31.8 42.7 38.0 22.2 64.9 46.1
(9]
average air temperature EBB 1 5.7 6.8 5.6 7.4 6.1 5.7 6.4 6.3
PYR NA 6.9 6.0 7.2 6.3 5.7 6.6 6.5
LYR 5.8 7.0 6.2 6.5 6.4 5.9 6.6 6.3

EBB

PYR

SVE

s s s s

2012 2013 2014 2015 2016 2017 2018

Fig. 4. Wind roses presenting absolute frequencies and directions of wind in Petunia Bay area for the summer seasons (2012-2018) measured in three meteorological
stations: Ebba Valley (EBB, top row), Pyramiden (PYR, middle row) and Sven glacier (SVE, bottom row). Wind speed scale is presented in m-s~'. The 2015 chart for
EBB applies only to the second half of the measurement season (i.e., from August 17).

Table 3
Mean daily aeolian deposition rates with standard deviations (italic font) calculated for nine test sites in the Ebba Valley during summer seasons (2012-2018). *) The
result applies only to the second half of the summer season 2014. **) The results are based only on the mean of two traps (see section 3.1.).

Test site 2012 2013 2014 2015 2016 2017 2018 Mean
(g:m *day ")

Wet tundra 0.1 0.1 0.0 0.0 (0.0) 0.2 (0.1) 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)
Dry tundra 0.0 0.1 0.0 0.1 (0.0) 0.1 (0.1) 0.2 (0.0) 0.1 (0.0) 0.1 (0.0)
Leeward slope 3.2 5.9 1.2 0.8 (0.6) 0.5 (0.3) 0.3 (0.2) 15.3 (4.0) 3.9 (1.3)
Highest marine terrace top 5.1 5.5 1.7 2.3(0.2) 0.9 (0.3) 1.4 (0.1) 8.5(0.1) 3.6 (0.2)
Windward slope NA 9.2 20.2* 9.2 (2.1) 9.3 (6.5) 2.2(1.3) 13.6 (6.2) 10.6 (4.0)
Sandy surface 9.4 17.3 8.8 74.4%* (0.3) 3.8 (0.6) 7.5 (2.5) 39.3(13.1) 229 (4.D
Central part 2.9 7.1 2.0 16.4 (5.6) 2.7%*% (0.2) 3.1 (0.9 7.0 (0.5) 5.9 (1.8
Sandur 1.7 7.2 0.7 5.6 (3.3) 1.0 (0.5) 1.2 (0.4) 0.9 (0.1) 2.6 (1.1)
Moraine 2.1 2.8 0.5 1.6 (0.7) 0.8 (0.4) 0.6 (0.0) 1.0 (0.2) 1.4 (0.3)
Mean 3.1 6.1 3.9 12.3 (1.9 2.1 (1.0) 1.8 (0.6) 9.5 (2.7) 5.6 (1.4)
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not exceed 0.2 g-m 2.day . Overall, deposition rates exceeding 10
g~m_2~day_1 were rare. The standard deviation (SD) values for the years
2015-2018, i.e., with three traps used per test site, were relatively high.
On average, SD exceeds 25% of mean aeolian deposition, but in many
cases, SD equalled up to 50% of the mean. The largest SD values were
noted in 2016 (SD = 48% of the mean) and 2017 (SD = 33% of the
mean). The lowest SD was obtained for 2015 (SD = 11% of the mean).
Among nine test sites the largest SD was revealed for windward slope
(SD = 51% of the mean) and sandur (SD = 42% of the mean) sites. The
lowest SD (i.e., ca. 6% of the mean) was found for the following test
sites: wet tundra, dry tundra and highest marine terrace.

4.3. Aeolian and niveo-aeolian material characteristics in the Ebba Valley

Analysis of material collected from the three aeolian deposition traps
(i.e., two traps from sandy surface test sites from years 2015 and 2018;
one trap from a leeward slope test site from 2018) showed that the
material mainly consisted of unimodal, moderately sorted (sorting
1.664-1.901 pm) fine sands, with a mean grain size (Mz) around
157.3-223.3 pm (AD, Fig. 5). The sediments were characterised by
symmetrical skewness and meso- and platykurtic kurtosis.

Characteristics and grain size composition of the sediment samples
collected at D1 are shown on Fig. 5 (D1 A-D) and in Table 4. The niveo-
aeolian sands were deposited on the well visible old raised marine beach
sediments base. All niveo-aeolian deposits at D1 were characterised by
coarse skewness and mesokurtic kurtosis. Among these sediments only
the material from 14 to 21 cm depth (D1 B) layer stand out for its slightly
finer grain size and better sorting.

4.4. Relationship between meteorological factors and aeolian deposition

A positive relationship between seasonal mean aeolian deposition
and mean air temperature = 0.71, p = 0.017) was found for the Ebba
Valley (Fig. 6A). However, relationships between mean aeolian depo-
sition and average air humidity (Fig. 6B) and wind speed (Fig. 6C) were
not significant. Also, relationships between mean aeolian deposition and
both, total precipitation values for Longyearbyen and soil moisture for
the Ebba Valley, were not significant.
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Table 4
Sediment characteristics for the D1 profile.

Sample Depth  Mean Skewness
D grain

size

Sorting Kurtosis Sediment type

(cm) um
D1 A 6-13 169.5 1.830 0.134 1.000 unimodal
moderately
sorted slightly
very fine
gravelly fine
sand
unimodal
moderately
well sorted

D1B 14-21 128.6 1.556 0.144 1.032

slightly very
fine gravelly
very fine sand
unimodal,
moderately
sorted, slightly
very fine
gravelly fine
sand
trimodal, very
poorly sorted,
sandy fine
gravel

D1 C 38-44  156.7 1.806 0.166 0.947

D1D 60-65  910.2 6.689 —0.053 0.549

At the test sites level, the strongest relationship between aeolian
deposition and air temperature was found for test sites located closer to
the glacier and in the central part of the Ebba Valley (Fig. 7). Significant
positive relationships between air temperature and the mean aeolian
deposition rates were obtained for the central part (p = 0.003), sandy
surface (p = 0.022) and sandur (p = 0.029).

4.5. Past aeolian deposition rates
All five AMS *C samples collected at the contact of the old marine
terrace and aeolian sand cover (58-60 cm depth) were dated from the

11th to the 13th centuries with a considerable overlap in datings (Fig. 8,
Table 5). The average date at 60 cm ranged from 1169 to 1260 cal CE,

=== D1C

@ D1D

100000

Fig. 5. Grain size distributions for the Ebba Valley sediments. AD (grey solid line) represents sediments collected from the trap located in the sandy surface test site in
the year 2015. Grain size distributions for D1 (A - D) represent sediment dating profile D1 with different depths: D1 A (depth of 6-13 ¢cm), D1 B (14-21 cm), D1 C

(38-44 cm), D1 D (less than60 cm).
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Fig. 6. Relationships between mean aeolian deposition rates (AD) in the Ebba Valley and (A) seasonal mean air temperatures measured at 0.1 m height, (B) seasonal
mean air humidity measured at 0.1 m height, (C) seasonal mean wind speed in the Ebba Valley measured at height 2 m. Seasonal means for meteorological values
were calculated using summer seasons lengths for each calendar year (Table 1). Grey shades represent 95% confidence levels. Grey font indicates non-

significant values.
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Fig. 7. Relationships between mean aeolian deposition rates (AD, scaled) acquired from nine test sites located in the Ebba Valley and seasonal mean air temperature
measured at 0.1 m height (C) in the Ebba Valley (EBB1). Seasonal means for meteorological values were calculated using summer seasons lengths for each calendar
year (Table 1). Shades represent 95% confidence levels. Grey font indicates non-significant values.

while the average date at 58 cm ranged from 1161 to 1264 cal CE. This
indicates that aeolian deposition in this part of the study area started at
the end of the Medieval Warm Period. Because of the lack of organic
material in the studied aeolian sediments, an OSL date at a depth of 38
cm was included to support the chronology (Sample SPI-D, NCL-
2114069, Table 6). The age of this sample was 1570 + 40 CE. For most of
this first analysed period, deposition took place under conditions of the
turn between the Medieval Warm Period and Little Ice Age, which
started on Svalbard in the 14th century (Svendsen and Mangerud, 1997;
Mann, 2002; Grove, 2004). A second period of aeolian deposition was
associated with further development and the end of the Little Ice Age. A
sample taken from a depth of 17 cm was dated to 1963-1970 cal CE.
In addition, one OSL sample (SPI-E, NCL-2114070) was taken from
the contact between glacial till and aeolian sands at a depth of 57 cm at

rates since that time reached 0.20-0.25 cm-a™.

The deposition model employed in the study shows a good fit be-
tween original and modelled data, with a model agreement index of
87.8%. An index above 60% indicates a good fit (Bronk Ramsey, 1995).
The model provided narrower age ranges for the AMS *C samples
(Table 7). The OSL sample was unaffected by the deposition model,
because there was no overlap in the chronology of this sample with
samples located above and below. When age distributions of two given
samples overlapped, the age distribution of the older sample moved to
the older ages, and the age distribution of the younger sample moved to
the younger ages — as expected and appropriate.

the sandy surface test site (Table 6). The calculated OSL age of the
sample was 1740 + 30 CE, which coincides with the phase of the
greatest development of the Little Ice Age. The calculated deposition

1
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Fig. 8. Plot of age-depth distributions resulting from the deposition model (top) and distributions of deposition rate (bottom). The ranges represent two-sigma
intervals for the ages, depths and rates. The crosses and red lines indicate the modes of the distributions. Note that the y-axis of the bottom graph shows a loga-
rithmic scale.

Table 5
Dating results from the AMS *C samples taken at D1 sediment profile. The calibrated ages are provided in two sigma ranges (95.4%). The duplicate samples at 58 and
60 cm depths were aggregated to a weighted average age and error. The calibrated ages in bold were used in the subsequent age modelling (Table 7).

Laboratory code Field code Depth (cm) Calibration curve Age (uncalibrated BP, *pMC) Age (cal CE)

Poz-111515 Petunia_2018_60_A 60 Intcal20 815 + 30 1175-1275

Poz-111516 Petunia_2018_60_B 60 Intcal20 860 + 30 1052-1077 & 1156-1263

Poz-111517 Petunia_2018_60_C 60 Intcal20 850 + 30 1054-1060 & 1157-1267
Petunia_2018_60_average 60 Intcal20 842 + 17 1169-1234 & 1239-1260

Poz-111494 Petunia_2018_58_A 58 Intcal20 860 + 30 1052-1077 & 1156-1263

Poz-111518 Petunia_2018_58_B 58 Intcal20 790 + 60 1050-1081 & 1152-1304 & 1367-1381
Petunia_2018_58 average 58 Intcal20 846 + 27 1161-1264

Poz-111495 Petunia_2018_17 17 Bomb13NH1 159.69 + 0.42* 1963 & 1968-1970

Poz-111519 Petunia_2018_12 12 Bomb13NH1 128.77 + 0.64* 1959 & 1961 & 1979-1980

Table 6

OSL dating results. Note: OSL ages refer to the year of sampling and sample preparation, which was 2014 CE. SPI-D sample was taken at D1 dating site and SPI-E sample
was taken at D2 dating site.

NCL Lab. code Field code Depth (cm) Palaeodose (Gy) Dose rate (Gy-ka™') OSL age (Gy) Systematic Random Calendar year (CE)
NCL-2114069 SPI-D 38 1.08 = 0.10 2.46+0.08 0.44+0.04 0.02 0.04 1570 + 40
NCL-2114070 SPLE 57 0.57 + 0.05 2.14+0.08 0.27+0.03 0.01 0.02 1740 + 30
The modelled ages were used to calculate deposition rates between between samples located at 60 and 58 cm of depth and between samples
two samples or between the sample Petunia_2018_12 and the soil surface at 17 and 12 cm of depth showed a fairly large degree of uncertainty.
(Table 7, Fig. 8). The deposition rates show an increase with time. Until This problem was caused by partly overlapping age distributions and
around 1950 CE, rates were on the order of 0.05 cm a™'. For later periods small distance between the samples. The modes of these distributions,
rates increased substantially to around 0.3 cm a™. The rates calculated representing the rate with the highest probability, were at the lower end
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Table 7
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Results from the age modelling and calculation of deposition rates. The unmodelled ages are the same as mentioned in Table 5. The modelled ages result from the
deposition model. The deposition rates were calculated between the sample of the row they are located on and the sample located above or the soil surface respectively.

The ranges represent two-sigma intervals.

Sample Method Unmodelled age (CE) Modelled age (CE) Deposition rate (cm-a™)

Mode Range
Petunia_2018_60_average AMS'C 1169-1234 & 1239-1260 1165-1233 0.04 0.00-0.32 & 0.34-0.37
Petunia_2018_58_average AMS'C 1161-1264 1186-1266 0.06 0.04-0.08
SPI-D OSL 1490-1650 1490-1650 0.05 0.04-0.07
Petunia_2018_17 AMS'C 1963 & 1968-1970 1962-1974 0.34 0.18-0.71 & 0.92-1.00
Petunia_2018_12 AMS'C 1959 & 1961 & 1979-1980 1973-1985 0.28 0.25-0.33

of the studied ranges.
5. Discussion

The assessment of mean aeolian deposition rates in the Ebba Valley
across seven summer seasons is the first example of such comparative
study conducted on aeolian activity in the High Arctic. Moreover, the
study of modern aeolian deposition rates were supplemented with re-
sults on past aeolian and niveo-aeolian deposition, starting from the
Medieval Warm Period. The climate and aeolian deposition analyses
indicated a significant relationship between air temperature and mean
aeolian deposition, which highlights a need for a relatively new
approach in aeolian activity studies in the polar regions under warming
climate.

5.1. Current aeolian deposition rates

To ensure comparability of individual summer seasons, the total
seasonal aeolian deposition measures were converted into daily values.
It should be assumed that the period of summer aeolian activity in the
Ebba Valley, when transportable material is not frozen to the ground or
too moist, is ca. 90 to 100 days long. Therefore, multiplication of mean
daily aeolian deposition values by 100 should be appropriate to estimate
mean annual values of aeolian deposition rates for the study area. This
assumption is potentially highly biased and further research should
determine the adequate length of aeolian activity in the Ebba Valley.
However, the importance of summer seasons in aeolian deposition was
also shown by sediments collected for the purpose of OSL dating: the
well-bleached sand grains suggest that aeolian transport of material
during polar nights in the Ebba Valley is unlikely. Accepting for the
moment a 100-day summer aeolian activity, the total mean aeolian
deposition can be estimated at 560 g-m~2 per year for the whole valley.
This aeolian deposition value is comparable with the dust deposition
results obtained for sites in Iceland (Arnalds, 2010; Bullard, 2012), but
higher than those obtained for the Hornsund area in southern Spits-
bergen where in mid-60 s aeolian deposition was estimated at 300 to
400 g-m 2 per year (Czeppe, 1966). The highest aeolian deposition rate
of 7,440 g-m~2 per year was calculated for the sandy surface test site in
2015. This high aeolian deposition value, that relates to entire aeolian
deposition including material transported through saltation and sus-
pension, is five times higher than the ones recorded previously during
dust storms on north-western Spitsbergen by Piotrowski (1983).

To some extent, the high aeolian deposition value obtained in this
study may be due to the sediment trap type used, which tends to over-
estimate the deposition. This is primarily related to the inability to drain
rainwater from the trap, causing the water to capture the material car-
ried by ambient wind activity especially during rainy summer seasons.
Moreover, the gravel material used in the traps may have provided a
greater frictional force than ambient surface. Even without rainwater,
the trapped material had a limited opportunity for redeposition, espe-
cially at the beginning of the season or at sites where deposition values
were generally lower. Therefore, it should be noted that the obtained
results estimate potentially the highest aeolian deposition rates that
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could be achieved under the given set of conditions. Additionally, the
mean grain size of the material collected in the aeolian traps was coarser
than the aeolian covers found in the valley (Fig. 5), which highlights the
drawbacks of the method used (see Section 3.1). The further drawback
of the sampling method may also be indicated by statistically significant
positive relationship between mean seasonal aeolian deposition rates
and mean soil volumetric water content obtained for the last three days
of each 2012-2018 study period (r2 = 0.73). However, this relationship
may be coincidental and future research should aim to study aeolian
deposition and weather conditions relationships at finer temporal scales
(i.e., at weekly or daily basis).

The spatial variation in aeolian deposition within Ebba Valley was
related to the vegetation cover. For example, local source material was
not accessible where dense tundra cover occurred, i.e., particularly
within the dry and wet tundra test sites. The proximity of easily avail-
able material for aeolian transport near sites appears to be an important
factor. This was best observed in the sandy surface test site that has
mean aeolian deposition rates four times higher than the mean for all
test sites. The local nature of the source material for the aeolian pro-
cesses in the Ebba Valley may also be indicated by relatively high values
of SD obtained for most of the test sites. Large discrepancies in mean
aeolian deposition values among the traps placed within one test site
suggest high turbulence in the material displacement over short
distances.

Numerous previous studies have suggested that strong winds and low
humidity are the most important conditions for aeolian activity (e.g.,
Seppala, 2004). Temperature, on the other hand, is practically never
taken into account as an significant factor. Our results suggest greater
complexity in the aeolian deposition and weather conditions relation-
ship on-going in the periglacial environments. Aeolian transport and
deposition of transported material should not be confounded. Both
processes have different characteristics, and it should especially be
noted that aeolian deposits can form under relatively calm wind con-
ditions. Considering the impact of meteorological conditions on mean
aeolian deposition, surprisingly, relationships with wind properties
were statistically not significant. We hypothesise, that since strong
winds occurred mostly from the northern and north-eastern directions,
most source material on windy days was possibly carried to the fjord,
and thus had low chance to be deposited in the Ebba Valley. Strong
winds are more important in calculating the amount of aeolian transport
than deposition. Additionally, grain size analysis of the sediments
deposited in the traps suggests that most of the finer material was
transported over greater distances and probably accumulated in the
fjord. Unfortunately, the method applied in this study (i.e., with a single
aeolian deposition measurement at the end of each study season) was
not adequate to determine wind speed thresholds for efficient material
deposition in the Ebba Valley. In contrast to wind, mean aeolian depo-
sition was significantly related to air temperature. This strong rela-
tionship obtained in our study seems to contradict the experimental
findings that have shown that the wind’s ability to carry more material is
greater at lower air temperatures (McKenna Neuman, 2004). This may
be because on Spitsbergen, air temperature differences between indi-
vidual summer seasons were on a much smaller range than during the
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laboratory experiments (McKenna Neuman, 2004). Therefore, temper-
ature differences may not have had a significant impact on air density.
However, higher temperatures had a significant effect on Ebba glacier
regime and its melting. This, in turn, resulted in higher discharge of the
Ebba river carrying large amounts of sediments, especially in the first
part of the summer season during which the snow cover was melting.
Later in the season, when river flow is low, this material has a chance to
be deposited on the riverbanks, from which it can be incorporated into
aeolian activity within the Ebba Valley. In fact, the strongest positive
relationships between mean aeolian deposition and air temperature
occurred in test sites located close to the river and especially in its upper
part. Thus, we infer this strong positive relationship between air tem-
perature and aeolian deposition as rather an indirect relationship.
Moreover, higher air temperatures increase evaporation and dryness of
the surface sediments that further can be effectively incorporated into
aeolian processes within the valley. In densely vegetated parts of the
valley, this dependence was weaker or absent, which suggests that
presence of vegetation clearly limits the accessibility of source material.
Relationship between glaciofluvial and aeolian activity was previously
discussed by Bullard and Austin (2011) and Dijkmans and Tgrnqvist
(1991) and led to similar conclusions. Crusius et al. (2011) indicated
that exposure of river sediments and favourable wind directions may be
more important in aeolian activity than air humidity, which may further
explain the lack of statistically significant dependences between mean
aeolian deposition and air humidity in the study area.

The significant positive relationship revealed in this study between
air temperature and mean aeolian deposition has the potential to expand
our understanding of linkages between climate and aeolian processes,
and hence our understanding of periglacial valley responses to climate
change. This is of particular importance in the light of currently
observed temperature increases and projected warming of the Arctic
(IPCC, 2021). Long-term observations in Greenland have shown already
an intensification of dust events (Saros et al., 2019). Therefore, future
studies should not overlook the interactions between sediment supply,
availability and aeolian deposition in the High Arctic. Especially, since
these processes are extremely important for soil cover formation (van
der Meij et al., 2016), and further, for plant succession and tundra
habitat formation in periglacial conditions (Borysiak et al., 2020). The
supply of fresh aeolian material is also important for albedo and glacier
mass balance (Bergstrom et al., 2020).

5.2. Past aeolian deposition rates

The uncertainty of long-term aeolian deposition rates depends on the
uncertainty of the chronology used to calculate the rates. Bayesian age
models are a suitable tool to assess and constrain the uncertainty of the
chronology and the resulting deposition rates (Bronk Ramsey, 2008;
Trachsel and Telford, 2017; van der Meij et al., 2019). The applied
deposition model combined datings from different methods and helped
to constrain the distributions of AMS 1%C ages. Nonetheless, the uncer-
tainty of rates calculated with these ages was still quite high due to the
partly overlapping chronologies (Table 7, Fig. 8). The uncertainty of
these rates was further reduced by only considering the deposition rates
from ages sampled using the Markov Chain Monte Carlo approach that
were found in the correct chronologic and stratigraphic order, which
prevented the calculation of negative rates. Leaving out negative rates
caused a minor positive bias in the average rates for partly overlapping
samples, but provided a more realistic representation of deposition
rates, where both the uncertainty of the given age and sampling depth
are considered.

The modelled deposition dates (1165-1233 CE) indicate the possi-
bility that the beginning of the formation of niveo-aeolian covers in the
study area occurred several dozen years earlier than in Greenland
(1220-1280 cal AD) (Christiansen, 1998). This initiation was coeval
with the end of the Medieval Warm Period and the advance of glaciers
on Spitsbergen (Rachlewicz et al., 2007; Farnsworth et al., 2020), as well
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as the cooling of the climate (with an air temperature reduction at least
0.6-2.0C) (Martin-Moreno and Allende-Alvarez, 2016). The Little Ice
Age lasted on Svalbard from the 14th to the 19th centuries. However,
Humlum et al. (2005) found that significant growth of some of Spits-
bergen’s glaciers had started already>1100 calibrated years BP. Chris-
tiansen (1998) suggested that on Greenland the start of the
accumulation was connected with increased nivation activity.
Greenland settings showed also increased deposition in the period 1500/
1580-1690 CE with the highest niveo-aeolian sedimentation ranging
from 0.26 to 0.63 cm per year. The analyses of aeolian activity for
Western Greenland carried out on a larger time scales showed, inter alia,
the intensification of aeolian deposition after 550 cal yr BP, what was
associated with local changes in proglacial floodplain development
(Willemse et al., 2003). Results obtained for the Ebba Valley demon-
strate rather constant and slow deposition rates for the entire Little Ice
Age until the modern times, with values around 0.05 cm per year. This
may indicate only a small amount of source material available in the
valley as well as minor snow accumulation or topographically unfa-
vorable conditions for nivation. Data obtained by D’ Andrea et al. (2012)
suggest somewhat higher winter snow precipitation in the LIA period.
The same study indicates that summer temperatures on Svalbard
reached their lowest values (2 °C) in the 10th century and between the
years 1100 and 1300 CE. After the year 1600 CE the temperature began
to rise. Especially warm summers were reported for the period
1750-1780 CE (D’Andrea et al., 2012), which could have influenced the
beginning of the formation of aeolian covers in the Ebba Valley (1740 +
30 CE, compare with dating results for site D2). This may also be related
to contemporary observations of aeolian deposition indicating a signif-
icant impact of higher air temperatures for material accumulation.

Both niveo-aeolian deposition rates and the emergence of aeolian
landforms seem to suggest the high importance of source material
availability in the studied valley. The greatest importance may be
attached here to the noted increase in air temperature, which is espe-
cially important, particularly in light of on-going and projected climate
change in the High Arctic, that might increase both intensity and effi-
ciency of aeolian processes in the periglacial ecosystems.

5.3. Comparison of the contemporary and past aeolian deposition rates

Our estimates on past and contemporary aeolian deposition were
calculated with the assumption that 1 m® of sand weighs 1,520 kg. The
mean aeolian deposition rate of 560 g-m~2 per summer season observed
in the years 2012-2018 for the Ebba Valley should therefore accumulate
a 0.04 cm thick layer of aeolian material, which is comparable with the
lowest niveo-aeolian deposition values recorded in the past for the study
area. Our results for the mean aeolian deposition in the windward slope
test site, which was located at the same location as the D1 dating site
yielded potentially a deposition rate of 0.07 cm per summer season,
which is significantly lower than the deposition values calculated for the
past 6040 years via AMS *C dating (i.e., 0.3 cm per year). It should be
remembered, however, that this sand cover was to a greater extent
affected by the niveo-aeolian activity through its specific geomorphic
setting and close proximity to the slope. Comparable results were ob-
tained in the sandy surface test site where the D2 dating site was located.
Estimated past deposition values of 0.20-0.25 cm per year were still
higher than the contemporary mean aeolian deposition rates (i.e., 0.15
cm per summer season). However extreme values calculated for the
sandy surface site in 2015 with 74.4 g-m~2 per summer season would
yield a 0.49 cm layer of material during the summer, which is twice as
high as past deposition rates estimated for this location.

6. Conclusions
Quantification of aeolian processes in High Arctic is rarely carried

out across multiple years. We believe that our results of summer aeolian
deposition rates obtained for seven study periods, supplemented by past
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aeolian and niveo-aeolian deposition rates estimation, will provide a
valuable contribution to the current knowledge on periglacial geo-
ecosystem functioning and its temporal changes. Specifically, it was
possible to estimate that mean aeolian deposition in the Ebba Valley
equals 5.6 g-m 2day !, thus the valley can be covered with ca.
500-600 g-m 2 of aeolian material every year. The amount of mean
aeolian deposition was positively related to air temperature and was
higher at the test sites located close to glacifluvial source material. Also,
it was showed that mean aeolian deposition might be locally limited by
the presence of vegetation cover. Contemporary aeolian processes in this
part of central Spitsbergen seem to incorporate rather local material
deposited in the valley by glaciofluvial streams. Material transported
over long distances is likely to be deposited in Petunia Bay waters, and
should be quantified in the future. Also, future studies should aim to
estimate total annual rates of aeolian deposition, in relation to both air
temperature and soil moisture. Wind properties should also be incor-
porated in such studies, especially when daily and weekly aeolian
deposition rates are estimated.

Modelled past niveo-aeolian and aeolian rates noted since the 11th
century showed that ongoing climate change, especially warming, im-
pacts aeolian activity. The increase in aeolian deposition rates ranging
from 0.05 to 0.3 cm per year since the beginning of the 1960s is a sig-
nificant indicator of an environmental change, taking place in the study
area. We might expect, that further increase in air temperature projected
for the Arctic might increase future aeolian deposition rates. This will
have a significant effect on the functioning and succession of vegetation
cover, changes in glacier albedo, supply of fine sediment to the fjord
system, as well as the life of people and animals in general.
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List of symbols

A entrainment coefficient

C empirical coefficient

d particle diameter (m)

D diameter of a standard 0.00025 sand particle (m)
g gravitational acceleration (m s?)

k von Karman constant

Q mass transport rate (kg m?s?)

p air density (kg m?)



c grain density (kg m=)

Us friction velocity (m s?)

Ust threshold friction velocity (m s™)

Uy wind speed at high z (m s)

z height above the ground surface (m)
20 roughness length (m)

Mass transport rates in summer seasons 2013-2018
Temporal changes of wind carrying capacity in the years 2013-2018 in the Ebba Valley were

analysed based on the Bagnold formula (Bagnold, 1941),

where C was the empirical coefficient assumed as 2.8 (for sand with wide range of grain sizes), d was
the typical particle diameter of the sediment found in the aeolian traps (0.00022 m), D was the grain
diameter of a standard 0.00025 m sand, p was the air density, g was gravitational acceleration, and u-«
was the friction velocity.

Mean daily friction velocity (u+) was determined based on the Prandtl equation and von
Karman’s constant (k = 0.4) (McKenna Neuman, 2004), with the usage of mean daily wind speed data

(uz) collected in the Ebba Valley at 2 m height (2),

ku, z
In (—)
U, Z

Roughness length (zo) was assumed as 0.007 m.

Mean daily threshold friction velocity (u) was determined based on Bagnold equation,

O’_
Uy =A ’Tpgd

with the assumptions of the grain density (¢) as 2 650 kg m™ and particle diameter (d) as 0.00022 m.



Mean daily air density (p) was calculated based on the Pyramiden meteorological dataset. The
A coefficient was calculated based on the empirical relationship (A =-0.0028 Q + 0.1452) estimated by
Li et al. (2014).

Theoretical values of mean daily mass transport rates based on the Bagnold formula were
calculated to estimate possible seasonal wind carrying capacity changes in the Ebba Valley (Fig. S1).
Only days on which the friction velocity has exceeded the threshold friction velocity were taken into
account. Share of the number of such days in the total number of days in the study period ranged from
6-12% (years 2013 and 2018, respectively) to 41-50% (years 2015 and 2016, respectively). Thus, the
conditions favourable to the development of aeolian processes occurred only on some days in most of
the measuring seasons. Generally, higher potential mass transport rates, exceeding 0.02 kg-m™-s, were
observed usually in the August. Only at the beginning of 2015, higher Q-values were calculated for the
very beginning of the measuring season. Also in 2015 there were several days with high mean daily
mass transport rates and very low soil volumetric water content values at the same time (Fig. S2).
However, most days when friction velocity has exceeded the threshold friction velocity was
characterized by typical (0.16-0.18 m*-m) soil volumetric water content values.

The calculated mean seasonal mass transport rates values for the 2013-2018 study periods
ranged from 0.001 (in the 2013) to 0.008 (in the 2015) kg-m™-s. The highest daily Q values (0.057 and
0.059 kg-m™*-s) were noticeable in the year 2015.

Theoretical calculations of the mean daily mass transport rates showed that the 2015 study
period was characterized by relatively high Q-values at the very beginning of the season when the
availability of the easily accessible material for transport was potentially higher (Fig. S1).
Simultaneously in the same year days with calculated high mean daily mass transport rates and
extremely very low soil volumetric water content values were noticed (Fig. S2). These two factors could
have influenced greatly the higher mean aeolian deposition rates observed in the Ebba Valley in the
2015 study period. On the other hand in the years when the higher mean daily mass transport rates were

calculated for the end of the study period the mean aeolian deposition rates were noticeably lower.



No statistically significant relationships were found between mean aeolian deposition and
calculated mean mass transport rates, as well as with percentage of days when friction velocity has

exceeded the threshold friction velocity.
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Intraseasonal changes in aeolian deposition rates in Ebba Valley,

central Spitsbergen

Krzysztof Grzegorz Rymer

Institute of Geoecology and Geoinformation, Adam Mickiewicz University in Poznan, Poland, krym@amu.edu.pl

Abstract: This study investigates seasonal variations in aeolian deposition within the Ebba Valley, focusing on a single
summer season 2022. Measurements revealed that aeolian deposition rates were low at the start of the season, ranging
from 0.3 to 0.6 g'rm~2 per day, but peaked at 25.4 grm~2 per day towards the end of the season. The findings suggest
that late summer conditions, with stronger winds and higher precipitation, including lower river water levels and the
availability of fresh fluvioglacial material, may enhance aeolian deposition. Understanding these dynamics is crucial for
modelling aeolian processes in the context of ongoing climate change.

Keywords: aeolian deposition, aeolian trap, periglacial conditions, Svalbard, Arctic

Introduction

Subsequent research seasons in the polar areas are
characterized by an increasing intensity of above-av-
erage processes and phenomena, which are related to
the observed climate change (Koenigk et al. 2020).
However, in addition to tracking long-term trends,
it is extremely important, to further investigate the
nature and variability of processes and phenomena in
the environment also in shorter periods like within
a single season.

Arctic ecosystems are still not yet well recog-
nized, both quantitatively and qualitatively, and all
new data constitutes an important addition to the
existing knowledge and models (Beylich et al. 2016).
Despite the existence of several fundamental works
devoted to the subject of aeolian processes (see McK-
enna Neuman 1993, Seppild 2004, Brookfield 2011,
Bullard 2012, and Bateman 2013) usually most of the
research was only realised on a small number of test
sites for the limited time in the past (Maher 2011).

In central Spitsbergen, a comprehensive geologi-
cal and geographical study of the Ebba Valley area
(see Fig. 1) was conducted for over 30 years, but the
aeolian issue was raised extremely rarely for this par-
ticular region. Taking into account the current state
of knowledge and specific climatic conditions, this
valley was chosen as the test site for the measure-

ments carried out and presented in the current study.
It should be mentioned that in the Ebba Valley meas-
urements of the efficiency of transport and accumu-
lation of aeolian material were conducted during the
summer of 2002 (Paluszkiewicz 2003). It was shown
that deflation and accumulation mainly pertain to the
silt fraction. The largest aeolian transport efficiency
was observed when the wind reached velocities ex-
ceeding 5-6 m*s™. The most important influence on
the intensity of aeolian processes was generated by
air and soil humidity, terrain morphology, and vege-
tation cover. Due to the lack of constant and strong
winds in the summer of 2002, the efficiency of trans-
port and aeolian accumulation was relatively small.
Studies of aeolian processes in the Ebba Valley were
also conducted in the summer of 2005. However, this
research was limited to the identification of the accu-
mulation and erosion of landforms of aeolian origin
(Gorska-Zabielska 2007). Moreover, the aeolian dep-
osition component was estimated and included as an
important factor of soil formation in the Ebba Valley
(van der Meij et al. 2016). The influence of wind ac-
tivity on vegetation cover was also analysed by Bory-
siak et al. (2020). Kavan et al. (2020) estimated the
total sediment (dust) concentration in snow samples
for 2.66-24.56 g'rm™ per snow season in the area of
Petunia Bay. Aeolian deposition for summer seasons
2012-2018 was measured in Ebba Valley by Rymer et
al. (2022) and estimated for 2.1 to 12.3 grm per day.
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Fig. 1. Map of the study area with aeolian deposition test site (red dot) location within the Ebba Valley. Inner map shows
the location of the study area (black arrows and circle) in the central Spitsbergen, High Arctic. Map source: Norwegian

Polar Institute

The main goal of the study was to quantify aeo-
lian deposition rates in periglacial conditions of the
postglacial valley over a seasonal scale (across one
summer season), and to investigate possible relation-
ships between aeolian deposition and meteorological
condition changes over the summer season, i.e. in
July and August.

Study area

Ebbadalen (eng. Ebba Valley) is located in the central
part of Spitsbergen, the largest island of the Sval-
bard Archipelago (Fig. 1). This postglacial valley is
surrounded by steep mountain ranges, with clearly
marked glacial features (Rachlewicz 2009, Rymer et
al. 2022). Ebbadalen geologically is built of pre-Devo-
nian metamorphic rocks overlapped by sedimentary
formations, primarily from the Carboniferous period.
Those layers include sequences of shales, sandstones,
limestone, and anhydrite (Harland 1997, Dallmann
et al. 2002). The geological stratification in many
places is much more complex due to tectonic activity
in this area in the past. The valley basis is composed
of glaciofluvial and morainic forms generated by re-
treating glaciers and proglacial streams. Typical fea-
tures in the mouth section of the valley are a series
of raised marine terraces. Terraces are elevated up to
30 m a.s.l. and their TL age was determined from
around 13.3 to 1.3 ka (Klysz et al. 1989, Rachlewicz
2009, van der Meij et al. 2016). The terraces were
also dated using AMS radiocarbon dating of Astarte
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borealis shells and their *C ages varied from 9.9 to ca.
3 ka (Long et al. 2012).

The environment of Ebba Valley is typical for
high Arctic areas and is characterized by a cold cli-
mate, with mean annual temperature usually below
—6.0°C. Positive temperatures are observed between
May and October and the warmest months are July
and August when the temperature rises to 5-6°C of
the daily average (Rachlewicz and Szczucinski 2008,
Rymer and Rachlewicz 2014). The inner-archipela-
go location is responsible for the quasi-continental
individuality of the whole area. Usually, it is slight-
ly warmer during summer and much dryer than in
southern and western parts of Spitsbergen with total
precipitation not reaching 200 mm per year (Rachle-
wicz and Styszynska 2007, Przybylak et al. 2014).
Due to observed climate change recent data shows
warming trends, which cause melting seasons to be
longer. Increased rainfall rather than snowfall from
spring to autumn is also more common (Fgrland et
al. 2011, Sobota et al. 2020). Snow cover is usually
not thick and is present in the area during winter and
early spring months (Przybylak et al. 2006). Southern
and north-eastern winds dominate, but the strongest
gusts are most often observed from the north and
north-west, conditioned by the morphology of sur-
rounding mountain chains (Rachlewicz 2003, Przy-
bylak et al. 2006, Matecki 2015).

The very sparse vegetation adapts to Arctic con-
ditions and consists mostly of mosses, lichens, and
shrubby species. This fragile tundra ecosystem is col-
onizing areas uncovered by glaciers retreat, to reach
the best conditions for development on terraces in
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the valley mouths (Stawska 2017). Individual vege-
tation types were described in this area by Prach et
al. (2012) and Johansen et al. (2012). Tundra plants
are quite often shaped by aeolian activity and grow
on the aeolian sediments (Borysiak et al. 2020). The
limited vegetation is an important archive and mark-
er of ecological responses to changing climate (Elve-
bakk 2005, Buchwal et al. 2013).

Methods

The measurements were taken at a single test site
located in the central part of the Ebba Valley (Fig. 1).
Previous studies have shown that this site recorded
aeolian deposition values close to the average dep-
osition calculated for the entire valley based on a
comparison of nine test sites (Rymer et al. 2022). In
order to measure the amount of aeolian deposition,
measurement equipment (three traps) was set out
three times during the summer season in 2022 for
a period between 11 and 17 days (traps A, B, and
C). Additionally, three traps were set out for 41 days
during the whole measuring season (traps X, Y, and
7). All traps were placed approximately 1-1.5 meters
from each other. The measurement periods and the
number of days are listed in Table 1. To compare and
standardise the obtained results, they were divided
by the number of days.

The traps were arranged by using 195 mm diameter
plastic trays filled with glass marbles (phi = 15 mm).
After the measurement was completed, the trays and
glass marbles were washed with filtered water to
isolate the collected material. It was then dried and
weighed. The original method was first proposed to
measure vertical dust flux (Hall and Upton 1988).
However, further research proved that this type of
trap can be used to measure aeolian sediment concen-
tration and deposition (Goossens and Offer 2000).
The details and modifications to the method imple-
mented during measurements in Ebba Valley have
been widely described by Rymer et al. (2022).

Meteorological data for Pyramiden (daily aver-
age temperature and daily average wind speed) and
Longyearbyen (daily precipitation) meteorological
stations (located respectively 10 and 60 km south-
west from the study area) were acquired via the Sek-
lima database (NMI 2024).

Table 1. Time periods for aeolian deposition measurements
during summer season 2022

Traps Start date  End date  Number of days
X, Y Z 16.07.2022 26.08.2022 41
Al, B1,Cl1 16.07.2022 29.07.2022 13
A2,B2,C2 29.07.2022 9.08.2022 11
A3,B3,C3 9.08.2022 26.08.2022 17

Results

The day the measurements started fell on the period
of the highest temperatures in the summer season of
2022. Since then, there has been a systematic decline
in average daily temperatures (Fig. 2. and Table 2).
The situation was slightly different in the case of av-
erage wind speed, where wind speeds exceeding an
average of 5 m's™' were observed only towards the
end of the measurement season. The above state-
ment excludes two days in the second half of July
when average wind speeds were close to 5 m*s™'. The
intensity of rainfall also increased towards the end of
the measurement period.

The obtained amount of aeolian deposition var-
ied between 0.05-0.10 g (during the shortest period
of 11 days in the middle of the season) and 11.50-
14.85 g (during the period of 17 days at the end of

Table 2. Selected weather variables measured at the Pyr-
amiden and Longyearbyen weather stations for the sum-
mer season 2022

Average  Total precipi- Avwe;;adge

Period temperature tation speed

[°C] [mm] [ms~']
16-29.07.2022 10.1 3.2 2.18
29.07-9.08.2022 9.0 9.5 1.20
9-26.08.2022 7.0 32.7 2.62

Table 3. Aeolian deposition rates in Ebba Valley in summer
season 2022

' =)
g a, :*% § ,§
o8 = 3
2o &8 g s
g o5 o S
- &= 85 8%
Trap Perio S5 B g =
§5 g3 g7
sa §¢8 g
g7 g8 &
[g] [grm~* day~']
X  16.07-26.08.2022 13.35
Y 16.07-26.08.2022 10.75 11.20 9.1
Z 16.07-26.08.2022  9.50
Al 16-29.07.2022  0.20
Bl  16-29.07.2022  0.35 0.25 0.6
Cl  16-29.07.2022  0.20
A2 29.07-9.08.2022  0.05
B2  29.07-9.08.2022  0.10  0.08 0.3
C2  29.07-9.08.2022  0.10
A3 9-26.08.2022  12.45
B3 9-26.08.2022  11.50 12.93 25.4
C3  9-26.08.2022  14.85
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Fig. 2. Selected weather variables measured at the Pyramiden (temperature and wind speed) and Longyearbyen (precip-
itation) weather stations for the aeolian deposition measurement periods during summer season 2022. Red colour
indicates average daily air temperature. Green colour indicates average daily wind speed. Blue bars indicate daily pre-

cipitation totals

the season). After the standardization, this resulted
in values in the range from 0.3 grm~2 per day (in the
middle of the season), through 0.6 g'-m~2 per day (at
the beginning of the measurements) to 25.4 g'm™
per day (at the end of the season). The mean stand-
ardized aeolian deposition during the whole summer
season of 2022 reached 9.1 g'-m~ per day (Table 3).
Previous research showed that the deposited mate-
rial mainly consisted of moderately sorted fine sands
(Rymer et al. 2022).

Discussion

Although the research conducted in the summer sea-
son of 2022 was relatively shorter than the measure-
ments conducted in the years 2012-2018 (compare
Rymer et al. 2022), the obtained value of mean stand-
ardized aeolian deposition (9.1 g'-m~2 per day) was in
a similar range to the results from previous years for
this test site (2.0-16.4 g'rm2 per day). However, this
value was slightly higher than the multi-year average
(3.2 g'm™ per day higher than the 2012-2018 aver-
age). The selected measurement period in 2022 was
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also characterized by a significantly higher average
air temperature than in previous years (by 1-2°C).
Therefore, at this stage of work, a broader compari-
son with the model proposed by Rymer et al. (2022)
was omitted. It is therefore necessary to collect fur-
ther data that will allow for the identification of crit-
ical values in terms of weather conditions, especially
in times of climate change.

However, it should be noticed that values of aeo-
lian deposition during the season were not equal and
much higher results were obtained at the end of the
season. This could have been due to the occurrence
of stronger winds. The occurrence of more rainfall
certainly also had an impact on the greater capac-
ity of the traps (but also of the ground surface) to
absorb all material transported by the wind during
that period. On the other hand, rainfall is one of the
factors limiting the uplift and movement of aeoli-
an material (Jackson and Nordstrom 1998). A trap
drainage system should certainly be used in further
research, which would result in greater accuracy of
the measurements. Although no statistically impor-
tant correlations were found between meteorologi-
cal conditions and values of the aeolian deposition
(Table 4), high r Pearson values may suggest some
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Table 4. Correlation between different weather variables
and aeolian deposition rates during measurement peri-
ods in Ebba Valley in summer season 2022

Parameter Precipitation Temperature Wind speed
r Pearson 0.98 -0.93 0.75
p value 0.13451 0.23591 0.46233

kind of combination of relations between the precipi-
tation, air temperature, and aeolian deposition.

The drop-in air temperature at the end of the sea-
son contributes to the drop in water levels of progla-
cial rivers. This results in the increased presence and
availability of fresh glaciofluvial material, which can
then be blown by the wind around the valley. The
existence of the relationship between glaciofluvial
and aeolian activities was previously discussed by
Dijkmans and Ternqvist (1991), Bullard and Austin
(2011), as well as, Rymer et al. (2022). Similar regu-
larities have been also found by Gilbert et al. (2018)
and Rasmussen et al. (2023).

Conclusions

The undertaken research was one of the first aimed
at a more detailed quantitative assessment of the
amount of aeolian deposition within one summer
season on Svalbard. Although the year 2022 was
different in terms of weather conditions from the
previous years, the measured seasonal values are
similar to those obtained for the study area in the
past. Differences in aeolian deposition rates through
the season are significant. For most of the summer,
the daily values of aeolian deposition reach 0.3-0.6
g'm~2. Then, at the end of the season, they can even
reach up to 25.4 g'm~per day.

The results indicate that the processes of deposi-
tion of wind-borne material are intensifying only at
the end of the summer season, mainly due to strong-
er winds and lower air temperatures. The lower air
temperatures cause the water level in rivers to drop,
which in turn exposes the sediment carried by the
river. Then the fresh glaciofluvial material can be
transported by the wind and deposited at the bottom
of the valley.
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Introduction 2018). A method originally proposed by Cailleux
(1942) has been applied, especially in the con-

Studying the characteristics of the environ- text of distinguishing sedimentary environments
ment via the rounding and matting analysis of (Wachecka-Kotkowska 2004, 2015). With the ad-
quartz grains is a common research method, es- vancement of analytical techniques, foundation-
pecially at moderate latitudes (Woronko, Bujak al knowledge on sedimentary rock origins and
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processes, as well as discussions on the petrog-
raphy and sedimentology of sand and sandstone,
with an emphasis on quartz grains, has devel-
oped (e.g., Blatt et al. 1980, Pettijohn et al. 1987).
Different quartz grain textures, their implications
for sedimentary processes, and methods as well
as various case studies for sedimentary rock and
environmental analyses have also been present-
ed (e.g., Blott, Pye 2001, Mahaney 2002, Boggs
2009, Lyu et al. 2019). Different environments
(fluvial, glacial, and aeolian) contribute to varia-
tions in grain mineralogy and texture. Therefore,
the possibility of separating grains formed in
the aquatic environment from those shaped by
the wind is particularly useful not only in the
study of aeolian processes but it also allows for
a broad analysis of the processes taking place in
the geoecosystems (cf. Folk 1980, Pye, Tsoar 2009,
Wachecka-Kotkowska et al. 2014, Woronko et al.
2015, Zielinski et al. 2015).

Despite the growing interest in sedimentary
systems in cold regions (Zhang et al. 2022), infor-
mation about aeolian processes in the Arctic and
Antarctic regions is currently incomplete, which
is due to the low availability of these areas and
problems in obtaining reliable quantitative data
under polar conditions and in various seasons
(Mtiller et al. 2016). Studies have been sparsely
distributed and have selectively covered differ-
ent aspects of aeolian activity, including erosion
and sediment transport, deposition and land-
form development, and seasonal and climatic in-
fluences, as well as ecological and environmental
implications (e.g., Borysiak et al. 2020). However,
data regarding aeolian processes are crucial for
better understanding the functioning of polar
geoecosystems, which are important markers of
environmental changes occurring at global and
local scales (Beylich et al. 2016).

The current knowledge on wind activity in per-
iglacial environments was collected by Seppald
(2004) and Brookfield (2011). Recently, Rymer et
al. (2022) summarised the work on aeolian pro-
cesses occurring under polar conditions in recent
decades. Notably, in recent years, interest in aeoli-
an processes in polar environments has increased
(see Kavan et al. 2020), as has interest in the na-
ture of transported sediments (Kaliriska-Nartisa
et al. 2017, Kaliriska 2019, Kaliriska et al. 2019).

Owing to the lack of detailed research on the
aeolian activity in this part of the Arctic, this work

was intended to further develop and interpret
the previously obtained research material (aeo-
lian deposits collected in traps), with a particu-
lar emphasis on a detailed analysis of the nature
and character of aeolian sediments (quartz grains
0.8-1.0 mm in size). Therefore, a quantitative and
qualitative analysis of quartz grains collected
from the aeolian material deposited in traps was
performed. The obtained data were subjected to
further statistical analysis. This study aimed to
determine the main source of the deposited aeo-
lian material as well as to determine the degree
of aeolisation (acquisition of typically aeolian fea-
tures by quartz grains) of the material transported
by wind inside a relatively small postglacial val-
ley under periglacial conditions. Additionally, the
possible influences of meteorological variables on
grain type distributions were investigated.

Study area

Ebba Valley (nor. Ebbadalen) is located in the
central part of Spitsbergen, the largest island in
the Svalbard Archipelago (Fig. 1). The central part
of the valley with aeolian deposits is located at
approximately 78°42' N latitude and 16°39' E lon-
gitude. This postglacial valley is flanked by steep
mountain ranges, with prominent glacial fea-
tures etched into the landscape (Rachlewicz 2009,
Rymer et al. 2022). Geologically, Ebbadalen fea-
tures an array of pre-Devonian metamorphic rock
outcrops associated with overlapping sedimenta-
ry formations, primarily from the Carboniferous,
including sequences of shale, sandstone, lime-
stone, and anhydrite layers, which record a his-
tory of ancient tropical environments, marine
transgressions, and orogenic cycles (Harland
1997, Dallmann et al. 2002). In many places, ge-
ological stratification is much more complicated
because of the presence of tectonic faults in the
area. The weathering of rock outcrops is one of
the sources of the material supplied to the valley
floor. However, there is no current data on the
volume of this material supply and the impact
of climate change on the intensification of these
processes. The bottom of the valley is composed
of morainic and glaciofluvial forms generated by
the decaying Ebba and Bertram glaciers and their
proglacial streams, eroding a series of six raised
marine terraces in the mouth section of the valley
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(Fig. 2). The terraces are elevated to 30 m a.s.l,
and their thermoluminescence ages vary from
13.3 ka to 1.3 ka (Klysz et al. 1989, Rachlewicz
2009, van der Meij et al. 2016). The terraces were
also dated by AMS radiocarbon dating of Astarte
borealis shells, and their *C ages varied from 9.9
to ca. 3 ka (Long et al. 2012).

The high Arctic environment of Ebbadalen
is characterised by a cold climate, with a mean
annual temperature slightly below -6.0°C,
positive temperatures usually occur between
May and October and are warmest in July and
August, when they rise to 5-6°C on a daily av-
erage (Rachlewicz, Szczuciniski 2008, Rymer,
Rachlewicz 2014). The inner-fiord location results
in the quasi-continental individuality of the area,
which is slightly warmer during summer and
much drier than the southern and western parts
of Spitsbergen, with precipitation not exceed-
ing 200 mm annually (Rachlewicz, Styszyriska
2007, Przybylak et al. 2014). Recent studies have

16°24'E

16°36'E

shown significant warming trends, lengthening
melt seasons, and increasing rainfall rather than
snowfall from spring to autumn (Ferland et al.
2011, Sobota et al. 2020). These changes and their
consequences may be of key importance for the
intensity of aeolian processes, but further work is
necessary to determine the nature and direction
of changes. Typically, thick snow cover does not
occur there during the winter (Przybylak et al.
2006). The wind structure is dominated by south-
ern and north-eastern directions; whereas, the
strongest gusts are observed from the north and
northwest and are affected by the morphology of
the surrounding mountain chains (Rachlewicz
2003, Przybylak et al. 2006, Matecki 2015). A typ-
ical feature of areas in the immediate vicinity of
glacier-covered areas is the occurrence of kataba-
tic winds, which may ultimately lead to the wind
blowing aeolian material out of valley.
Ebbadalen supports various Arctic floraadapt-
ed to extreme conditions. The sparse vegetation

16°48’E

o 78°42'N

78°39'N

Fig. 1. Orthophotomap of the study area with nine aeolian deposition test sites (1-9) located within the Ebba
Valley. Weather stations (E - Ebba Valley, S - Sven Glacier, and P - Pyramiden city) are marked with black
stars. Orthophotomap source - Norwegian Polar Institute. Inner map shows the location of the study area
(black arrows and circle) in the central Spitsbergen, High Arctic.



20 KRZYSZTOF GRZEGORZ RYMER, LUCYNA WACHECKA-KOTKOWSKA

includes mosses, lichens, and shrubby species
that form a fragile tundra ecosystem, colonising
bare surfaces uncovered by glacial retreat and
reaching climax on terraces in the valley mouths
(Stawska 2017). Studies leading to the determina-
tion of individual types of vegetation have been
carried out in this area, among others, by Prach
etal. (2012) and Johansen et al. (2012). Plant com-
munities provide a unique environment for trap-
ping aeolian sediment (Borysiak et al. 2020). The
area’s biodiversity, although limited, is impor-
tant for understanding ecological responses to a
changing climate (Elvebakk 2005, Buchwal et al.
2013). The occurrence of vegetation is one of the
important factors limiting the occurrence of aeo-
lian processes (Seppald 2004).

Within the Ebba Valley, there are no typical
large forms resulting from the aeolian activity
(such as dunes, ripple marks, or eologlyptoliths).
In the field, only one larger cover composed of
sandy sediments with a thickness not exceeding
approximately 60 cm can be observed. In some
places, mainly on slopes and local depressions,
small niveo-aeolian covers can be found (see the
locations of the sandy surface and windward
slope test sites in the next section).

Materials and methods

Samples of summer aeolian deposition were
collected using plastic trays (195 mm or 210 mm
diameter) filled with glass marbles or pre-rinsed
local beach gravel sediments from nine test sites
located in the Ebba Valley. Test sites were chosen
to reflect different geomorphological and vege-
tation settings along the Ebbadalen axis (Fig. 1):
wet (1) and dry (2) tundra sites located closest to
the fjord with dense tundra vegetation; leeward
slope (3), top (4), and windward slope (5) sites
located on the highest marine terrace with less or
sparse tundra vegetation; a sandy surface (6) site
covered only with individual tufts of grass; and
three test sites with almost no vegetation located
in the central part of the valley (7), as well as the
upper part of the valley: sandur (8) and moraine
(9). Test sites 3-5 were located around an old ma-
rine terrace with a height of approximately 40-45
m a.s.l., which is a minor terrain obstacle in the
valley axis.

The measurement season for logistical and
technical reasons usually starts in mid-July and
ends at the beginning of September or mid-Sep-
tember. The length of the measuring season
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Fig. 2. Geomorphological sketch of the study area (Ebba Valley, Svalbard). Modified after the original figure by
Rachlewicz (2009).
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varied across the years (from 44 days to 64 days).
Certainly, shorter measurement seasons result-
ed in less representative data, but further work
is necessary to assess the resulting errors (espe-
cially when comparable measurement periods
are used, which is, however, extremely difficult
under polar conditions).

Although the measurements of aeolian dep-
osition started in 2012, only samples from 2015
to 2018 were selected for this analysis to ensure
greater representativeness, which involved plac-
ing three traps at each test site (for technical rea-
sons, there were only two traps at a sandy surface
test site in 2015 and at the central part test site in
2016).

The traps, together with gravel or glass mar-
bles, were then washed with water to separate the
collected material, dried, and subjected to further
analyses. Previous studies have not shown sig-
nificant differences between the uses of different
materials in traps (despite the greater roughness
of the gravel material). However, the use of glass
marbles facilitated the subsequent recovery of
the deposited material (Rymer et al. 2022). An
additional source of errors could be the accumu-
lation of rainwater in the traps. In future studies,
it would be advisable to use a system that allows
for the drainage of rainwater from traps.

The aeolian material obtained during the
measurements was sieved to isolate grains with a
diameter of 0.8-1.0 mm, which is typical for this
type of analysis (Gozdzik 1980, 1995, Mycielska-
Dowgiallo, Woronko 1998). Only quartz grains
were then selected for further analyses. HCl was
not used because of the lack of grain contamina-
tion with carbonates.

The quartz grains were then classified, using
binocular microscope, into six groups based on
the method of rounding and matting according
to Krumbein (1941) and the classification of the
degree of rounding and a modified method of
matting of the surface of the quartz grains ac-
cording to Cailleux (1942), together with modi-
fications proposed by Gozdzik (1980, 1995) and
Mycielska-Dowgialto and Woronko (1998): an-
gular (NU), matte rounded (RM), shiny rounded
(EL), transitional matte (EM-RM), transitional
shiny (EM-EL), and broken grains (C). The col-
lected aeolian deposition samples allowed for the
analysis of 1974 quartz grains from 106 samples
in terms of rounding and matting.

Spearman’s rank correlation coefficient be-
tween the characteristics of the quartz grains
and the meteorological variables (average wind
speed at three weather stations, average air tem-
perature, total precipitation, and average air hu-
midity during the sampling period) was estimat-
ed in the stats library using R software (Version.
4.2; R Development Core Team). The assump-
tions were checked visually (histogram plots)
and tested with formal methods (Shapiro-Wilk
test). Before analysis, all the data were log-trans-
formed (In) to approximate the data to a normal
distribution.

Meteorological data (average air temperature
and average air humidity) for the Ebba Valley
were collected via ONSET HOBO devices, lo-
cated close to the highest marine terrace test site
(E/4, Fig. 1). The wind speed and direction (at
a height of 2 m) were recorded at the same lo-
cation at 15 min intervals (in 2016, 2017, and
2018). Unfortunately, some of the recording
devices left in the area were occasionally dam-
aged. Therefore, wind speed and direction data
from the automatic weather station (recorded at
one-hour intervals) located near the dry tundra
test site (E/2, Fig. 1) were used to fill the data
gaps for 2015. Owing to sensor failure in 2015,
the recording of wind direction only started on
August 17. Additionally, wind speed data from
stations installed on Sven Glacier (S, Fig. 1; see
Matecki 2019) and Pyramiden (P, Fig. 1) were
also used. Both of these weather stations were
located approximately 10 km from the centre of
the Ebba Valley. Moreover, the total precipita-
tion data were collected from the Longyearbyen
meteorological station, which is located approx-
imately 60 km southwest of the study area. The
Norwegian Meteorological Institute collected
data from the Pyramiden and Longyearbyen sta-
tions. The meteorological data were previously
presented by Rymer et al. (2022).

Results

A full summary of the data is attached to the
publication (Appendix 1). The greatest amounts
of grains were recorded in 2015 and 2018 (Table 1),
mainly because of relatively greater deposition in
the indicated measurement seasons (according to
Rymer et al. (2022), the mean seasonal aeolian
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Table 1. Total number of quartz grains collected in the
Ebba Valley in 2015-2018 divided into grain rounding
and matting classes according to Cailleux (1942) with
modification by Gozdzik (1995) and Mycielska-Dow-
giatto and Woronko (1998).
Class

C |EL | EM-EL | RM | EM-RM | NU | Total
2015 | 83 | 45 213 55 215 126 | 737
2016 | 55| 29 125 37 73 67 | 386
2017 | 40| 8 64 27 59 14 | 212
2018 | 47 | 88 197 | 110 177 20 | 639

Year

deposition was almost 7 times greater in 2015
and more than 5 times greater in 2018 than the
mean aeolian deposition rates measured in 2017).
The differences in the number of quartz grains
caught in traps between the individual seasons
were relatively significant. The total number of
grains in 2015 was almost 3.5 times greater than
that in 2017. In total, the number of EL grains in
2017 was the lowest (only eight grains). The larg-
est number of one type of grain was recorded in
2015 (the number of EM-RM grains reached 215).

In 2016-2018, transitional shiny (EM-EL)
grains dominated, reaching 30.2-32.4% of the

Table 2. Percentage of quartz grains collected in the
Ebba Valley in 2015-2018 divided into grain rounding
and matting classes according to Cailleux (1942) with
modification by Gozdzik (1995) and Mycielska-Dow-

giatto and Woronko (1998).

Year Class
C | EL | EM-EL | RM | EM-RM | NU
2015 | 113 | 6.1 28.9 75 29.2 171
2016 | 142 | 7.5 32.4 9.6 18.9 17.4
2017 | 189 | 3.8 30.2 12.7 27.8 6.6
2018 | 74 |13.8 30.8 17.2 27.7 3.1
35
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Fig. 3. Percentage of quartz grains in the Ebba
Valley in 2015-2018 divided into grain rounding
and matting classes according to Cailleux (1942)

with modification by Gozdzik (1995) and Mycielska-
Dowgiallo and Woronko (1998).

values (Table 2 and Fig. 3). Transitional matte
(EM-RM) grains constitute 29.2% of the total
grains only in 2015. In total, both transitional
classes (EM-EL and EM-RM) exceeded more
than half of the analysed grains in all years.
Moreover, the share of angular (NU) grains in
2018 and shiny rounded (EL) grains in 2017 was
the smallest, at 3.1% and 3.8%, respectively. The
lowest percentage differences within the class
were observed for the EM-EL class (3.5% be-
tween 2015 and 2016). On the contrary, the high-
est seasonal variability in the percentage share
was observed for the NU class (14.3% between
2016 and 2018). This means that the percentage of
grains belonging to the NU class was more than
5.6 times greater in 2016 than in 2018. In the case
of the remaining classes, the seasonal differences
oscillated approximately 10%.

The greatest number of quartz grains over the
four research seasons was recorded on the sandy
surface (645) and windward slope (530) test sites
(Table 3). The total number of quartz grains at
these two sites alone was almost 60% of the to-
tal grains analysed. In the case of the windward
slope test site, the amount of deposition was ap-
proximately 2 times greater than the average.
At both of the abovementioned test sites, transi-
tional grains were dominant. Almost 1/3 of the
grains collected at the sandy surface test site were
the EM-EL class. On the contrary, three test sites
with relatively high plant coverage (wet tundra,
dry tundra, and leeward slope) together account-
ed for only 3% of all the analysed grains. The re-
maining test sites with a significantly lower share
of vegetation were characterized by an average
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Fig. 4. Percentage of quartz grains in the years
2015-2018 collected in Ebba Valley divided into grain
rounding and matting classes according to Cailleux
(1942) with modification by Gozdzik (1995) and
Mycielska-Dowgialto and Woronko (1998) at nine test
sites.
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number of collected quartz grains ranging from
102 to 277 grains for the entire 4-year period.
The mentioned tundra sites were also char-
acterised by greater dominance of certain grain
types: 50% of the grains at the dry tundra test
site were assigned to the EM-RM class, no grains
belonging to the EL class were found at the dry
tundra and leeward slope test sites, and no grains
were assigned to the NU class at the wet tundra
test site (Table 4 and Fig. 4.). This could have
been influenced by the greater randomness of
grains reaching the aeolian traps, which result-
ed from the significantly lower aeolian deposi-
tion at these test sites (according to Rymer et al.
(2022), the mean values of aeolian deposition at
the dry and wet tundra test sites were more than
50 times lower than the average for the entire val-
ley). Considering the remaining test sites (where

the sample size was larger and amounted to at
least 100 grains), there was a significant propor-
tion of grains in the EM-EL class (28.5-34.8%),
except for the sandur test site, where the share of
grains belonging to the EM-RM class was great-
er (27.5%) than that of the other classes. At most
test sites, the share of grains in the EM-RM class
was slightly lower but still higher (24.2-28.7%)
than the share of EM-EL grains. Most often, the
smallest proportion of grains belonged to classes
that fully defined the depositional environment
(i.e., EL and RM). The percentage of quartz grains
belonging to the NU and C classes, apart from
a few exemptions, was usually approximately a
dozen at most test sites throughout the 4-year
period. The relatively small (10.9%) percentage
of typically aeolian RM quartz grains collected
at the sandy surface test site is surprising, as the

Table 3. Total number of quartz grains collected in the Ebba Valley in 2015-2018 divided into grain rounding
and matting classes according to Cailleux (1942) with modification by Gozdzik (1995) and Mycielska-Dow-
giatto and Woronko (1998) at nine test sites.

Test site name Class
C | EL [EM-EL| RM [EM-RM| NU | Total
The mouth of the valley with dense vegetation
1. Wet tundra 4 2 4 6 8 0 24
2. Dry tundra 2 0 2 1 7 2 14
The middle part of the valley floor with little or no vegetation
3. Leeward slope 9 0 11 3 7 4 34
4. Highest marine terrace top 12 8 31 16 26 11 104
5. Windward slope 38 66 151 82 139 54 530
6. Sandy surface 66 55 202 70 172 80 645
7. Central part of the valley 47 26 90 21 67 26 277
The upper part of the valley without vegetation cover

8. Sandur 12 5 23 20 28 14 102
9. Moraine 35 8 85 10 70 36 244

Table 4. Percentage of quartz grains collected in the Ebba Valley in 2015-2018 divided into grain rounding and
matting classes according to Cailleux (1942) with modification by Gozdzik (1995) and Mycielska-Dowgialto
and Woronko (1998) at nine test sites.

Test site name Class

C | E | EM-EL | RM | EM-RM | NU

The mouth of the valley with dense vegetation
1. Wet tundra 16.7 8.3 16.7 25.0 333 0.0
2. Dry tundra 14.3 0.0 14.3 7.1 50.0 14.3
The middle part of the valley floor with little or no vegetation
3. Leeward slope 26.5 0.0 32.4 8.8 20.6 11.8
4. Highest marine terrace top 115 7.7 29.8 154 25.0 10.6
5. Windward slope 72 12.5 28.5 15.5 26.2 10.2
6. Sandy surface 10.2 8.5 31.3 10.9 26.7 12.4
7. Central part of the valley 17.0 9.4 32.5 7.6 242 9.4
The upper part of the valley without vegetation cover

8. Sandur 11.8 4.9 225 19.6 275 13.7
9. Moraine 14.3 3.3 34.8 4.1 28.7 14.8
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expected values were higher for this type of sur-
face and local landform, assuming a mainly local
nature of aeolian transport in this area.

Discussion

Owing to the unique nature of the obtained
data, it is extremely difficult to find compara-
tive studies, especially in polar areas. In most
cases, the analysis of quartz grains is carried out
based on the samples collected from sediments
and concerns to ancient aeolian and fluviogla-
cial palaeoenvironments. The samples collected
from these sediments cover a longer period of
time than just a few months of the year. There
have been many studies on the “‘European Sand
Belt’, that is, the area of Europe where periglacial
conditions were present in the past (see Kaliriska
2019, Kalinska et al. 2019, Lopuch, Jary 2023,
Lopuch et al. 2023). Kalifiska and Nartiss (2014)
observed similar percentages of RM and EM-RM
quartz grains in many profiles located in central
Poland, Latvia, Estonia, and Finland compared
with those collected in traps at test sites located
in the Ebba Valley. However, the share of EL and
EM-EL grains was significantly lower in those
palaeoenvironments than in the current perigla-

cial conditions observed on Spitsbergen.

For the weathered sediments of north-west-
ern Spitsbergen, Kowalkowski and Kocon (1991)
observed a small number of quartz grains, ex-
hibiting features acquired through transport
in an aeolian environment. In the modern gla-
cial and proglacial environments of southwest-
ern Greenland, Kalifiska-Nartisa et al. (2017)

estimated the share of non-abraded fresh grains
with sharp edges and shiny surfaces to be 78%
of the sample collected from aeolian cover on a
hillslope. Interestingly, samples collected close to
the glacial margin presented greater numbers of
moderately rounded grains with both shiny and
matte surfaces (up to 27%). The proportions of
moderately rounded grains were even greater in
the part of the area farther from the glacier. The
percentage of moderately rounded grains with
shiny surfaces reached 34-37% at some locations,
and the percentage of moderately rounded grains
with matte surfaces was even greater (up to 46%).
A comparison of the results obtained in this
study with the modern example from Greenland
may therefore indicate that the occurrence of in-
completely rounded grains is typical for contem-
porary periglacial environments (such as small
postglacial valleys). The decrease in the degree of
grain rounding in contemporary environments
compared with the Last Glacial Maximum pe-
riod was also noted by Warrier et al. (2016) for
East Antarctica. Owing to the formation process
(mutual impact while suspended in the air), RM
grains require high transport dynamics over a
longer time to fully form.

The statistically significant Spearman’s rank
correlation coefficient (r) results between the
number of quartz grains in different classes and
the meteorological variables were relatively low
(r, up to 0.49). This was possibly due to the small
amount of data associated with only four meas-
urement seasons. However, on this basis, certain
conclusions can be drawn regarding the regular-
ities concerning the sources of the material and
the influence of meteorological conditions on

Table 5. Spearman’s rank correlation coefficient between different quartz grain types collected in the Ebba
Valley and different meteorological variables. The red colour indicates a positive correlation. The blue colour
indicates a negative correlation.

Parameter © EL EM-EL RM EM-RM
Average wind speed Ebba Valley -0.01 -0.02 -0.03 -0,14 -0.05
p=0.92 p=0.87 p=0.75 p=0.19 p =0.63
Average wind speed Pyramiden 0.08 -0.08 0
p=043 p =047 p=0.99
Average wind speed Sven Glacier -0.04 -0.1 0.04 -0.18 -0.13
p=071 p =034 p=0.73 p =0.08 p=0.23
Average temperature Ebba Valley -0.07 0.03 0.01
p =052 p=0.76 p=091
Total precipitation Longyearbyen -0.08 0.08 0
p=0.43 p =047 p=0.99
Average air humidity Ebba Valley -0.08 0.08 0.11 0.05 -0.07
p=0.46 p=047 p=03 p =0.66 p=05
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the functioning of aeolian processes in the Ebba
Valley (Table 5). The strongest positive relation-
ships (r, = 0.49-0.45) were observed between
the occurrence of NU grains and average wind
speed in the Ebba Valley and on the Sven Glacier.
These grains are commonly associated with frost
weathering and are most often found in moraine
deposits (Mycielska-Dowgialto, Woronko 1998).
Considering the dominant directions of the
strongest winds (especially in the Ebba Valley),
this may mean that stronger winds from the north
and east (i.e., along the valley axis) influence the
appearance of a greater amount of the fresh ma-
terial of the glacial origin (NU grains). Therefore,
the moraine areas (and possibly weathered mate-
rial on the slopes) were the first significant source
of the material transported by wind within the
valley. On the contrary, stronger winds from
the south and west (typical for the Pyramiden
station) were negatively related to the supply of
EL and EM-EL grains, which are usually related
to aquatic transport. Most likely, the occurrence
of these winds limited the delivery and trans-
port of the material brought to the valley by the
river. The importance of the river as one of the
main sources of the material available for wind
transport was also evidenced by the occurrence
of positive relationships between the presence of
EL and EM-EL grains and the average air tem-
perature and total precipitation. Both of these
variables significantly influence river discharge
(Rachlewicz 2009) and, consequently, the amount
of the material carried by it and delivered to the
valley. Interestingly, a positive correlation was
also detected between the average air tempera-
ture and the appearance of NU grains. Perhaps in
the warmest periods, the water flow in the river
was so intense that there was greater erosion of
moraine zones, and fresh NU grains were thus
transported short distances across the river (so
that they had no opportunity to acquire the char-
acteristics of the aquatic environment). However,
sediments carried by rivers usually become
available for aeolian transport only at the end of
the summer season when the water level decreas-
es and the sediments dry out (Rasmussen et al.
2023). Moreover, there was a noticeable negative
relationship between the occurrence of fresh an-
gular NU grains and the average air humidity.
Higher air humidity may result in greater wind
transport capabilities and, consequently, greater

intensity of processing of the material carried by
the wind (Csavina et al. 2014). This issue, howev-
er, certainly requires further analysis and broad-
er research.

Conclusions

On the basis of new data, it was possible to
establish certain relationships between the occur-
rence of grains belonging to certain classes and
other environmental variables (meteorological
and geomorphological). It is therefore important
to carry out further analyses, especially in years
when the aeolian deposition values are the high-
est, as well as to conduct measurements in simi-
lar time periods.

Two main sources of origin for the aeolian
material deposited in the traps were identified.
One was the fresh angular material (NU grains)
derived from moraines, where there is strong
crumbling of the material. This non-abraded ma-
terial is distributed over short distances within
the valley by the wind (in line with the valley
axis) and possibly processed into other types of
transitional grains, the percentage of which was
usually the highest. The second was the fluviogla-
cial material (EL and EM-EL grains) originating
from river alluvia. The amount of this material
supply is most often dependent on the river level
and therefore on the amount of carried sediment.
This level, in turn, depends on the temperature
and amount of precipitation in a given year. This
material supply can be limited by stronger winds
that are off-axis with the valley axis. Both aeolian
and fluvial transports are usually not long, which
translates into the largest share of grains belong-
ing to the EM-EL and EM-RM classes. These
grains may also have their features acquired in
the original sedimentary environments - glacial
and fluvioglacial.

The relatively small number of grains belong-
ing to the RM class, that is, those with typical
aeolian characteristics, may indicate very short
transport or low environmental dynamics in this
type of periglacial valley. Most of the material
(grains) before reaching its final form is possibly
blown away and deposited in nearby bay and
fjord. This may be confirmed by the relatively
high share of RM grains near the bay at the dry
tundra site. The second reason for such a small
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aeolisation is the short period of study for the
abrasion of the material in the valley. The sum-
mer season is too short for the surface of a sin-
gle grain to be sufficiently rounded and matted
and for its classification as an RM grain. In this
case, there is no question of accidental addition
of grains that are already matted. To prove great-
er aeolisation, studies should be performed over
longer periods, especially concerning autumn.

Owing to its orientation and morphology (the
valley floor is surrounded by high formations in
close proximity to a glacier), Ebba Valley acts as
a wind tunnel where newly deposited sediments
under periglacial conditions undergo the initial
phase of aeolisation.

Under climate change conditions, the dynam-
ics of the environment may change significant-
ly. The proportions of the supply of the aeolian
material from moraines and weathering to those
supplied by the river may also change. The sec-
ond material source may gain importance be-
cause of the increasing rainfall and temperatures
in the Arctic. These changes may significantly af-
fect the functioning of periglacial geoecosystems
at both local and regional scales.
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Appendix 1. Full summary of quartz grains numbers collected in the Ebba Valley in 2015-2018 divided into
grain rounding and matting classes according to Cailleux (1942) with modification by Gozdzik (1995) and My-
cielska-Dowgiallo and Woronko (1998) at nine test.
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