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Abstrakt

Przeprowadzone studia pozwolily na okreslenie relacji pomigdzy oddziatywaniami
naturalnymi (gtownie czynnikami geologicznymi, geomorfologicznymi i Kklimatycznymi)
I antropogenicznymi na ksztaltowanie procesow srodowiskowych, ktore doprowadzity do
rozwoju rozci¢¢ erozyjnych na zboczach oraz stozkow akumulacyjnych w dnie doliny Sertejki
w obszarze mlodoglacjalnym Pojezierza Witebskiego. Badania miaty na celu rozpoznanie:
morfologii, budowy geologicznej, genezy, wieku, uwarunkowan rozwoju form erozyjnych
oraz towarzyszacych im stozkow akumulacyjnych znajdujacych si¢ na zboczach
tzw. Wielkiego Sertejskiego Basenu Pojeziornego (WSBP) (Piech i in. 2018).

W dnie badanego odcinka doliny rzeki Sertejki udokumentowano réznego typu
I rozmiarow formy erozyjne rozcinajace zbocza doliny oraz stozki akumulacyjne, z ktorych
cze$¢ osadow zalega bezposrednio na powierzchni teras kemowych. Sugeruje to, ze pierwsze
stozki powstaly w ciggu kilku setek lat po ustgpieniu ladolodu watdajskiego. Osady
pozostatych, pozniejszych stozkéw nakrywajg natomiast juz holocenskie osady biogeniczne,
co dowodzi ich mlodszego wieku. W obrebie najwiekszego, szczegdtowo badanego stozka
udokumentowano cztery dominujgce warstwy osadow: deluwia dolne, deluwia $rodkowe,
deluwia gorne oraz diamikton rolny. Kazda z wymienionych jednostek odznacza sig¢
odrebnymi cechami strukturalnymi i teksturalnymi, a takze geochemicznymi. W osadach
mineralnych stozka zarejestrowano takze liczne makroskopowe szczatki roslinne
oraz mikrowegle, podstawie ktérych mozna wnioskowa¢ o zmianach uzytkowania terenu.
W utworach biogenicznych nakrytych osadami badanego stozka akumulacyjnego zapisane
zostaty z kolei czgste zmiany poziomu wody zbiornika oraz okresy przeksztalcen jeziora
w torfowisko. Wahania te udato si¢ rozpozna¢ dzigki m.in. udokumentowanym zmianom
W dawnej szacie roslinnej (przeprowadzono analiz¢ palinologiczng), w tym pojawieniu si¢
torfu i jego zanik, a takze dzigki wykryciu szczatkdbw Chironomidae i1 Cladocera
charakterystycznych dla toni wodnej. Wykazano, ze jedng z gtdéwnych przyczyn powstania
najwickszego stozka bylo wylesianie oraz zintensyfikowanie rolniczego uzytkowania
wysoczyzny, co spowodowato wzmozenie ruchow masowych i sptywow powierzchniowych
na stromych zboczach doliny. W czasie akumulacji osadow deluwialnych, stwierdzono liczne
oraz intensywne wezbrania. Udokumentowano, ze akumulacja biogeniczna zakonczyla si¢
najpozniej w XVIII wieku, zapewne w II pol. XVII w. Kluczowe, zatem byto okreslenie
wplywu warunkow klimatycznych Matej Epoki Lodowej (MEL) na rozwdj procesow
stokowych 1 w efekcie rozwdj rozcigé erozyjnych. Bardzo waznym czynnikiem wptywajacym

na przebieg proceséw stokowych byty takze antropogeniczne przeksztatcenia krajobrazu.



Przeprowadzone  studia  pozwolily na  okreslenie  wptywu  naturalnych
I antropogenicznych komponentow srodowiska na przebieg procesow stokowych oraz na
cechy strukturalne, tekstualne i geochemiczne osadow stokowych.

Uzyskane wyniki dotyczace intensyfikacji procesow stokowych i wezbran dobrze
koreluja z wynikami badan innych stanowisk na obszarze europejskiej czesci Rosji

oraz stanowiskach w Europie Srodkowej z tego okresu.

Znaczenie rozprawy doktorskiej

Praca prezentuje wyniki pierwszych wielodyscyplinarnych i kompleksowych badan
relacji cztowiek-srodowisko na Pojezierzu Witebskim zapisanych w osadach stozka
akumulacyjnego i podsScielajacych go osadach biogenicznych. Szczegétowo badane
geoarchiwum obejmuje okres od XVII w. do konca XIX w. W studiach uwzglgdnione zostaty
zmiany paleosrodowiskowe w okresic Matej Epoki Lodowej (MEL) oraz natg¢zenia
aktywnos$ci osadniczej i1 gospodarczej w tej czesci Europy. Kolejng istotng kwestig
wanalizach  bylo rozpoznanie  warunkéw  geologicznych,  geomorfologicznych,
paleohydrologicznych i paleoklimatycznych decydujacych o ewolucji rozcig¢ erozyjnych,
a takze towarzyszacych im stozkéw akumulacyjnych.

Od ostatniego zlodowacenia w dolinie rzeki Sertejki, gdzie znajduje si¢ obszar badan,
istniato kilka generacji jezior (Kittel 1 in., 2018). Na przestrzeni wiekOw obszar ten zasiedlany
byt przez szereg spolecznosci ludzkich, reprezentujacych rézne kultury archeologiczne,
ktorych dzialalno$¢ zaznaczala si¢ m.in. poprzez fragmentaryczne odlesianie zboczy doliny,
co z kolei uruchamiato ruchy masowe 1 procesy splukiwania. Wraz z zachodzacym na
niewielka skal¢ modelowaniem zboczy, dochodzilo do zmian poziomu wod w jeziorach
(Kittel i in. 2018; Wieckowska-Liith i in. 2021; Kittel i in. 2022, 2023).

W trakcie badan zrekonstruowano warunki S$rodowiskowe w okresie drenazu
paleojeziora ostatniej (najmtodszej) generacji, w obrebie ktorego ztozone zostalty pokrywy
stokowe, co z kolei pozwolitlo na okreslenie warunkoéw ostatecznego zastgpienia systemu
jeziornego systemem fluwialnym.

Wyniki  wielowskaznikowych analiz paleoekologicznych osadéw biogenicznych
W rdzeniach pobranych bezposrednio spod utworéw budujacych szczegétowo badany stozek
akumulacyjny umozliwily rekonstrukcje zmian paleosrodowiskowych w okresie bezposrednio
poprzedzajacym zainicjowanie erozji oraz w poczatkowym okresie formowania badanych
form. Wyniki analiz geochemicznych i paleoekologicznych byly niezwykle istotne dla

opracowania wnioskow dotyczacych intensyfikacji faz erozyjno-akumulacyjnych tuz sprzed
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I w trakcie tworzenia si¢ najwickszego stozka podczas MEL i w trakcie intensyfikacji
uzytkowania terenu na badanym obszarze.

Informacje dotyczace MEL w Europie sg oparte gléwnie o wyniki badan z Europy
Zachodniej 1 regionu potnocnego Atlantyku, zatem nalezato poszerzy¢ te wiedz¢ o dane
pozyskane ze stanowiska w Europie Wschodniej. Okreslenie wieku i faz rozwoju badanych
form morfologicznych terenu pozwolitlo na wskazanie okreséw, w ktorych nastgpowata
intensyfikacja proceséw erozyjno-akumulacyjnych, zachodzacych podczas gwaltownych
przeobrazen $rodowiska, tj. 11-10 tys. lat temu, 4,7-2,0 tys. lat temu oraz przede wszystkim
od 2 pot. XVII w. n.e. do 2 pot. XIX w. n.e. Wyniki badan maja, zatem znaczenie dla
szczegdtowego poznania globalnych zmian §rodowiskowych zachodzacych w ciggu ostatnich
500 lat.

Przedstawiona dysertacja jest przyktadem multidyscyplinarnego i kompleksowego
podejscia badawczego, skupiajacym si¢ na udokumentowaniu wszelkich zalezno$ci i zmian
w czasie, pomiedzy typami akumulowanych osadow stokowych, sitg i1 fazami erozji
a czynnikami geologicznymi, geomorfologicznymi oraz hydrologicznymi w warunkach
nowozytnej antropopresji w konteksécie globalnych zmian klimatu. Uzyskane wyniki maja
bardzo duzy wplyw na poszerzenie wiedzy odnoszacej si¢ do przeksztalcen $srodowiska
w réznych fazach antropopresji w okresie od XVII wieku po czasy wspotczesne, w trakcie
trwania istotnych przemian agrotechniki i jej rosngcego wptywu na procesy rzezbotworcze.
Wyniki badah pozwolily rowniez na poszerzenie wiedzy odnos$nie zmian klimatycznych
podczas MEL w Europie Wschodniej 1 ich wplywu na przebieg procesow
morfogenetycznych.

Badania przeprowadzone na potrzeby niniejszej dysertacji pozwolity na
uszczegodtowienie 1 na znaczne uzupelienie luki poznawczej w wymienionych powyzej
obszarach badawczych. Wyniki studiow stanowig takze istotne poszerzenie wiedzy w zakresie
dyscypliny nauk o Ziemi i $rodowisku, w tym w szczegdlnosci paleogeografii oraz relacji
cztowiek-srodowisko dla wcigz stabo poznanych pod tym wzgledem obszaréw Europy

Wschodniej.
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1. Wprowadzenie

W obrebie wspotczesnej doliny rzeki Sertejki, lewobrzeznego doptywu $rodkowe;j
Dzwiny, znajduje si¢ jeden z najwazniejszych kompleksow neolitycznych stanowisk
archeologicznych w zachodniej Rosji (Mazurkevich 2009a, 2009b, Kittel i in. 2022, 2023).
Niniejsza dysertacja miata na celu zweryfikowanie hipotezy badawczej dotyczacej wptywu
dziatalnosci spolecznosci neolitycznych na przeksztatlcenia elementow $rodowiska
naturalnego. Hipoteza ta zostata sformulowana nastgpujaco: silna pradziejowa antropopresja
polegajagca na wylesieniu zlewni rzeki Sertejki byla przyczyna intensyfikacji ruchow
masowych i erozji na zboczach jej doliny. Procesy te mialy skutkowaé powstaniem
skomplikowanego systemu rozcig¢ erozyjnych oraz rozlegtych stozkéw akumulacyjnych u ich
wylotow. W trakcie badan dowiedziono jednak, ze poczatek formowania najwickszego stozka
akumulacyjnego, a zatem réwniez najwiekszego systemu rozcie¢ erozyjnych, przypada
najwczesniej na druga potowe XVII wieku, czyli na pessimum matej epoki lodowej (MEL)
oraz na czas intensyfikacji rolnictwa na obszarze zachodniej Rosji.

Przeksztatcenia zboczy doliny zwigzane z rozwojem m.in. rolnictwa implikowaly
przeobrazenie geosystemow (Kaplan i in. 2009; Twardy 1995, 2000, 2003, 2008; Dotterweich
1in. 2012; Twardy 1 in. 2014; Zglobicki i in. 2014). Procesy te czgsto korelowaty ze zmianami
w systemach rzecznych, w tym intensyfikacja wezbran. Deforestacja i wprowadzenie
sezonowe] roslinno$ci uprawnej, zatem wprowadzenie w miejsce formacji roslinnych
0 dobrze rozwinigtych systemach korzeniowych (wielkopromiennych), ro$linnosci
0 systemach korzeniowych stabo rozwinigtych (matopromiennych) skutkowato wzmozonym
przemieszczaniem grawitacyjnym osadow w dot zbocza z obszarow wysoczyznowych
(Twardy 1995, 2008; Dotterweich 2008). Ponadto korony drzew chronity powierzchni¢ terenu
przed skutkami nawalnych opadow 1 w konsekwencji intensywnych roztopéw 1 sptukiwania.
Sukcesywne wylesianie tych terenéw doprowadzito zintensyfikowania proceséw sptukiwania,
ktore generowany byly przez nawalne deszcze, co rowniez przyspieszalo topnienie pokrywy
$nieznej.

W wyniku intensywnego wykorzystywania narzedzi Kultywacyjnych, zwlaszcza
zaawansowanego ptuga, moglo dochodzi¢ do tworzenia teras rolnych 1 akumulacji
diamiktonow rolnych oraz innych przeksztalcen morfologii powierzchni uzytkowanych
rolniczo. Posrednim efektem byt rozwoj listew osadéw deluwialnych i pokryw deluwialnych
w obrebie erodowanych zboczy stanowigcych najczeséciej elementy dolin denudacyjnych
i dolin rzecznych. Caloksztalt czynnikow bedacych nastgpstwem antropogenicznych

przeobrazen elementéw S$rodowiska geograficznego prowadzil generalnie do splaszczenia
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profili zboczy migdzy innymi poprzez tworzenie powierzchni pokryw osadow deluwialnych
i aluwialnych. Utwory te mozna traktowaé jako geoarchiwa, w ktorych zachowaly sie¢
informacje dotyczace uzytkowania terenu, wptywu antropopresji i zmian klimatu w dane;j
skali czasowej (Dotterweich 2008; Dotterweich i Dreibrodt 2011; Twardy 2000, 2003;
Twardy i in. 2014).

Efektem rozwoju szlakow komunikacyjnych moglo by¢é powstawanie rozcigé
erozyjnych czy nawet systemow parowow (Twardy 1995, 2008; Dotterweich 2008; Twardy
i in. 2014). Twardy (1995) opisuje m.in. rozciecia drogowe, ktorych powstanie i rozwdj sg
taczone z ludzkg dziatalnoscig transportowa. Rozcigcia te powstajg w efekcie erozji linijne;j
W obrgbie drog polnych.

Twardy (2008) wyroznit charakterystyczne cechy teksturalne deluwidéw, proluwiow,
koluwiéw i diamiktonéw rolnych formowanych w warunkach postepujacej antropopresji.
Deluwia podzielit na piaski deluwialne oraz deluwialne pyly piaszczyste. Pierwszy typ
charakteryzuje si¢ $rednig $rednicg ziaren od 1 do 3 phi, wysortowaniem od 0,5 do 2,0
oraz sko$noscig wzrastajgcg (wartosci zmierzaja ku dodatnim) wraz z drobnieniem ziarna.
Srednia $rednica ziaren deluwialnych pytéw piaszczystych miesci sie od 3 do 5 phi, przy
wysortowaniu od 1,5 do 2,5, z kolei sko$no$¢ maleje wraz z drobnieniem ziarna (wartosci
zmierzaja ku ujemnym). Osady deluwialne sg silnie odwapnione lub bezweglanowe, przy
sredniej zawartosci wegla organicznego 0,54% dla piaskow deluwialnych 1 1,35% dla
deluwialnych pylow piaszczystych (Twardy 2003, 2008; Twardy i in. 2014; Piech 2021).
Proluwia odznaczajg si¢ stabym lub bardzo stabym wysortowaniem (1-6), srednig $rednica
ziaren powyzej 1 phi, sko$nos¢ jest ujemna i1 wzrasta wraz z drobnieniem ziarna. Cechy
tekstualne koluwiéw sg uzaleznione od cech materialu Zroédtowego (Twardy 2008).
Diamiktony rolne sg to osady wytworzone wskutek denudacji agrotechnicznej, powstate jako
efekt dtugotrwatej kultywacji. Cechujg si¢ masywng struktura, stabym wysortowaniem (2-3),
przewaga frakcji piaszczystej, obecnoscig prochnicy 1 brakiem weglanu wapnia. Osady
te charakteryzuja si¢ takze Srednig $rednicg ziaren 2-4 phi, dodatnig sko$no$cig i $rednig
zawartos$cig wegla organicznego rzedu 1,18% (Sinkiewicz 1989, 1995, 1998; Smolska 2005,
2008; Twardy 2008; Twardy i in. 2014).

Wyniki uzyskane w ramach niniejszej rozprawy doktorskiej potwierdzity zasadnosc¢
wyodrebnienia opisanych powyzej zaleznoSci i rozszerzyly ja o kolejne aspekty, ktore
uszczegotawiajg dostgpne dane 1 wyciggane wnioski Oraz moga pomdc w rozdzieleniu
m.in. nowozytnych osadow deluwialnych od pradziejowych osadow deluwialnych (por. Piech
2021).



Waznym problemem badawczym sg roéwniez zrdéznicowane zmiany warunkow
klimatycznych podczas MEL w réznych regionach $wiata (Nesje i Dahl, 2003). Dlatego tez
istotne jest poszerzenie wiedzy dotyczacej warunkow paleoklimatycznych skutkujacych
intensyfikacja ruchow masowych i1 sptukiwania. Zwigkszony udzial materiatu ilastego
i pylastego w osadach deluwialnych moze wskazywa¢ na zmiany intensywnosci sptukiwania,
a co za tym idzie wielko$¢ 1 typu opaddéw (m.in. Smolska 2005; Twardy 2008).
Niewystarczajaca jest takze liczba stanowisk z udokumentowanymi osadami stokowymi
datowanymi na MEL opisanych w literaturze, co z kolei przektada si¢ na niedostateczne
okreslenie wptywu warunkéw paleosrodowiskowych i1 oddzialywan antropogenicznych na
srodowisko stokowe i rozwoj rzezby terenu w tym okresie. Stabo rozpoznanym aspektem
badan nad stozkami akumulacyjnymi jest glebokoSciowo-przestrzenne zréznicowanie cech
sedymentologicznych i geochemicznych budujacych je osadow.

Jak juz wspomniano, dotychczas opublikowane dane, ktore wskazuja na wzrost
intensyfikacji proceséw erozyjno-akumulacyjnych czy na zachodzace zmiany klimatyczne
podczas MEL na kontynencie europejskim bazujg glownie na wynikach z regionu pétnocnego
Atlantyku, Europy Zachodniej oraz rzadziej z Europy Srodkowej (Dotterweich 2008; Twardy
2008; Dotterweich i in. 2012; Zgtobicki i in. 2014; Kittel i in. 2018; Szwarczewski i in. 2020).
Jednakze w Europie Wschodniej MEL jest wspominana tylko jako jeden z wielu okreséw
przeksztatcen rzezby terenu w holocenie (m.in. Golosov 2006; Belyaev i in. 2005; Sidorchuk
i in. 2006; Panin i in. 2009, 2011, Golosov i in. 2017).

Na obszarze zachodniej Rosji wawozy 1 male doliny rzeczne mogly tworzy¢ sie juz
20000-15000 lat temu (Belyaev i in. 2005; Panin i in. 2009). Natomiast wedtug
Belyaev i in. (2005) najstarsze formy powstawaty dopiero od 3000 cal. lat BP, a ich
formowanie wigzane jest ze zwigkszonymi opadami. Okres 1500-1800 cal. lat BP odpowiadat
kolejnej fazie rozcinania powierzchni wysoczyzn. Na przestrzeni kilku ostatnich tysigcy lat
w zachodniej Rosji miato miejsce kilka krotkich epizodow wigzanych ze wzmozong erozja
(Belyaev i in. 2005; Panin i in. 2009, 2011). Podczas badan nad parowami i matymi dolinami
denudacyjnymi w zachodniej Rosji skupiano si¢ dotychczas przede wszystkim na poczatkach
formowania starszych form, ktorych powstanie wedtug Panina i in. (2011) okreslono na okres
od 6200 do 3600 lat temu. Mniejsza za$ uwage przywigzywano do fazy erozji datowanej
od XVI w., dla ktorej wymieniano tylko ogolne czynniki sprzyjajace, czyli zwigkszong
antropopresj¢ 1 zmiany klimatyczne MEL, nie uszczegétawiajac ich skali i zmienno$ci

w czasie (Belyaev i in. 2005; Panin i in. 2009, 2011).
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O erozji wawozowej od XVIII w. na obszarze zachodniej Rosji, w konteks$cie erozji
gleb, pisza rowniez Golosov i in. (2017) oraz Sidorchuk i in. (2006). Golosov (2002)
i Golosov i in. (2017) opisuja intensywng erozj¢ gleb na Nizinie Wschodnioeuropejskiej od
XVII w. po czasy wspotczesne, ktora byta zapoczatkowana przez wzmozong dziatalnosé
rolniczg. Mogto by¢ to przyczyna rozwoju pokryw stokowych oraz erozji wawozowej na tym
obszarze. Od XVI w. na terenie Europy Wschodniej wylesianie postgpowato coraz szybciej
I obejmowato coraz wigksze obszary, jednakze rewolucja przemystowa, ktora byta kolejnym
bodzcem do intensyfikowania denudacji 1 erozji na jeszcze wickszg skale, nie dotarla na te
tereny do roku 1850 (Kaplan i in. 2009). Z kolei w 1861 r., doszto do reformy rolnej,
w efekcie ktorej bardzo szybko wzrosta powierzchnia gruntow rolnych — moglo mie¢ to
wplyw na zwigkszenie proceséw erozyjnych (Golosov i in. 2017).

Najczesciej badania nad rozwojem parowoéw 1 dolin erozyjno-denudacyjnych sa
skoncentrowane na formach powstalych w okresie poznoglacjalnym i/lub we wczesnym
holocenie (m.in. Belyaev i in. 2005; Dotterweich 2008; Panin i in. 2009, 2011; Kleber
i Terhorst 2013; Jaworski 2018). W zwigzku z tym badania uwarunkowan powstawania
parowoéw 1 stozkow akumulacyjnych w okresie nowozytnym sa stabiej zaawansowane.
Niewiele jest takze prac odnoszacych si¢ do rozpoznania osadow stokowych pod katem
ich cech sedymentologicznych, a w szczegdlno$ci mozliwo$ci interpretacji  przebiegu
procesow erozyjno-akumulacyjnych w oparciu o wskazniki uziarnienia (np. Smolska 2005;

Twardy 1995, 2008; Kittel 2014; Majewski 2017).

2. Obszar badan

2.1. Polozenie fizycznogeograficzne obszaru badan

Badany obszar potozony jest na Nizinie Wschodnioeuropejskiej w zachodniej Rosji, na
granicy obwodoéw pskowskiego, twerskiego 1 smolenskiego. Znalazt si¢ on w zasiegu
ladolodu Valdai (zlodowacenie wisty) (Rys. 1 i 2). Rozwo6j tego ladolodu miat decydujacy
wpltyw na uksztaltowanie powierzchniowej budowy geologicznej, zasadnicze rysy
wspotczesnej rzezby, jak 1 na jej postglacjalny rozwoj. Czoto ladolodu w fazie maksymalnej
znajdowato si¢ w odlegtosci zaledwie kilkudziesigciu kilometréw na potudniowy wschod od
wspotczesnej doliny rzeki Sertejki. Naptyw mas lodu odbywal si¢ generalnie z kierunku

péinocno-zachodniego (Gorlach i in. 2015).
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Rys. 2. Obszar badan na tle zasiggu ladolodu Valdai (zlodowacenie wisty) (Matachowski i in. 1993)
1 — maksymalny zasi¢g zlodowacenia Valdai; 2 — numery stanowisk dokumentujacych maksymalny zasieg

zlodowacenia Valdai; 3 — obszar doliny rzeki Sertejki

Wedtug regionalizacji fizycznogeograficznej Kondrackiego (1992) dolina rzeki Sertejki
znajduje si¢ w mezoregionie Pojezierze Witebskie. Natomiast wedlug Abramova (1972)
obszar potozony jest na Pojezierzu Zachodniodzwinskim.

Na obszarze tym znajduja si¢ liczne rowniny wodnolodowcowe, wysoczyzny
morenowe, wzgorza i pagorki morenowe, kemy, ozy a takze rynny subglacjalne. Ponadto
Wysoczyzna porozcinana jest przez stosunkowo mtode doliny rzeczne (Fieldtrip guide 2012).

Dzigki czemu wystepuje znaczne urozmaicenie rzezby. W licznych wklgstych formach
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polodowcowych wyksztatcity si¢ zbiorniki jeziorne. Na tym terenie mozna takze znalez¢
liczne mokradla, bagna i torfowiska, ktore rozwingly si¢ w zaglebieniach rdznej genezy.
Warto podkreslic, ze caly obszar odznacza si¢ Sporym stopniem lesistosci (26%;
globalforestwatch.org). Obecnie zauwaza si¢ wzrost udzialu nicuzytkéw, na ktorych

postepuje sukcesja roslinnosci lesnej.

2.2. Zarys budowy geologicznej obszaru

Badany obszar znajduje si¢ na Platformie Wschodnioeuropejskiej, na styku trzech
segmentow: Fennoskandzkiego na poinocy, Wotgo-Uralskiego na wschodzie i Sarmatii na
potudniu (Rys. 3). Dolina Sertejki zlokalizowana jest w pasie Ostnisk-Mikaszewiczi-Moskwa
stanowigcym powierzchnie paleoproterozoiczng powstatg 2,0-1,9 mld lat temu (Bogdanova
i in. 2016).
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Rys. 3. Obszar badan na tle podziatu Platformy Wschodnioeuropejskiej (Bogdanova i in. 2016)

Obszar badan znajduje si¢ na granicy potocko-kurzemskiej strefy deformacji i strefy
uskokoéw marginalnych niemen-potock. Pierwsza strefa rozcigga si¢ od Moskwy, przez
Biatorus, Litwe, Lotwe, az po Szwecje (Rys. 4). To jeden z wielu obszarow uskokowych

skorupy prekambryjskiej kratonu wschodnioeuropejskiego. Powstat okoto 1,5-1,4 mld lat
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temu 1 najprawdopodobniej w wigkszosci zbudowany jest z granitow, gnejséw 1 migmatytow.
Na wspolczesnej powierzchni widoczne jest odzwierciedlenie uskokéw PKDZ w postaci
liniowych form rzezby oraz w ukladzie hydrograficznym. Charakter osadow
czwartorzedowych (np. dyslokacje glacjalne, dzialalnos¢ ladolodu), aktywno$¢ sejsmiczna
oraz wydzielanie radonu wskazuja na neotektoniczne ruchy wzdluz tych linii
(Kurlovich 2008).
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Rys. 4. Obszar badan na tle potocko-kurzemskiej strefy deformacji (PKDZ) (Kurlovich 2008)

W Europie Wschodniej migzszo$¢ osadoéw paleozoicznych, zbudowanych gtownie
z wapieni dewonskich, osiagga Srednio 4 km (Zektser i Everett 2004; Pinneker 1983).
Wystepuja tam takze wapienie karbonskie, a takze margle i kreda gornej kredy.
Czwartorzedowe osady to przede wszystkim utwory piaszczyste i gliniaste (Zektser 1 Everett
2004).

Wysoczyzny zbudowane sg przede wszystkim z glin zwatowych 1 réznoziarnistych
piaskow gliniastych ostatniego zlodowacenia. Wystepuja tu takze rowniny wodnolodowcowe,
ktore zbudowane sg z piaskéw drobno- i §rednioziarnistych oraz kemy powstate z utworow
piaszczysto-pytowych. Doliny rzeczne obszaru smolenskiego wypelnione sa w glownej
mierze przez aluwia zbudowane z piaskow mutkowych. Doliny sg takze wypetnione torfami,
namutami oraz gytiami. Zbocza tych form sg z kolei przykryte przez osady deluwialne, wsrod
ktorych mozna wyr6zni¢ piaski deluwialne i deluwialne pyly piaszczyste. W mniejszych
dolinach, w tym w dolinach denudacyjnych, przewazajg osady stokowe (Fieldtrip guide 2012;
Kittel i in. 2016, 2018).
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2.3. Uksztaltowanie terenu

W regionie sertejskim wystepuje mozaika krajobrazow glacjalnych i fluwioglacjalnych.
W licznych zaglebieniach polodowcowych wystepuja jeziora, torfowiska i bagna. Na tym
obszarze wyst¢pujg réoznorodne formy uksztaltowania terenu, np. stabo rozwiniete doliny
rzeczne, wzgobrza i waty morenowe, rowniny morenowe, roéwniny wodnolodowcowe, rynny
subglacjalne, kemy oraz rowniny akumulacji biogenicznej (Kittel i in. 2018). Mniejsze jeziora
w holocenie ulegaly wypelnieniu osadami i byly przeksztalcane w mokradta i torfowiska
(Kulkova i in. 2015; Kittel i in. 2016).

Aby uszczegotowié obraz rzezby terenu najblizszego otoczenia doliny rzeki Sertejki
przeprowadzono dodatkowa analiz¢ dla obszaru w zasiegu ekwidystanty 5 km od koryta rzeki
Sertejki. Okoto 50% wyznaczonej powierzchni zajmujg rowniny wodnolodowcowe, ktore
rozciagaja si¢ zarbwno po zachodniej, jak i po wschodniej stronie doliny Sertejki. Dno doliny
zajmuje okoto 30% obszaru. Od wsi Zabalonie na poludnie wystepuja z kolei wysoczyzny
morenowe, ktore zajmuja powierzchni¢ okoto 12% wyznaczonego terenu. W tej czgsci
wystepuja kemy, ktore pokrywaja niecate 3% powierzchni. Natomiast 5% catego wskazanego
terenu zajmuja torfowiska (Ryc. 5; 6).

Analizujac zdjecia satelitarne 1 mapy topograficzne obejmujace obszar badan, mozna
zauwazy¢ prawidlowos¢ w lokalizacji torfowisk — w regionie sertejskim uktadaja si¢ one
mniej wigcej w linii prostej biegnacej w kierunku NE-SW. Na tym obszarze rzeka Dzwina
stanowi potudniowa granice wystepowania tych form. Jednakze zaréwno dalej na zachod
i wschod, torfowiska ,,przekraczaja” Dzwing. Formy te maja zaokraglony ksztalt, za$ niektore
sa wydhuzone (zazwyczaj potudnikowo). Zdecydowana wigkszos¢ obecnie funkcjonujgcych
torfowisk powstata najprawdopodobniej wskutek wytapiania si¢ bryl martwego lodu
I pézniejszego wypetnienia osadami jeziora polodowcowego, czg$§¢ mogta powstaé w obrebie
dawnych atasow (Fieldtrip guide 2012). Ich powierzchnia jest rézna i waha si¢ od
kilkudziesigciu do kilkuset hektaréw, za$ ich wymiary wynosza od kilkunastu do kilkuset
kilometrow. Czasem moga tworzy¢ skomplikowang mozaike. Nie mozna rowniez wykluczy¢,
ze inne sgsiednie doliny o przebiegu potudnikowym, ktore wystepuja w regionie sertejskim,
nie s3 wypelnionymi przez osady rynnami subglacjalnymi.

Dolina rzeki Sertejki, w jej gérnym fragmencie, przecina pas pagérkow kemowych.
Uktada si¢ on w podobny sposob jak wspomniane wczesniej torfowiska, tj. z potudniowego
zachodu na pétnocny wschod. Ich wysokos¢ siega od kilkunastu- do kilkudziesigciu metrow.
Wigkszo§¢ z nich przyjmuje zaokraglony ksztalt, lecz zdarzaja si¢ przypadki, w ktérych

pagorki sa wydtuzone zaréwno réwnoleznikowo lub potudnikowo. Wigkszo$¢ z nich ma
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powierzchni¢ mniejszg niz 5 ha, jednakze pojedyncze formy moga mie¢ powierzchni¢ nawet
kilkudziesigciu hektarow.

Obecnie dlugos$¢ rzeki Sertejki wynosi okoto 40 km. Doling rzeki Sertejki mozna
podzieli¢ na dwa fragmenty, gérny i dolny. Gorny zostat wyksztalcony w osadach réwniny
wodnolodowcowej, z kolei dolny rozwinat si¢ w rynnie subglacjalnej. Zrodta rzeki znajduja
si¢ niedaleko wsi Zeleny] Lug — wody wyplywaja z obszaru mokradel. Obszar ten
charakteryzuje si¢ niewielkimi deniwelacjami terenu siggajacymi do 2 m (nie liczac wczesniej
wspomnianych pagorkow kemowych). Obszar ten porasta las mieszany. Do wsi Czernaja
Grjazy (okoto 3 km od zrodet) dolina rzeczna jest stabo wyksztalcona (szerokos¢ wynosi
okoto 20 m, przy glebokosci okoto 2 m). Przy wspomnianej wsi ciek taczy si¢ z bezimienng
rzeka 0 niewielkich rozmiarach, a w odcinku do wsi Szjeidawo, dolina wcina si¢ glebiej
obszar fluwioglacjalny. Zbocza doliny sa tutaj stabo wyksztatcone i stabo czytelne w rzezbie.
Z Kkolei odcinek doliny do wsi Osinowka jest dobrze zarysowany w rzezbie terenu, zbocza sa
tu stosunkowo krotkie ale porozcinane przez liczne parowy o réznej wielkosci. Na zboczach
doliny wyksztalcity si¢ rowniez niewielkie doliny denudacyjne. W okolicach wsi Zabalonie
dolina rozszerza si¢ — W tym miejscu rzeka Drogowusa wpada do rzeki Sertejka. Tutaj mozna
takze nakresli¢ granicg pomiedzy gérnym a dolnym odcinkiem doliny.

W otoczeniu dolnego fragmentu doliny rzeki Sertejki dominujg vistulianskie gliny
morenowe (Rys. 5). Tego samego wieku sg piaszczysto-mutkowe kemy i terasy kemowe
znajdujace si¢ w dnie doliny w obrebie basendw paleojeziornych (Kittel i in. 2016).

W dolnym odcinku doliny rzeki Sertejki wystepuja cztery misy pojeziorne, z ktorych
najwickszy jest Wielki Sertejski Basen Pojeziorny (WSBP) — jego dlugos¢ wynosi okoto
1200 m, a szerokos$¢ okoto 500 m (Rys. 5). Misy pojeziorne wypetnione sa gtownie gytiami
0 migzszosci dochodzacej do 8 m (Tarasov 1 in. 2019). Z wynikéw analizy pyltkowe;j
i datowan radioweglowych wynika, iz osady te akumulowane byly w po6znym vistulianie,
a ich depozycja trwala (z przerwami) przez caty holocen (Kittel i in. 2018; Wieckowska-Liith
i in. 2021, Ptociennik i in. 2022).

Pierwsze jeziora (pierwsza generacja) W obrgbie wspotczesnej doliny Sertejki mogtly
powsta¢ 18000-17000 lat temu i byty zasilane poczatkowo przez wody topniejacego ladolodu,
a nastepnie przez wody wytapiajace si¢ z bryl martwego lodu. W ich dnie odbywata si¢
akumulacja osadow mineralnych. Kemy oraz terasy kemowe zarysowujace si¢
we wspoétczesnym dnie doliny byty formowane jeszcze w trakcie bezposredniego zasilania
proglacjalnego. W okresie 9000-5700 lat temu bryly lodu ulegly wytopieniu, co z kolei

umozliwilo rozwdj jezior drugiej generacji z akumulacja organogeniczng. Trzecig generacj¢
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jezior mozna wyszczegolni¢ w okresie 5700-4900 lat cal. BP, za$ czwarta przypada na 4800-
3900 lat cal. BP (Kittel i in. 2018; Ptociennik i in. 2022).

Poziom wodd w jeziorach w obregbie wspolczesnej doliny Sertejki byt zalezny od zmian
paleohydrologicznych i paleoklimatycznych. Odnotowano zmiany zasi¢gu dawnych jezior,
np. podczas wilgotnych okresow holocenu, kiedy zbiorniki powigkszaly swoja powierzchnig.
Zbiorniki jeziorne funkcjonujace w dnie rynny Sertejki byly potaczone ze soba ciekami
wodnymi (Kulkova i in. 2001; Mazurkievich i in. 2012; Kittel i in. 2018). Sertejka stopniowo
drenowata kolejne zbiorniki jeziorne juz od wczesnego holocenu. Dochodzito do tego
W wyniku postepujacej erozji wstecznej. Najwczesniej uleglty zdrenowaniu zbiorniki w dolne;j
czesci doliny (Kittel 1 in. 2016, 2018). W obrebie WSBP udokumentowano wtozenia osadow
rzecznych, ktore dowodzg okresow aktywnos$ci rzecznej w fazach recesji paleojeziora
w mtodszej czgséci holocenu (pigtro megalajanskie) (Kittel i in. 2016, Piech i in. 2018). Osady
jeziorno-torfowiskowe na niemal catej szerokosci wspotczesnego dna doliny przykryte sg
aluwiami pozakorytowymi (Kulkowa i in. 2001, 2015; Mazurkevich i in. 2009a, 2009b, 2017,
Kittel i in. 2016, 2018).

W ujéciowym odcinku doliny powstaly dwa poziomy rowniny zalewowej zbudowane
z piaskow drobnoziarnistych i namutow, a takze torfow oraz terasa rzeczna Dzwiny (Rys. 5),
ktora zbudowana jest z piaskow srednio- i drobnoziarnistych. Na badanym terenie, w dnie
wspolczesnej doliny Sertejki wystepuja réwniez starorzecza, obecnie wypetnione wodg
lub osadami organiczno-mineralnymi i biogenicznymi, za$§ w terenie zaznaczaja si¢
wklesnieciem oraz odmienng szatg roslinng (Kalicki i in. 2015; Kittel i in. 2016).

Strome zbocza pierwotnie rynny subglacjalnej, nastgpnie misy jeziornej WSBP
i w koncu dolnego odcinka doliny rzecznej, porozcinane sa licznymi niewielkimi formami
erozyjnymi, takimi jak dolinki erozyjne, debrze, wawozy i parowy. U wylotu cze$ci z nich,
we wspotczesnym dnie doliny rozwinigte sa stozki akumulacyjne (Kittel i in. 2016, 2018;
Mazurkevich i in. 2017; Piech i in. 2018, 2020; Piech 2021). Do tej pory na zboczach dolnego
odcinka doliny Sertejki udokumentowano 11 rozcig¢ erozyjnych i rozwini¢tych u ich wylotow
stozkéw akumulacyjnych, 5 stozkéw dolin denudacyjnych o réznych rozmiarach,

oraz niewielkich dolin rzecznych, u wylotu ktoérych wyksztatcone zostaty stozki naptywowe.
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Rys. 5. Geomorfologia dolnego odcinka doliny rzeki Sertejki (Mazurkevich i in. 2017 — zmienione)
1 — wysoczyzna morenowa; 2 — rownina wodnolodowcowa; 3 — ozy; 4 — formy szczelinowe; 5 — kemy i terasy
kemowe; 6 — roéwniny akumulacji biogenicznej; 7 — terasy rzeczne erozyjne; 8 — terasy rzeczne akumulacyjne;
9 — wyzszy poziom réwniny zalewowej; 10 — dna dolin; 11 — zbocza rynny subglacjalnej; 12 — zbocza doliny;
13 — stozki naptywowe; 14 — doliny denudacyjne ze stozkami naptywowymi; 15 — wawozy, rozcigcia erozyjne

ze stozkami akumulacyjnymi; 16 — starorzecza

Na szczegotowo badanym obszarze do doliny rzeki Sertejki uchodzi osiem dolin
denudacyjnych o réznym stopniu rozwinig¢cia. Warto zauwazy¢, ze po zachodniej stronie
doliny Sertejki zlokalizowane sa jedynie dwie doliny charakteryzujace si¢ podobnym do
siebie stopniem rozwoju. Przy ujsciu osiggajg one szeroko$¢ od 100 do 150 m. Z kolei po
wschodniej wystepuje az szes¢ form tego typu. Wsrod nich wyszezegdlni¢ mozna dwie
wigksze doliny (ich szeroko$¢ u ujscia wynosi okoto 250 m), u jednej wyksztalcony zostat
duzych rozmiaréw stozek naplywowy o dtugosci niecatych 500 m i szerokosci okoto 550 m.
Tylko u dwoch z czterech mniejszych form (szeroko$¢ u ujscia do 50 m) powstaty mate stozki

naptywowe (dtugos¢ 1 szerokos$¢ do 50 m).
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2.4. Stosunki wodne obszaru badan

Regiony o najwigkszych zasobach wod podziemnych w Europie to obszary Europy
Wschodniej. Warstwy paleozoiczne zostaty podzielone na kompleksy basenow artezyjskich:
Battyk-Ural, Donieck, Péinocnokaspijski, Prypeé¢, Dniepr, oraz Lwowsko-Wotynski (Zektser
i in. 2004). Badany obszar znajduje si¢ w moskiewskim basenie artezyjskim (Pinneker 1983).

Na rozwdj sieci rzecznej w czgéci potnocno-zachodniej Niziny Wschodnioeuropejskiej
miaty wplyw procesy tektoniczne wystepujace w obrebie tarczy Fennoskandzkiej, a takze
przebieg zlodowacen 1 deglacjacji obszaru w czwartorzedzie (zwlaszcza w vistulianie)
oraz procesy zachodzace w holocenie. Po ustgpieniu lagdolodu istotng rol¢ odgrywaty ruchy
izostatyczne, ktore oddziatywaly na zasieg Morza Battyckiego, a zatem na poziom bazy
erozyjnej rzek (gtownie pierwszego rzedu), takze na warunki topograficzne (Fieldtrip guide,
2012). Poziom wod w jeziorach w regionie sertejskim mogt reagowacé na etapy transgresyjno-
regresyjne Battyku (Lak 1975; Miettinen 2002), cho¢ liczne progi w obregbie dna doliny
Dzwiny, gléwnej osi wodnej obszaru, niewatpliwie niwelowaty te wptywy.

Sie¢ rzeczna przyjmuje tutaj uktad dendrytyczny, czasem pierzasty lub promienisty
(zrédtowe odcinki dolin rzecznych) (Rys. 6). Dzwina jest rzeka o dlugosci 1020 km,
powierzchni zlewni 89900 km?, przeptywie érednim 680 m®/s (przy ujéciu) i uchodzi do
Morza Baltyckiego w Rydze, tworzac delte. Swoje zrodta ma na Wyzynie Waldajskiej
I ptynie przez obszary wspotczesnej Rosji, Biatorusi i Lotwy (Bol'shoy Entsiklopedicheskiy
slovar 2002). Odptyw Zachodniej DZzwiny na wodowskazie w Wielizu (wedlug danych
wodowskazu W najblizszym w stosunku do obszaru badan wigkszym mieécie) Wynosi
150 m®/s (4,73 - 10°m3/rok). Zlewnia tej rzeki w czesci rosyjskiej pokryta jest w 6% terenami
podmoktymi i w 2% jeziorami. Symulowany roczny odplyw powierzchniowy wynosi tutaj
278 mm (dla lat 1992-2004), za$ roczna ewapotranspiracja wynosi 379 mm. Liczne tereny
podmokte maja najsilniejszy wplyw na zmienno$¢ sptywu powierzchniowego 1 sptywu wod
gruntowych (Terskii i in. 2019). Zachodnia DZwina zasilana jest przede wszystkim przez
topniejagca pokrywe $niezng. Taka cecha powoduje stosunkowo duzg liczbe wiosennych
powodzi kazdego roku. Poziom rzeki czgsto moze si¢ gwaltownie podnosi¢, €O jest
spowodowane lodowymi zatorami (Danilovich i in. 2019). Na potudniowy zachéd od doliny
znajduja si¢ duze jeziora rynnowe, tj. Jezioro Rjabki, Jezioro Gatczino Jezioro Czepli oraz
Jezioro Zaljubiszcze. Na wschod od terenu badan przeptywa rzeka Chrupunka uchodzaca do
Dzwiny o podobnej dtugosci, jak rzeka Sertejka, lecz o mniejszych przeptywach. Natomiast
kilka kilometréw na potnoc od ujscia rzeki Sertejski znajduje si¢ rzeka Osunowkao dtugosci

zaledwie kilku kilometréw, ktora rowniez ma swoje ujscie w Dzwinie.

19



Rys. 6. Rzeka Sertejka na tle hydrografii fragmentu Wysoczyzny Smolenskiej i Pojezierza

Zachodniodzwinskiego

W odlegtosci 5 km od koryta rzeki Sertejki w jej dolnym biegu znajduje si¢ jedenascie
ciekow wodnych o niewielkich rozmiarach (ich dlugo$¢ wynosi kilka kilometrow), ktore nie
uchodza do badanej doliny. Do doliny rzeki Sertejki uchodzi siedem ciekéw o dtugosci od
jednego kilometra do kilkunastu kilometréw. Z kolei dziewig¢ niewielkich rzek wplywa do
rzeki Dzwiny w odleglosci 5 km od ujScia rzeki Sertejki. Na obszarze wysoczyzny
w sasiedztwie doliny wystepuja tereny podmokle. Zlokalizowane sg gldwnie po wschodniej
stronie doliny na wysoko$ci wsi Rudnia, gdzie teren pokryty jest przez geste lasy iglaste lub
mieszane, a takze w poblizu wsi Serteya, gdzie uchodzi do Dzwiny rzeka Sertejka.
Niewykluczone, ze w przesztosci, przed rolniczym zagospodarowaniem terenu, na
wysoczyznie po zachodniej stronie doliny réwniez istniaty mokradta. U ujscia rzeki Sertejki
znajduje si¢ takze torfowisko, ktore byto badane pod katem paleogeograficznym
(Mroczkowska i in. 2021). Jego powierzchnia wynosi 7,8 ha, zas powierzchnia zlewni ma
48,7 ha. Forma przyjmuje potudnikowy ksztalt, jej maksymalna dlugo$¢ wynosi niecate
600 m, natomiast szerokos$¢ to okoto 200 m.

W odlegtosci 5 km od doliny rzeki Sertejki znajduja si¢ takze trzy jeziora, jedno jezioro
Serteya zlokalizowane u ujscia rzeki Sertejki — ma ono powierzchni¢ okolo 6 hektarow.

We wsi Zaozjerje (okoto 10 km na wschdd od doliny rzeki Sertejki) znajduje si¢ Jezioro
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Ozjeriszcze 0 powierzchni okoto 8 ha. Z kolei na pétnocnym wschodzie zlokalizowane jest
male bezimienne jezioro o powierzchni okoto 1 ha.

Dno WSBP, mimo przeprowadzonej melioracji, w wielu miejscach jest podmokte.
Podczas wiosennych roztopow, w przewezeniu doliny we wsi Rudnia, czesto tworzg si¢
zatory lodowe. Powoduje to spigtrzenie wod roztopowych, wskutek czego powstajg okresowe
rozlewiska siegajace niekiedy dolnych partii zboczy WSBP. Dno doliny rzeki Sertejki
powyzej WSBP niemal w calo$ci zajmowane jest przez podmoktosci i bagna.

Kilkadziesiagt kilometréw na potnocny wschod znajduje si¢ torfowisko ombrotroficzne
Gorodetsky Moch o powierzchni 544 ha, ktore rowniez zostalo przebadane pod Kkatem
paleogeograficznym (Lucéw i in. 2020). Rozcigga si¢ ono potludnikowo, jego szerokosé¢

wynosi okoto 2,5 km, przy dtugosci wynoszacej okoto 2 km.

2.5. Warunki klimatyczne

Szczegotowe dane meteorologiczne sg mierzone i przechowywane w  stacjach
meteorologicznych w Smolensku i w Witebsku oraz w Wielkich Lukach. Odlegtos¢ obszaru
badan do tych miast wynosi od 90 do 100 km. Wie§ Serteya znajduje si¢ mniej wigcej
posrodku pomiedzy tymi trzema miastami.

Srednie miesigczne temperatury powietrza z wielolecia (1944-2022) w Smolensku
wahajg si¢ miedzy -5,1°C w grudniu do 17,8°C w lipcu. Niekiedy mogg sigga¢ nawet 37,2°C
(w sierpniu 2010 r.) lub spada¢ do -37,9°C (styczen 1956 r.). Najwyzsze $rednie miesigczne
opady notowane sg w miesigcach letnich: czerwcu (87 mm), lipcu (90 mm) oraz sierpniu
(85 mm). W ciaggu jednego dnia zdarzajg si¢ ekstremalne ulewy, podczas ktorych spada do
88 mm deszczu (sytuacja z lipca w 1986 r.). Odpowiednio w czerwcu moze spas¢ do 69 mm
(2013 r.), w sierpniu 63 mm (2017 r.) i we wrze$niu 65 mm (1985 r.). Maksymalne $rednie
miesieczne sumy opadow wyniosty: 139 mm w maju 1995 r., 207 mm w czerwcu 1989 r.,
235 mm w lipcu 1998 r., 321 mm w sierpniu 2006 r., 229 mm w pazdzierniku 1995 r. Srednia
roczna suma opadow dla Smolenska z lat 1946-2022 wynosi 708 mm. Najwyzsze $rednie
roczne sumy opadow odnotowano w 1998 roku (1048 mm), w 2022 r. (956 mm)
oraz w 2009 r. (946 mm). Z kolei najnizsze odnotowano w 1951 r. (382 mm), w 1946 r.
(439 mm) oraz w 1959 r. (458 mm) (www.pogodaiklimat.ru).

Pokrywa $niezna w Smolensku wystepuje srednio przez 131 dni w roku. W listopadzie
$rednia liczba dni z pokrywa $niegu to 14 dni, w grudniu — 27, w styczniu — 30, w lutym — 28
I W marcu — 26. Najwyzsze $rednie wysokosci pokrywy notuje si¢ w styczniu (19 cm), lutym

(25 cm) 1 w marcu (22 cm). Maksymalne wysokosci dla poszczegdlnych miesigcy:
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pazdziernik — 26 cm, listopad — 32 cm, grudzien — 44 cm, styczen — 64 cm, luty — 70 cm,
marzec — 76 cm, kwiecien — 46 cm. Burze z piorunami wystepuja w okresie letnim (maj — 4,
czerwiec i lipiec — 7; sierpien — 5) (www.pogodaiklimat.ru).

Wartosci wysokosci opaddéw (takze maksymalnych), $rednich temperatur (takze
maksymalnych 1 minimalnych) oraz ilo$¢ dni z pokrywa $niezna, Srednig jej gruboscig
(i maksymalng) niewiele réznig si¢ pomigdzy danymi notowanymi dla stacji w Smolensku,
Witebsku i1 Wielkich Lukach. Wyjatkiem jest najnizsza odnotowana temperatura, ktora
wystapita w Wielkich Lukach w styczniu w 1940 roku to -45,7°C, w grudniu: -42,3°C
(1978r.), w lutym: -39,3°C (1956 r.). Kolejng znaczacg réznicg jest maksymalny $redni opad
w miesigcu dla sierpnia — 204 mm (1987 r.) (www.pogodaiklimat.ru).

W miesécie Wieliz (okoto 20 km na WSW od terenu badan) panuje klimat umiarkowany
zimny (Dfb). Srednioroczna temperatura powietrza wynosi 4,9° C, za$ opady ksztattuja si¢ na
poziomie okoto 634 mm rocznie. Najwyzsze opady notowane sg w lipcu (89 mm), czerwcu
(74 mm) 1 w sierpniu (70 mm). Najnizsze opady sa dokumentowane w lutym (28 mm), marcu
(33 mm) i styczniu (36 mm). Analizujgc $rednig miesi¢czng temperature to najwyzsza panuje
w lipcu (do 22°C), czerwcu (do 19°C) i w sierpniu (do 18°C). Najnizsze notowane s3
w grudniu (do -10°C), styczniu (do -17°C) oraz w lutym (do -14°C) (https://pl.climate-
data.org).

Podsumowujac, najistotniejszg z punktu widzenia przedmiotu pracy jest mozliwos¢
wystagpienia na badanym obszarze ekstremalnych ulew w okresie letnim, ktére w sposob
drastyczny moga zintensyfikowa¢ procesy erozyjno-akumulacyjne na zboczach doliny.
Wazng cecha klimatu sg réwniez stosunkowo wysokie opady oraz silne roztopy, ktore moga

modelowac¢ zbocza form geomorfologicznych w dtugim przedziale czasowym.

2.6. Gleby i roslinnos¢ obszaru

Na Wyzynie Smolenskiej i Pojezierzu Witebskim wystepuja gtownie gleby powstate na
piaskach oraz gleby réznych typéw wytworzone na osadach gliniastych (Bol'shoy
Entsiklopedicheskiy slovar 2002). W odcinku goérnym doliny rzeki Sertejki, na obszarze
wysoczyzn wystepuja gleby brunatne wytworzone na glinach. Miejscami gleby te maja
niewielka migzszo$¢ okoto 20 cm, co wskazuje na wystgpowanie procesow erozyjnych gleb
na tych obszarach. W odcinku $rodkowym i dolnym doliny rzeki Sertejki, na piaskach
wodnolodowcowych wytworzyly si¢ gleby ptowe i rdzawe. Mogg one mie¢ miejscami

zarysowany poziom ptuzny charakterystyczny dla terenéw o dtugotrwatej gospodarce rolne;.
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W dnie doliny, przy zboczach wytworzyty sie gleby deluwialne, ktore dodatkowo zostaty
przetransformowane przez gospodarke rolng oraz dziatania melioracyjne. W dnie doliny
wystepuja gleby bagienne, przede wszystkim gleby gytiowe, a takze torfowe, mutowo-
torfowe i mulowe. W niektorych miejscach mogly powsta¢ takze gleby murszowe.
Na terasach kemowych w dnie doliny wystepuja gleby glejowe. Miejscami wyksztatcily sig
mady, ktore powstaly na aluwiach, np. w czesci dystalnej najwiekszego analizowanego stozka
akumulacyjnego.

Obszar sertejski zajmujg mezofityczne i higromesofitowe lasy iglaste i liSciasto-iglaste,
a takze lasy swierkowe i §wierkowo-lisciaste (Bol'shoy Entsiklopedicheskiy slovar 2002).
Torfowiska sg tworzone przez turzyce, trzcing pospolita, r6znego rodzaju mchy oraz skrzypy.
Z kolei na akach dominuje gnidosz blotny i kostrzewa. Na wysoczyznach uprawiana jest
zazwyczaj pszenica, zyto i len (Mazurkevich i in. 2009b). Jak podaje Bohn i in. (2004) obszar
smolenski jest dogodny dla rozwoju boru mieszanego z przewaga Picea, Betula i Pinus.

Dno doliny w rejonie stanowiska zajmujg przede wszystkim trzciny i sitowia (w tym
m.in. mozga trzcinowata i trzcina pospolita), duzy udzial ma takze pokrzywa. Wystepuja tutaj
takze skupiska drzew (gltéwnie olszy, wierzby i brzozy), porastajg one terasy kemowe i kemy.
Zbocza doliny porosnigte sg przede wszystkim przez wysokie trawy i paprocie, gdzieniegdzie
spotka¢ mozna pojedyncze drzewa, najczesciej sosny i $wierki (obszar listew osadow
stokowych w obrebie dna doliny).

Obszar wysoczyzny powyzej badanych rozcigé zajety jest obecnie przez nieuzytki rolne
(Fot. 1), jednakze jeszcze w 2017 r. teren ten byl incydentalnie uzytkowany rolniczo, jako
pole orne z uprawg zboz. W obrgbie analizowanego stozka akumulacyjnego réznorodnosc
gatunkowa ros$lin spada (Fot. 1), moze to by¢ spowodowane m.in. mniejszg zawartoscig

wilgoci w gruncie.
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Fot. 1. Zdjecia przedstawiajgce roslinno$¢ wystepujaca wokot najwickszego systemu parowow (parow A)
A — widok na stozek akumulacyjny (fot. W. Piech, 2018); B — ujscie parowu (fot. W. Piech, 2018);
C — $rodkowy fragment systemu parowow (fot. W. Piech, 2018); D — dno WSBP (fot. W. Piech, 2018);
E — obszar wysoczyzny (fot. W. Piech, 2018); F — zbocza doliny rzeki Sertejki (fot. A. Mroczkowska, 2017)

2.7. Zarys historii osadnictwa
2.7.1. Dane archeologiczne i historyczne

W dnie WSBP podczas prac melioracyjnych rozpoczetych w latach 40. XX wieku
odkryto pierwsze artefakty wskazujace na zamieszkanie tego obszaru przez cztowieka kilka
tysigcy lat temu. Wigkszo$¢ znalezisk i udokumentowanych stanowisk archeologicznych jest
efektem prac archeologicznych przeprowadzonych w latach 70-tych i 80-tych XX wieku.
Stacjonarne badania archeologiczne sg kontynuowane od lat 90-tych po dzis. Dno doliny rzeki
Sertejki, jej zbocza oraz najblizsze otoczenie doliny byly wykorzystywane i ksztattowane
przez spotecznosci ludzkie juz od schylkowego paleolitu (Mazurkevich in. 2009a, 2009b,
2010, 2012, 2017; Kittel i in. 2018, 2023). Intensywne zasiedlenie obszaru w neolicie miato
miejsce od ok. 9000 lat BP do ok. 3800 lat BP (Kulkova i in. 2001; Mazurkevich i in. 2009a,
2009b, 2010, 2012, 2020; Kittel i in. 2022). Nalezy tutaj wyrézni¢ wyjatkowe w skali

swiatowej, odnalezione w obrgbie WSBP, osady neolityczne z konstrukcjami palafitowymi
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(Mazurkevich 2009a, 2009b; Mazurkevich i in. 2012). Osadnictwo tego typu rozwijato si¢
tutaj miedzy 4800 a 3800 cal BP (Mazurkevich i in. 2020). Budynki zbudowane byly na
prostokatnych platformach o wymiarach 7 m x 45 m, ktore posadowione byty na licznych
stupach o $rednicy kilku-, kilkunastu centymetréw.

W okresie 4150-3750 cal BP w regionie sertejskim rozwijaly si¢ spotecznosci kultury
Uzmen. Owczesna ludno$é zaczeta osiedlaé si¢ na brzegach jezior, tworzac naziemne
wielosezonowe budynki (Khrustaleva 2016). Na obszarze dorzecza Dzwiny, Dniepru czy
Berezyny w okresie 3450-2950 cal BP zyta ludno$¢ kultury ceramiki kreskowanej. Uwaza sie,
ze dziatalno$¢ tych spotecznosci zintensyfikowata procesy stokowe w obrebie doliny rzeki
Sertejki, ktore zostaly datowane na 3800-3550 cal BP (Kittel i in. 2020). Od 2800 cal BP
do 300 AD na interesujagcym nas obszarze funkcjonowata kultura dniepro-dzwinska. Ludno$¢
tego okresu ingerowata w $§rodowisko poprzez deforestacje, rolnictwo iwypas zwierzat
(Schmidt 1992). Réwniez w pierwszym tysigcleciu n.e., W dorzeczu Dzwiny i Toropy
rozwineta si¢ kultura Tuszemla (300-700 AD). Jej stanowiska zostaty udokumentowane na
obszarach nad réwninami zalewowymi wzdluz matych rzek lub jezior (Tretyakov 1996;
Schmidt 2003).

We weczesnym $redniowieczu powstato kilka kurhanéw zlokalizowanych w dolinie
Sertejki (Yeremeyev 2003). Obszar sertejski przez cale $redniowiecze i nowozytnos¢ byt
strefg pogranicza kilku panstw najpierw ksiestw staroruskich, potem Ksiestwa Potockiego,
Ksigstwa Smolenskiego, Wielkiego Ksiestwa Litewskiego, panstwa moskiewskiego,
Rzeczpospolitej] Obojga Narodow i1 cesarstwa rosyjskiego. Skutkowato to tym, Ze obszar
sertejski przez dlugie lata byt terenem przygranicznym, ktory charakteryzowat si¢ niewielka
skalg uzytkowania gospodarczego.

W koncu XIV wieku region nalezal do Wielkiego Ksigstwa Litewskiego. W tym czasie
rozwingly si¢ szlaki ladowe i wodne. Najwigkszy rozwoéj drog przypadt na XV w.,
co skutkowato intensywng eksploatacja srodowiska. W wyniku nieprzerwanych konfliktoéw
rejon Wieliza zostal porzucony na poczatku XVI w. Po przylaczeniu obszaru do
Rzeczypospolitej w 1582 r. powrdcito tu osadnictwo. Rozwijato si¢ ono dalej w XVII w. Krol
August II Mocny w 1714 r. zezwolil na eksploatacj¢ zasobow drzewnych w rejonie Wieliza,
co doprowadzito do znacznego odlesienia obszardw wysoczyznowych jeszcze w XVIII
wieku. Pod koniec XVIII wieku i w poczatkach wieku XIX, po wlaczeniu tego obszaru do
imperium rosyjskiego w 1772 r., w wiosce Selezni (niecale 7 km od obszaru badan)
intensywnie rozwijato si¢ rolnictwo, rzemiosto oraz hodowla bydta. Funkcjonowal wowczas

port rzeczny na Dzwinie, w bezposrednim sagsiedztwie ujscia rzeki Sertejki. W roku 1861
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zostata przeprowadzona reforma rolna, ktora doprowadzita do bardzo szybkiego wzrostu
powierzchni gruntéw rolnych. Wedlug Golosova i in. (2017) maksimum powierzchni
uzytkow rolnych na Nizinie Wschodnioeuropejskiej zostalo osiagnigte na poczatku
XIX wieku W latach 1906-1917 wprowadzono reforme rolng P. Stotypina, ktora wprowadzata
nowy system uzytkowania ziemi.

Spadek powierzchni uzytkoéw rolnych (o 10-15%) nastapit podczas dziatan wojennych
w trakcie I wojny $wiatowej wskutek gwattownego spadku liczby ludnosci. W 1929 roku
rozpoczeta si¢ przymusowa kolektywizacja rolnictwa, ktora zakonczyta sie¢ w 1934 r.
i doprowadzita do zatamania produkcji rolne;j.

W 1941 roku zaczeto meliorowa¢ dno doliny rzeki Sertejki, lecz prace zostaly
przerwane z powodu wojny. Wzrost liczby ludnosci po Il wojnie $wiatowe] przyczynit si¢ do
szybkiego rozwoju przemystu i urbanizacji, czego skutkiem byta coraz wigksza deforestacja.
Dziatania melioracyjne zostalty wznowione w 1971 r. W latach 90-tych XX w. zmniejszyta si¢
lokalna populacja i zarazem zmniejszyta si¢ powierzchnia uzytkow rolnych — bylo to

spowodowane upadkiem kotchozéw i migracja do miast (Golosov i in. 2017).

2.7.2. Analiza historycznych zrodel kartograficznych

Trzeba podkresli¢, ze analiza pokrycia terenu i zagospodarowania obszaru na podstawie
historycznych map obarczona jest duza niepewnoscig. Wynika to przede wszystkim
Z dwcezesnych stabo rozwinigtych metod kartograficznych, duzej skali, a takze z mozliwosci
»przepisywania” tresci starszych map na nowsze mapy (powielanie btedéw 1 generalizacja).

Pierwsza mapa, na ktorej przedstawiony jest badany obszar pochodzi z 1799 r.
W dolinie Sertejki znajduje si¢ jezioro przeptywowe, ktore znajduje si¢ w obszarze WSBP
(Rys. 7). Mapa przedstawia niewielki zbiornik. Miasto Wieliz jest jedynym zaprezentowanym
na mapie osrodkiem osadniczym w bezposrednim sgsiedztwie obszaru badan. Mapa z 1812 r.
przedstawia bardziej szczegdtowo zasieg jeziora. Najprawdopodobniej obejmowato ono cate
dno WSBP. Poétnocny brzeg siegat az po wies Rudnia. Jednoczesnie mozna stwierdzi¢, ze
powierzchnia jeziora jest wigksza niz w 1799 r.

Z analizy mapy z 1816 r. wynika, ze wielko$¢ jeziora ulegta zmianie, tj. nastgpito
zmniejszenie powierzchni zbiornika. Widoczne jest natomiast wigksze rozwinigcie linii
brzegowej na zachodnim i wschodnim brzegu (Rys. 7). Mapa z 1825 r. sugeruje dalsze
zmniejszanie si¢ powierzchni jeziora. W 1832 r. przedstawiono zbiornik z do$¢ doktadnie

wytyczong linig brzegowsa (Rys. 8)
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Rys. 7. Historyczne mapy obszaru doliny rzeki Sertejki od 1799 do 1829 r.

. Zobrazowane zostaly dwie zatoki w potudniowo-wschodniej czesci jeziora. Niektore
sasiednie jeziora nie wykazuja drastycznych zmian w zakresie rozwinigcia linii brzegowej
oraz powierzchni, natomiast inne w kolejnych odwzorowaniach bardzo si¢ od siebie rdznig.
Mniejsze akweny na poszczegdlnych mapach pojawiaja si¢ 1 znikaja. Trzeba mie¢ na
wzgledzie wspomniane wczes$niej rézne metody tworzenia map, ktoére mogly skutkowaé
przypadkowa zmiang ksztattu jeziora w poszczegolnych okresach. Odwzorowanie z 1865 r.
jest bardzo ogdlne, co moze wynika¢ z odrysow starszych materialdow kartograficznych.
Jezioro mogto wéwczas zmniejszy¢ swoj zasieg. Ksztalt zbiornika zmienit si¢ z wydluzonego
na bardziej obty, co mogto by¢ spowodowane intensywnym drenazem jeziora.

Na mapie z 1871 r. jezioro nie zostato juz zaznaczone, dlatego w $wietle dostepnych
materialow kartograficznych mozna stwierdzi¢, ze zostato catkowicie zdrenowane najp6zniej
w polowie XIX wieku. Rzeka Sertejka zaznaczana jest wowczas jako ciek o malej liczbie
meandrow, co moze by¢ efektem daleko posunigtej generalizacji. W potudniowym
fragmencie doliny, rzeka ptyng¢ta wschodnim skrajem dna doliny, zas w czesci poinocnej

znajdowata si¢ bardzo blisko zachodniego brzegu (Rys. 8).
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Rys. 8. Historyczne mapy przedstawiajace doling rzeki Sertejki w okresie od 1832 do 1902 r.

W dolnym i srodkowym odcinku doliny, wysoczyzny byty najczesciej porosnigte przez
lasy. Mozna zauwazy¢, ze wysoczyzny byly czgsciowo wylesione, na przyktad w poblizu wsi
Serteya. Podobna sytuacja wystgpowata w poblizu badanego obszaru. Najprawdopodobniej
teren ten byt zajety przez grunty orne. Na mapie zaznaczona zostata droga wychodzaca ze wsi
Rudnia, ktéra biegta zachodnim krancem doliny. Kolejna droga przebiegata wzdtuz
wschodniego kranca doliny do wsi Serteya (Rys. 8). Na mapie z 1888 r. zasi¢g lasoéw zbytnio
si¢ nie zmienil wzgledem sytuacji przedstawionej na mapie z 1865 r.

Na mapie z 1902 r. jest widoczne, iz obszar wysoczyzny po wschodniej stronie doliny
byt w gléwnej mierze zalesiony, z kolei obszar po zachodniej stronie ulegt catkowitemu
odlesieniu. Najprawdopodobniej znajdowaly si¢ tam pola uprawne. Ponadto zauwazy¢
mozna, ze dno doliny pozostawato nadal niezalesione (Rys. 9). W 1935 r. rzeka Sertejka
przeptywata bardzo blisko zachodniej krawedzi doliny w jej pdinocno-zachodniej czgsci,
zatem w bezposrednim sgsiedztwie badanych rozcigé erozyjnych (Rys. 9). Dno doliny
porastata niska roslinno$¢, tylko miejscami zaznaczone byty niewielkie zgrupowania drzew.
Cate dno doliny stanowilo wowczas teren podmokty. Z kolei wysoczyzny po zachodniej

stronie doliny byty porosniete przez lasy. Powierzchnia wysoczyzny po wschodniej stronie
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charakteryzowata si¢ bardziej zwartg pokrywg lasow, wystepowaly tam rowniez obszary
trawiaste. Zmniejszyl si¢ rowniez =zasigg pol uprawnych. Warto odnotowaé, ze
W bezposrednim sgsiedztwie krawedzi doliny zlokalizowane byty pojedyncze gospodarstwa.
Powierzchnie wysoczyzny, ktore otaczaty doling rzeki Sertejki byly miejscami podmoktymi
(Rys. 9).

o N
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Rys. 9. Historyczne mapy przedstawiajace doling rzeki Sertejki od 1935 do 1989 r.

Na mapie z 1941 r. zasieg lasow nie ulegt wigkszym zmianom w stosunku do Sytuacji
z 1935 r. Koryto Sertejki przybiera bardziej meandrujacy charakter, lecz moze by¢ to
spowodowane zwigkszeniem szczegdélowosci mapy. Widoczne sg takze pierwsze rowy
melioracyjne. Mapa z 1950 r. odznacza si¢ duzym stopniem uogélnienia, lecz mozna
zauwazy¢ tu zmniejszenie si¢ zasiggu lasow i jednocze$nie zwigkszenie powierzchni pol
uprawnych i pastwisk. Na mapie z 1989 r. pojawia si¢ bardziej ztozony system rowow
melioracyjnych — na obszarze WSBP rzeka Sertejka zostata zmeliorowana i biegnie przez
srodek dna doliny w postaci prostolinijnego kanatu. Ponadto droga biegngca po wschodniej
krawedzi doliny mogla zosta¢ utwardzona. Zauwazy¢ mozna takze, ze powierzchnia lasow
znacznie si¢ powiekszyta, zarowno po zachodniej, jak i po wschodniej stronie doliny.
Na mapie z 1990 r. widoczne jest, ze na badanym obszarze powstata droga gruntowa,

ktora przebiega bezposrednio przy zboczach doliny, w poprzek osi morfologicznej
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najwiekszego stozka akumulacyjnego A (Fot. 2). Najprawdopodobniej droga zostata
wybudowana w celu utatwienia dostgpu do dna doliny podczas prac melioracyjnych. Caty
teren okalajacy obszar badan byl bezlesny. Bezposrednio przy rozcigciach erozyjnych
wystepowaly pojedyncze drzewa. Dno byto porosnigte przez niskg roslinnos$¢, zaznaczono
rowniez pojedyncze skupiska krzewow. Okoliczne wsie zostaty zelektryfikowane. Na mapie
z 2001 r. w rejonie zachodnich rozci¢¢ erozyjnych, zaznaczono rzadki las (Rys. 10).
Nieznacznie zwickszyla si¢ powierzchnia lasow na wysoczyznach. Z kolei dno doliny
porastaty geste krzewy 1 pojedyncze drzewa. Ciekawym faktem jest, Zze na obszarze
zachodnich parowdw widoczna jest jedynie droga wiodaca przez stozki akumulacyjne, nie

naszkicowano drogi przebiegajacej na wysoczyznie.

Rys. 10. Mapy topograficzne z 1990 r. i 2001 r. przedstawiajace doling rzeki Sertejki

Podsumowujac, na podstawie dostepnych map mozna stwierdzi¢ czgste zmiany
powierzchni jeziora w obrebie WSBP, co z kolei moze $wiadczyé o czgstych zmianach
poziomu wody, a co za tym idzie zmiany linii brzegowej na przestrzeni okoto 70 lat.
Potencjalnie jezioro, w $wietle dostepnych materiatow kartograficznych, miato najwiekszy
zasieg w latach dwudziestych XIX wieku. Dynamiczna byla rowniez zmiana powierzchni
lasow oraz gruntdéw ornych. Ponadto zauwazalny jest wzrost liczby domow, wsi i Sieci

komunikacyjnej w coraz mtodszych okresach.
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3. Cele i zakres pracy

Celem nadrzednym stawianym w pracy bylo przeprowadzenie rekonstrukcji rozwoju
paleogeograficznego rozcig¢ erozyjnych powstalych na zboczach doliny rzeki Sertejki
i utworzonych u ich wylotow stozkéw akumulacyjnych. Aby lepiej poznaé przebieg zdarzen
paleogeograficznych prowadzacych do rozwoju badanych form oraz okresli¢ ich skutki,
nakres$lone zostaty kolejne dwa cele szczegotowe:

1) okreslenie korelacji pomigdzy zmianami klimatycznymi majacymi miejsce podczas
pessimum Matej Epoki Lodowej a przebiegiem proceséw denudacyjnych;

2) okreslenie wptywu nowozytnej antropopresji (z uwzglednieniem jej natezenia
I kierunkdw) na przebieg proceséOw erozyjno-akumulacyjnych, prowadzacych do rozwoju

rozciec erozyjnych i1 stozkéw akumulacyjnych.

Realizacje postawionych celow umozliwilo przeprowadzenie nastepujacych zadan
badawczych:

o Rekonstrukcja warunkéw $rodowiskowych sprzed intensyfikacji procesow
erozyjno-akumulacyjnych na podstawie wynikow analiz paleoekologicznych,
geochemicznych i geochronometrycznych osadow biogenicznych podscielajacych
najwigkszy szczegdtowo badany stozek akumulacyjny. Wykorzystane zostaly
wyniki badan: palinologicznych, makroskopowych szczatkow roslinnych,
paleozoologicznych (subkopalnych szczatkoéw Chironomidae i Cladocera),
geochemicznych (analizy pierwiastkbw metodg XRF i AAS, LOI, odczyn,
przewodnos¢ elektrolityczna) oraz datowan radioweglowych szczatkéw i1 osadow
biogenicznych — cel zostat zrealizowany w artykutach Piech i in. (w druku); Ginter
i in. (2023).

e Okreslenie wieku poczatkéw 1 etapow formowania najwigkszego systemu rozcigé
erozyjnych oraz stozka akumulacyjnego w obrebie dolnego odcinka doliny rzeki
Sertejki metodami: *C w technikach LSC i AMS, a takze OSL, 2*°Pb — cel zostat
zrealizowany w artykutach Piech i in. (2018); Ginter i in. (2023);
Piech i in. (w druku).

e Okreslenie uwarunkowan geologicznych, geomorfologicznych i topograficznych
rozwoju rozci¢¢ erozyjnych i stozkéw akumulacyjnych w dnie doliny Sertejki,
w nawigzaniu do budowy geologicznej i morfologii obszaru — cel zostat
zrealizowany w artykutach Piech i in. (2018, 2020) i Piech (2021).
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e Okreslenie cech sedymentologicznych (teksturalnych 1  strukturalnych),
geochemicznych (sktad pierwiastkowy, odczyn, przewodno$¢ -elektrolityczna,
zawartos¢ weglanu wapnia, LOI) oraz zawarto$ci paleobotanicznej osadow
mineralnych ~ budujagcych  najwickszy  stozek  akumulacyjny, osadow
wypetniajagcych dna rozcig¢ erozyjnych najwickszego systemu parowow
I materiatu zrédlowego (rownina wodnolodowcowa). Proba zrekonstruowania
czynnikow  hydrodynamicznych 1 litodynamicznych odpowiadajacych za
ksztaltowanie najwigkszego stozka akumulacyjnego. A takze okreslenie
podstawowych cech sedymentologicznych osadow mineralnych innych stozkow
akumulacyjnych — cel zostat zrealizowany w artykutach Piech i in. (2018), Piech
i in. (w druku); Piech (2021); Ginter i in. (2023).

e Rekonstrukcja warunkow paleosrodowiskowych (paleoklimatycznych
i paleohydrologicznych oraz rozwoju szaty roslinnej i zagospodarowanie terenu)
w trakcie rozwoju badanych rozcig¢é erozyjnych i stozka akumulacyjnego. W tym
okreslenie: 1/ korelacji pomigdzy zmianami klimatycznymi spowodowanymi przez
wydarzenie Bonda nr 0 (Bond i in. 1997) przypadajacymi na okres Matej Epoki
Lodowej na przebieg procesow denudacyjnych w zachodniej Rosji na przyktadzie
formowania rozci¢¢ erozyjnych i stozkow akumulacyjnych w dolinie rzeki
Sertejki; 2/ wplywu nowozytnej antropopresji na inicjacj¢ i przebieg procesow
erozyjno-akumulacyjnych na zboczach dolin na przyktadzie dolnego odcinka
doliny Sertejki; 3/ rekonstrukcja warunkéw paleosrodowiskowych prowadzacych
do ostatecznego zastgpienia systemu limnicznego systemem fluwialnym,
W wyniku drenazu paleojeziora w obrgbie WSBP we wspotczesnej dolinie dolne;j
Sertejki — cel zostal zrealizowany w artykutach Ginter i in. (2023);
Piech i in. (w druku).

o Proba rekonstrukeji wptywu antropopresji na rozwdj badanych rozcig¢ erozyjnych
1 stozka akumulacyjnego(z uwzglednieniem zmian, charakteru i1 kierunkéw jej
natezenia) na procesy erozyjno-akumulacyjne w zachodniej Rosji na przyktadzie
formowania rozcie¢ erozyjnych w dolinie rzeki Sertejki — cel zostat zrealizowany
w artykutach Piech i in. (2018, 2020), Piech i in. (w druku); Ginter i in. (2023).

Szczegdtowe badania sedymentologiczne, geochemiczne 1 paleoekologiczne
przeprowadzono w obrgbie najwigkszego stozka akumulacyjnego powstatego u wylotu

najlepiej rozwinigtego Systemu rozcie¢ erozyjnych w dolinie dolnej Sertejki. Wykonano
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réwniez badania sedymentologiczne materiatu zrodtowego w obrgbie przyleglej réwniny
wodnolodowcowej. Dodatkowo przeprowadzono badania sedymentologiczne osadow
mineralnych pozostatych stozkoéw akumulacyjnych znajdujacych si¢ w obrgbie dolnego
odcinka doliny rzeki Sertejki. Badania geologiczne realizowane z wykorzystaniem sondowan
1 odkrywek geologicznych uzupetiono o prospekcje georadarowe oraz szczegdélowe pomiary
tachimetryczne najwiekszego stozka akumulacyjnego.

Wyniki badan pozwolity na zdefiniowanie osadow deluwialnych jako waznego

geoarchiwum zmian $rodowiskowych w antropocenie.

4. Metody badan

4.1. Prace terenowe

Badania terenowe realizowane byly w ramach $cistej wspotpracy z Pétnocno-Zachodnig
Ekspedycja Archeologiczng Panstwowego Muzeum Ermitaz w Sankt Petersburgu. Katedra
Geologii i Geomorfologii WNG UL rokrocznie w latach 2013-2019 delegowata pod
kierunkiem prof. P. Kittela polskie ekspedycje naukowe realizujagce program badan
geoarcheologicznych i paleogeograficznych w rejonie rzeki Sertejki. Scista kooperacja
z ekspedycja Panstwowego Muzeum Ermitaz zapewnila logistyk¢ na obszarze badan,
wsparcie techniczne oraz wsparcie merytoryczne. Prace realizowane w ramach niniejszej
rozprawy stanowily istotng czgs¢ programu ekspedycji KGiG 1 zostaly przeprowadzone
w sezonach 2017, 2018 i 2019 r.

Celem terenowych badan geologicznych 1 geomorfologicznych bylo szczegdtowe
skartowanie zasiggu form erozyjnych i akumulacyjnych, rozpoznanie osadéw budujacych
stozki akumulacyjne, pokrywy stokowe, dna rozci¢¢ oraz dno wspotczesnej doliny 1 obszaréw
wysoczyznowych, a takze pobor probek i rdzeni osadéw do badan specjalistycznych.

Zrealizowane prace terenowe objely szczegétowe kartowanie geologiczne
I geomorfologiczne systemu parowow 1 najwigkszego na obszarze badan stozka
akumulacyjnego (parow A — vide: Piech 2021, Ryc. 2) oraz ich otoczenia, a takze szes¢
parowow i ich stozkéw akumulacyjnych znajdujacych si¢ w obrebie WSBP (parowy B, C, D,
E, F, G). Dzigki kartowaniu geologicznemu rozpoznano migzszo$¢ i charakter osadow
budujacych badane stozki akumulacyjne 1 dna rozcig¢ erozyjnych, a takze rdé6wniny
akumulacji biogenicznej w dnie wspotczesnej doliny Sertejki.

Wiercenia zostaly wykonane reczng sondg geologiczng Eijkelkamp zaopatrzong
w koncowke Edelmana typu kombi oraz probnik ztobkowy (tzw. laska holenderska). Dla

obszaru gtdownego stozka akumulacyjnego, zboczy doliny i den parowdéw wykonano ciagi
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wiercen, w ktorych odlegto$¢ pomigdzy kolejnymi odwiertami wynosita 5 m. Dla obszaru
wysoczyzny 1 wspotczesnego dna doliny odleglo$¢ pomiedzy wierceniami wynosita od 10 do
30 m. Glgboko$¢ wiercen osiggata przewaznie 2,5 m, w kilku przypadkach osiagneta
6 m (W obr¢bie osadéw limnicznych réwniny akumulacji biogenicznej WSBP). Pozostale
stozki akumulacyjne (B-G) oraz powierzchnie wysoczyznowe w ich otoczeniu byly badane
terenowo réwniez za pomoca odwiertow reczng sonda geologiczng lub prébnikiem
ztobkowym, a odleglo$¢ pomiedzy kolejnymi odwiertami wynosita od 5 do 30 m. Glgbokos¢
zalegania przewiercanych osadow byta analizowana z doktadnoscig do 1 cm dla probnika
ztobkowego oraz do 5 cm dla probnika Edelmana. W sumie wykonano 132 odwierty
(por. Piech i in. 2020, Ryc. 2).

W strefie centralnej i dystalnej gldéwnego stozka akumulacyjnego wykonano w sezonie
2017 r. dwie odkrywki geologiczne o rozmiarach 5x2 m i gigbokosci od 1 do 2 m. Ich
lokalizacje ustalono w oparciu o wyniki sondowan geologicznych. Na zboczu rozcigcia
erozyjnego (parowu), w jego srodkowym fragmencie, wykonano odstonigcie w postaci
kolejnych stopni wcinajacych si¢ w $ciang rozcigcia na 50 cm, przy szerokosci 1,5 m.
Wysokos¢ stopni odkrywki wynosita okoto 50 cm. Odkrywke te przedtuzono w dnie parowu,
tak aby uzyskac peten przekroj jego wypetnienia. Tutaj szeroko$¢ odkrywki wyniosta 1,5 m,
dlugo$¢ 3 m, za$ gleboko$¢ 2 m. Wykonana zostala dokumentacja fotograficzna oraz szkice
$cian wykopoéw 1 odkrywki, co pozwolito na udokumentowanie cech stratygraficznych,
litologicznych i strukturalnych osadéw budujacych stozek oraz wypehiajacych dno parowu
i utworé6w geologicznych budujacych otoczenie obu form (osadow zrodtowych). Pozycja
topograficzna zaré6wno sondowan geologicznych, jak i lokalizacji odkrywek zostata ustalona
Z pomocg pomiaréw geodezyjnych przy uzyciu tachimetru.

Probki do badan sedymentologicznych 1 geochemicznych (osady mineralne)
oraz paleobotanicznych zostaty pobrane z gldwnego stozka akumulacyjnego z dwoch profili
wyznaczonych w obrebie odkrywek geologicznych (Rys. 11). Pierwszy profil (symbol STPII)
zlokalizowany zostat w odkrywce w strefie centralnej stozka, gdzie probki o objetosci okoto
2cm® pobierano z rozdzielczo$cia 1-3 cm z poszczegdlnych, dajacych sie rozroznié
makroskopowo, warstw i lamin — probki te byly przeznaczone do analizy sedymentologiczne;j
metoda laserowa oraz do analiz geochemicznych. Ponadto z poszczegélnych warstw pobrano
z rozdzielczo$cig 5-10 cm probki o objetosci okoto 125 ¢cm® do analiz sedymentologicznych
metoda sitowg. Probki te postuzyly takze do analiz paleobotanicznych i geochemicznych.
Szczegotowy opis zastosowanej metodyki znajduje si¢ w Piech i in. (2018), Ginter i in. (2023)

oraz w Piech i in. (w druku). W przypadku struktury masywnej osadu lub braku zmiany cech
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teksturalnych osadu przy ocenie makroskopowej, probki pobierano z rozdzielczoscig 5 cm.
Profil mial gl¢bokos$¢ okoto 170 cm (Fot. 2). Stosujgc analogiczng metode, pobrano probki
z drugiego profilu z odkrywki ze strefy dystalnej (Fot. 3) — profil STPI o dlugosci 63 cm.
Zastosowana metoda pobierania probek pozwolita na uchwycenie zmian w cechach

uziarnienia poszczegOlnych serii, zwlaszcza warstwowanych deluwiow.

Fot. 2. Odkrywka geologiczna
zlokalizowana ~w  strefie  centralnej  stozka
akumulacyjnego A wraz z rdzeniem osadéw
biogenicznych STPIllyi, (fot. P. Kittel, 2018).

Czerwona linig zaznaczono potozenie profilu STPII
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Rys. 11. Lokalizacja profili badawczych oraz rozcieé erozyjnych na zboczach WSBP
Legenda jak na Rys. 5

Ze stropu osadow biogenicznych podscielajacych osady stozka akumulacyjnego
pobrane zostaly 2 rdzenie (monolity) osadow do metalowych puszek o wymiarach
50x10x10 cm, jeden ze strefy centralnej (profil STPllyio), drugi z dystalnej (profil STPlyio).
Rdzenie przeznaczone zostaty do przeprowadzenia analiz palinologicznej, makroskopowych
szczatkow  roslinnych,  analizy  subkopalnych ~ Chironomidae i  Cladocera
oraz sedymentologicznych i analiz geochemicznych (analizy sktadu pierwiastkowego metoda
AAS, %CaCOs, LOI, odczynu, przewodnos$ci elektrolitycznej, redoks). Ponadto pobrano
fragmenty drewna i szczatki drzew (kora, szyszki) znajdujace si¢ w stropie osadow
organicznych lub w spagu osadow mineralnych stozka akumulacyjnego do datowan
radioweglowych. Takze makroskopowe szczatki roslin (Ginter i in. 2023: Tab. 2)
wypreparowane z osadow mineralnych najwiekszego stozka zostaty wykorzystane w dalszych

analizach geochronologicznych (datowania radioweglowe metodg AMS).
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Fot. 3. Odkrywka geologiczna
zlokalizowana w strefie dystalnej stozka
akumulacyjnego A wraz z rdzeniem osadow
biogenicznych STPly, (fot. P. Kittel, 2018).
Czerwona linia zaznaczono potozenie profilu

STPI

Trzeci profil (SP) zlokalizowano w odkrywce w s$rodkowym fragmencie rozcigé
erozyjnych (Rys. 11), gdzie probki do analiz uziarnienia pobierane byly ze Sciany rozciecia
z osadow podtoza, tj. osadow budujacych przylegla réwning wodnolodowcowa.
Rozdzielczos¢ poboru probek wynosita od 20 do 50 cm i zalezna byta od zmian cech
strukturalnych osadéw. Glebokos¢ profilu wyniosta okoto 6,3 m (Piech i in. 2018, Fot. 2).
Z pozostatych stozkow akumulacyjnych pobierano probki z odwiertow recznych (probnik

ztobkowy) z ich stref centralnych i/lub dystalnych (Rys. 11). Materiat byt pobierany z kazdej
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dajacej sie rozrézni¢ makroskopowo warstwy — objeto$¢ probek wynosita okoto 1 cm?

(Piech 2021).

Material mineralny do datowan OSL (4 probki) zostat pobrany w roku 2018 ze strefy
centralnej najwiekszego stozka, w ramach ponownie odstoni¢tej odkrywki z 2017 r. Materiat
do datowan OSL zostat pobrany w warunkach nocnych przy swietle o barwie czerwonej, aby
zminimalizowa¢ ryzyko ,wyzerowania” materialu przez jego naswietlenie S$wiatlem
stonecznym. Z tej samej odkrywki w 2018 r. pobrano takze 4 monolity osadow mineralnych
stozka akumulacyjnego ze strefy centralnej. Wszystkie monolity majg wymiary
50x10x10 cm. Wykorzystane one zostaly do wykonania datowan metoda olowiowa
(Ginter i in. 2023).

Niezwykle przydatne podczas kartowania geologicznego i geomorfologicznego byty
wyniki terenowych pomiarow geodezyjnych przy uzyciu tachimetru, fotografii lotniczej
wykonanej przez bezzalogowy statek powietrzny (DJI Phantom 3 Advanced) i prospekcji
georadarowych wykorzystujac georadar ,,OKO-2 z anteng o czgstotliwosci 150 MHz (firma
LOGIS-GEOTECH). Zostaly one wykonane w ramach prac Péinocno-Zachodniej Ekspedycji
Archeologicznej PME, z wykorzystaniem sprz¢tu nalezacego do Panstwowego Muzeum
Ermitaz w St. Petersburgu, Uniwersytetu Pafstwowego w St. Petersburgu oraz Nansen
International Environmental and Remote Sensing Center w St. Petersburgu. Ponadto
wykonano szczegoétowe pomiary topograficzne za pomocg tachimetru, a takze fotografie
lotnicze z uzyciem drona oraz prospekcje georadarowe (GPR) badanych form i ich otoczenia.
Pomiary topograficzne wykonata Yulia Teltevskaya z Wydziatu Nauk o Ziemi na
Uniwersytecie w Sankt Petersburgu. Badania GPR przeprowadzita Elena Pavlovskaia

z Wydziatu Nauk o Ziemi Uniwersytetu Panstwowego w Sankt Petersburgu.

4.2. Badania laboratoryjne
Specjalistyczne analizy laboratoryjne wykonane zostaty dla zebranych probek osadow

mineralnych oraz rdzeni osadéw biogenicznych.

4.2.1. Badania sedymentologiczne i geochemiczne osadow mineralnych

W trakcie prac terenowych zebrano w sumie 545 probek osadéw mineralnych
(klastycznych) przeznaczonych do analiz sedymentologicznych (analizy uziarnienia)
oraz geochemicznych (analizy %CaCOs, odczynu, LOI, przewodnosci elektrolitycznej,
analizy pierwiastkow chemicznych z uzyciem XRF, %Corg). Prawie 330 probek pobranych

zostato ze wszystkich stozkow akumulacyjnych i ze Sciany dna parowu A: z profilu STP Il
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pobrano 59 probek do laserowej analizy sedymentologicznej i 16 do analizy sitowej, z profilu
STP | byto to odpowiednio 27 i 12 probek (Tab. 1, 2), z profilu ze $ciany parowu pobrano
44 probki do analizy laserowej i 29 do analizy sitowej. W przypadku pozostatych stozkow
akumulacyjnych pobrano w sumie prawie 140 probek do analizy laserowej. Z kolei z profilu
ze $ciany parowu pobrano niecate 75 probek: do analizy sedymentologicznej metodg laserowg
pobrano 45 probek, a do analizy metoda sitowa odpowiednio 29 probek.

W ramach wykonanych prac laboratoryjnych dla probek osadéw z trzech profili
badawczych (STP I, STP II, profil ze $ciany parowu), a takze probek z pozostatych stozkoéw
akumulacyjnych zostaly przeprowadzone analizy uziarnienia metodg dyfrakcji laserowe;.
Wykonatem je w Pracowni Sedymentologicznej Uniwersytetu Pedagogicznego im. Komisji
Edukacji Narodowej w Krakowie. Analizy przeprowadzilem takze w laboratorium WNG UL,
wykorzystujac metodg sitowa. Metodyka badan sedymentologicznych zostata szczegoétowo
omowiona w artykutach Piech i in. (2018) oraz w Piech (2021), stanowiagcych cze¢s¢ niniejszej
rozprawy. Dla profilu STP | oraz STPII wykonatem analizy: zawarto$ci procentowej weglanu
wapnia metoda Scheiblera, odczynu oraz przewodnosci elektrolitycznej w laboratorium WNG
UL (metodyka wg Bengtsson i Enel 1986; Wicik, 1993; Myslinska, 2010). Przeprowadzone
zostaty ponadto badania chemostratygrafii osadow mineralnych stozka akumulacyjnego spod
stozka metoda spektroskopii fluorescencji rentgenowskiej (XRF) w Laboratorium Datowania
Termoluminescencyjnego i Spektrometrii (obecnie: Pracownia Datowania i Konserwacji
Zabytkow Instytutu Archeologii UL). Metodyka badan geochronologicznych metodg OSL
zostata szczegotowo opisana w Ginter i in. (2023), ktora to praca stanowi czgs¢ niniejszej
rozprawy.

W dalszej kolejnosci dla probek mineralnych (profile STP 1'i STP Il) przeprowadzono
analizy zawartosci procentowej wegla organicznego metoda Tiurina, materii organicznej
metodg strat prazenia (LOI) oraz analizy spektroskopii fluorescencji rentgenowskiej XRF (dla
wyroznionych probek referencyjnych) (metodyka za: Tobolski 1998; Heiri i in. 2001;
Woszczyk i Szczepaniak 2008; Imanishi i in. 2010; Hildebrandt-Radke 2017
Kittel i in. 2017). Wyniki tych analiz pomogly okresli¢ warunki s$rodowiskowe jakie
panowaty podczas faz erozyjno-denudacyjnych przyczyniajacych si¢ do powstania badanych

rozcie¢ erozyjnych i stozkow naptywowych.
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Tab. 1. Liczba przebadanych probek osadéw dla rdzenia STP |

Nazwa analizy: STP I osady nieorganiczne STP I osady
organiczne
Liczba probek Liczba probek

22 (metoda dyfrakcji

L laserowej) 27 (metoda dyfrakcji
Uziarnienie .
laserowej)
12 (metoda sitowa)

pH 12 25
Przewodnos¢ elektrolityczna 12 25
Weglan wapnia % 12 25

ZawartoSci pierwiastkow XRF/AAS 19 XRF 27 (AAS)
LOI - 21

Makroskopowych szczatkéw

roslinnych s 19

Pylkowa = 21

Chrinomidae i Cladocera - 21
Geochronometryczne 2 AMS, 1 LSC 4 AMS, 1LSC

Wyniki analizy spektroskopii fluorescencji rentgenowskiej (XRF) umozliwity ustalenie:

wplywu antropopresji na srodowisko, skali zanieczyszczenia pierwiastkami metali cigzkich

oraz wplywu zabiegow agrotechnicznych na ksztaltowanie zboczy. Dzigki powyzszym

analizom mozna byto takze posrednio ustali¢ wpltyw warunkow klimatycznych 1 antropopres;ji

(np. poprzez deforestacj¢ 1 uprawe roli) na intensyfikacje procesoOw stokowych.
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Tab. 2. Liczba przebadanych probek dla osadow rdzenia STP 11

STP 11 osady STP 11 osady

. nieorganiczne organiczne
Nazwa analizy:

59 (metoda dyfrakcji

L laserowej) 21 (metoda dyfrakcji
Uziarnienie '
laserowej)

15 (metoda sitowa)

Przewodnos$¢ elektrolityczna 30 20

ZawartoSci pierwiastkow
XRF/AAS

30 XRF 21 AAS

Makroskopowych szczatkéw
Powy 2 16 20

roslinnych

Chironomidae i Cladocera - 21

Wyniki badan sedymentologicznych, geochemicznych i paleobotanicznych osadow
mineralnych byly podstawa dla rozpoznania cech teksturalnych i strukturalnych osadow
oraz pozwolity na wyr6znienie ich typéw genetycznych, tj. deluwia, proluwia, osady rzeczne
oraz okreslenie warunkoéw formowania poszczegédlnych serii (por. m.in. Twardy 2008,

Hildebrant-Radke 2017).
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4.2.2. Badania paleoekologiczne i geochemiczne rdzeni osadow biogenicznych

Badania paleoekologiczne zostaly przeprowadzone dla dwoch krotkich (50 cm)
monolitéw osadow biogenicznych pobranych z czesSci stropowej osaddéw jeziorno-
torfowiskowych podscielajacych osady mineralne najwigkszego stozka akumulacyjnego.
Monolity osadéw biogenicznych w warunkach laboratoryjnych zostaly oprobowane
z doktadnos$cig 2,5 cm, a probki przekazano do ekspertyzowych analiz paleoekologicznych
I geochemicznych. Specjalisci wykonali nastepujace analizy: makroskopowych szczatkow
roslinnych (prof. Renata Stachowicz-Rybka, dr Katarzyna Cywa IB PAN), pylkowa
(dr hab. Anna Hrynowiecka, prof. PIG-PIB, Oddziat Geologii Morza, Gdansk), subkopalnych
Chironomidae i Cladocera (dr Agnieszka Mroczkowska z Zaktadu Dynamiki Krajobrazéw
Minionych IGIP PAN) oraz geochemiczna. Z kolei analizy pierwiastkéw litofilnych,
sladowych i ci¢zkich oraz sktadu granulometrycznego i LOI z probek organicznych zostaty
wykonane przez dra Daniela Okupnego z Instytutu Nauk o Morzu i Srodowisku, Uniwersytet
Szczecinski. Metodyka badan paleoekologicznych zostala szczegdtowo — opisana
w Piech i in. (w druku), ktory stanowi cze$¢ niniejszej rozprawy. Badania paleoekologiczne
osadow biogenicznych podscielajacych stozek akumulacyjny umozliwity rozpoznanie
warunkow paleosrodowiskowych w ostatniej fazie funkcjonowania jeziora w obrebie WSBP
(wspoélczesnej doliny rzeki Sertejki) i1 ostatecznego zastgpienia systemu fluwialnego

systemem rzecznym.

4.2.3. Badania geochronometryczne

W celu okreslenia chronologii faz formowania najwigkszego stozka akumulacyjnego
wykorzystane zostaty wyniki datowania otowiowego (?°Pb), wyniki metoda optycznie
stymulowanej luminescencji (OSL) i metoda radioweglowa (**C): technikg scyntylacyjng
(LSC) i1 akceleratorowg (AMS).

Istotnym elementem oznaczen geochronometrycznych w ramach niniejszej dysertacji sg
datowania osadow klastycznych budujacych najwickszy stozek akumulacyjny metoda
olowiowa (*!°Pb). Metoda ta bardzo dobrze sprawdza si¢ przy datowaniu osadéw bardzo
mlodych, jej zasigg to okoto 300 lat. W 2018 r. pobrano ze $ciany odkrywki geologicznej
W obrgbie najwigkszego stozka akumulacyjnego 4 monolity osadéw w metalowe puszki
0 wymiarach 50x10x10 c¢m. Z jednej z nich, z gl¢bokosci od 0 do 55 cm p.p.t., zostato
wypreparowanych 15 probek niezbednych do uzyskania sekwencji dat otowiowych. Przedziat

btedu datowania miesci si¢ w zakresie 5 lat, co jest niezwykle istotne dla precyzyjnego
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wyznaczenia faz akumulacji osadow stozka i skorelowania ich z czynnikami zewnetrznymi,
zwlaszcza ze zmianami paleosrodowiskowymi i oddzialywaniami antropogenicznymi.

Ponadto uzyskano datowania radioweglowe dla szczatkow biogenicznych (nhasiona,
fragmenty kory i drzew, fragmenty roslin) pozyskanych z osadéw jeziornych podscielajacych
stozki akumulacyjne oraz szczatkow organicznych wystepujacych w osadach samych
stozkow. Analizy zostaty wykonane technikg scyntylacyjng (LSC) dla osadow organicznych,
duzych fragmentow drewna i1 czgsci drzew oraz technikg akceleratorowa (AMS) dla
wyselekcjonowanych  makroskopowych szczatkow  ros§linnosci  ladowej] z  osadow
organicznych i nieorganicznych. Metodyka zostata szczegdétowo opisana w artykutach Piecha
i in. (wdruku) i Gintera i in. (2023), ktore stanowig czg¢$¢ niniejszej rozprawy.

Poboru probek osadow stozka do datowan OSL dokonano w ponownie odstonigtej
odkrywce STPII. Przed poborem probek w $cianie odkrywki wykonano wcigcie o glebokosci
10 cm. Taki zabieg miat na celu odstoniecie osadow nienarazonych na bezposrednie dziatanie
promieni stonecznych. Sam pobor probek odbywal si¢ zas w warunkach nocnych, przy
wykorzystaniu swiatta z czerwonym filtrem. Takie podejscie umozliwitlo pobdr probek
z konkretnych, wytypowanych wcze$niej na podstawie ich cech teksturalnych lamin osadéw,
w obrebie form cechujacych si¢ duza zmienno$cig litologiczng, jakimi sa stozki
akumulacyjne. Dla osadéw tych trudno jest okresli¢ przebieg granic poszczegdlnych warstw
i lamin w glebszej czgéci $ciany odstonigcia. Probki byly nastepnie umieszczane w czarnej,
nieprzepuszczajacej $wiatla i wody torbie foliowej. Miejsca poboru probek bazowaly na
otrzymanych wczes$niej wynikach analiz uziarnienia, tj. wysokim udziale frakcji 90—125 pm.
Probki do badan zostaly przygotowane w Gliwickim Laboratorium Luminescencji,
a doktadny proces analizy zostat szczegétowo opisany przez Gintera i in. (2023).

Oznaczenia geochronometryczne zostalty wykonywane w: Laboratorium Datowan
Radioweglowych w Gliwicach — datowania metoda 2°Pb, Laboratorium Datowania
Termoluminescencyjnego i Spektormetrii UL (obecnie: Pracownia Datowania i Konserwacji
Zabytkow Instytut Archeologii UL) — datowania OSL, w Laboratorium Datowan

Bezwzglednych w Cianowicach — datowania radiowgglowe metoda LSC i AMS.

4.3. Prace kameralne

Analizy kameralne obejmowaty przede wszystkim: opracowanie wynikow badan
laboratoryjnych, analizy statystyczne uzyskanych wynikow, szczegdtowe analizy rzezby
i budowy geologicznej terenu, studia literaturowe oraz ostateczne opracowanie wynikow

I przygotowanie dysertaciji.
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Uzyskane wyniki uziarnienia dla poszczegélnych probek wykorzystano do obliczenia
wskaznikow statystycznych, tj.: $rednig S$rednice ziaren (M), odchylenie standardowe
(wysortowanie - o), sko$nos¢ (Ski) oraz kurtoze (K). Wskazniki zostaty uzyskane za pomoca
programu Gradistat 5.11 (Blott i Pye 2001). W obliczeniach postuzono si¢ metods
zaproponowang przez Folka i Warda (1957). Wykorzystujac program Gradistat 5.11
dokonano takze analizy uzyskanych krzywych czgstosci rozktadu uziarnienia, krzywych
kumulacyjnych rozktadu uziarnienia, diagramoéw zalezno$ci poszczegdlnych parametréw
statystycznych (wskaznikow sedymentologicznych), diagramoéw C/M Passegi Cczy uziarnienia
wg Udden’a (1914) i Wentworth’a (1922).

Badania kameralne objety opis oraz analize uzyskanych wynikéw analiz
laboratoryjnych i terenowych. Duza ilo§¢ zgromadzonych danych pozwolita na uzyskanie
statystycznie istotnych wynikow analiz sedymentologicznych i1 geochemicznych prébek
osadow pochodzacych z roznych form terenowych i r6znych stref geomorfologicznych.

W analizach uksztaltowania i budowy geologicznej terenu badan wykorzystane zostaty,
oprocz danych pochodzacych z kartowania geologicznego, takze wyniki pomiardéw
geodezyjnych z zastosowaniem tachimetru, ortofotomapy wykonane za pomoca drona
oraz wyniki prospekcji wykonanych georadarem (GPR) (Rys. 12). Opracowanie graficzne
uzyskanych wynikow zostalo wykonane z wykorzystaniem oprogramowania ArcMap
dostgpnego na WNG UL, w tym m.in.: analiza form rzezby terenu na podstawie wykonanej
mapy wysokosciowej terenu badan i mapy spadkow terenu, mapy geologicznej, mapy
uzytkowania terenu, mapy ekspozycji terenu i kierunkow przeptywu oraz modele 3D

badanego obszaru.
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5. Szczegolowe wyniki badan

5.1. Cechy morfologiczne, sedymentologiczne i wiek stozkow akumulacyjnych na
zboczach WSBP

Piech W. 2021. Sedimentological features and depositional conditions of accumulative fans
in the lower Serteyka River valley, Western Russia. Acta Geographica Lodziensia 111, 159-
188.
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SEDIMENTOLOGICAL FEATURES AND DEPOSITIONAL CONDITIONS
OF ACCUMULATIVE FANS IN THE LOWER SERTEYKA RIVER VALLEY,
WESTERN RUSSIA

WIKTOR PIECH'

Abstract. In the Serteyka River valley in western Russia, eight accumulative fans formed at the mouths of ravines were examined
geologically and geomorphologically. The test samples were collected from individual geological drillings made with a manual
probe, as well as from excavations in the central and distal zones of the fans. Using the Gradistat program, sedimentological
indicators were calculated, i.e. mean grain diameter (Mz), standard deviation (sorting — o1), skewness (Ski) and kurtosis (Kg),and
then particle-size distribution frequency curves, cumulative curves and a Passega C/M diagram were drawn. It has been docu-
mented that the grain size of the fan sediments depends on the characteristics of the source material. Analysis of sedimentological
indicators (mean grain diameter, sorting, skewness, kurtosis) showed the studied fans deposits to have a large variability of erosion
and accumulation conditions. For the deposits of younger fans, the 2" system of the Mz-versus-oi relationship after Mycielska-
Dowgiatlo (1995) was distinguished, while for the older, the 2", 3and 4 systems were recognised. The main process of grain
transport within these forms was saltation. The ravines on the eastern slope of the Serteyka valley were most likely created in
the periglacial period, while the gullies on the western side of the valley developed in the early modern period.

Key words: slope processes, deluvia, denudation valleys, erosion cuts, sediment lithodynamics, Late Weichselian, Holocene,
Little Ice Age

. sis that the activities of Neolithic people shaped the
Introduction slopes of the Serteyka River valley. Slope sedi-
. ments from this region are interesting because of
In the present-day valley of the Serteyka River,  the possibility of them recording changes in envi-
since the 1960s, during drainage works and later  onmental conditions taking place on the plateau.
during archaeological research, a number of ar- Slope sediments constitute a specific geoar-
chaeological sites dating from the late Palaeolithic e recording numerous changes in erosion and
to the modern period have been discovered. The  accymulation processes that are reflected in the
most interesting are globally unique Neolithic pile- gty ctural and textural features of sediments. Their

dwel!ing settlements (e.g. Kul'kova et f"l- 2001, yecognition is extremely important in the context
2015; Mazurkievich et al. 2009a, b, 2012; Kittel &t of enyironmental reconstruction (Smolska 2005;

al. 2020, 2001; Wieckowska-Liith et al. 2021).  Twardy 2008; Dotterweich et al. 2012; Kittel
The Serteya region is important in research onthe  9014: piech et al. 2018: Szwarczewski et al. 2020).
neolithisation of Eastern Europe because some of The development of gullies and denudation

the earliest ceramics have been found there  \qjjeys is influenced by many factors, both natural
(Kulkova et al. 2015). For many years, the lower 514 anthropogenic. The natural factors are con-
section of the Serteyka valley has been the subject  octed to one another. Less dense and fine sedi-
of not only intepsive archaeological research, but  ents are more easily eroded. An additional factor
also palaeo-environmental research (e.g. Mazur-  «facjjitating” erosion is steep slopes. Another fac-

kieVi?h et al. 2009, b, 2012, Pie.ch et al. 2018, oy js deforestation and the conversion of forests to
2020; Kittel etal. 2018, 2020, 2021; Mroczkowska  4raple Jands; this deprives the surface of the earth

et al. 2021a, b; Wieckowska-Luth et al. 2021; of “protection”, thereby intensifying slope pro-

Ginter et al. under review). The examination of  cesees Then, there is a strong erosion of the slopes
cuts and fans was supposed to revise the hypothe- leading to the formation of, among other things,

! University of Lodz, Faculty of Geographical Sciences, Department of Geology and Geomorphology, St. Narutowicza 88,
90-139 L6dz; e-mail: wiktor.piech@edu.uni.lodz.pl, ORCID: 0000- 0001-5068-1631
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furrows, cuts, and covers of slope deposits. Extre-
me phenomena, e.g. heavy rains, cause a sudden
intensification of erosion and accumulation pro-
cesses, especially on slopes without forest cover
(Teisseyre 1994; Poesen et al. 2003; Smolska
2005; Dotterweich 2008; Rodzik et al. 2008;
Twardy 2008; Vanmaercke et al. 2016).

Various environmental changes, geomorpho-
logical processes (e.g. regression of ice cover, flu-
vial and slope activity), climatic fluctuations (e.g.
changes in rainfall), vegetation or water condi-
tions influence the formation and development of
gullies (Table 1) (Klatkowa 1965; Twardy 1995,

2008, 2017; Starkel 2005; Valentin et al. 2005;
Panin et al. 2009, 2011; Dreibrodt et al. 2010;
Paluszkiewicz 2011; Jaworski 2018; Piech et al.
2018; Karasiewicz et al. 2019; Ginter et al. 2020,
under review). On the other hand, the anthropo-
genic factor is human activity in its broader un-
derstanding, e.g. deforestation, agricultural activ-
ity, the causing of fires (Twardy 1995, 2008;
Smolska 2005; Sidorchuk et al. 2006; Dotter-
weich 2008; Rodzik et al. 2008, 2015; Dotter-
weich et al. 2012; Golosov et al. 2017; Poesen
2018; Piech et al. 2018, 2020; Ginter et al. under
review).

Table 1

Processes, conditions and effects on the slopes

Environmental

Morphological
process

conditions

Geomorphological
effects

Sample literature

slopewash, rain-
wash, surface
flow, creep flow,
mud flow

rains of varying
intensity; plowing
method and type
of cultivation;
slope surface made
of fine material;
snow thawing

slope sediment co-
vers in individual
slope zones; for-
mation of accumu-
lative fans

Sinkiewicz 1989, 1998; Teisseyre 1994;
Stochlak 1996; Smolska 2003, 2005, 2008;
Twardy 1995, 2000, 2008; Belyaev et al.
2005; Mycielska-Dowgiatto, Ludwikowska-
Kedzia 2011; Kittel 2014, 2016; Ratajczak-
Szczerba, Paluszkiewicz 2015; Piech et al.
2018; Karasiewicz et al. 2019; Szwar-
czewskKi et al. 2020; Ginter et al. under re-
view

soil erosion, linear
erosion, slope ero-
sion, rill wash,
splash erosion,

piping

intense rains; lack
of a dense plant
cover; high slope;
slope surface made
of fine material

formation of small
size cuts (rills);
slope denudation

Sinkiewicz 1989, 1998; Teisseyre 1994;
Stochlak 1996; Smolska 2003, 2005, 2007,
2008; Twardy 1995, 2000, 2008; Sidorchuk
et al. 2006; Dotterwiech 2008; Dreibrodt et
al. 2010; Dotterweich et al. 2012; Kittel
2014, 2016; Majewski 2014; Ratajczak-
Szczerba, Paluszkiewicz 2015; Jaworski
2018; Piech et al. 2018; Poesen 2018;
Karasiewicz et al. 2019; Szwarczewski et al.
2020; Ginter et al. under review

rill erosion,
ephemeral gully
erosion, gully ero-
sion, road gully
erosion

lack of a dense
plant cover; pro-
longed heavy
rains; the occur-
rence of extreme
phenomena; strong
deforestation of
the upland area

formation of large
erosive cuts and
gullies

Klatkowa 1965, 1989; Poesen et al. 2003;
Belyaev et al. 2005, 2020; Smolska 2005,
2007; Twardy 1995, 2005, 2008; Valentin et
al. 2005; Panin et al. 2009, 2011; Dreibrodt
et al. 2010; Paluszkiewicz 2011, 2014;
Tylman 2011; Dotterweich et al. 2012;
Majewski 2014; Zglobicki et al. 2014;
Rodzik et al. 2015; Vanmaerke et al. 2016;
Golosov et al. 2017; Jaworski 2018; Piech et
al. 2018; Karasiewicz et al. 2019; Majewski,
Paluszkiewicz 2019; Piech et al. 2020

There are many processes affecting the mor-
phology of gullies and their accumulative fans (Ta-
ble 1). In gullies or erosion-denudation valleys, pe-
riods of increased erosion and accumulation alter-
nated. These forms constitute an important part of
the shaping relief processes.
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The aim of the study is to analyse the textural
features of accumulative fan sediments, and on
their basis to determine the erosion, transport, dep-
osition and redeposition processes, as well as their
geomorphological characteristics.
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Research area

The study area is located in the valley of the lower
Serteyka River, which is on the Russian Plain in
western Russia, on the border of the Pskov, Tver
and Smolensk oblasts. This area was within the
range of the last Weichselian ice sheet (Valdai ice
sheet) (Fig. 1). The Serteyka River uses a subgla-
cial channel created during the last ice age. After
the deglaciation, blocks of dead ice remained in the
tunnel valley, which, as they melted, gave rise to
lakes. In the Holocene, these were drained, and
a fluvial system was developed (Kittel et al. 2018;
Piech et al. 2018).

On the western side of the Serteyka River val-
ley, the upland is formed mostly of fluvioglacial
sands. Further to the west and south-east there are
several clay horizons within fluvioglacial deposits
(Piech et al. 2020). In turn, the eastern plateau is
formed primarily of glacial till. Within the palaeo-
lake basins there are kames and kame terraces
build by sands and silts. These forms are partially
covered by gyttja and fluvial overbank deposits.
The beginning of lacustrine sediment accumula-
tion was in the Late Weichselian (Kittel et al.
2018). In the lower parts of the slopes of the sub-
glacial channel, strips of slope sediments and gul-
lies with accumulative fans have developed (Piech
et al. 2018, 2020) (Fig. 2).

Several in-depth palaeogeographic studies
have been carried out in the Serteya region, but the
focus has been primarily on biogenic sediments
(Fig. 3) (e.g. Kittel et al. 2018, 2020, 2021; Tara-
sov et al. 2019; Lucow et al. 2020; Mroczkowska
et al. 2021a, b; Wieckowska-Liith et al. 2021).

Currently, erosion and accumulation pro-
cesses are observed on the slopes of the studied
part of Serteyka River valley (former tunnel val-
ley) and within the erosion cuts. The upland is
mostly deforested, and periodic farming is carried
out here, although in recent seasons the fields have
turned to fallow land, while the slopes, erosion
cuts, accumulative fans and the valley floor are
wasteland with small clusters of trees (Piech et al.
2020).

Methods

The sedimentological research covered seven ero-
sion cuts (gullies) and their accumulative fans that
were formed on the slopes and the Serteyka River
valley floor. Gullies on the western side of the Sert-
eyka River valley are marked with the letters A, B,
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C, while gullies on the eastern side of the valley are
marked with the letters D, E, F (Fig. 2).

The field work included detailed geological
mapping of gullies and their accumulative fans,
which was performed using the Eijkelkamp geo-
logical hand auger equipped with a gouge auger.
The sediments were analysed with an accuracy of
1 cm. The distance between the drillings was 5 m
for fans of gullies A and B and from 5 to 30 m for
the other gullies’ fans. The samples for the study
of gully A were taken from two geological out-
crops. The first lay in the central zone, the second
in the distal zone. Samples with a volume of ap-
prox. 1 cm? were taken with an accuracy of 1-3 cm
from macroscopically distinguishable layers
(Piech et al. 2018). For other fans, samples for la-
boratory tests were taken from drillings from each
macroscopically distinguishable layer.

Laboratory work included grain-size analysis
by laser diffraction using the Malvern MasterSizer
3000 analyser with a water attachment, available at
the laboratory of the Institute of Geography of the
Pedagogical University in Krakow. The laser dif-
fraction method was used for fractions below
2.0 mm, and, for the coarser fraction, the sieve
method was used (carried out in the laboratory of
Faculty of Geographical Sciences University of
Lodz). Then the sedimentological indices were cal-
culated according to Folk and Ward (1957): mean
grain diameter (Mz), standard deviation (sorting —
o1), skewness (Sk;), and kurtosis (Kg). The calcu-
lations were made using the Gradistat 5.11 pro-
gram (Blott, Pye 2001). The SPAN index was also
calculated using the formula [(Dgo-D10)/Dso] (after
Foster 1991; Warrier et al. 2016).

Methods for the analysis of lithodynamics of
slope processes

The relations between mean grain diameter and
sorting were used to analyse the dynamics of slope
processes and the conditions of sediment deposi-
tion (see Folk, Ward 1957). The arrangement of
these relations is important in determining the dy-
namics of transport and the processes of material
accumulation within a specific environment (My-
cielska-Dowgiatto 1995). So far, four Mz-versus-
oi systems have been defined (Mycielska-Dow-
giatto 1995; Mycielska-Dowgialtto, Ludwikowska-
Kedzia 2011), i.e.:

— 1% system (as average grain diameter in-
creases, sorting values decrease simultaneously):
characteristic of channel deposits,
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Fig. 1. Location of research area (Gorlach et al. 2015)
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Fig. 2. Geomorphological sketch of studied fragment of Serteyka River valley after Kittel et al. (2018)

1 — moraine plateau; 2 — glaciofluvial plain; 3 — crevasse fills; 4 — kames and kame terraces; 5 — biogenic plains; 6 — flood plain;
7 —subglacial channel; 8 — valley slopes; 9 — alluvial fans; 10 — gullies, denudational valleys and their accumulative fans (A, B, C,
D,E, F,G)
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Fig. 3. Location of palaesogeographic research in Serteya region (A) and archaeological
and palaeogeographic research in Serteyka River valley (B, C)

A. 1 —Kittel et al. (2018, 20204, b); Mroczkowska et. al. (2021a); Piech et al. (2018, 2020); 2 — Tarasov et al. (2019); 3 — Mrocz-
kowska et al. (2021b); 4 —Lucow et al. (2020)

B. Early Neolithic sites ca 6500-5000 cal. BC (Kul’kova et al. 2015); letters indicate tested gullies denudational valleys and their
accumulative fans

C. Mid- and late Neolithic sites ca 4500-1800 cal. BC (Kul’kova et al. 2015); letters indicate tested gullies, denudational valleys
and their accumulative fans; rectangle indicates site of in-depth palaeogeographic research (e.g. Kittel et al. 2018, 2020a, b; Mrocz-
kowska et. al. 2021a)
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— 2"system (as average grain diameter de-
creases, sorting values decrease): refers to over-
bank deposits, aeolian deposits of hot deserts,
wash-out deposits, fluvial channel lag,

3 system (mean grain diameter values
vary, while sort values are constant): typical of ae-
olian deposits of the moderate climate zone, over-
bank-pool deposits,

—  4™Msystem (mean grain diameter values are
similar, but sorting values differ) typical of slope
sediments formed by splashing of rain drops.

Another method for determining the type of
sedimentation and the specification of morphody-
namic processes is the analysis of the particle-size
distribution frequency curves, which illustrate the
share of grains of certain diameters each sediment
(inagiven sample). By determining the modes that
occur in them, it is possible to estimate the strength
of the transporting centre and the duration of litho-
dynamic processes, and to distinguish the source
material for the deposited sediments (Mycielska-
Dowgialto 1995; Racinkowski et al. 2001; My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011).
It should be noted that the features of slope sedi-
ments in terms of the distribution of Mz-versus-c,
corresponds to the features of overbank alluvia
(Smolska 2005; Twardy 2008). When distinguish-
ing types of sediments, other analysis can be sup-
ported, e.g. the content of organic matter, the con-
tent of lithophilic elements, as well as a structural
analysis (see Kittel et al. 2020).

It should be emphasised that when interpret-
ing the Mz-versus-o; relations with respect to sys-
tems, one should take into account environmental
changes over time. These analyses should be pre-
ceded by the interpretation of the curves of sedi-
mentological indicators, in which fluctuations,
simultaneous decreases/increases in value, or the
presence of plateau indicate a change in erosion
and accumulation processes and therefore an envi-
ronmental change. After dividing the profile and
separating fragments with different tendencies,
one can apply the interpretation in relation to indi-
vidual systems. Then we get a full picture of
changes in the dynamics of the sedimentological
environment. Therefore, during the research, the
problem of determining all the features (different
systems) that change with depth was found.

Another method is the analysis of Visher
curves (Visher 1969). Based on the course of the
curves (analysis of sections A, B, C), the method
of grain transport is analysed: rolling, saltation or
transport in suspension (Visher 1969; Mycielska-
Dowgialto 1995; Szmanda 2010, 2011; My-
cielska-Dowgiatto, Ludwikowska-Ke¢dzia 2011).
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Another method for analysing the deposi-
tional conditions is the analysis of the relationship
between first percentile and grain median in the
Passega C/M diagram. In this diagram, we can dis-
tinguish several segments of transport fields, i.e.
N-O, O-P, P-Q, Q-R, R-S, which explain the
conditions of material transport and deposition,
e.g. graded suspension (Q-R segment). The C/M
Passega diagram also shows the fields of deposi-
tional environment types (from | to VIII) (Passega
1964, Passega, Byramjee 1969; Racinkowski et al.
2001; Szmanda 2010, 2011). It should also be
noted that the results of interpretations based on the
Passega C/M diagram may not agree with the in-
terpretation of the cumulative grain-size distribu-
tion curve (Szmanda 2010). SPAN index is another
factor that determines the dynamics of the environ-
ment. The 10th, 50th and 90th percentiles are used.
SPAN index is a dimensionless sorting index (Fos-
ter 1991; Warrier et al. 2016).

Individual methods with an in-depth descrip-
tion and analysis of the results are presented in:
Udden (1914); Wentworth (1922); Krumbein
(1934); Folk, Ward (1957); Passega (1964); Pas-
sega, Byramjee (1969); Visher (1969); Mycielska-
Dowgialto (1995); Racinkowski et al. (2001);
Szmanda (2010, 2011) and Mycielska-Dowgiatto,
Ludwikowska-Kedzia (2011).

The above-mentioned methods have been suc-
cessfully implemented to analyse the erosion and
accumulation processes of slope sediments (e.g.
Twardy 1995, 2000, 2003; 2005, 2008; Stochlak
1996; Smolska 2003; 2005, 2007, 2008; Kittel
2014, 2016; Majewski 2014, 2017; Paluszkiewicz
2014; Ratajczak-Szczerba, Paluszkiewicz 2015;
Piech et al. 2018; Karasiewicz et al. 2019; Ginter
et al. under review).

Results and Interpretation

Due to the complexity of the situation in individual
geological profiles, the author proposes to intro-
duce extended system records relating to the
Mz-versus-o relations. The proposals of entries are
intended to make the description more detailed.

1) Where the Mz-versus-o; relation exhibits
a set of points that matches the features of two dif-
ferent systems (after Mycielska-Dowgiatto, Ludwi-
kowska-Kedzia 2011), the following notation can
be used: “x/x system*; for example:*3'/4" system”.

2) Where the Mz-versus-o, relation exhibits
many systems (each at a different depth), the nota-
tion “x(x, x) system” should be used; for example
“15(319, 41 system” or «219(2"9, 1%, 4 system”. In
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this notation, the first number is the system recog-
nised for the entire population in the Mz-versus-oy
relationship diagram, whereas the numbers in pa-
rentheses represent the systems recognised for the
sediments of individual sections (units, segments)
of the profile (i.e. from individual depths). The
unity (segments) of the profile can be distinguished
based on, among other things, the curves of sedi-
mentological indicators. The order of the systems
in the proposed notation depends on the depth of
the recognised units. Thus, the first system within
the parentheses records the bottom of the geologi-
cal profile.

Gully A (western part of the valley)

This gully is cut into the upland to a length of
about 210 m and a depth of approx. 7 m, and at its
widest point it is 12 m wide. In the mouth section
has a U-shaped cross profile. The inclination of the
slopes is up to 52°. In the upper parts of the gully,
it adopts a V-shaped profile (Piech et al. 2018,
2020).

The fan sediments developed at the mouth of
gully A covered a coarse detritus gyttja in the cen-
tral and distal zone of the form. The top part of or-
ganic deposits was dated to the 2" half of the 17"
century AD (Piech et al. 2018). The inorganic de-
posits of the fan have been divided into a few sed-
imentological units: lower deluvia, proluvia, mid-
dle deluvia, upper deluvia and tillage diamicton.
The lower deluvia are fine, slightly silty sands with
numerous laminations of silt. This series is light
brown in colour. The proluvia are coarse sands
with numerous clay balls. Above, there are brown
fine sands, with an admixture of medium sand
(middle deluvia) in some places. The sediments of
this series have a massive structure. The upper
deluvia are fine, slightly silty, sub-horizontal lay-
ered sands. The top part of the fan’s deposits is
built of tillage diamicton (Piech et al. 2018; Ginter
et al. under review).

In the distal zone, the coarse-detritus gyttja is
covered with fine silty sands; above that, the con-
tent of the silty fraction increases, and is covered
with overbank alluvia.

In the central part of the fan, the values of sed-
imentological indicators fluctuate strongly for the
lower and upper deluvia, while relatively constant
values are recorded for the middle deluvia unit
(Fig. 4A). The sediments in this part of the fan are
characterised by poor or moderate sorting, where
the grain-size ranges from 3 to 4 phi. It is noticea-
ble that the skewness values increase towards the
top of the profile. The proluvia are characterised by
the lowest Mz values and the poorest sorting (Piech
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et al. 2018). The particle-size distribution fre-
guency curves for these sediments are usually uni-
modal, except for the proluvia, which are charac-
terised by a polymodal curves (Fig. 4D). The main
transport process was saltation for deluvial sedi-
ments, and traction for proluvia (Piech et al. 2018).
In the diagram of the Mz-versus-c; relation, delu-
vial sediments are arranged in the 2"¥system, while
the proluvia take the 1% system, indicating the cur-
rent environment (Fig. 4B). However, in the lower
deluvia the 2" system can be distinguished, for the
middle deluvium it is the 4™ system and for the up-
per deluvia it is the 2" system (after Mycielska-
-Dowgiatto 1995; Mycielska-Dowgiatto, Ludwik-
owska-Kedzia 2011). The code for the entire pro-
file is 2" (2, 4t 2nY) system can be used. Deluvia
have unimodal particle-size distribution curves and
the saltation process dominates in the transport of
grains. All deluvia are in the Passega C/M diagram
in fields V (gradation suspension transported under
conditions of moderate turbulence) and VI/VII
(gradation suspension transported under low tur-
bulence conditions, characterised by different par-
ticle size) in Q-R segment (graded suspension),
while proluvia are in fields | and 1l and P-Q seg-
ment (graded suspension with some grain trans-
ported by rolling) and in O-P segment (rolling
with some grain transported in suspension) (Fig.
4C) (after Passega 1964; Passega, Byramjee1969).
A lot of samples are also found in the Tc zone,
which is interpreted as characteristic of sediments
formed in conditions of density runoff (see
Szmanda 2011). It is noticeable that in the lower
deluvium there are usually constant values of the
SPAN index. The exception is the depth of 138 cm
b.g.l., where the value is several times greater. On
the other hand, in the middle and upper deluvium,
numerous fluctuations in the value of this index are
noticeable, from 0.5 to0 1.2.

In the distal zone of the fan, the highest values
of Mz above 5 phi are visible, while grains with the
grain size of 3-4 phi dominate. Sorting is poor or
moderate. For deluvial sediments, the particle-size
distribution frequency curves are unimodal. Ana-
lysing the cumulative grain-size distribution
curves (Fig. 5E), the conclusion was obtained that
saltation dominated in the transport process (see
Visher 1969; Mycielska-Dowgiatto, Ludwikow-
ska-Kedzia 2011; Szmanda 2011).The fan deposits
from the distal zone assume the 2" system. The
particle-size distribution curves are usually uni-
modal. As with sediments from the central zone, so
too here, saltation dominates in the transport of
grains. In the Passega C/M diagram, the samples
are located mainly in fields V and VI/VII (Fig. 5C)
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and in Q—-R segment (graded suspension) and in
the Tc zone (after Passega 1964; Passega, Byram-
jee 1969; Szmanda 2011). The SPAN index values
are constant and hover around 3.2. The values of
this index are almost double higher the values for
the central zone.

Gully B (western part of the valley)

This gully hangs 2 m above the valley floor. It
is cut into the upland to a depth of 2 m, and to
a length of approx. 70 m, with a maximum width
of 10 m. The slopes inclinations of the ravine range
from 26° to 52° (Piech et al. 2020).

In the central zone, the sediments of the fan
covered coarse detritus gyttja. The bottom of the
fan sediments is made of fine, light-brown sands.
There is fine gravel in some places above it and the
colour changes to light grey and then back to light
brown. The sediment thickness of the fan is ap-
prox. 175 cm.

From a depth of 172 to 140 cm b.qg.l., there is
a distinct change in mean particle diameter value,
along with poor sorting. Further, from 140 to 110
cm b.g.l. there is an increase the mean grain diam-
eter and a deterioration in sorting (Fig. 6A). This
proves a change in the transport conditions and a

SPAN

-3

g’

TN

Sk, K; O,

Mz

decrease in the dynamics (variability) of the envi-
ronment. Positive skewness values were recorded
in all samples. From the depth of 102 cm to 20 cm
b.g.l., environmental conditions can be postulated.
The sediments are moderately sorted, which
proves the relative stability of the transport dynam-
ics. For the entire set of points (172-20 cm b.g.l.)
in the relation Mz-versus-c,, a second system can
be defined after Mycielska-Dowgiatto and Lud-
wikowska-Kedzia (2011), characteristic of, among
others, slopewash deposits. On the other hand,
three populations can be distinguished here. The
2" system can be determined for the first and sec-
ond populations, while population 3 (samples at
depths 170-171 and 150-140 cm b.g.l.) is charac-
terised by the 4" system, which refers to slope sedi-
ments formed by splashing of rain drops (after My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011).
From the particle-size distribution frequency
curves, it can be concluded that, firstly, grains with
a size of 2—3 phi were accumulated, the curves are
leptokurtic, then the strength of the transporting
medium changed, as a result of which finer grains
in the range of 2.5-4 phi were deposited. Further,
conditions stabilised and grains with a size of 3-4
phi were mostly accumulated.
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Fig. 4. Textural features of central zone sediments of gully A

A — sedimentological indicator curves: Mz — mean grain diameter, o| — sorting, K — kurtosis, Ski — skewness; B — relation Mz
versus oi; C — Passega C/M diagram; D — particle-size distribution frequency curves; E — cumulative grain-size distribution curves
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In the Passega C/M diagram, 50% of the sam-
ples are in field VI and VII (gradation suspension
transported under low turbulence conditions, char-
acterised by different particle size), 44% of the
samples are in field V (gradation suspension trans-
ported under moderate turbulence conditions), and
one sample (110-112 cm b.g.l.) is located in field
Il (traction deposition with a small proportion of
suspension dominates here) (after Passega and
Byramjee 1969). The samples are in the P-Q seg-
ment (graded suspension with some grain trans-
ported by rolling) and in a Tc zone (density runoff)
(Fig. 6C) (after Passega 1964). From a depth of
172 to 110 cm b.g.l. SPAN index values are higher
(average value 0.82) than the values from the depth
of 102-20 cm b.g.l. (mean value 1.31).

Gully C (western part of the valley)

The slopes of this gully are steep, in some
places reaching 60°. The form is cut into the up-
land to a depth of 7 m and a length of about 80 m
and a bottom width of up to 10 m in the mouth
zone. There are numerous hanging ravines and
smaller erosive cuts notes. At the bottom of the ra-
vine, a 3-m-wide deepening can be seen that is con-
nected with the side fan (STA profile).

In the proximal zone, the sediments of the fan
lie directly on fluvioglacial sediments. At the bot-
tom, the fan is built of silty fine, light-brown sands
with individual small charcoals. Above, there are
alternately silty fine sands, poorly laminated in
places, and various sands. At particular depths,
they vary in colour from light brown to light grey.
At a depth of about 100 cm b.g.l. single charcoals
also appear, while at a depth of approx. 50 cm b.g.l.
the number of charcoals increases.

In the central zone, too, the deposits of the fan
cover fluvioglacial deposits. In this part the fan is
made of fine silty sands, lightly laminated light
brown. At depths from 292 to 272 cm and 252-225
cm b.g.l. there are fine, slightly silty grey sands
with plant detritus. From a depth of 225 to 214 cm
b.g.l. there are alternately fine silty sands and silts
in colours ranging from grey to orange. Above,
there are fine, poorly laminated sands and, in some
places, various sands. The sediment thickness of
the fan in the central zone is 300 cm.

In the distal zone, fine and medium laminated
sands dominate, with small fragments of wood and
plant detritus in places. Charcoals have been docu-
mented at depths of 232-290, 211-197, 115-113,
103-93 and 39-32 cm b.g.l.

In the proximal zone, the deposits from a depth
of 317-300 cm b.g.l. represent the sediment of the
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substrate. From the floor to the depth of 196 cm
b.g.l., poor sorting is visible, and from this depth
up to the top of the profile the sorting is very poor
(Fig. 7A). Very large fluctuations are visible in the
values of sedimentological indicators. This proves
the variability of the force of dynamics of the
grain-transporting force, and therefore testifies the
relative instability of the depositional environ-
ment. This does not correspond to the data ob-
tained from gullies A and B, possibly because
gully C is older. During the accumulation of this
fan, different environmental conditions prevailed.
At particular depths, there is a sudden decrease in
the mean grain diameter and skewness, as well as
a sudden deterioration in sorting. This testifies to
the intense erosion processes that washed away the
finer material and left the thicker, poorly sorted de-
posits. There are also places where the fluctuations
in mean size diameter and sorting values are ac-
companied by uniform values of skewness. These
are periods of relative balanced of the grain-trans-
porting force, and they also indicate the stability of
the immediate surroundings of gully C. Strong
multimodality of the curves may indicate the dep-
osition of aggregates connected with clay/silts. In
the Mz-versus-c relation, two populations can be
distinguished. The first population is associated
with erosive processes, where there was a strong
washing-out of grains and the delivery of poorly
sorted material, while the second population deter-
mines the advantage of accumulation over erosion,
although the point cloud is stretched, which may
also indicate the relative instability of the deposi-
tional environment. For the entire profile, the 2™
system can be recognised. Two sample popula-
tions can also be distinguished in the Passega C/M
diagram. The first is located in fields I, II, Il re-
lated to traction deposition with a small share of
suspension. The samples are closest to N-O seg-
ment (accumulated by rolling) and O-P (accumu-
lated by rolling with some grain transported in sus-
pension) (after Passega 1964). The second popula-
tion of samples is in field V (gradation slurry trans-
ported under moderate turbulence), VI/VII (grada-
tion suspension transported under low turbulence
conditions, characterised by different particle size)
and in field VIII (fine-grained homogeneous sus-
pension of pelagic type) (after Passega, Byramjee
1969). The samples are in the Q-R segment
(graded suspension), P-Q segment (graded sus-
pension with some grain transported by rolling)
and Tc zone (density runoff) (Fig. 7C) (after Pas-
sega 1964; Szmanda 2011). The SPAN curve
shows clear peaks, which suggests a change in the
transport force of grains at particular depths.
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Fig. 7. Textural features of central zone sediments of gully C

explanations in Fig. 3

In the distal zone, a significant drop in grain
size and an increased share of coarse grains (skew-
ness drop and negative values) are visible from
a depth of 272 to 200 cm b.g.l., which suggests an
increase in the transport force, though the sorting
values do not fluctuate too much, which suggests
that then there were not very dynamic conditions
for the transport of grains with low variability of
force. The graining frequency curve shows the
greatest share of grains in sizes from 0 to 2 phi,
then the share of finer grains systematically and
evenly decreases. Thus, sudden accumulation epi-
sodes with high transport force (accumulation of
coarser grains) prevailed, followed by a gradual,
slow and relatively long decrease in transport force
(accumulation of finer material). At the top of the
profile, the values of the average grain diameter de-
crease, and the share of fine grains increases, so fine
material is accumulated, which is associated with
a decrease in the grain-transporting force. Two pop-
ulations of points can be distinguished in the Mz-
versus-o; relation. The first population is samples
for a depth of 297 to 270 cm and from 122 to 30 cm
b.g.l. (2" system) and the second population is sam-
ples from 248 to 200 cm b.g.l. (1% system). For all
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samples, the Mz-versus-o; relation exhibits the 3™
system, and it is aeolian deposits of the moderate
climate zone, overbank-pool deposits (Mycielska-
Dowgiatto 1995; Mycielska-Dowgiatto, Ludwik-
owska-Kedzia 2001). Using the proposed code that
can be described: 3(2",1%2") system. On the
Passega C/M diagram, two point populations can
also be distinguished. The first population is iden-
tical to the first population identified for the Mz-
versus-o; relation. This population is located in
fields I and II, where the deposition was from trac-
tion with a small proportion of suspension and in
N-O segment (rolling) and O—P segment (rolling
with some grain transported in suspension). The
second population is identical to the second popu-
lation in the Mz-versus-c; relation. This population
is located in field VI/VII (gradation suspension
transported in low turbulence conditions character-
ised by different particle-size distribution) and
some samples are in the Tc zone (Fig. 8C) (after
Passega 1964, Passega, Byramjee 1969; Szmanda
2011). The SPAN index values slowly increase
from bottom to a depth of 240-242 cm b.g.l. reach-
ing the value of 3.1, then falling to the ceiling.
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Fig. 8. Textural features of distal zone sediments of gully C

explanations in Fig. 3

STA (western part of the valley)

The STA profile is located within the smaller
accumulative fan formed in the northern zone, be-
tween the slopes of the upland and the main accu-
mulative fan of gully C. Profile STA is associated
with the younger phase of development of gully C.

The thickness of the fan sediments is less than
140 cm. The bottom part of the fan is made of
brown-grey laminated mud. Above, there are fine
and medium sands with an admixture of silt. From
adepth of 25 cm b.g.l., there are grey laminated mud
sands. The top of the organic deposits underlying
the fan sediment was dated to 4926+22 BP (MKL-
A4683), i.e. to 3707-3662 cal. BC.

The sediments of this fan are fine sands and the
skewness values are not very high. The lower seg-
ment of the profile (130-87 cm b.g.l.) is character-
ised by a slightly better sorting (but still poor) than
the upper segment (87-15 cm b.g.l.). Poor sorting is
caused by the short transport distance of the depos-
its, as well as the sudden deliveries of mixed mate-
rial. In this case, the short transport route can be con-
sidered worse sorting, as the average grain diameter
in this profile oscillates around 5 phi, which indi-
cates the advantage of accumulative processes over
erosive ones. However, from the different course of
the particle-size distribution frequency curves, it can
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be concluded that the processes shaping the fan
were quite dynamic — where there was a sudden ac-
cumulation of poorly sorted material. Perhaps from
single events, i.e. heavy rains. The Mz-versus-o; re-
lation shows the features of the 4" system (slope
sediments formed by splashing of rain drops). These
sediments are visibly enriched with fractions of the
order of 10-11 phi. This is most likely due to the
proximity of the slope, and to a fan of organic matter
and clay material (whose transport started during the
smallest surface runoff) being washed into the sedi-
ments. On the other hand, the clay material may
have come from the long-term washing processes of
clay horizons documented in the upland area. Poor
sorting and the diversified course of the curves can
also be explained by the transport of whole grain ag-
gregates agglomerated with clay. The material was
transported mainly in the saltation process and in
suspension, with rolling being a minor part. In the
percentage of samples in the Passega C/M diagram,
90% of the samples fall on the field VI/VII, and
10% on the field IV (after Passega, Byramjee 1969).
The samples are in the Q-R segment (graded sus-
pension) and P-Q segment (graded suspension with
some grain transported by rolling) and in the Tc
zone (Fig. 9C) (after Passega 1964; Szmanda 2011).
The highest values of the SPAN index are recorded
at a depth of 87-89 cm b.g.l. (2.4).
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explanations in Fig. 3

Denudational valley D
(eastern part of the valley)

In the current morphology of the terrain, this
gully is characterised by gentle slopes reaching
only 10°. The bottom of the ravine is filled mainly
with fine and medium sediments, and its length is
now about 50 m, although in the past its length
could have been greater because it is now followed
by a dirt road (Piech et al. 2020).

The fan deposits covered clay deposits, possi-
bly kame material. Above, there are fine and me-
dium, light-brown sands with some low lamina-
tions. Various sands occur at different depths.
From 166 to 114 cm b.g.l., there are alternating
fine, grey sands with silty admixtures and grey
silts. Above, there are fine, light-brown, slightly
silty sands. The fan is about 280 cm thick.

The bottom sample represents the sediments
underlying the sediments of the accumulative fans.
It is evident that they differ significantly from
younger sediments. The average grain diameter
decreases visibly with depth, so the erosive pro-
cesses slowly were replaced by domination of ac-
cumulation processes. The material is poorly
sorted here. The duality of the profile is noticeable
in the skewness. In the lower part, finer grains are
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decidedly more common. They may have been de-
posited as a result of aeolian processes. The sam-
ples’ Mz-versus-o; relation indicates the presence
of the 2" system (e.g. wash-out deposits), but there
are also 3"system features (aeolian deposits of the
moderate climate zone, overbank-pool deposits). It
can be described as a 2"%/3 system. The particle-
size distribution frequency curvesshow layers are
enriched with the finest material (e.g. from aggre-
gates). All curves are multimodal, which indicates
short transport and variability of dynamics. There
is a small share of traction in the transport of
grains, and saltation dominates here. In the Passega
C/M diagram, more than 90% of the samples are in
field VI/VII, and about 8% in field V (after Pas-
sega, Byramjee 1969). At the same time, they are
in the P—Q segment (graded suspension with some
grain transported by rolling) and the Tc zone (Fig.
10C) (after Passega 1964; Szmanda 2011). Fluctu-
ations in the value of the SPAN index are visible.
These fluctuations decrease at the ceiling.

Denudational valley E
(eastern part of the valley)

In morphology parameters, this gully is very
similar to the D gully. However, the mouth part is
multi-level — three levels can be distinguished,
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explanations in Fig. 3

the outlet level is suspended in relation to the ac-
cumulative fan below. Perhaps we are dealing here
with the transformation of isolated concave forms
— non-outflow depressions of predominantly gla-
cial origin. They are forming initially closed sys-
tems, and later, in the process of erosion, open flow
systems were formed (Klatkowa 1989; Twardy
2017). The periglacial denudation valleys were the
forms along which such transformations took place
most effectively. There was both the filling of the
insulated non-outflow forms and rapid erosion
through mechanical denudation of the thresholds
separating the individual concave forms (Klat-
kowa 1989; Twardy 2017). On the other hand, it
cannot be ruled out that there will be later human
interference that could develop such levels as a re-
sult of long-term land cultivation.

The sediments of the fan in the central part
cover clay sediments. From a depth of 173 to 135
cm b.g.l. there are grey silts in places with single
fragments of plant detritus. From a depth of 135 to
90 cm b.g.l. there is a silty material coloured from
grey-greenish to dark brown. Above, there are fine,
weakly laminated sands. The thickness of the fan
in this part is approx. 250 cm. The bottom of the
fan in the distal zone is formed by silty fine sands
with weak laminations. Above, there are silty fine
sands, with light-brown colour.
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The lower part of the fan in the central zone is
characterised by lower Mz values and, at the same
time, higher sorting values. This proves the higher
transport force of the deposition and the sudden de-
livery of poorly sorted material. Then, the erosion-
accumulation processes stabilised, as evidenced by
relatively high values of the mean grain diameter,
in the range of 4-5 phi. In the entire profile, the
sediments are poorly sorted. Interestingly, skew-
ness values are several times higher in the lower
part of the fan than in the higher part. This may in-
dicate that the finest fractions are being blown out
or washed out. In the Mz-versus-c; relation, the
samples have the characteristics of the 1% system
(channel deposits). The particle-size distribution
frequency curves are multimodal. Two samples
have a very distinct mode and a relatively flat plat-
eau for grain sizes from 3 to 7 phi. This speaks of
the long sorting of the material and subsequent sys-
tematic washing on the previously deposited sur-
face. The cumulative curves show a high propor-
tion of rolling in the grain-transport type, which in-
dicates a higher grain-transport force. In the Pas-
sega C/M diagram, samples from this segment are
in fields 1V and V, indicating that the deposition
was from gradation suspension transported under
conditions of high and moderate turbulence (after
Passega, Byramjee 1969). These samples are in the
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P—Q transport field segment, which is graded sus-
pension with some grain transported by rolling.
Saltation dominated in the remaining samples, and
in the Passega C/M diagram the samples were in
field VI/VII and in the P-Q segment (graded sus-
pension with some grain transported by rolling)
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and in the Tc zone (Fig. 11C) (after Passega 1964;
Szmanda 2011). The highest values of the SPAN
index are visible at the bottom of the profile.
Above the value, they are constant and oscillate
around 0.95.
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Fig. 11. Textural features of central zone sediments of gully E

explanations in Fig. 3

In the distal zone, based on changes in the val-
ues of the mean grain diameter and skewness, it
can be concluded that in the past there have been
numerous changes in the intensity of the erosion
and slope processes in favour of the predominance
of erosion, and then accumulation. The character-
istic feature of this profile is the constancy of the
sorting values — slight variations around the value
of 2. In the Mz-versus-c) relation, we recognise the
31 system, which refers to aeolian deposits of the
moderate climate zone, or overbank-pool deposits.
It is a characteristic system for low-dynamic sedi-
mentological environments with low variation of
transport force. Two groups of points can be dis-
tinguished here, i.e. one with values below 4 phi,
the other with values above 4 phi. The former most
likely relates to the erosive stages of washout
and/or aeolian processes, where the finer grains are
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washed away/blown away, while the latter most
likely relates to periods with increased accumula-
tion. It is well visible in the particle-size distribu-
tion frequency curves. In the first group, there are
curves with the largest particle size in the range of
values 1-2 phi. The second group consists of
curves, the share of grains in the size of 5-6 phi is
dominant, and the sorting takes place in the coarser
fraction or accumulation of aggregates. In the Pas-
sega C/M diagram, the samples are in field VI/VII
(44.4%) and field V (56.6%) and simultaneously in
the P—Q segment and in the Tc zone (Fig. 12). This
demonstrates the domination of the low grain-
transport force in low-turbulence conditions (after
Passega 1964, Passega, Byramjee 1969; Szmanda
2011). This profile shows large fluctuations in the
SPAN index from 1t0 1.2.
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explanations in Fig. 3

Denudational valley F
(eastern part of the valley)

In terms of morphometry, this is similar to gul-
lies E and D. The gradients of the slopes amount to
a maximum of 15°, the current depth is approx. 2 m,
and the bottom is approx. 10 m wide.

Here, the sediments of the fan cover fluvio-
glacial sediments. Above, there are deposits of grey
silt to a depth of 104 cm b.g.l. Next, there are light-
brown fine sand, slightly silty. At a depth of 66 and
29 cm b.g.l. there are single charcoals. Here, the
thickness of the sediments of the fan is less than 2 m.

From the bottom to the depth of 65 cm b.g.l.,
slight fluctuations in average grain diameter are
noted. This could indicate a stable accumulation en-
vironment or stable permanent sediment feed, but
strong fluctuations in sorting are noted from the floor
to a depth of 110 cm. For all samples, the 1% system
can be specified in the Mz-versus-o; relation, where
an environment characterised by high variability of
the force transporting the material. Periods of short-
term increased flow are separated by periods of low
flow dynamics. In low-dynamic periods, sorting of
the material by transport by saltation dominates. Dur-
ing periods of increased flow, there were rapid drops
in the transport force, and as a result the accumulation
of coarse material prevails (Mycielska-Dowgiatto
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1995). From 222 cm to 122 cm b.g.l. the 1% system is
recognised. Then, fromadepth of 112to65cmb.g.l.,
relatively constant Mz values and a slowly deteriorat-
ing sorting are visible. This indicates a change to the
4™ system, i.e. slope sediments formed by splashing
of rain drops. The top part of the profile (62—28 cm
b.g.l.) is transformed into the 3" system, where the
dynamics of the sedimentological environment are
low, with low variation in the transport force. For the
entire profile, in relation Mz-versus-c,, the samples
assume the 1% system. For this profile, the code can
be used: 1%(1%,4™ 3" system. The vast majority of the
particle-size distribution frequency curves are multi-
modal. This may indicate multiple transformations of
previously accumulated sediments or poor transfor-
mation of source sediments. In the Passega C/M dia-
gram, more than 94% of the samples are in the VI/VI
and they are very close to Q-R segment (graded sus-
pension) and Tc zone. In turn, one sample (6062 cm
b.g.l.) is located in | segment, where traction deposi-
tion dominates with a small share of suspension. At
the same time, this sample is in the O-P segment
(rolling with some grain transported in suspension)
(Fig. 13C) (after Passega 1964; Passega, Byramjee
1969). Throughout the profile, the SPAN values re-
main relatively constant at around 1. The only excep-
tion is the depth of 6062 cm b.g.l., where the value
is 2.5.
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explanations in Fig. 3

Denudational valley G
(eastern part of the valley)

In the morphology and morphometry of the
gullies, this one does not stand out from gullies D,
E and F. The bottom of the fan up to 130 cm b.g.l.
(in the central part) is made of fine silty sands with
fine clay balls. Above, there are fine sands, weakly
laminated. The top is made of fine and medium
brown sands.

The sediments of this fan have high mean
grain diameters (4-6 phi) and poor or very poor
sorting. Based on sedimentological indicators, two
units can be distinguished: the first from the bot-
tom to a depth of 132 cm b.g.l., the second from
130 cm b.g.l. to the top. The first fragment demon-
strates fluctuations in the mean grain diameter,
sorting and skewness. In the Mz-versus-c; relation,
the 2" system is distinguished. In the second frag-
ment, the charts are expropriated. From the depth
of 92 cm b.g.1., a steady, slow decrease in the mean
grain diameter is visible. On the other hand, an
“arc” is visible in the skewness diagram. Here the
samples also assume the 2™ system. In this system,
sorting takes place mainly in coarser fractions and
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periodic supply of poorly sorted material. It is
characteristic of, among other things, slope wash
deposits. In the other hand, for the entire profile, in
the Mz-versus-c; relation, the features of the 1% sys-
tem can be found. For a detailed distinction, it
would be necessary to use the following notation:
154(2m, 2" system. The particle-size distribution
frequency curves are usually unimodal, and less
often bimodal and trimodal. All curves are basi-
cally expropriated — no mod hits 8%. For single
samples, a large share of rolling in the transport of
grains is marked, and saltation prevails. However,
there is also a significant share of transport in sus-
pension. This is most likely the result of the wash-
ing of clay balls. In the Passega C/M diagram, 85%
of the samples are in field VI/VII and 15% are in
field 1l (dominant deposition from traction with
a small proportion of suspension). A few samples
are in the Tc zone, but most of the samples are out-
side the transport field segments (they are close to
the Q-R segment) (Fig. 14C) (after Passega 1964,
Passega, Byramjee 1969). From the bottom to
a depth of 122 cm b.g.l., large fluctuations in the
SPAN value are visible, above this depth the val-
ues are characterised by uniformity.
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explanations in Fig. 3

Discussion

Sedimentological characteristics of
the Sertaya gullies and denudational valleys

Deluvial sediments can often retain the character-
istics of the source material (Smolska 2005;
Twardy 2008; Kittel 2014; Majewski 2017; Piech
et al. 2018).

In the diagram of the Mz-versus-c; relation,
the vast majority of the obtained points are ar-
ranged according to the 2"system after Mycielska-
Dowgiatto (1995) and Mycielska-Dowgiatto, Lud-
wikowska-Kedzia (2011) (Fig. 15). However, the
situation is much more complex, as shown in Table
2. The studied deluvia are characterised by the
dominance of grains with a size of 3-4 phi, but the
sizes may be different, depending on the source
material. The recorded sorting also varies from
poorly sorted to well sorted material, except that
poorly sorted sediments predominate. This is
mainly due to the short transport distance of grains
and the weak grain-transporting force. Positive
skewness values predominate. The 2" system in
the Mz-versus-c relation is typical for deluvial
sediments (Smolska 2005; Twardy 2008; My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011;
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Paluszkiewicz 2011; Kittel 2014; Ratajczak-
Szczerba, Paluszkiewicz 2015; Majewski 2017
Piech et al. 2018).

Western fans have unimodal curves and in the
M_z-versus-c relation they usually take the 2" sys-
tem (e.g. wash-out deposits). The Mz-versus-o; re-
lation shows that the sediments of the fans belong-
ing to gullies A and B are clearly closer to the be-
ginning of the system than the remaining sedi-
ments (Fig. 15). This separation may be influenced
by the source material. For gullies A and B, the
source material is mainly fine fluvioglacial sands,
while for the remaining gully, apart from the fluvi-
oglacial sands, there are also glacial tills.

The sediments of the western accumulative
fans (A, B) can be classified as deluvial sands after
Twardy (2008), where the grain size is predomi-
nant in the range of 1-3 phi, poor or medium sort-
ing is noted, and the skewness values are varied.
The 2" system is marked for these sediments after
Mycielska-Dowgialto (1995). The particle-size
distribution curves take an unimodal form. The
main processes shaping the series of deluvial sands
are linear rain-wash, which in upland areas creates
furrows that cross the accumulation level of soils.
The material was transported mainly by traction
and saltation, and the subsequent units are rela-
tively flat and continuous layers (Twardy 2008).
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Eastern fans have multimodal curves and as-
sume the 1%, 2", 3 and 4" systems. Moreover,
these sediments exhibit more complex Mz-versus-
ol relations. Eastern fans were also formed as a re-
sult of surface runoffs, but also rinsing from rain,
or solifluction and creeping. Perhaps the aeolian
factor also influenced the system of the Mz-versus-
oirelation here. In the investigated fans’ sediments
(C distal zone, D, E distal zone), segments were
found in which the graining characteristics in the
Mz-versus-o; diagram suggest the presence of the
2" and 3" system, which correspond to aeolian de-
posits of hot desert and aeolian deposits of the
moderate climate zone (after Mycielska-Dow-
giatto, Ludwikowska-Kedzia 2011). However, the
sediments of the studied fans are not in the area in-
tended for aeolian sediments in the diagram (Fig. 4
in Podgorski, Szmanda 2004).

The sediments of fans on the eastern side of
the Serteyka valley (gullies and denudational val-
leys D, E, F, G) can be classified as deluvial sandy
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silt in the concept of Twardy (2008). They are
characterised by fine fraction (values higher than
3 phi), poor and very poor sorting. They are also
characterised by weak affiliation to the 1% or 2"
system and usually positive values of skewness.
The particle-size distribution frequency curves are
polymodal, and the cumulative curves run in a way
in which it is impossible to clearly distinguish in-
dividual sections determining the form of tran-
sport. Twardy (2008) believes that such sediments
were formed in a low dynamic sedimentological
environment, where diffuse flushing prevailed,
which works mainly within the topsoil. Twardy
(2008) indicates that poor and very poor sorting is
the result of unstable runoff conditions on the
slopes. Smolska (2005) suggests that the poor sep-
aration of the population on the cumulative curves
may be typical for deluvial sediments, which is
confirmed by the results of Majewski (2017), alt-
hough the work of Paluszkiewicz (2011) and Kittel
(2014) managed to distinguish differences.
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Fig. 15. Graph of relationship between mean diameter and sorting for all tested sediments

1 — gully A central zone; 2 — gully A distal zone; 3 — gully B central zone; 4 — gully C central zone; 5 — gully C distal zone;
6 — C gully C STA profile; 7 — gully D central zone; 8 — gully E central zone; 9 — gully E distal zone; 10 — gully F central zone;

11 —qully G central zone
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The geological structure of the deluvia sepa-
ration does not affect the presented model (Twardy
2008). In the work of Twardy (2008), the source
material for slope sediments includes sands and
silts of kames, glacial sands and gravels, abla-
tionftill clays, and silty sands. At the same time,
cuts were formed on the slopes of kames, river ter-
races, fluvioglacial plains and the slopes of mo-
raine plateaus. The model is not affected by the ter-
rain relief area or large water arteries, nor by long-
lasting settlement traditions (after Twardy 2008).

The sediments of the western fans have lower
mean grains values than those of the eastern fans.
The deposits of the first group of fans are better
sorted and have larger ranges of values for skew-
ness and kurtosis.

Coarse sediments appeared in individual
places in the sediments of Serteya accumulative
fans, which can be interpreted as proluvia. Proluvia
are multi-grained sediments, with a predominance
of coarse grains, with poor or very poor sorting
with low or negative skewness values. Their parti-
cle-size distribution frequency curves can take var-
ious shapes. The 1% system (channel deposits) is
characteristic for these sediments, which is con-
firmed by the results of Smolska (2005) and
Twardy (2008).

In all relationships of sedimentological indi-
cators, there is a clear division between gullies
from the modern period and from the perigla-
cial/early Holocene period (Fig. 15). The modern
slope deposits are coarser and better sorted than the
older slope deposits. The observed system in the
diagram of the relationship Mz-versus-o; and Mz-
versus-Sk; is consistent with the concept of divid-
ing deluvia into deluvial sands and deluvial sandy
silt proposed by Twardy (2008). Where early-
modern sediments in Serteyka River valley corre-
spond to deluvial sands, and older deluvial sedi-
ments correspond to sandy silt. The Mz-versus-Sk
diagram in modern sediments (deluvial sands)
shows the tendency that the mean grain diameter
(in phi values) increases with skewness values
(Fig. 16). On the other hand, in the perigla-
cial/early Holocene sediments (deluvial sandy
dust) there is a tendency that the skewness values
decrease with an increase in the mean grain diam-
eter (in phi values).

In the Mz-versus-Kg relation, early modern
sediments fall mainly in one grain-size range (3-4
phi), but there is a significant differentiation in the
values of kurtosis, where leptokurtic distributions
dominate. The sediments usually oscillate around
one kurtosis value, but there is a large grain-size
range. In the oi-versus-Sk; relation, a very clear
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positive trend is visible in early modern sediments,
with predominant samples with better sorting than
in older sediments. For the latter, the population of
points is placed parallel to the skewness axis. In the
or-versus-Kg relation, new sediments form a point
cloud with a relatively high degree of dispersion,
while older sediments accumulate around the value
of 1 phi for kurtosis and 1.5 to 2.5 phi for sorting.
In the Kg-versus-Sk; relation, the points for both
series “‘start” in the same field, i.e. 1 phi values for
kurtosis and O for skewness. Further, the popula-
tion of samples for modern sediments follows
a positive trend, while samples of older sediments
accumulate around the value of 1 phi for kurtosis,
with strongly different values of skewness.

The description of the Mz-versus-o; and Mz-
versus-Sk; relationships for deluvial sandy silt (af-
ter Twardy 2008) can also be extended to include
trends for other relationships of sedimentological
indicators. Characteristic features of this type of
sediment also correspond to the features of sedi-
ments from the periglacial/early Holocene period.
Perhaps the described features (as well as the con-
cept) can be implemented in the recognition of
slope deposits from this period, and perhaps they
can be considered as typical features.

In the Passega C/M diagram, the sediments of
the western fans are in fields 1-VII, but the domi-
nant fields are V (gradation suspension transported
under moderate turbulence) and VI/VII (gradation
suspension transported in conditions of low turbu-
lence characterised by a different particle-size dis-
tribution). Segment P-Q (graded suspension with
some grain transported by rolling) dominates in
transport, and Q—R segment (graded suspension) is
also common. In all profiles, the samples were ar-
ranged in the Tc zone, which corresponds to the
dense runoff. Western deluvia are formed as a re-
sult of dispersed and/or concentrated surface run-
offs, with different dynamics. The very short time
of gully A and B development indicates that there
was less chance of multiple redeposition of sedi-
ments within the fan, and that human activity, in-
cluding plowing within the upland, had a direct im-
pact on the formation of these fans (Piech et al.
2018, 2020; Ginter et al. under review).

The sediments of eastern fans in the Passega
C/M diagram are located mainly in field VI/VII, so
the deposition took place from the gradation sus-
pension transported under low-turbulence condi-
tions and from a homogeneous suspension with
different graining. At the same time, the P—Q seg-
ment and the Tc zone dominate here. Older depos-
its of D, E, F and G fans were accumulated and
then could be transformed many times during
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Fig. 16. Relationships of sedimentological indicators for sediments of western and eastern fans (in phi scale)

1 —deposits of A and B fan; 2 — deposits of D, E, F, G fan; 3 — deposits of C fan

different and changing environmental conditions.
The accumulation of these sediments could have
continued (perhaps intermittently) after the retreat
of the Weichselian (Valdai) ice sheet.

In the Passega C/M diagram, proluvia’s points
accumulate in the areas of deposit environment
types I, Il and 111. The deposition is from traction
with a small share of suspension dominates and at
the same time are in the transport segments (or
close to them) N-O (rolling) and in O-P (rolling
with some grain transported in suspension). This is
consistent with the analyses of Smolska (2005),
although in her results, the progeny accumulated in
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the P-Q and O-P segments. Proluvia arise as a re-
sult of concentrated surface runoff, sometimes of
extreme intensity (Smolska 2005; Twardy 2008;
Piech et al. 2018). The particle-size distribution
frequency curves for proluvia are unimodal with an
elongated left slope as demonstrated by Twardy
(2008). By contrast, for the gully A fan, the prolu-
via are polymodal, with an elongated left and right
slope of the curve (Piech et al. 2018). The cumula-
tive curves show a clear advantage of traction in
the grain-transport process (Twardy 2008; Piech et
al. 2018).
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For fans A and B, the average value of the
SPAN index is 0.8 with a range of 0.3 to 2.7. For
fans D, E, F and G, the mean of the index is 1.2
(0.7-3.2), while for fan C, the mean is the highest
and amounts to 1.4 with a range from 0.7 to 3.1.
This suggests that fans A and B show the greatest
environment dynamics, while for the remaining
fans the variability of the sedimentological envi-
ronment is slightly lower (cf. Warrier et al.
2016).The arithmetic mean of the SPAN index for
all samples is 1.1, with a range of 0.3-3.2. These
results differ from the range of values for late Qua-
ternary lacustrine sediments, where the range is
from about 2 to even 7.8 (Warrier et al. 2016). In
turn, from the studies by Foster et al. (2008), the
SPAN range for lacustrine sediments ranges from
about 2 to almost 20 with the mean of the index is
6.83. Perhaps the SPAN index can be another pa-
rameter to distinguish deluvial sediments.

The sediments of fans A and B are concen-
trated in the fields with graining characteristics
similar to those of moraine tills, sandbed braided
river deposits and Vistula River overbank deposits
comparing with Podgérski and Szmanda’s re-
search (2004). In turn, the features of the sediments
of the C, D, E, F, and G fans are similar to the fea-
tures of the sediments of moraine tills, Vistula
River overbank deposits and varved clays from
Podgorski and Szmanda’s research (2004).

In almost all samples, the particle-size distri-
bution curves show that the curves for particle size
finer than 6 phi are arranged almost identically to
each other (with different particle size shares). The
lower fraction content in the samples is the result
of the fraction size limits marked during lithologi-
cal studies (Szmanda 2011 — further literature
there). The greater or lesser content of the individ-
ual fraction ranges is also caused by Tanner gaps.
These are the ranges determined by Tanner (1958),
where when changing the value of Mz decreases
the grain diameter of the basic fractions (Szmanda
2011). For the investigated sediments of accumu-
lative fans, the decrease in the frequency of grain
occurrence is noticeable mainly in the range of 9-
10 phi, but also, to a lesser extent, in the range of
5-6 phi.

To determine all the characteristic deluvia pa-
rameters, detailed statistical analysis should be
performed, the analysis of which goes beyond the
accepted scope of this paper. Statistical analysis
that would be worthwhile include analysis of vari-
ance and F. Snedecor's test, which check the valid-
ity of grouping sediments. This method was used
by Turkowska (1991), who in her research showed
that the statistical analysis of the particle-size
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distribution can determine the features of the river
sedimentation environment. The graining indexes
differentiate channel and overbank alluvia at the
significance level of 1%, where Mz has the greatest
differentiating power (Turkowska 1991).

The erosive area of western gullies is most
probably much larger than that of eastern gullies.
The result is a longer transport route for the grains
and a greater chance of better sorting of the mate-
rial. In the vicinity of gullies A and B, there are lay-
ers of clay of small thickness and they are located
several dozen metres away from the studied gullies.
Thus, the proportion of clay balls in the fan’s sedi-
ments may be lower. In addition, clay balls were
found only in proluvial layers, not in the deluvial de-
posits. Most likely, during heavy downpours, the
erosion surface at the upland was much larger and
perhaps it cut the layers of clay further away from
the gullies. Human impact, i.e. land deforestation,
agricultural use of the upland may have an impact
on the breaking up aggregates and a greater share of
the smallest fractions. The result may be the uni-
modality of the deluvia of fans A and B.

Gullies and denudational valleys D, E, F and
G may have been formed during the Late Weich-
selian, which is suggested by their poorly deline-
ated morphology and filling of the bottom with
deluvial sediments. Fan deposits directly cover flu-
vio- and limnoglacial deposits, so it was not possi-
ble to date them using the **C method. This also
suggests the older age of these forms. In the lower
part of these denudational valleys, finer grains are
definitely more common. They may have been de-
posited as a result of aeolian processes, which is
partially confirmed by the results of the in the dia-
gram of the relationship Mz-versus-c; analysis.
This is most likely the result of exposed ground
and sparse vegetation. This is confirmed by the re-
search of Taravov et al. (2019), where patchy veg-
etation with tundra-steppe and forest associations
for this period was documented in biogenic sedi-
ments from the Serteyka region.

The deposits of fan C have been accumulated
since the early Holocene, as evidenced by the pres-
ence of these deposits directly on kame sediments.
This is also evidenced by the points in the relation-
ships of sedimentological indicators, the greater
part of which accumulates with the points corre-
sponding to the eastern fans. Some of the samples,
however, are in the population corresponding to
modern settlements. It can be assumed that gully C
and its fan were rejuvenated in the modern period.

The clay on the eastern slopes is in the imme-
diate vicinity of the denudational valleys, and its
thickness is greater. The multimodality of the sedi-
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ments of the eastern fans is associated with the
washing of clay surfaces, and further with the
transport of whole grain aggregates combined with
clay and their subsequent erosion. In the process of
shaping gullies, which is assumed to be periglacial,
solifluction and runoff processes take place, and
perhaps also the processes of stripping and falling
off the frozen fragments of the gully’s slopes and
their subsequent washing out (see Klatkowa 1965,
1989; Twardy 2008; Paluszkiewicz 2011; Tylman
2011; Belyaev et al. 2020). As a result of these pro-
cesses, the sediments are mixed, with almost no
sorting, which results in poor and very poor sort-
ing. The so-formed covers were then cut open and
blurred by the processes of linear erosion and sur-
face runoff. Another important element was the
runoff of water on the frozen ground, and then the
erosion of the adjacent layer (Klatkowa 1965;
Majewski 2008; Tylman 2011; Karasiewicz et al.
2019). Inturn, Panin et al. (2011) believe that slope
wash was the main process shaping the slopes dur-
ing the decline of the last ice age. Massive sands
and sandy silts interpreted as colluvia (with a mas-
sive structure) could have arisen as a result of
creeping (Majewski, Paluszkiewicz 2019). In turn,
massive sands and silty sands (with an average
grain diameter from -0.5 to 6.3 phi and with a poor
and moderate sorting) could also arise as a result
of flushing occurring in the Late Weichselian and
the early Holocene (Karasiewicz et al. 2019).
Boulder levels are associated with gravitational
movements within the slopes in the cold periods of
these periods (Tylman 2011; Majewski 2014;
Majewski, Paluszkiewicz 2019). To the Late
Weichselian, in the denudation valleys of the £.6dz
Upland (Central Poland), series of fine-laminated
sands are documented, and under them there are
Plenivistulian boulder horizons (Klatkowa 1965,
1989). In the denudation valleys from the Plenivis-
tulian, sandy-silty series were also found (Twardy
2008). Their mean grain diameter varies from 1 to
4.5 phi, with poor and very poor sorting. The skew-
ness values are positive but stay close to 0. Vistu-
lian slope sediments are unimodal, with the domi-
nant mode falling to values close to 2 phi (Twardy
2008). Smolska (2005) notes that some of the slope
sediments were deposited in the periglacial and
early Holocene periods. This material is laminated
and is deposited on glacial and fluvioglacial sedi-
ments, and has a thickness of about 0.5 m. In the
top, soliflucent structures and a lack of organic
matter were noticeable. The slope sediments from
this period are better sorted than the Holocene
deluvia. This is due to a large content of aeolian
material (Smolska 2005).
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In Stochlak’s (1996) distinction, sandy, sandy-
silty sediments, often characterised by lamination,
belong to the “proper” Holocene deluvia. They are
characterised by a large amount of humus admix-
ture and rhythmic layers. This author also distin-
guishes agricultural deluvia, which are identical to
tillage diamicton (Sinkiewicz 1998; Smolska
2005; Twardy 2008). On the other hand, Teisseyre
(1994) distinguishes deluvial soil sands as detrital
sediments composed of soil lumps, where they
constitute more than 75% of the sediment volume.

The western and eastern gullies also differ in
terms of morphology and morphometry. Western
forms were cut further and deeper into the area of
the upland. The slope can reach even 70°, and the
slopes within the ravines are short. Their upper
edges are sometimes jagged due to modern erosion
processes. The bottom of the gullies in its upper
part has a V-shaped character, while at the mouth
it has a U-shaped form. The bottom is additionally
incised due to early modern erosion. The fans
formed at the mouths of these forms may be up to
70 m long and up to 60 m wide, and are visible in
the relief. It should be mentioned that the western
slopes of the Serteyka River valley are steeper than
the eastern slopes.

The gullies and denudational valley on the
eastern side of the valley are much shorter than the
western forms. Their slopes are long and have gra-
dients of up to 20°. The whole forms are poorly
defined in the morphology of the terrain relief and
has a U-shaped character. The bottom is wide and
flat, and filled with deluvial sediments. Modern
erosion phases have not been documented here.
The fans in this zone are very poorly visible — they
are partially buried by lake sediments (mainly gyt-
tja), as well as overbank alluvia.

The chronology of gullies

The slope processes within the Serteyka River val-
ley most likely began shortly after the last ice sheet
receded in the Late Weichselian. At that time, the
water from the melting blocks of dead ice was dis-
charged to channels and to/from depressions con-
ditioned by uneven fluvioglacial procesess (Klat-
kowa 1965, 1989; Sinkiewicz 1989; Smolska
2005; Majewski 2008). Periglacial conditions pre-
vailed at that time, i.e. no compacts of vegetation
and frozen ground. Solifluction, rain-wash and
thaw processes acted on the slopes. In turn, the fac-
tors influencing the development of nivation hol-
lows are solifluction, frost ventilation and flushing
(Thorn, Hall 2001; Paluszkiewicz 2014; Rataj-
czak-Szczerba, Paluszkiewicz 2015). The next
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stage in the development of valleys and gullies was
the Belling, when the temperature increased
slightly, which resulted in permafrost thawing and
the erosion phase (Kozarski 1995; Marks 1996; To-
bolski 1998; Hoek 2001; Majewski 2008). In the pe-
riod of 20-15 ka BP, the oldest gorges/gullies and
small river valleys could have been formed in East-
ern Europe (Belyaev et al. 2005, 2020; Panin et al.
2009). In the Early Holocene (10.3-8.4 ka BP), the
development of valleys was stopped by the devel-
opment of plant cover (Starkel 1990 — further liter-
ature there; Twardy et al. 2014; Twardy 2017).

Panin et al. (2011) describe the stages of gully
erosion that took place in the Russian Plain during
the Holocene. These phases were in the periods:
6200-5900, 5500-5200, 4600-4300 and 3600—
3000 cal. years BP. In the Serteya region in the pe-
riod of 5.9-4.2 cal. BP, the local climate could
have been shaped by a lake-river system (Mrocz-
kowska et al. 2021a). During this period, humer-
ous fluctuations in the water level in the Great Sert-
eya Palaeolake Basin were recorded (Tarasov et al.
2019; Kittel et al. 2020, 2021; Mroczkowska et al.
2021a; Wieckowska-Liith et al. 2021).

Short episodes or single episodes of increased
erosion occurred at the Russian Plain also as fol-
lows: 4700, 3800, 3000, 2200, 1800 and 900 years
BP (Belyaev et al. 2005, 2020; Panin et al. 2009),
which may partially correlate with the wet phases
defined by Starkel (1990 — further literature;
Starkel et al. 2013). They were correlated within
creased activity, e.g. rivers or landslides. In turn,
on the slopes of the Serteyka River valley, a signif-
icant intensification of the slope processes took
place in the period 3250-2500 cal. BC and 2200—
1500 BC (Kittel et al. 2020, 2021). Due to in-
creased rainfalls, from 3000 cal. years BP, some of
the studied gullies in Eastern Europe were created
(Belyaev et al. 2005; Panin et al. 2009). The period
1800-1500 cal. years BP corresponds to the next
phase of cutting up the surface of the plateaus. The
increase in the development of erosive cuts was
caused by the overlapping of climatic and anthro-
pogenic factors (Belyaev et al. 2005; Twardy
2008, 2017; Panin et al. 2009, 2011; Zgtobicki et
al. 2014; Kittel et al. 2018, 2020, 2021). The bot-
toms of periglacial valleys were built up in the Hol-
ocene by deluvia as a result of rain-wash, and then
cut open due to human-induced gully erosion
(Twardy 2017). It was during this period that gully
C was most likely formed, the lateral STA accu-
mulative fan of which is dated after ca. 3700 BC.
However, it is very close to the slope, making the
dated sediment vulnerable to the redeposition of
older material.
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Organic mud dated to 220+100 and 4304100
years conv. BP in the Central Plain of Russia,
which has been documented within the gully, has
been accumulated as a result of increased linear
erosion and stripping of the humus layer from
higher areas (Belyaev et al. 2005). During this pe-
riod, an increase in the share of pollen from culti-
vated vegetation was noted in organic sediments
found within gullies and accumulative fans
(Belyaev et al. 2005; Panin et al. 2009, 2011).
From the 11" century AD, in the Central European
Lowlands, the importance of erosion in shaping
slopes increased. This was the result of human in-
fluence, and between the 14" and 16™ centuries
AD, another increase in human impact on gully
erosion was noted (Belyaev et al. 2005; Panin et
al. 2009, 2011). Intensive exploitation of the envi-
ronment took place in the 15" century AD, which
resulted in new road cuts being made, among other
things. Since the 17" century AD, in the Central
European Lowlands and in the Serteya region, in-
tense deforestation and soil erosion resulting from
agricultural activities have been recorded (Golosov
et al. 2017; Piech et al. 2018; Tarasov et al. 2019;
Lucow et al. 2020; Mroczkowska et al. 2021b;
Ginter et al. under review). These processes were
the cause of the development of gully erosion, and
further the formation of slope covers (Golosov
2002; Golosov et al. 2017). Fans A and B were
formed from the second half of the 17" century to
at least the 19" century AD (see Ginter et al. under
review). On the other hand, climate changes during
the Little Ice Age also caused increased gully ero-
sion (Twardy 2008; Panin et al. 2009; Zglobicki et
al. 2014; Piech et al. 2018, 2020; Ginter et al. un-
der review). During this period, the conditions
were decidedly humid in the Serteya region
(Mroczkowska et al. 2021b). In the 1990s, the ero-
sion processes decreased due to the shrinkage of
agricultural land. This was caused by, among other
things, the collapse of collective farms (Golosov et
al. 2017).

Conclusions

— Seven gullies and their accumulative fans
of various sizes and ages have been documented in
the lower part of the Serteyka River Valley within
the Great Serteya Palaeolake Basin.

— The gullies on the western slope of the val-
ley have a very distinct terrain morphology and are
dated to the modern period (gullies A and B).
Gully C may date to the periglacial period and been
“rejuvenated” from about 3200 BC.
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— Gullies and denudational valleys on the
eastern side of the valley (D, E, F, G) are poorly
legible in the relief. Their slopes are gentle, their
bottoms are filled with deluvial material and they
were most likely formed in the periglacial condi-
tions of the Late Weichselian.

— The complex geological structure of indi-
vidual fans was documented, consisting mainly of
fine sands with silty laminations, and also silts
(deluvial deposits), and sometimes various sands
with clay balls (proluvia) were recorded.

— These sedimentological features of the ac-
cumulative fan deposits indicate significant differ-
entiation of dynamics in the erosion-accumulation
environment.

— There are significant differences in the

sedimentological characteristics between the west-
ern and eastern gullies, which indicates differences
in the deposition conditions, the characteristics of
the source material, and perhaps the time period
over which the sediments were deposited.
The sediments of modern fans were de-
fined as deluvial sands, while the sediments of
older fans are deluvial sandy silts (after Twardy
2008). In turn, the sediments of fan C have the fea-
tures of both deluvial sand and deluvial sand silt.

— The features of deluvial sandy silts (after
Twardy 2008) can be extended to include analysis
of other sedimentological indicators.

— The use of the aforementioned analysis
and sedimentological methods allowed for a de-
tailed characterization of slope sediments. It also
allowed for an interpretative extension of the rela-
tionship between individual sedimentological indi-
cators.

— Sedimentological analysis allowed for the
determination of lithodynamic conditions that
shaped the deposition of slope sediments.

— The proposed extended record of the sys-
tems of relations between sedimentological indica-
tors allowed for a more detailed description of the
tested samples from individual profiles.
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Morphological characteristics of the erosion cuts
system (gullies system) in the Serteyka River Valley,
Western Russia

Abstract: A system of erosion cuts has developed on the slopes of the Serteyka River
Valley. The beginning of the development of gullies is dated to the 2" half 17" century AD
— during the pessimum of the Little Ice Age. The paper presents geological, morphological
and geospatial characteristics of gullies and accumulative fans. Gullies were cut into easily
erodible silty fine-grained sands. Additional conditions favouring intense erosion are short
(about 40 m) and steep (about 40°) slopes. Human activity, layout of fields and roads had
also a significant impact on the development of these erosion cuts.

Streszczenie: Na stokach doliny rzeki Sertejki wyksztalcony zostat system rozcie¢ erozyj-
nych. Poczatek rozwoju parowow datowany jest na druga pol. XVII w. — tj. na pessimum
malej epoki lodowej. W pracy zawarto charakterystyke geologiczna, morfologiczng i geo-
przestrzenng parowéw. Parowy zostaly wciete w podatne na erozje piaski drobnoziarniste
pylaste. Dodatkowymi sprzyjajacymi erozji czynnikami sa krotkie (ok. 40 m) i strome (ok.
40° nachylenia) stoki. Dzialalno$¢ cztowieka, uktad pél oraz drég rowniez mial istotny
wplyw na rozwdj omawianych rozcieé¢ erozyjnych.

Kay words: human impact, Little Ice Age, gully erosion, climate changes, Eastern Europe

Stowa kluczowe: antropopresja, mala epoka lodowa, erozja wawozowa, zmiany klima-
tyczne, Europa Wschodnia

Introduction

Numerous studies are being conducted on the development of erosion cuts, ero-
sion and denudation valleys, and slope deposits. These actions are influenced
by a number of processes, factors and conditions: linear erosion, diffuse ero-
sion, suffusion, mass movements, accumulation, as well as weather conditions,
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deforestation, broadly understood human impact, geological and geomorpholog-
ical conditions, and climate changes (Klatkowa 1965; Twardy 1995, 2008, 2017;
Smolska 2005; Belyev et al. 2005; Starkel 2005; Panin et al. 2009, 2011; Paluszk-
iewicz 2011; Dotterwiech et al. 2012; Mazurek, Paluszkiewicz 2013; Kittel 2014;
Zgtobicki et al. 2014; Jaworski 2018; Piech et al. 2018; Poesen 2018; Karasiewicz
et al. 2019; Szwarczewski et al. 2020). In the context of the development of ero-
sion cuts, soil erosion resulting from gully erosion processes must be also taken
into consideration (e.g. Valentin et al. 2005; Poesen et al. 2018).

A number of archaeological sites dated from the late Palaeolithic to the Mod-
ern Period have been discovered in the area of the modern Serteyka River Valley.
For many years, the area of the lower section of the valley has been the subject
of not only intense archaeological research, but also palaeoenvironmental study
(e.g. Mazurkievich et al. 2009a, 2012; Kittel et al. 2018; Piech et al. 2018, 2020).

The purpose of the paper is characteristic of the morphometric, geological
and environmental features of the area with the erosion cuts system and their
development stages, as well as specification of the factors that influenced the
modelling of their morphology.

Study area

The studied area is located in the East European Plain in western Russia, on the
border of the Pskov, Tversk and Smolensk Oblasts. The Serteya region lies within
the Vitebsk Lakeland (Kondracki 1992), called also the Western Dvina Lakeland
(Abramov 1972). The region lies in the range of the last Valday ice sheet (Fig. 1),
which had a decisive impact on the formation of the surface geological structure
as well as on the postglacial development of the relief.

The analyzed erosion cuts were developed on the right (western) slope of
the lower section of the Serteyka River Valley, which is a left-bank tributary of
the Daugava (Western Dvina) River. The Serteyka River uses the tunnel valley
formed during the last glaciation. After the ice sheet recession, blocks of dead ice
remained within the subglacial channel, and later system of lakes were developed
after their melting. In the Holocene, successive drainage of lakes occurred as
a result of erosion of the Serteyka River (Kittel et al. 2018).

In the lower parts of the valley slopes, deluvium terraces and accumulative
fans have developed in the mouths of erosion cuts system (Piech et al. 2018). On
the slopes of the lower section of the Serteyka R. Valley have been documented
11 gullies and accumulative fans developed at their mouth and 5 alluvial fans
developed at the mouth of denudation valleys of various sizes. One representative
— the largest and most developed system of erosion cuts was selected for detailed
geological and geomorphological studies.

The beginning of the development of the largest accumulative fan and conse-
quently the beginning of the development of the erosion cuts system dated to the
2nd half of 17t century AD (Piech et al. 2018).
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Gulf.of Finland -

Fig. 1. The studied area in relation to the last glaciations limits (Gorlach et al. 2015)

At the beginning of the 16" century AD, the vicinity of Vieliz (a city located
less than 30 km from the research area) was abandoned. The settlement returned
to this area at the end of the 16™ century, after it was incorporated into the Pol-
ish-Lithuanian Commonwealth. It then, the settlement intensively developed in
the 17" century, while in the 18t century the area was significantly deforested. In
the end of the 18" century and the beginning of the 19* century, deforestation,
agriculture and trade developed intensively there. In the first half in the 20t
century, the population density of the area fluctuated. After World War II due
to the rapid development of industry, there was an increasing urbanization and
deforestation of this area, as well as reconstruction of the arable land system.

Methods

During field works, geological and gomorphological mapping of the nearest sur-
roundings of the erosion cuts system was carried out using the Eijkelkamp geo-
logical hand auger equipped with a gouge auger, and an Edelman auger. Sediment
analysis was carried out with an accuracy of 5 cm. The boreholes were located at
a distance of 5 m to 25 m from each other and reached a depth of up to 6 m, usu-
ally ca. 3-3.5 m. In the central fragment of the largest gully, a geological outcrop
was exposed, revealing the gully’s wall and their bottom.
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Furthermore, mapping of the forms and their immediate surroundings was
carried out using measuring devices (i.e. laser total station), photogramme-
try based on a set of aerial photographs taken from an UAV (DJI Phantom 3
Advanced).

Maps and visualizations were made based on measurements collected from
the drone using ArcMap GIS software available at the Faculty of Geographical
Sciences of the University of Lodz.

Results

Current state of the erosion cut system

The Serteyka R. valley floor in the area of the studied site is occupied mostly by
reeds and rushes, nettle also has a large share. There are also clusters of trees in
the bottom (mainly alders, willows and birches) - they occur on kemes and kemes
terraces, as well as along melioration canals. The valley slopes are overgrown pri-
marily by tall grasses and ferns, in places we can find single trees, most often pines
and firs. The plateau area, above the investigated cuts system, is currently occu-
pied by agricultural wasteland, however, as early as 2017, the area was incidentally
used for agriculture, as arable field with cereal cultivation. A small grove of pines
grows between the gullies, with visible signs of lightning strike and fire.

The slopes and bottoms of the gullies are overgrown with grasses, shrubs and
individual trees in places. It is noticeable that on the slopes of cuts with northern
exposure and with a high slope inclination (above 40°), the vegetation is more poor.
The surficial deposits are uncovered only on places where the effects of slope wash
processes and erosion occur on a low scale resulted in slight cuts development (0.5
cm deep, 1 cm wide and several centimetres long). On the surfaces of the accu-
mulative fans, the species diversity of plants decreases, this may be due to a lower
moisture content in the soil. There are only single trees on the fans — pine trees.
Across the fans is a wasteland dirt road, which in the past could have been used by
nearby farmers to lead animals to pastures. Another road (in use) runs along the
edge of the valley and circulates through the gullies system along its northern and
western border. The valley floor was drained in the whole of 1989, while the first
works took place already in the 1950s. During these works, many relics of Neolithic
cultures were found (e.g. Mazurkevich 2009a, b; Kittel et al. 2018).

Geological structure

The NW immediate vicinity of the studied gullies neighbourhood is built of
light brown fine-grained glaciofluvial sands (Fig. 2). The western part is made of
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fine-grained sands on ablation till. Three horizons of tills have been documented
during hand-augering, up to 50 cm thick, with light-brownish-rust sand between
them. The thickness of the till increases to the south and west. The plateau is
formed mostly of fine- and medium-grained sands with a silt admixtures. The up-
permost horizon of till is at a depth of about 50 cm and has a thickness of 20-50
cm. The mid-horizon is at a depth of about 100 cm, while the thickness is usually

Fig. 2. Geology of the gullies area

1 - fine-grained sands on till; 2 - fine-grained sands; 3 — fine silty sands; 4 - fine-grained sands on
various-grained sands; 5 — fine-grained sands on the gyttja (deluvium); 6 — coarse-detritus gyttja;
7 — peat (oxbow lake); 8 — various-grain sands with charcoals; 9 — fine- and various-grained sands
(accumulative fans); 10 — boreholes; 11 — outcrop
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10-40 cm. In the immediate vicinity of the largest erosion cuts, there is only one
level of till, determined as the second horizon. The lowest horizon is at a depth of
about 130 cm. Discontinuity of till horizons is often noted in the following drill-
ing. Till thickness increase to the southwest direction. The fine-grained sands
cover the various-grained sands mainly in the immediate vicinity of the main
gully in the branch and extend southward through the central cut to the southern
cut. Fine sands with silt build the valley edge and the valley slopes. The network
of erosion cuts was developed within the last sediments. In the lower part of
slopes are fine-grained, fine-grained silty and various-grained sands, which cre-
ating terraces of deluvial sediments up to 50 cm thick. The valley floor is filled
with coarse detritus gyttja (Fig. 2). Peats can be found in the valley floor as well
in places. In the distal zone of the fan formed at the southern steam, a fragment
of oxbow lake was documented. It is filled mostly with peat. Dark brown loamy
sands with large amounts of charcoal and gravel occur in the source zone of the
latitudinal branch of the largest gully.

The wall of the gully is built from humic sands from the surface to 20 cm
b.g.l., below there is a layer of silty sands to a depth of 185 cm. Between 185 and
411 cm fine silty sands and silt sands were documented. Sandy silts are at a depth
of 411-56 cm b.g.l., while weakly layered silty sands occur to a depth of 630
cm (Piech et al. 2018). The bottom of the gully is filled mostly with proluvium
formed by various-grained sands with a large admixture of gravel. Between suc-
cessive fossil troughs there are deluvia composted of fine- and medium-grained
sands. The lower parts of the steep slopes are built mainly by colluvium, i.e.
various-grained sands with a predominance of fine-grained sand, strongly mixed
with humus layers. The largest accumulative fan covers biogenic deposits with
about 2 meter thickness. Several types of sediments can be specified forming this
accumulative fan: 1/ the bottom — poorly laminated lower deluvium with prolu-
vium inserts, 2/ brown, unstructured mid-deluvium and 3/ sub-horizontally lay-
ered upper deluvium, on which dark brown and massive agricultural diamicton
occur (Piech et al. 2018).

Morphological characteristics of the gullies system

The highest point of the studied terrain is in the south-eastern part of the area
(about 169 m a.s.l.), while the lowest in the valley floor (below 151 m a.s.l.) (Fig.
3A). There are small elevations between the gullies relative to the average ground
level (up to 1 m). In the western part of the area there is also a wide denudation
basin extending beyond the studied area. The valley slopes are short from 20 m
(profile 4) to 70 m (profile 1) (Fig. 3D). The slope expressed as a percentage for
profile 1 is 17.1% (in degrees: ca. 20°), profile 2 — 36% (ca. 33°), profile 3 — 33.33%
(ca. 33°), profile 4 — 60% (ca. 52°) (Fig. 4A). The plateau surface falls eastward
and north-eastward (based on the analysis of the area beyond the discussed area).
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Fig. 3. Hypsometric map of the research area
A — hypsometric map; B - longitudinal profiles of gullies; C — transverse profile through the mouths
of gullies; D - slope profiles of the river valley
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The dominance of the eastern exposure is visible on the map and Digital ele-
vation model (DEM) (Fig. 3—-4). Such exposure dominates in the valley floor as
well, and on the accumulative fans. The largest variety of slope exposure direc-
tions is noted in the meridian branch in the largest gully. While in the northern
part of the study area, eastern exposure dominates (Fig. 4B).
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Fig. 4. DEM of the research area
A - terrain slope map; B - slope exposure map; C — flow accumulation map; D - terrain shadow map
with arrows pointing to spring hollows
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The largest gully (No. 1 - the north), which is the main form of a branch
system, is cut to a length of about 210 m into the glaciofluvial plain (Fig. 3A).
This gully has two main branches, the first runs latitudinally and is ended with
the mouth of the entire gully system, the second runs meridially joining the lat-
itudinal branch in their central fragment. The length of the latitudinal branch is
about 80 m, with a width of about 10 m (bottom width 2 m) and a depth of 2 m
in the upper part, with a width of about 12 m (bottom width 4 m) and a depth of
about 6 m in the middle sector, and with a 15 m wide mouth (bottom width 5 m)
and a depth of 7 m in the lower part. The mouth sector of the entire system has
a relatively flat bottom, it has a U-shaped profile, without active drainage chan-
nel. Such a channel measuring 30 cm of wideness and 5 cm deepness is noticeable
from the upper fragment of this branch and extends to the mid-sector. The upper
fragment is V-shaped. During the field work, it was noted that the northern wall
of the latitudinal branch between the upper and middle sector is sloped.

The longitudinal profile has several steps in the bottom (Fig. 3B). The total
inclination of the latitudinal branch is 12.5%, however it can be seen that a larger
decrease (15%) is recorded in the upper and middle section, until the meridi-
an branch joins, below the gully it suddenly flattens (the decrease is only 3.75
%). This demonstrates the prevailing rate of accumulation and the abatement of
erosion. The ratio between maximum length and maximum width is 5.33. The
average slope inclination ranges from about 39° to 46°, in places the slopes reach
the value up to 52° (Fig. 4A). It is worth noting that the slopes with northern
exposure have a higher inclination.

The second branch has a meridional course and is about 170 m long. The
source zone of this branch creates several small cuts (5 m long, 1 m deep and 2
m wide), which, when combined, form an eroded relatively flat surface 2 m deep
and wide 10 m. In the upper part of this branch, the depth of the cut is 2 m with,
a width of 8 m, and the width of the bottom 2 m. In the middle part it is about
5 m deep with a width of about 12 m and the width of the bottom 3 m. While,
when connecting with a latitudinal branch (mouth fragment of the branch), it is
approximately 7 m deep, 15 m wide and 5 m wide. Only in the middle fragment,
a channel drained by episodic runoff exists that is 40 cm wide and 6 cm deep. In
the upper parts of the slopes of this branch, several small cuts can be seen up to 2
m long and 1 m deep. The longitudinal profile of the meridian branch is uniform
(Fig. 3B), and the inclination is 6.25%. The meridian branch adopts a V-shaped
profile along its entire length, with the exception of the source zone. The ratio
between the maximum length and the maximum width is 11.33. In this branch,
the most strongly inclined slopes are recorded in the middle section and range
from about 33° to 52° (Fig. 4A). In the upper part the slopes, the value are lower
- in the range of 20° to 40°, where the values of about 40° refer to single, small
areas of the slopes. In the lower part (branch joining area) values from about 40°
to about 46° prevail.

The second erosive cut (middle gully) (Fig. 2) is the smallest form of the entire
cuts system, it is also the youngest form. It has the character of a hanging ravine,
cuts into the glaciofluvial plain for less than 25 m (Fig. 3C). The maximum width
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is 5 m, and the maximum depth is about 2 m. The transverse profile adopts is
V-shaped for this form. From the west, the cut is limited by the meridian branch
of the main gully. There is no accumulative fan at the mouth of this relief form.
The longitudinal profile is uniform (Fig. 3B), the slope is 16%, and the ratio of
maximum length to width is 5. The inclination of slopes ranges from about 12°
to almost 33° (Fig. 4A). The relationship that the slopes with northern exposure
are steeper is slightly marked (Fig. 4A, B).

The third cut (southern gully) (Fig. 2) is better developed than the middle
one, but less than the northern one main erosive cuts system. The length of this
form is ca. 70 m, the maximum width is 10 m, and the width of its bottom in
the mouth is 2 m, and 0.5 m in the upper section. A channel drained by episodic
water exits in the bottom of the upper and middle section - it is 30 cm wide and
5 cm deep. The southern wall (with northern exposure) in the mouth part has
a rare plant cover. During the field works, the signs of erosion and slope wash
processes were documented there. A small hanging ravine was formed in the
southern wall of presented land form that is cut into the culmination of the slope
to a length of about 2 m and a depth of 1 m. The southern gully in the upper and
middle parts is V-shaped, while in the lower ones — U-shaped. The whole form is
hanging above the Serteyka R. valley floor (Fig. 3C).

The ratio between the length and width of the form is 7, while the slope is
about 10.53%. The longitudinal profile of the gully is uniform. The average in-
clination of slopes is from 26 to 52° (Fig. 4A), of which the largest decreases are
recorded in the mouth part of the form. The third cut is on intermediate state of
form development when compare with the northern and the middle gullies, both
in terms of age and degree of development.

It should be noted that in the lower parts of the valley slopes there are small
spring hollows (Fig. 4D). They have the form of depressions with width reaches 2
m, which are cut in the slope up to 1.5 m. There is slight moisture of the soil sur-
face and a change in the type of vegetation. In the years 2017-2019 in the period
July/August there was no water outflow.

On the flow accumulation map (Fig. 4C), it can be seen that spring hollows
collect the flowing water from the plateau and slopes. The gully system is the
main drainage area of the closest plateau area. It is noticeable that the runoff
takes on a radial nature in the source zones of the gullies, even if it is not visible
on hypsometric map or terrain slopes map. This is especially visible in the upper
part of the latitude of the northern gully.

Discussion

The gully system reflects the three stages in the development of erosion cuts. The
first (middle cut) is a small size of the hanging ravine cut into the culmination of
the slope of the river valley, which is a few meters above its bottom. The second
gully (southern) is a form of U-shape, having single and small-sized ravines cut
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into the valley slope. Gully’s mouth is hanged above the valley floor, however,
only 2 m. The third form is the largest gully system with two branches, usually
U-shaped, with steep slopes. The largest gully is cut deep into the glaciofluvial
plain. It has a well-developed accumulative fan at its mouth.

Comparing the examined gully system to results described by Jaworski (2018),
based on morphometry, morphology, bottom geological structure, origin and age,
it can be determined, that the latitudinal branch of the main gully has the typ-
ical features of a gully, i.e.: the U-shaped erosion-accumulation bottom, layered
sand series and silty sands and accumulative fan formed at the mouth. On the
other hand, it does not meet the morphometric characteristic, i.e. from 500 m
to 2.5 km in length, width from 100 m to 200 m and depth from 15 m to 20 m.
Morphometric requirements are met in this case for road gully, i.e. length up to
350 m, width up to 10 m, and depth up to 8 m with a narrow bottom of 2-3 m.
The middle gully meets the requirements of ravine, i.e. length from 20 to 100 m,
width 5-10 m, narrow bottom with a width of 2 m, and V-shaped cross profile.
The third gully is an intermediate form between the ravine and the gully, i.e. in
the morphometric requirements it belongs to the ravine, and in the morphology
and geological structure of the bottom it meets the characteristic of the gully and
road gully. In turn, Soms (2011) listed five types of valleys / steams: flat-bottomed
gullies, hanging gullies, valley-bottom gullies or ‘gullies-in-oldgullies’, landslide
cirque gullies and valley sidewall gullies. In this concept, the middle gully can be
considered as valley sidewall gullies, the southern gully belong to the hanging
gullies type, and the northern gully belong to the flat-bottomed gullies.

The geological structure made a significant contribution to the development
of the gully system. Areas with a high content of fine and very fine material or
with poorly consolidated material (e.g. various-grained sands) are susceptible to
erosion (Rodzik et al. 2015; Szwarczewski et al. 2020). Due to the presence of
fine-grained sediments on the slopes of the river valley and in its immediate
vicinity of the glaciofluvial plain, the gully system could have been developed
freely. A different type of deposits is noticeable (loamy sands with a high content
of charcoal) near the upper fragment of the latitudinal branch of the largest gully.
This may suggest human interference and attempt to restrain the progressive
headward erosion, which caused degradation of fields and roads. As a result, the
source fragment of this erosion cut is bent southwards in the form of a hook.
Such human activity may cause suppression of erosion, however, erosion of the
steep slopes continued, which would explain the not very proportional values of
the width of the steep to its length. The development of the latitudinal branch
to the north (e.g. ravines), despite fairly favourable geological conditions (vari-
ous-grained sands), was inhibited by the paved road surface.

Spring hollows are a combination of slope and fluvial systems. These zones
include material leaching, sliding or slope wash processes (Mazurek 2008). The
outflow of groundwater from loose sandy sediments reduces the effective weight
of the grains leading to their detachment and transport (Mazurek 2008). It
should be noted that one of the spring hollow is located directly below the middle
gully. It is possible that individual gully may have developed as a result of spring

193



Wiktor Piech, Piotr Kittel, Andrey Mazurkevich, Eduard Kazakov

erosion, which has been compounded by increasing rainfall in the Little Ice Age,
as well as severe terrain deforestation and broadly understood human activity
(see Piech et al. 2020).

In agricultural areas, the dynamics of gully development depend on the sus-
ceptibility of sediments building the plateau to erosion (poorly consolidated sedi-
ments), high relative elevations and slope values, arable fields and roads enabling
concentration of runoff (Twardy 2008; Rodzik et al. 2008, 2015). In turn, the
main erosion processes occurring in the gorge areas are linear erosion, which cre-
ates cuts and furrows (Rodzik 2008; Poesen 2018). The gully modeling processes
are the sliding of the edges of the slopes of the gully, which creates colluvial
covers in their bottoms, as well as the creep flow that occurs on the fixed slopes
of erosion cuts. Ravines formed on the edges of steep slopes can be initiated by
piping, where usually there are channels created by animals (Rodzik et al. 2008).

During the gully development, their bottom deepens due to deep and linear
erosion. When the erosion processes were weaken, the bottom was filled (accu-
mulation phase) with material mainly from the slopes of these forms. Cycles for
dredging and filling gullies bottoms have been documented, among others by
Belyev et al. (2005), Twardy (2008), Panin et al. (2009, 2011), Zglobicki et al.
(2014) or Jaworski (2018).

Piping and mass movements, within the slopes, have the greatest intensity
from March to April, during spring thaws and thawing of soil. Deep erosion oc-
curs mainly from the beginning of June to the end of July, when the highest
rainfalls occur. Slope wash usually occurs from April to May and in August, while
linear erosion from March to August. Agrotechnical erosion is from the turn
of April and May and October and November, while road erosion from June to
August (Rodzik et al. 2008). The area of the erosion cuts system in terms of mor-
phological changes can be very dynamic throughout the whole year.

Rejman (2006) determined the intensity of agrotechnical (cultivation) erosion
for slopes with a length of 40 m and an inclination of 12% for about 60% of the
share in the total force of erosion, resulting in a reduction of the slope by 1.4 mm
per year. The slopes of the Serteyan system are 20 to 70 m long, with an inclina-
tion from 17.1% to 60%, therefore, taking into account the conditions adopted by
Rejman (2006), in the research area the share of agrotechnical erosion could be
as much as 80% of the total erosion.

Most likely in the 19" and early 20® century AD, the arrangement of fields
was perpendicular to the valley floor. This composition of fields caused concen-
tration of runoff along the balks towards the edges of the river valley, which in
turn resulted in their erosion. In this way, a latitudinal branch (northern gul-
ly) could develop. A similar distribution was adopted by the gully examined by
Rodzik et al. (2015).

At the mouth part of the latitudinal branch (northern gully), near the edge of
the plateau, there are ruts on the old road, which breaks right next to the gully.
Straight ahead, on the other side of the main gully, there are no signs of the old
road. Most likely, this path ran across the latitudinal branch and continued along
the morphological axis of the meridian branch. The road could pass the existing
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erosion cut (in the place of the main mouth of the latitudinal branch). After the
event(s) of heavy rain(s), the cut could have been enlarged, which caused a de-
struction of the road. After that, this part was most likely discontinued, so that
latitudinal branch could develop in this way. Runoff concentrated in balks on
fields could create a suitable conditions as well. The humans could have moved
the road further (west to bypass the peaks), which again after heavy rains could
have been destroyed by head-ward erosion within the gully. Such a process (de-
stroying and moving the road) could take place several times. The result may be
the remains of backfilling the upper part of the latitudinal branch. At that time,
on the other side of the gully, the unused section of the road (now the meridian
branch) was a convenient “way” for concentrated runoff that led to the formation
of a road gully. The gully was able to develop relatively freely, because no human
intervened in its development.

The impact of climate changes during the Little Ice Age and land relief trans-
formations resulted from human impact on the transformation of the have been
documented in many areas of Central Europe (e.g. Twardy 2008; Dotterweich et
al. 2012; Zgtobicki et al. 2014) and Eastern Europe (e.g. Golosov 2002; Belyaev
et al. 2005; Sidorchuk et al. 2006; Panin et al. 2009, 2011, Golosov et al. 2017).
The oldest gully and small river valleys in the western Russia territory could be
formed already 20-15 thousand years BP (Belyaev et al. 2005; Panin et al. 2009).
Belyaev et al. (2005) describe the development of gullies in the same area, where
the oldest forms were created from 3000 cal. BP years, and their formation is
associated with increased rainfall. The human impact on accelerating erosion in
this area took place from the 11" century AD, while stronger human impact was
noted for 14™-16" centuries. At that time, climatic and anthropogenic factors
were initiating erosion overlapped, which caused intensification of the develop-
ment of erosion cuts. In the Central Russian Upland, organic sediments dated to
220 = 100 and 430 = 100 years conv. BP were found within the gully. Organic
sediments were accumulated due to an increased linear erosion and redeposition
of the humic horizon from higher areas (Belyaev et al. 2005). In organic sedi-
ments, an increase in the share of crop pollen was recorded, which demonstrates
an intensification of cultivation in that period (Belyaev et al. 2005; Panin et al.
2009, 2011).

Little attention is paid to the erosive phase dated from the 16" century AD, for
which only general favourable factors were mentioned, i.e. increased human im-
pact and climate changes during the Little Ice Age, without detailing their scale
and variability in time (Belyaev et al. 2005; Panin et al. 2009, 2011).

Sidorchuk et al. (2006) and Golosov et al. (2017) described gully erosion since
the 18" century AD in western Russia in the context of soil erosion. Golosov (2002)
and Golosov et al. (2017) describe also intensi soil erosion from the 17 century to
present day, initiated by increased agricultural activity, which could have been the
reason for the development of slope covers and gully erosion. The next phase of the
cultivation took place in the 18 century, while the maximum extent of arable land
area was recorded at the end of the 19* century AD. Since the 16" century AD, de-
forestation in Eastern Europe progressed faster and covered larger and larger areas,
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however, the industrial revolution that stimulated denudation and erosion on an
even larger scale, did not reach these areas until 1850 AD (Kaplan et al. 2009). In
1861 AD there was an agricultural reform in Russian Empire, as a result of which
the area of arable land increased quickly until the World War I. Due to warfare
during World War I, the population dropped dramatically, which led to a reduction
of arable land by 10-15%. The economic system of the village after World War II
changed under the influence of population growth and intensive industrial devel-
opment, which resulted in increasing urbanization and increasing deforestation. In
the 1990s, after the collapse of collective farms, the population began to migrate to
cities in search of work, which resulted in a decrease in fields (Golosov et al. 2017).
This illustrates three main phases of increased human impact in the territories of
western Russia: 1/ from the end of 16™ cent., 2/ in the 2" half of 18 cent., 3/ the
end of 19" cent. and the beginning of 20" cent. AD.

Summary

The main factors responsible for the development of the studied gully system were
the human impact which initiated erosion through deforestation and transforma-
tion of the area into arable fields. Another of the very important factors causing
erosion was the increased amount of rainfall during the Little Ice Age pessimum
causing increased surface runoff and runoff concentration causing linear erosion.
An important element is also the route of transformation into road gully. Geologi-
cal and topographic conditions had also influenced the formation processes of the
Serteyan system. Gullies could freely and quickly cut into deposits susceptible to
erosion. Low-erodible till was a barrier to further head-ward erosion. Steep and
short slopes of the river valley also were suitable for intense erosion. One should
be also mention, the probably important issue of spring erosion, which could have
been the point at which the formation of the main, largest gully began.
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Natural and anthropogenic factors of the intense slope processes in Eastern
Europe in Modern Period; case study in Serteyka River valley

1. Introduction

The erosion-accumulation processes result in erosional cuts and accumulative fans
development that are an important geoarchive of environment changes taking place in the
Holocene. It may also contain a record of human impact and anthropogenic transformations of
abiotic and sometimes biotic environmental components. In Europe, numerous studies are
carried out on slope sediments and gullies in different periods of the Holocene or on those
with Pleistocene assumptions. Such studies were carried out, among others, in Poland
(Dotterweich et al., 2012; Jaworski, 2018; Karasiewicz et al., 2019; Kittel, 2014, 2015, 2016;
Majewski, 2017; Paluszkiewicz, 2011; Smolska, 2003, 2005; Szwarczewski et al., 2020;
Twardy, 1995, 2008, 2011, 2017; Zglobicki et al., 2014), in Germany (Dotterweich, 2005,
2008; Dreibrodt et al., 2010; Heine et al., 2005; Kleber and Terhorst, 2013; Lang, 2003;
Zolitschka et al., 2003), or as well as in the Baltic States (e.g. Jarasitnas, 2020; Soms, 2011)
and also in Russia (Belyaev et al., 2020; Golosov, 2002; Golosov et al., 2017; Sidorchuk et
al., 2006; Panin et al., 2009; Piech 2021; Piech et al., 2018, 2020a, 2020b).

In the East European Plain, fluvial processes, including overbank deposition, gully
erosion of river valley slopes, and channel erosion, are considered as the main relief
modelling factors in the Holocene (Belyaev et al., 2020).

In the last few hundred years, in addition to the increase in the average global
temperature in the 21st century, the Medieval Warm Period (MWP) and the Little Ice Age
(LIA) were the most significant climate fluctuations. The research on environmental changes
regarding the MWP or Medieval Climate Anomaly (MCA) and the LIA in the Eastern
European region are still necessary. The MWP lasted from around 800 to 1300 AD (Lamb,
1965; Mann et al., 2009). During this time, climate change took on a more local character
(Hughes and Diaz, 1994). The average temperature was then 1-2°C higher (Lamb, 1965),
although in some places the mean temperature did not differ from the 20th century
temperature or was even slightly cooler (Bradley et al., 2003).

Most of studies focused on LIA record in land relief transformation were conducted in
Western and Central Europe (e.g. Dotterweich, 2008; Dotterweich et al., 2012; Kittel et al.,
2018; Smolska, 2003; Szwarczewski et al., 2020; Twardy, 2008, 2011; Zgtobicki et al., 2014).
On the other hand, LIA in Eastern Europe is mentioned only as one of the stages of intensive
changes in the relief, and not as a separate subject of research (Belyaev et al., 2005; Golosov,
2002; Golosov et al., 2017; Panin et al., 2009, 2011; Sidorchuk et al., 2006).

The number of sites with documented slope sediments dated to the MWP and LIA
periods is insufficient, which in turn translates into insufficient determination of the impact of
the palaesoenvironmental conditions of MWP and LIA on the slope environment and the
development of the Late Holocene land relief in general.

In the late Middle Ages and at the beginning of the Modern Period, i.e. in MWP and
LIA, there were significant changes in climatic conditions. These changes were intertwined
with the growing influence of human activity (Lucow et al., 2020; Morellon et al., 2011;



Twardy, 2011; Vleeschouwer et al., 2009). The concentrated run-off and sheet wash were
accelerated by human impact resulting inheavy deforestation. The erosion of slopes, flattening
of their profile as well as erosion and accumulation of slope wash (deluvial) were a
consequence of the above-mentioned phenomena. The result of concentrated runoff processes
are most often such forms as: gullies, accumulative fans, erosional cuts and deluvial and
proluvial sediments accumulated in the lower parts of the slopes or in the marginal part of
river valley floors (Miller and Juilleret, 2020; Smolska, 2005; Teisseyre, 1991; Twardy,
2011). Deluvial sediments can also fill small denudation valleys.

The largest accumulative fan in Serteyka River valley (Western Russia) formed at the
best-developed system of erosional cuts was selected for a detailed study. The conducted
research proves that this erosional cuts’ system was developed from the second half of the
17" century AD (Ginter et al., 2023; Piech et al., 2018). Thus, a very interesting period of
time for research was obtained, as the development of such prominent relief forms coincided
with the pessimum of the LIA and the period of increasing human impact in Eastern Europe,
as well as with time associated with the effects of agricultural changes resulted from the
emancipation reform, as well as industrial revolution.

The aim of the study is to determine the palaeoclimatic changes attributable to the
MWP and LIA, as well as the human impact (taking into account its intensity and directions)
in the Middle Ages and Modern Period, resulted in the development of pronounced erosion
and accumulation processes leading to the formation of the well-developed erosional cuts’
system and prominent accumulative fan. The implementation of the set goals was possible
thanks to the following detailed research tasks:

1. Reconstruction of the environmental conditions before the intensification of slope
erosion and accumulation processes, based on the results of palaeoecological and
geochronometric analyses of biogenic sediments underlying the largest accumulative fan;

2. Determination of the age and the environmental conditions at the beginning and the
stages of formation of the largest system of the accumulative fan and erosional cuts within the
lower section of the Serteyka river valley;

3. An attempt to reconstruct the palaeoclimatic and palaeohydrological conditions as
well as the vegetation cover during the development of the examined erosive cuts’ system and
the tested accumulative fan.

2. Study site

The study area lies on the border of the Pskov, Tver and Smolensk oblasts in the East
European (Russian) Plain in Western Russia. This area belongs to the Western Dvina
Lakeland (Abramov, 1972) or the Vitebsk Lakeland (Kondracki, 1992). The development of
the Valdai ice sheet (Weichselian, Vistulian) had a decisive influence on the formation of the
surficial geological structure and on the post-glacial development of the relief forms. The last
glacial maximum (LGM) was several dozen kilometres south-east of the study site (Gorlach et
al., 2015; Velichko et al., 2011; Fig. 1). Thus, the region has a mosaic of glacial and
fluvioglacial landscapes. The lower section of Serteyka River valley, which is a left-bank
tributary of the Western Dvina (Daugava) River, occupies the tunnel valley formed during the



Valdai Glaciation (Kittel et al., 2018). Thus, in the valley floor, palaeolake basins exist, filled
with gyttjas (Kittel et al., 2018; Kul'kova et al., 2001; Tarasov et al., 2019). Pollen analysis
and radiocarbon dating show that these sediments were accumulated mostly in the Holocene
(Kul'kowa et al., 2001, 2015; Tarasov et al., 2019; Wieckowska-Liith et al. 2021, Ptociennik
et al. 2022). The lakes were successively drained by the Serteyka River channel, and the last,
largest lake was drained in the second half of the 18" century AD (Kittel et al., 2018).

The short and steep slopes of the river valley, in the studied section, are cut by
numerous erosive forms, such as erosion valleys, ravines and gullies. At the mouth of some of
them, in the contemporary Serteyka River valley floor, alluvial and accumulative fans are
developed (Piech et al., 2018, 2020a). Deluvial terraces were formed in the lower parts of the
slopes.

The geological structure and morphological characteristic of the studied erosional
cuts’ system and their surrounding is described in detail by Piech et al. (2018, 2020a).

The climatic conditions of the area are presented for Velizh town (about 20 km WSW
from the research area) and characterised by a cold temperate climate (Dfb). The average
annual temperature is 4.9°C, and the mean year sum of rainfall is 634 mm. The highest
rainfall is recorded in July (89 mm), June (74 mm) and August (70 mm). The lowest rainfall is
observed in February (28 mm), March (33 mm) and January (36 mm) (https://pl.climate-
data.org/azja/rosja/obwod-smolenski/sennx-19386/#climate-table).

1. Material and methods
1.1. Field work and sampling strategy

The geological mapping of the accumulative fan was carried out in detail with the use
of a hand-held Eijkelkamp geological auger equipped with a slot sampler. The sediment
sequence analysis was performed with an accuracy of 1 cm. The drillings were located along
the fan’s morphological axis (W-E), at a distance of 5 m from each other and reached a depth
of up to 2.5 m. Within the fan, two geological outcrops were then explored: 1/ in the central
zone of the fan with the signature STPII and dimensions 5x2x2m and 2/ in the distal zone
with the signature STPI (5x2x1.5m).

The structural analysis of sediments within the walls of the geological outcrops was
performed. The lithofacial code according to Zielinski and Pisarska-Jamrozy (2012) were
used to describe structural features of studied deposits.

From the walls of the geological outcrops, profiles of samples with a disturbed
structure were collected with an accuracy of 1-3 cm for sedimentological, geochemical and
palaeobotanical analyses. In parallel, the deposits’ profile of undisturbed sediment structure
was sampled in the STPII outcrop into four boxes (50x10x10cm). The profiles of organic
deposits below the deposits of accumulative fan were collected into similar boxes in both
outcrops, and called STPlyioc and STPIlnio. The STPIlIyio core covers the whole sequence of
organic deposits, while the STPIlyio only their upper part. In the fan’s central zone, the
thickness of the organic deposits is about 50 cm, while in the distal zone, it is about 1.5 m.

3.2. Sedimentological analysis



For samples with a disturbed structure, particle size analysis was performed using the
sieve method for sediment fractions above 2.0 mm and the laser diffraction method for
fractions below 2.0 mm. Particle size analysis using the sieve method as well as laser
diffraction method. Based on the results obtained from the particle size analysis, the
sedimentological indicators after Folk and Ward (1957) were calculated using the Gradistat
5.11 software (Blott and Pye, 2001): mean particle diameter (M;), standard deviation (c1),
skewness (Sk1). In addition, specific relations of individual indicators to each other and a C/M
Passega diagram (first percentile to median diagram) and grain-size indicator (GSI as coarse
silt/fine silt ratio) were made based on the Gradistat 5.11 software (Blott and Pye, 2001).

3.3. Palaeoecological analysis

The pollen analysis of 21 samples collected with the resolution of 2.5 cm from the
STPlbio core was performed. The material was processed according to the method described
by Berglund and Ralska-Jasiewiczowa (1986). The volume of 1 cm: from each depth was
subjected to acetolysis according to Erdtman (1960) using HF and 1 Lycopodium tablet (to
determine the frequency of sporomorphs). Two microscope slides (20 - 20 mm) for each
sample were counted. Sporomorphs were determined with the use of atlases by Reille (1992),
Beug (2004), and Stuchlik et al. (2001), as well as with the use of the reference pollen
collection kept at the Polish Geological Institute - National Research Institute Marine
Geology Branch in Gdansk. The results of the analysis are presented in a pollen diagram
prepared with the use of the POLPAL software (Nalepka and Walanus, 2003).

The plant macroremains analysis of the profiles STPInio and STPIlyio was performed for
19 and 21 samples, respectively (10-30 cm?® each). The exception is a sample from a depth of
50 cm with a volume 300 cmfrom STPlinorg profile. The samples from organic parts were
boiled with KOH to reduce the amount of sediment and remove humic matter. The
conservation of the plant remains was done with a standard mixture of alcohol, water and
glycerin in proportion 1:1:1 with addition of thymol.

For inorganic profiles STPI and STPII was prepared 13 and 16 samples respectively
(50-110 cm?® each). The samples of inorganic sediments were processed by flotation and wet
sieving with a mesh in diameter of 0.18 mm.

The obtained material among which are seeds, fruits, vegetative plant fragments and
fraction of charcoals larger than 0.2 cm were analysed with the use of stereoscopic
microscope and metallurgical microscope Nicon Eclipse ME600OP. The fragments’ number of
indeterminate fine charcoals (i.e. particles smaller than 0.2 cm) were also counted. Due to
determine the atlases Benkova and Schweingruber (2004), Berggren (1969), Cappers et al.
(2006), Velichkevich and Zastawniak (2006, 2008), Schweingruber (1978), present seeds,
fruits and wood, and a collection of fossil floras of the National Biodiversity Collection —
Palaeobotanical collection — KRAM P at W. Szafer Institute of Botany Polish Academy of
Sciences in Cracow were used. The qualitative and quantitative results were presented in
diagrams, drawn with the use of the POLPAL software (Nalepka and Walanus, 2003).

Preparation of subfossil Cladocerans remains was done for the profiles STPIbic and
STPllie by using standard method after Frey (1986) with the resolution of 2.5 cm. At the
beginning material was heated in 10% KOH solution, then treated by magnetic stirrer and



washed under 0.4 mm sieves. The Cladoceran remains were determined under the microscope
(200x and 400x magnification) by using key of Szeroczynska and Sarmaja-Korjonen (2007).
Ecological analysis by Bjerring (2009) and statistical analysis done in CONISS program and
diagram by Tilia (Grimm, 1987, 2003, 2013).

Subfossil Chironomidae remains preparation was performed on the profiles STPlpio
and STPIlyio with the resolution of 2.5 cm using standard method after Brooks et al. (2007).
The samples were heated in 10% KOH and washed under 0.9 mm sieve. The remains were
then chosen under binocular (4x10 magnification) and determined under microscope. The
identification and ecological analysis based on the keys of Brooks et al. (2007) and Epler et
al. (2013). The diagram and statistics are done by using CONISS and Tilia software (Grimm,
1987, 2003, 2013).

3.3. Geochemical analysis

Dried 48 samples from STPI and STPII cores were subjected to content of organic
matter and carbonates by loss-on-ignition (LOI) following the protocol described by Heiri et
al. (2001) in the Gallenkamp muffle furnace. Organic matter (OM) content was determined by
combustion at 550°C (LOlsso) to constant weight, carbonate content was calculated as
Carb=1.36 LOlg2s. The contents of palaeogeographical elements: Na, K, Ca, Mg, Fe and Mn,
and trace elements: Cu Zn and Pb in the sediments were measured as soluble concentrations
(10% HCI, 65% HNO, 3:1 v/v digestion and hydrogen peroxide — H202) using atomic
absorption spectrophotometer (AAS Solaar 969, UNICAM), as defined by Borowka (1992).
The described procedure is commonly used for palaeogeography analyses of many wetland
sites in Central Europe (cf. Antczak-Orlewska et al., 2023).

Quality control of geochemical analysis was carried by a few stages, follow the
protocols Tylmann et al (2011). The first, standard materials from ANALITYKA Ltd. (Czech)
were used to calibrated of AAS apparatus. Moreover a sample of reference material SQC001S
was included in this study. To avoid inrations between research elements, a lanthanum
solution was used at the concentrations described by Pinta (1977). The test of reference
materials exceeded level of 90% for all metals. Moreover only pure of Merck company
reagents were used in the geochemical laboratory, and the water was purified to a resistivity
below 18Q*cm. The accuray of three-time measurements for each metals was estimated by
calculating the standard deviation from the mean value, and it’s always didn’t exceed 2%. The
measurement of Pb concentrations in all samples showed values below the detection limit, so
the were leave in the graphical summaries and palaeogeography interpretation.

The aparatus of AAS was used only for biogenic deposits taken from the shore zone of
the research valley. This approach has been used at the other site from study area (Pt6ciennik
et al. 2022) and number of sites from Central Europe (Pawlowski et al. 2016; Okupny,
Pawtowski 2021; Pawlik et al. 2022).

The samples of inorganic deposits from STPII and STPI profiles were atmospherically
dried for the pH and electrolytic conductivity analysis. Then they were rubbed in a mortar and
sieved through a 1 mm sieve. Further, the pH and electrolytic conductivity were determined
by the potentiometric method, using a conductometer in H.O (Myslinska, 2010). Calcium
carbonate content (%CaCO.) was performed using the volumetric method with the use of the
Scheibler apparatus (Bengtsson and Enell, 1986).



For more detailed characteristics of elemental composition, X-ray fluorescence
spectroscopy (XRF) was performed for 19 and 30 samples of inorganic deposits from the
profiles STPI and STPII respectively. For the XRF analysis, bulks of sediments were crushed
and homogenized in an agate mortar to minimize sample contamination (Miazga, 2017).

The rubbed samples were dried at a temperature of 60 °C and then compressed into
tablets under a maximum pressure of 10 tons. The next step was to perform analysis using the
XRF PI-MKON 0.1 equipment. XRF 01 spectrometer. The device has a 4W lamp (5 0kV, 132
pA) and a tungsten anode with a resolution of 130 eV FWHM at 5.9 keV (high peak-to-
background ratio 20000:1). All measurements were done with 300 s accumulation time
(parameters: 40 kV, 5 pA) in the air. For energy calibration, we used 60Co, 137Cs and 152Eu
standards. Spectra were collected and investigated using TUKAN 4K analyzer.

3.4. Geochronometric analyses

Selected samples of inorganic deposits were taken for OSL and 2'°Pb dating in the
outcrop STPII. For 4C age determinations, the remains of trees were also collected from the
bottom most part of the inorganic deposits. And also selected plant macroremains were
isolated both from the underlying organic deposits (from the cores STPlyio and STPIlyio) and
from inorganic deposits in STPI and STPII profiles (Table 2). A reliable age model of the
accumulation of the inorganic deposits in the STPII core is presented by Ginter et al. (2023).
In this paper, the depth/age model for the STPIuio core is elaborated based on four **C datings
estimated for selected remains of terrestrial plants.

Radiocarbon dates were performed using the Accelerator Mass Spectrometry
technique (AMS) in the Laboratory of Absolute Dating, in Krakow (Poland), according to
procedure described by Krapiec et al. (2018) and Cherkinsky et al.(2010). Calibrated
radiocarbon ages (BC/AD) were calculated using the IntCal20 radiocarbon calibration dataset
(Reimer et al., 2020) and the OxCal 4.4.2 calibration software (Bronk Ramsey, 2009). The
calculating of the age-depth model was elaborated using Bayesian approach (P_Sequence
function in OxCal software) (Bronk Ramsey, 2008) (Fig. 2; Table S1).

4. Results and interpretation

4.1. Characteristic of organic deposits

The most upper part of both studied cores of biogenic sediments is formed with sandy
organic mud. It covers a coarse detritus gyttja with numerous pieces of wood in the upper part
of various sizes with a few to several cm in length, and a diameter of up to 5 cm. However, in
the central zone of the fan, in the geological outcrop STPII, numerous branches and trunks of
trees with a diameter of up to 20 cm have been documented also.

The sediments underlying the biogenic sediments in the lakeshore zone are fine-grained,
light-brown, weakly laminated sands, which are interpreted as glaciofluvial sediments. To the
south of the studied fan, gray fine-grained sands with shell fragments were documented.
These sands are interpreted as lacustrine deposits. To the south and east of the fan, the
thickness of biogenic sediments increases. To the south, along the edge of the valley, the



thickness of these sediments increases from 50 cm to 3 m. In turn, to the east, to almost 9 m.
Dark-gray lake sediments have been documented at greater depths, and the occurrence of
olive gyttja and lake chalk in places. A small oxbow was also found, visible in the
morphology (and in the change of vegetation) of the modern valley floor close to the fan. The
oxbow is filled up to 50 cm with decomposed peat and up to 150 cm with black coarse
detritus gyttja.

In places, during drilling in the lakeshore, under slope sediments and in the immediate
vicinity of overbank sediments, sequences of poorly decomposed peat with sand, and fine-
grained, light-brown sands with silt were found.

4.1.1. Palaeoecological and geochemical results

The Serteya flora includes taxa of higher plants, determined on the basis of seeds,
fruits, megaspores, endocarps, charcoal, woods and other remains, and comprising species
presently found in the area of Central and Eastern Europe. Names of vascular plants mainly
followed by Mirek et al. (2002). Analysis of macro- and wood remains from the STPIyi, core
enabled the subdivision of the succession into 8 LMAZs and in the case of STPllyio core, 7
LMAZs (Fig. 3; Table S1). Detailed results are included in Tables S2 and S3 (both in
supplement), and a simplified macroremains diagram — in Fig. 4 and Fig. 5. The results of
macrofossil plant remains (including charcoal and woods remains) are present in Figure 4 and
Figure 5 (with descriptions in Tables S2 and S3).

Organic deposits of STPIlyio core with a thickness of 51 cm (219-169 cm below
ground level - b.g.l). contained numerous subfossil macroremains of plants and invertebrates.
Their composition enabled the separation of several stages illustrating the depression
development they were deposited in. At the first stage of its existence (Se-1 LMAZ; 219-
201.5 cm), a shallow and small reservoir in which the water probably remained only
periodically existed in the place of core collecting. This is evidenced by the dominance of
plants from dry habitats and the few statoblasts of the bryozoans Cristatella mucedo and the
small numbers of Chironomidae and Cladocera, episodes of their complete disappearance in
the core.

Initially, the shores of the reservoir were covered mainly by Rubus idaeus, R.
chamaemorus and Mentha arvensis as well as Urtica dioica, associated with nitrogen-rich
habitats. The low depth of the reservoir is confirmed by the presence of eutrophic species of
Chironomidae and Cladocera usually existing in the littoral zone of the basins (Fig. 6) At a
depth of 208.5-200 cm, a period of intense flow (the washing) was recorded. This is
illustrated by the numerous occurrences of Ephemeroptera remains (Fig. 6), mainly inhabiting
clean streams and rivers (McCafferty and Lugo-Ortiz, 1997).

In the next stage the presence of Picea abies and Tilia cordata was marked in the layer
(Se-2 LMAZ; 201.5-190.5 cm). Much drier and exposed to sunlight slopes around the lake
were an area of rapid spread of Juniperus communis scrub which seeds were found in the
sediment. The forests of that time were experienced by local fires. This was reflected by the
presence of macro-charcoal (Whitlock and Larsen, 2001) and also terrestrial fungi and
coprophilic taxa (Fig. 3).

At that time, in the vicinity of the reservoir other plant species such as Cirsium
arvense, a weed found in both various types of field crops and ruderal habitats were found.



Fragaria vesca and Oxalis acetosella found mainly in forests were also present. In the
sediments from a depth of 190.5-171.5 cm (Se-3 LMAZ), referring to radiocarbon dating
ranging from the late Middle Ages to the beginning of 17" century AD, the environment is
moist and the plants typical for wet habitats entered this required the constant presence of
water and non-periodic. The reservoir probably underwent gradual swamping and increasing
eutrophication, shown by the Leydigia acanthocercoides existence. It is a Cladocera species
that inhabits heavily overgrown reservoirs with low water transparency (Mirostaw-Grabowska
et al., 2009).

In the final stage (Se-4 LMAZ; 171.5-168 cm, 1st half of 17" century AD), the water
level raised and the reservoir bottom was covered with macrophytes. The pleuston
communities with Lemna trisulca developed on its surface. The numerous Cristatella mucedo
statoblasts were also present. In this part, among the Chironomidae, there were Metriocnemus
fuscipes-type and Tribelos species preferring swamps and wetlands. The obtained results
prove the constant growth of human impact. This leads to the development of agricultural
crops and deforestation. Simultaneously, the processes occurring on the slope were started. As
a result, a shallow lake basin gradually overgrown. At the same time just before the beginning
of the slope erosion, there was an increase in the water level in the dying reservoir, caused by
LIA climate changes.

Based on the results of the plant macroremains, palynological and palaeozoologic
analysis, several phases of local vegetation development were distinguished for the organic
part of the sediments of the STPIyio profile with a thickness of 50 cm (138-88 cm).

Phase | (1200-1282 AD)

In the first phase (Se-1 LMAZ 138-125.5 cm; Ser -1 LPAZ Picea-Pinus-Filicales,
135-138 cm; Ser-2 LPAZ Picea-Tilia, 127.5-132.5 cm), the shores of the reservoir were
covered mainly by Rubus idaeus, Rubus chamaemorus and the particularly numerous Urtica
dioica, associated with nitrogen-rich habitats (Fig. 3). The surroundings were dominated by
communities of coniferous trees with spruce, pine and moss fleece. There were also the oak-
hornbeam forests in the area with single hazels. On the other hand, the importance of moist,
wet alders with Alnus, Ulmus and Salix and rich fern undergrowth has increased significantly.
The presence of wet banks was also indicated by the appearance of sedges (Carex sp).

The aquatic vegetation is evidenced by the presence of Nymphaea alba seeds, as well
as few pollen grains of rushes. Chironomidae remains occur only on the top layer between
138 and 135 cm (1200-1220 AD). There are mainly species associated with macrophytes. In
this zone also appear lentic species such as: Endochironomus albipennis-type, Microtendipes
pedellus-type and Dicrotendipes nervosus-type (Fig. 3).

Phase 11 (1282-1335 AD)

In the second phase (Se-2 LMAZ 110.5-125,5 cm, Ser-3 LPAZ Alnus-Picea-Pinus
112.5-125 cm) the shores of the reservoir were still inhabited by Rubus idaeus, Rubus
chamaemorus, and less numerous Urtica dioica than it was in the previous phase (Fig. 3). The
present species are associated more likely with fertile and nutrient-rich soils with a slightly
acidic pH. The structure of the forests began changing gradually. As a result of
deforestation Coniferous forests with Picea and deciduous forests with Tilia, with an



admixture of Quercus, Corylus and Carpinus began giving place to herbaceous vegetation.
The numerous Alnus, Ulmus and Filicales, appearing on the riversides, spread. This indicates
an increase in humidity and perhaps an increase in the groundwater level. At this phase, there
are no plant macroremains related to an open water surface environment. However, among
pollen grains, there were Sparganium t. and Cicutavirosa related to the shallow water and
rush environment. On 128 cm appears Ceratopogonidae associated with macrophytes. Then
there is a big gap and until 103 cm occurs Ephemeroptera living mainly in the littoral zone of
the lake (Fig. 3).

Phase 111 (1337-1434 AD)

The third phase included the levels Se-3 LMAZ 97-108 cm, Ser-4 LPAZ Betula-NAP,
110 cm, and Ser -5 Picea-Pinus LPAZ, 95-107.5 cm. Palynological data indicate that at a
depth of about 110 cm (1337 AD), the disappearance of mixed forest communities began
(Fig. 3). Among the trees, the birch dominated and as a pioneering species it indicated a
significant but short-term deforestation in this area. This is confirmed by the presence of its
fruits and fruit scales in the sediment. The importance of herbaceous plants among which
were mainly Artemisia, Poaceae, Asteraceae and Cichoriaceae increased. The consequences
of the forest fire were numerous microcharcoals and Gelasinospora spores preserved.

In the Ser-5 Picea-Pinus LPAZ level, the re-dominance of Picea, in the close vicinity
of the reservoir, is confirmed by the presence of needles (Fig. 3). The spruce was
accompanied by pine indicating the domination of coniferous forests, which appeared in
alteration with the wet riparian forests, and patches of oak-hornbeam forests with Tilia,
Quercus, Carpinus and Corylus. Cladocera appears in 97 cm (1410-1434 AD) where among
others littoral species like: Bosmina longispina, Alona quadrangularis and A. exigua,
Acroperusharpae, were present. The last two are also species associated with vegetation.

Phase IV (1454-1500 AD)

The last phase of the reservoir existence, recorded in the Se-3 LMAZ, 88-93 cm and
Ser-6 NAP LPAZ, 88-92.5 cm levels, was characterized by a clear impact of human activity
on the environment. The share of pollen cultivated plants such as Secale cereale, Triticum,
Cannabis sativa and Fagopyrum esculentum became very clarified (Fig. 3). The crops were
also accompanied by weeds such as Rumex acetosella and Silene vulgaris as well as ruderal
vegetation with Urtica dioica (Litynska-Zajac, 2005). In addition, the importance of
grasslands increased, which was marked by the low tree pollen levels and the existence of
pioneering communities with Betula and Juniperus communis, emphasize deforestation.
Among the natural communities riparian and coniferous forests survived. Pediastrum
colonies, nympheids, as well as Cristatella mucedo statoblasts, preferring relatively warm and
transparent waters (Qkland and Qkland, 2000), appeared in the shallow eutrophic waters.

4.1.2. The geochemical traits of biogenic deposits

Based on the geochemical components as well as grain-size distribution for mineral
fraction the research cores were subdivided into three main geochemical zones (GZI-GZIII)
(Fig. 7, 8; Fig. S1).



The lower parts of the cores (zone | is depth: 139-110 cm at the STPlpio profile and
218-205 cm at the STPllnio profile) consists mainly organic matter (range 82-87% for
STPlbio core and 18-62% for STPIlwio core) with relatively low concentration of lithophilic
elements (K below 2 mg/g, Na below 0.2 mg/g and Mg below 2.5 mg/g) (Fig. 7, 8). However,
it should be noted that in the STPIIyio profile, the concentration of Na and K is initially twice
as high and then rapidly decreases, compared to the STPIyi, profile, where the concentrations
of these metals are leveled from the beginning. Initially, both profiles showed a decrease in
the concentration of Cu and Zn. In the case of the STPIuio profile in the geochemical zone |
top, the content of trace elements (Cu and Zn) increases again, it is also accompanied by a
gradual change in the redox conditions in the coastal zone of the reservoir (the value of Fe/Mn
ratio from 63.4 to 93) (Fig. 7, 8).

The middle part of the geochemical records (zone 11 depth: 110-92 cm for the STPlbio
and 205-187 cm for STPIlyio profile displays an increase in the organic matter (from 82 to
86% and from 41.8 to 85%) and CaCOs content, while the almost all elements have the
interval typical for lacustrine sediments (Fig. 7, 8). The share of sand fraction at the
STPllIio tends to decrease from 67 to 25%, while increase the content of silt fraction (from 37
to 72.2%) and type of denudation ratio (Na/K) show very high fluctuations (between 0.08 and
0.91). While the Fe/Mn ratio at the STPInic and STPIlyio is very high (between 94-137.8 and
194-368 respectively) the deposition of trace elements has variable trend.

In the zone 111 (depths: 92-89 cm at the STPlyo core and 187-168 cm at the
STPllyio core) the organic matter decrease from 75 to 0.7% for the STPIbic and from 93 to
53% t the STPIlyio core but increase of lithophilic elements (especially K from 0.9 to 1.9 mg/g
and Na from 0.07 to 0.13 mg/g and K from 0.06 to 0,73 mg/g and Na 0.05 to 0.22 mg/qg)
respectively. This section of cores is build of sand and silt (Fig. 10). The increased values of
erosion catchment ratio (Na+Mg+K/Ca change from 0.5 to 3.5) correlates with relatively high
results of redox conditions ratio and decrease of Na/K ratio (Fig. 8, 9, 10).

For the STPIyio core, organic matter ranges from 82.91% to 86.65%. In the bottom from
the depth of 136 to 128 cm, large fluctuations in the pH value occur. At a depth of 126 cm, the
maximum calcium carbonate content is recorded, followed by a sharp drop in value. From a
depth of 125 cm to 105 cm, there is a slow, systematic decrease in the pH value (Fig. 9). From
the depth of 98 cm towards the top, there is a rapid increase in the proportion of inorganic
matter.

The diagram (Fig. 9) shows four phases (periods) of time: phase 1 (1215-1230 AD); phase
2 (1240-1315 AD); phase 3 (1320-1400 AD) and phase 4 (1424-1500 AD).

4.2. Characteristic of accumulative fan deposits

4.2.1. Lithology and geochemistry of the accumulative fan deposits

Several series of sediments were distinguished in the STPI profile: overbank deposits
(Ob-A; 91-85 cm b.g.l.), lower deluvium (84-56 cm b.qg.l), overbank deposits with buried soil
(Ob-B; 55-48 cm b.g.l), overbank deposits (Ob-C; 47-24 cm b.qg.l), tillage diamicton (23-4 cm
b.g .1), modern humic layer (4-0 cm b.g.l).

The individual layers of the two outcrops were correlated with each other by drilling
and age determination according to Ginter et al. (2023).



Overbank deposits (Ob-A)

This unit consists of light brown sediments (SF) with thin black layers of organic mud
(TC). They are in the distal zone of the fan. Very fine fractions dominate for this unit, i.e. silt
and very fine sand. The contribution of clay is also considerable. It is worth noting the lack of
thicker fractions.

The pH values indicate slightly acidic conditions, the conductivity is about 11uS/cm,
and the percentage of calcium carbonate is negligible (0.02%) (Fig. S2). For the elements Al,
K, Ti, Mn, Fe, Sr, Rb the values fall towards the top of the layer. In turn, for Al, Ti, Mn, Fe,
Ni, Sr, Rb and Cr the values are among the highest in the entire STPI profile (Fig. S3).

The beginning of deposition of this unit is estimated to 1500-1700 AD (Ginter et. al.
2023). Wieckowska-Liith et al. (2021) research confirms an increase in the water level during
this period.

Lower deluvium

This series extends for about 60 m along the morphological axis of the accumulative
fan. The width is about 70 m. The thickness varies from 180 cm (in the central part of the fan)
to less than 50 cm (distal zones). Lower deluvium was formed between 1744 + 43 and 1803 +
23 AD according to Ginter et al. (2023).The lower deluvium unit studied in the STPII profile
(Ginter et al., 2023) correspond to a series of deluvia from the STPI in the distal part of the
fan. As a result of the longer transport of the sediments, the STPI profile is characterized by a
relative material’s homogenization. The lower deluvium series consists of light brown, fine-
grained sands (SFh) with silty inter laminations (SFw). A large number of charcoals were
found mostly in the top and bottom of this unit. In the lower deluvium, there are
discontinuous horizon of proluvium composed mainly of gravel, clay balls and mixed-grained
sands with a predominance of coarse sand (Ginter et al., 2023; Piech et al., 2018).

The features of the system 2 and 4 on the graphs of dependence of
sedimentological indicator according to Mycielska-Dowgiatto and Ludwikowska-Kedzia
(2011) were recognized for deposits of lower deluvium, which are characteristic of wash-out
deposits and slope sediments formed by splashing of rain drops.

A slight change in sedimentological and geochemical indicators along the profile is
noticeable.

Deluvia in STPI are represented by fine sand and very fine sand. Towards the top, the
proportion of these fractions decreases and the proportion of coarse silt and fine silt increases.
From a depth of 80 to 70 cm, the values for mean grain size, sorting index and skewness are
relatively constant, however, up to 70 cm to the top, the values increase. The grains are
getting finer and less sorted (poor sorting).

The calcium carbonate content for this unit is up to 0.02%. The pH values slightly
increase towards the top, approaching a neutral pH. At a depth of 75-80 cm, conductivity
reaches its maximum for the entire STPI (less than 14uS/cm) (Fig. S2). In this fragment, the
values for Al, K, Ti, Mn, Fe, Ni, Rb and Cr drop. In turn, at the top of this unit, an increase in
the fluctuation of values for Al, Ti, Mn, Fe, Ni and Rb is noticeable (Fig. S3).

The accumulation took place at the earliest from 1450 to 1799 at the latest (Ginter et al.,
2023).




Overbank deposits (Ob-B) with buried soil (?)

From the depth of 55 to 51 cm, very fine and fine-grained gray sands (SF) with
charcoals are documented in STPI profile. These sands are covered with continuous black
organic mud with sandy admixtures (TC), of the thickness of 3 cm. These deposits were
recognised as a buried alluvial soil. Plant remains have been found here, ranging from fresh to
wet and marshy habitats. The lower boundary of the layer is not uniform, it is jagged in
places. This overbank deposits unit extends in the distal zone of the fan, and also beyond this
form, entering the area of the valley floor.

In this unit (50-55 cm) the sand fraction dominates (61%) over the silt (39%), gravel
(1%) and clay (0.7%) fractions. M, values hover around 3.5 phi. For the fine-grained sands
(55-52 cm), the sorting index values are ca. 1. On the other hand, the values for skewness are
relatively high (mostly fine grains) (Fig. 10).

In the buried soil calcium carbonate content reaches 0.05%. At a depth of 50-55 cm, a
large decrease of pH values occurs, below 4.5 and fluctuations in conductivity values are also
recorded (Fig. S2). In this unit, a large increase in the share of elements such as Ca (the
highest value in the entire profile), Fe, Ni and Cr is noticeable. For the elements Al, K, Ti,
Mn, Rb, a decrease in the share is recorded (Fig. S3).

This unit differs from the Ob-C unit in that it has a smaller proportion of the sandy
fraction and at the same time a greater proportion of dusty fraction.

Middle deluvium

The middle deluvium unit formed by brown sands (medium-grained; SFm), with
numerous animal burrows filled with inorganic material, mostly fine and medium sand. High
numbers of charcoals are recorded in the entire series. The top of the middle deluvium is cut
erosively (Ginter et al., 2023). This series extends in the proximal and central zones of the
accumulative fan. It reaches the greatest thickness in the northern part of the form up to 100
cm.

The average share of the sand fraction is 84.6%, silt is 14.4% and clay is about 1%. This
unit is characterized by relatively constant values of sedimentological indicators. The M,
value is from 2.89 to 3.5 phi, the average sorting is 1.06 and skewness is from 0.14 to 0.37
(Fig. 10).

In terms of geochemistry, there is a duality in this unit. The lower part is characterized
by a lack of calcium carbonate, low pH values and fluctuating conductivity values. The upper
parties are characterized by an increase in the calcium carbonate content and an increase in
the pH value (Fig. S2). This unit is also characterized by relatively constant values of the
content of the elements.

Middle disperse deluvium from 1803+23 to 1836+15 AD (Ginter et al., 2023).

Upper deluvium

Upper deluvium unit do not have continuation in distal part of the fan STPI. This series
extends in the proximal and central zones of the fan, similar to the middle deluvium. It
reaches the greatest thickness in the central and southern parts up to 80 cm.

Upper deluvium unit (STPII profile), characterized by alternating light and dark brown
layers arranged in a sub-horizontal low-angled position (SFh). The lighter layers have lower




mean grain diameter values, and the skewness values are also higher, suggesting fine grains
dominance and improved sorting. In this unit, there are noticeable differences in the content
of sand fraction (from 92.97 to 34.58%), and silt fractions(from 62.83 to 6.22%). The deposits
of this series are poorly sorted.

Upper deluvium is characterized by a very low content of calcium carbonate, less
than 0.2%. The pH values are relatively similar, i.e. around 5.7. In turn, the values of
electrolytic conductivity are variable, they are characterized by quite high dynamics from
about 4 to 12 uS/cm. The organic carbon level is constant throughout the layer and amounts
to 0.2% (Ginter et al., 2023) (Fig. S2).

This unit was formed from 1836+15 to 1859+14 AD (Ginter et al., 2023).

Overbank deposits (Ob-C)

The series of overbank sediments can be divided into two units. The first is 48 cm to 35
cm (Ob-C1 unit; lithofacies: SG), and the second is 35 to 26 cm deep (Ob-C2 unit; lithofacies:
SFh) (Fig. 9). The upper unit is formed by very fine and fine-grained sand, light brown in
colour, up to 2 cm thick and interlaminations of organic mud up to 0.5 cm thick. This series
extends in the distal zone of the fan, entering the lower deluvia sediments and meshing with
the middle deluvia.

In overbank sediments, an increase in the proportion of coarser fractions up to a depth
of 46 cm (Ob-CL1 unit) is visible, where medium-grain sand reaches 16.1%, coarse sand 7.7%,
very coarse sand 1.1%, and fine gravel (0.1%) respectively (Fig. 10).

Higher values of pH (up to 5.86) and conductivity (up to 11.09 puS/cm) can be
observed in the Ob-C1 unit. In this unit, a decrease in the share of Al, K, Ti, Mn, Fe, Sr and
Cr is recorded, with a simultaneous increase in the share of Ni and Rb. The elements Si and
Ca remain unchanged (Fig. S3).

In the Ob-C2 unit, the percentage of coarser fractions decreases. The average share of
the sand fraction in this unit is 76.9%, the silt fraction 22.2%, the gravel fraction 2.4% and the
clay fraction below 1%. Rapid growth (deterioration in sorting index) is recorded in the top of
this unit, at a depth of 28 cm.

Rapid increase in carbonate calcium content is noted from the depth of 45-40 cm to the
top of the overbank sediments, where the value is 0.52% (maximum for the entire profile) at a
depth 30-35. In this unit, the fluctuations of individual elements are noticeable. There is a lack
of Ni.

The accumulation of these series occurred from 1792 AD at the earliest and could
have ended in 1859+14 AD (after Ginter et al., 2023).

Tillage diamicton

The upper part of the accumulative fan was transformed into tillage diamikton (from 40
cm b.g.l. STPII profile; from 25 cm b.g.l. STPI), created as a result of mixing material from a
series of upper deluvium (DSd). Tillage diamicton extends over the entire accumulation fan.
The thickness of this series is relatively constant (30-40 cm). This tillage diamicton has
therefore a massive structure. The sand fraction dominates in the tillage diamicton, on average
it is 91.6% and silt frictions is 8.3%. Sediments are moderately sorted with skewness values
close to 0. In places, mixed fragments of lighter and darker sediments are visible, which




suggests a relatively short period of human activity. There is a noticeable increase in calcium
carbonate and conductivity in this unit. The pH values are between 5.5 and 5.8 (Ginter et. al.,
2023; Piech 2021; Piech et al., 2018).

This series was formed between 1859+14 and 1974+4 AD (Ginter et al., 2023).

4.2.2. Interpretation of sedimentological results

In the tested accumulative fan, six different layers were distinguished, which formed
under different environmental conditions. Thanks to them, a complete record of the changing
environment over several hundred years was obtained.

Hydrolithological analyzes were used to analyze raw sedimentological data. Samples of
Ob-A series in the C/M diagram according to Passega (1964), Passega and Byramjee (1969)
are in the R-S segment, field VI. This demonstrates a deposition took place under the
conditions of the lower flow regime. In the diagram of the dependence M; and o1 according to
Mycielska-Dowgialto and Ludwikowska-Kedzia (2011), the samples from Ob-A have the
hallmarks of system 2, which is typical for overbank deposit, aeolian deposits of hot deserts,
wash-out deposits and fluvial channel lag. In the account of M; and Skj, the arrangement of
samples indicates overbank-pool deposits (see Mycielska-Dowgialto and Ludwikowska-
Kedzia, 2011).

Lower deluvium was formed during the mudflows in the form of tongues, they are
formed during violent downpours when the source material is very fine (Twardy, 2008; Piech
2021; Piech et al., 2018). Some of the sediments could also be formed during the spring
thaws, where the material was deposited on the ice and snow covers (Ginter et al., 2023).
Saltation, and to a lesser extent, suspension (Piech et al., 2018) was the prevailing process for
transporting grains during the depositing of material in this layer. On the C/M Passega
diagram, the samples are in the R-S and Q-R segments, the first being uniform suspension, the
second being graded suspension. These samples are also included in fields VI and V of the
type of deposit environments, which demonstrates a transport took place in conditions of low
turbulence or of moderate turbulence (Szmanda, 2010).The material was transported in
conditions of low and moderate turbulence, and a part of the material is defined as
homogeneous with different graining (see Szmanda, 2010).The diagram M;/c1 (Fig. 4B, Piech
2021) shows the system 4 according to Mycielska-Dowgiatto and Ludwikowska-Kedzia
(2011), which is characteristic, among others, for overbank-pool deposits. Looking at the
results of sedimentological analysis, it can be concluded that during the accumulation of these
sediments, two main processes operated: fluvial and slope processes, which intertwined and
overlapped each other.

The samples of Ob-B unit in the sedimentological index relation diagrams are placed
between the fields corresponding to overbank deposits and overbank-pool deposits (after
Mycielska-Dowgiatto and Ludwikowska-Ke¢dzia, 2011). The samples are located on the T3
trend line (Sly, 1983; Szmanda, 2009), which means that they are typical flood sediments.

Soil accumulation occurred in a period between 1526 and 1799 AD (95.4% probability;
MKL-A4437). The obtained date does not correspond to the dates obtained for the lower
deluvium accumulation. The arrangement of the layers shows that the lower deluvia should be



older than the Ob-B deposits, which are located directly above. The organic nature of this
layer, and therefore the possibility of aging, must be taken into account. This would imply
that this level was formed in the second half of the 18" century.

On the C/M Passega diagram, the samples of middle deluvium are arranged in P-Q and
Q-R segments, the first being graded suspension with some grain transported by rolling, and
the second - graded suspension. The samples are located in fields Il connected with traction
deposition with a small share of suspension predominate here and V (deposition from
suspension predominating here with a small share of grains accumulated from traction;
transport in conditions of moderate turbulence). One sample (98 cm b.g.l.) stands out from the
rest, i.e. it is close to the N-O segment (transport of grains via rolling) and is in field |
(traction deposition with a small proportion of suspension predominates here) (Szmanda,
2010, 2011).In the relationships of sedimentological indicators, it is impossible to
unambiguously assign to the obtained results any system (according to Mycielska-Dowgialto
and Ludwikowska-Ke¢dzia, 2011), because in the diagrams the samples from this layer take
the form of a rather dense cloud of points. Middle deluvium was accumulated as a result of
surface-flow during intense agrotechnical activities (Ginter et al., 2023; Piech 2021).

Based on the relationship of sedimentological indicators, it can be concluded that the
samples of upper deluvium belong to system 2 typical for slope wash deposits according to
Mycielska-Dowgialto and Ludwikowska-Kedzia (2011).Upper deluvium was formed during
the cold season as a result of single events (heavy rains), during the constant use of the land
(Ginter et al., 2023; Piech 2021).

Following Mycielska-Dowgiatto and Ludwikowska-Kedzia (2011), on the basis of the
diagrams of relationships between individual sedimentological indicators, it can be concluded
that the deposits of Ob-C unit are located between overbank deposits and overbank-pool
deposits.

The tillage diamicton series was formed as a result of plowing the top part of the upper
deluvium in the proximal and central parts of the fan and as a result of plowing the Ob-C
series. The samples of tillage diamicton in the relationship diagrams are arranged in a system
4, which is characteristic of slope sediments formed by splashing of rain drops (Mycielska-
Dowgialto and Ludwikowska-Kedzia, 2011).

4.2.3. Plant macro fossil of the accumulative fan deposits

STPI profile

Within 60 cm (90-30 cm b.g.1.) of inorganic sediments, five levels were distinguished
with a distinctly different composition of plant macroremains and fragments of charcoal. The
level of Se-5 LMAZ (88-80 cm; lower deluvium, Ob-A; Table S2), apart from the high
concentration of fine coal, also contained uncharred seeds and fruits. The highest share of the
fine coal at the depth of 80-85 cm may indicate the intensification of fire processes in the
vicinity of the site. It may also suggest an increase in surface run-off during its deposition.
Charcoal fragments larger than 0.2 cm are most often re-displaced as a result of their transport
with water (Scott et al., 2000; Scott and Glasspool, 2007; Whitlock and Larsen, 2002).
Numerous sclerotia of Cenococcum geophilum and also indicate soil erosion and redeposition



of sediment from the banks to the reservoir. The presence of Pinus sylvestris and Tilia
cordata in the vicinity of the reservoir is evidenced by their larger charcoals, which were
transported far from fire sources. Among macroremains fruits of Frangula cf. alnus and
Rubus idaeus were found.

In the analyzed material, apart from individual appearance of Scleranthus annuus,
Polygonum aviculare, the most frequent was Chenopodium t. album. This taxon is present
mainly in disturbed habitats, although it also occurs in cultivated fields. Noted, that the
marked meadow plants include species growing in both fresh and wet meadows. Moreover, in
this group of wild plants there are species that may have been or have been cultivated
periodically. One of them is the black mustard. It is difficult to determine whether it was
cultivated or if it was a wild plant (Litynska-Zajac and Nalepka 2008).

The level with a thickness of 20 cm, described as Se-6 LMAZ (80-55 cm; lower
deluvium; Table S2), apart from the small quantities of fine charcoal, did not contain any
other plant or animal remains.

In contrast in the Se-7 LMAZ level (55-45 cm; Ob-B, Ob-C; Table S2), there was a
significant change, both lithological and plant macroremains composition. Within the mineral
sediments of the accumulative fan there is a small thickness insert of brown organic mud. It is
preceded by a high proportion of fine charcoal fragments, characteristic of surface run-off and
redeposited during intense floods (Scott et al. 2000; Scott and Glasspool, 2007; Whitlock and
Larsen, 2002).

Within the brown organic layer, many plants taxa, such as Eleocharis palustris,
Phragmites australis and Schoenoplectus lacustris, typical for humid, wetlands and water
habitats and Cristatella mucedo, indicate the existence of a strongly overgrown, shallow
reservoir with periodically open water surface. Significant moistening initiated the
sedimentation of the layer of highly decomposed sedge peat, taking place in a shallow and
eutrophic reservoir. The taxonomic composition of plant remains proves that the composition
of fen-forming communities was dominated by Cyperaceae. The presence of taxa such as
Mentha aquatica, Viola palustris, Ranunculus acris, R. reptans and Juncus sp., confirmed the
presence of wetlands. The record of wet meadows with seasonal fluctuations in water levels
also is documented. Plants of dry habitats and weeds constituted a large group and diversified
in terms of species.

The last level of Se-7 LMAZ (55-45 cm; Ob-B, Ob-C; Table S2), which ended the
sedimentation of the STPI profile mineral part, contained only a few charcoals of Pinus
sylvestris, Piceaabies and fragments of fine charcoal. The presence of Pinus sylvestris in the
close vicinity of the site was confirmed by the boggy pine presence.

STPII profile

Within the inorganic sediments of accumulative fan with a thickness of about 120 cm
(168-45 cm b.g.l.), charcoals were exceptionally abundant and fine charcoals were
accumulated, especially in the depths of 160-165 cm (Se-5 LMAZ; Table S3) and 63-68 cm
(Se-6 LMAZ). Such accumulations may indicate an increase in the frequency of fire
occurrence in this region (Scott et al. 2000; Scott and Glasspool, 2007). The small presence of
macroscopic charcoals indicates the wide distance of the source of fire. In addition, the small
dimensional range of the charcoal fragments means that the material has been sorted,



probably during its movement with water (Scott, 2010). High values of
Cenococcumgeophilum also indicate soil erosion and deposition of land matter into the
reservoir (Karpinska-Kotaczek et al., 2014). Among the larger charcoal fragments, the
remains of trees such as Alnus sp., Piceaabies and Pinus sylvestris were determined, with pine
being the dominant one.

Plant macroremains in the form of peaty seeds and fruit were much smaller than the
fragments of charcoal. Their diversity in terms of species and quantity was also small,
especially with regard to the underlying organic layer. Plants such as Chenopodium type
album and Rumex acetosella dominated, which as weeds grow on ruderal habitats, fields,
fallow land and pastures. They require rich soils, but they are also very numerous in sandy
and slightly acidic clay soils. In addition to charcoal fragments in mineral sediments, the
uncharred needles of Pinus sylvestris and Piceaabies were also determined, which proves
their presence in the close vicinity of the reservoir. This is confirmed by the record of pollen
succession from the upper western Dvina (Tarasov et al., 2019) suggesting that the spread of
coniferous forests, mainly pine ones, took place in the sub-Atlantic period.

5.Discussion

5.1. Palaeoenvironmental changes before the initiationof slope processes in Serteya

After 2000 BC, Picea reached its maximum range, which resulted in a cooler climate
in the region of NE Poland, the Baltic Sea, Belarus, and European Russian territory (Mazei et
al., 2020 - further literature there). In the period 1400-700 BC the share of Picea numbers has
decreased, while the share of Betula and Alnus is recorded to increase in the Valdai Highlands
region (Magzei et al., 2020), which is consistent with the values obtained in the Serteya for the
same period. This involves the expansion of more open landscapes and waterlogged habitats.
Precipitation then amounted to 750-800 mm year (Mazei et al. 2020)..

Reconstructed average July temperature for the period 640-1300 AD in one of the peat
bogs in the Valdai Upland (central European Russia), based on Cladocera, testate amoeba and
diatom analysis, it was 16.9-17.6°C, which is 0.7-1.4°C lower than today (Mazei et al., 2020).
In Eastern Europe, the 10" century was the warmest century in the last 2000 years (Klimenko
and Sleptsov, 2003; Klimenko and Solomina, 2010). As noted by Mazei et al. (2020), in 1350
AD, the ecosystem in the Valdai Highlands became drier, which coincides with STPlyio
palynological results. The transition was relatively quick to promote the idea of staggered and
non-linear behaviour of peatland ecosystems (Mazei et al., 2020; Tsyganov et al., 2019). As
emphasised by Mazei et al. (2020), such a change may be correlated with climate change and
fires. This also translates into the STPIlyio core (1326-1390 AD), because "suddenly"
Habrotrocha (from 0% to 2%), Centropyxis (from 0% to 3%), Arcella discoides (from 0% to
3%), or Assulina seminulum (from 0% to 1%) appear. An increase in the share is also
recorded for Sphagnum. In addition, a sudden and large jump in the presence of micro-
charcoal is noticeable. Recognized phase 1 (1215-1230 AD; Fig. 9) based on the relationship
between pH and conductivity stands out against the background of the rest of the points, is
characterized by pH values close to neutral and at the same time relatively high values of
conductivity. Relatively high water level is demonstrated with a fluvial supply marked by Mn



highest content. Then the water level drops (Fe/Mn ratio still below 100), which could lead to
the formation of a fan.

Novenko et al. (2020) in the study of oxbow lakes in the Central Russian Upland, based
on the abundance of Tilia and Picea pollen, which need sufficient soil moisture, concluded
that no long and severe summer droughts were recorded during the MCA period. In the 13"
century AD, in the Central Russian Upland, pollen and crop pollen were recorded, indicating
increased human activity (Noveko et al., 2020). Similar indicators were also observed in the
Serteya region at the same time (Wieckowska-Liith et al 2022). Also, Novenko et al. (2020)
showed that in the Central Russian Upland, the improvement of anthill conditions during the
MCA did not cause significant changes in plant vegetation in the region, and the beginning of
human impact on the environment dates back to the 13" century AD. In Serteya, during
phase 2 (1240-1315 AD; Fig. 9), the local conditions alternates between rainwater supply and
high lake water levels. At a depth of 126 cm (ca. 1280 AD), increase in the content of calcium
carbonate, Ca and Mg are noted, which may suggest an increase in ground supply resulted
from washing out of carbonate from the upland area by rains and its concentration in
accumulated sediments (the highest result of Na/K ratio). Perhaps a drainless lake basin took
place in this period. Further from 124 to 120 cm (ca. 1285-1300 AD) there is a decrease in the
carbonate content, which in turn may mean that the carbonate is leached from the
accumulated sediments - perhaps an outflow/flow lake (?) or intensification of mechanical
denudation (decrease Na/K ratios).

Before about 1400 AD in Serteya, the basin was overgrown with communities of semi-
terrestrial vegetation. However, later the groundwater level decreases and the climate changes
to a drier (Wieckowska-Liith et al., 2021). This is related to the results obtained in this paper,
as well as to these presented by Mroczkowska et al. (2021). From the 12% to the 14" century,
the European part of Russia experienced a phase of intense flooding (Panin et al., 2014). Fires
were also recorded during this time. For the period 1460-1855 AD reconstructed average July
temperature was15.8-17.5°C and was about 0.8-2.5°C lower than today (Mazei et al., 2020).
Our phase 3 (1320-1400 AD; MCA,; Fig. 9) is characterized by numerous drops in the water
level, which led to the formation of fen and bioaccumulation of sulphide elements such as: Fe,
Cu, Zn. There are three episodes here: 1/ from 114 to 110 cm (ca. 1320-1340 AD), 2/ from
108 to 106 cm (ca. 1345-1350 AD), 3/ from 104 to 98 cm (ca. 1360-1400 AD) (Fig 9). In the
first and third episodes, the lake level drops (fan development) was interrupted by growing
fluvial supply. The second episode was characterised by an increase in rainwater supply,
relative constant lake level and gradual increase of mechanical denudation. The MCA phase
was characterized by relatively higher temperatures and a decrease in the number of rains -
although in this region there most likely did not have a distinct MCA phase, it was intertwined
with brief wetter episodes.

A beginning of peat accumulation was recorded in one of the fans in N Poland to the
periods 1100-1500 and 1650-1900 AD (Lamentowicz et al., 2008). They linked the second
period with climate change during the LIA and human activity (De Vleeschouwer et al.,
2009). On the other hand, De Vleeschouwer et al. (2009) notes that even in relatively close
proximity on a continental scale, dry shifts are recorded in the same period, and wet shifts in
other areas. Dry shift recorded by De Vleeschouwer et al. (2009) and Lamentowicz et al.
(2009) between about 1100 and about 1500 AD correlates with the MCA phase at Serteya.



Interestingly, in bogs in southern Sweden, Wolf and Sporer minima were detected between
1300 and 1550 AD, when the climate was deteriorated (van der Linden and van Geel, 2006).
This correlates also with the MCA phase in the STPIyio profile. Fires were also recorded at an
adjacent site between 1510 and 1560 AD (Mroczkowska et al., 2021). In turn, Maash et al.
(2005) divided the LIA into two periods - the first from 1230 to 1620 AD was characterized
by a wetter climate, and the second, which lasted from 1700 to 1950 AD, was characterized
by a drier climate. In this concept, biogenic sediments from the MCA and LIA periods,
separated by the authors, were deposited in the wet period, and the beginning of the
accumulation of inorganic sediments of the fan coincides with the beginning of the dry period.

The LIA phase (1424-1500 AD; Fig. 9) begins in Serteya with an increase in precipitation
supply and is marked by a growth in humidity and lake water level. There is a drop in the
content of calcium carbonate, Ca and Mg, which proves its leaching. Perhaps we are dealing
with a runoff lake, which in turn led to the total drainage of the reservoir and its replacement
by a fluvial system. The LIA phase is characterized by an increase in the frequency of rains
(or snow falls) and a relative cooling, with a simultaneous advance in human impact (Fig. 9)
(Okupny and Pawlowski, 2021; Antczak-Orlewska et al., 2023). The catchment erosion rate is
growing rapidly (Fig. 7, 8).

The situation for STPIIyio core, situated closer to the slope of the basin and to the upland,
is completely different from that in STPIyio. The phases cannot be listed here and the obtained
results do not correlate with STPlyio. Thus, the accumulation conditions are directly
influenced by the slope processes and input various mineral grain-size (Fig. 1S) with
relatively high content of litophilic elements (K, Mg, Na). On the other hand, the fan phases
can be interpreted here as a decrease in the lake's water level, while the phases of fluvial
supply and lake occurrence can be interpreted as an increase in the water level. With this in
mind, numerous fluctuations in the water level were estimated, some water drops could be
relatively long-lasting, which could lead to the formation of fen (Fig. 9). At a depth of 173.5
cm (the beginning of 17" century AD), a clear human impact was documented, but the
chemical composition of sediment doesn’t show clearly changes. This may be a record of
supplied terygenic material from catchment. Because of limnic environment of the
sedimentation they are enriched of sulphide elements.

In palynological analyses, no unequivocal elements were found that would indicate a
possible division into MCA and LIA. As noted by Philben et. al. (2014) the response of the
water table to climate change is non-linear. This is due to ecohydrological feedback in the
peat system. These authors also indicates that both events may have been insufficient to cause
significant changes in the vegetation cover. For climate change to be observed in the wetland
vegetation record, it must first affect groundwater levels. Such a change could change the
balance between vascular plants and sphagnum (Philben et al., 2014).

In turn, as noted by De Vleeschouwer (et al., 2009) and Mauquoy et al. (2004) lower
spring-summer temperatures and cold winters during the LIA may have influenced the
periods of reduced peat accumulation. Lower spring-summer temperatures and cold winters,
which caused freezing of the bog surface, could have affected the process of peat
accumulation during the LIA. This change slowed down the primary productivity of the torsos
(De Vleeschouwer et al., 2009; Mauquoy et al., 2004). The drop in temperature and the
freezing of the bog/lake surface slowed down the primary productivity of the peat-forming



vegetation. As indicated by De Vleeschouwer et al. (2009), the share of soil dust in the
formed sediments increases with the decrease in the rate of peat accumulation. However, in
the STPIyio profile, looking at the share of the finest fraction of inorganic material, no sudden
increase in the share of very fine grains was documented.

As noted by Novenko et al. (2015, 2018) in the last 400-350 years, in the area of the
central part of European Russia, there was an increased accumulation of peat, with a
simultaneous decrease in humification, and a number of testate amoebae clusters were
recorded, which indicates moist and acidic conditions. Deforestation led to higher surface
runoff which resulted in an increase in local ground moisture, which led to the change of
previously existing dry forests into peat-spruce forests (Lamentowicz et al., 2019; Stowinski
et al. 2021; Stowinski et al. 2022). At that time, there is also a large influx of inorganic matter
from the slopes, which is associated with deforestation for agriculture. Thus, in the area of
central Western Russia in the last 400 years there has been a leap in the development of
agriculture (Novenko et al. 2009, 2015, 2018).

In turn, the coldest periods of the LIA in the East European Plain were in the second
half of the 17" century according to Klimenko and Sleptsov, (2003) and Klimenko and
Solomina (2010). The minimum values of the reconstructed average July temperatures
occurred in 1640-1750 AD (see Mazei et al., 2020) during the formation of the accumulative
fan in Serteya began. At a similar time the highest rate of macro-charcoal deposition took
place. This is related to forest fires that have also been detected in the Serteya region, which
could potentially be related to a wider phenomenon. Going further, Lamentowicz et al. (2009)
recorded a climatic disturbance zone between 1650 and 1700-1900 AD, which also
corresponds to the formation of studied accumulative fan. They suggest that during this period
there was a significant change to humid conditions, followed by a period of drought that is
supposed to be associated with climate instability. Here, it is potentially related to the central
deluvium unit, but this is a far-reaching suggestion.

In 1670 AD, there was a significant and short-term decrease in Picea and Pinus in
Serteya region, which is associated with the exploitation of timber during military conflicts
(1654-1667 AD). At this time, a high water level in the Serteya Mire is recorded. In addition,
the LIA was characterized by a cool and humid climate (Mroczkowska et. al., 2021), which
corresponds well to the results presented in this paper. In the period between 1650 and 1700
AD, the beginning of the "extreme phase of the flood" took place in the area, which correlates
with the age of overbank deposition in the Serteyka River Valley. This phase ended around
1800 AD.

After 1750 AD, a shift towards warmer and drier conditions is evident. There are
isolated episodes of heavy rains. At the same time, indirect evidence of increased leaching
from deforested areas has been documented. There is also a decrease in the level of
groundwater. Between 1830 and 1850 AD, there is a local decline in the number of cultivated
plants. They have been replaced by ruderal vegetation. Drying of the peat bog is also noted in
the region (Mroczkowska et al., 2021).

The changes recorded in the STPIlyio core refer only to local changes. It shows that the
influence of the slope system is too high to correspond with the paleoevidence of STPlpio,
however, thanks to STPllpio, it is noted that the slope system has been very dynamic over the



last hundreds of years. In addition, based on STPIlio, the changes taking place within the
shoreline of the lake itself are visible.

5.2. The impact of global climatic fluctuations on palaeoenvironmental changes in the East
European Plain

The study area is located in Eastern Europe in the zone of contact between continental
and transitional climate. The local climate could be susceptible to changes in the
paleoclimatic regime - the NAO circulation. However climate events that are associated with
NAO fluctuations may be less significant in Eastern Europe than in Western Europe (see
Mroczkowska et al. 2021 and references within). Western and eastern types of NAO can have
different effects on precipitation and temperatures across the continent.

As mentioned earlier, MWP lasted from about 800 to 1300 CE. in the northern
hemisphere. In the research area MWP can be indicated that it lasted from 1320 to 1400 AD.
The shift in dates may be due to the fact that the study area is far from the seas, which makes
the climatic conditions different from those in other parts of Europe. NAO circulation was
positive at that time (Trouet et al. 2009; Persoiu and Persoiu 2019). Persoiu and Persoiu
(2019) indicate that the MWP in Romania was predominantly wet, which resulted from the
northward penetration of Mediterranean cyclones during the positive phase of the NAO. As
shown in this paper, during the MWP, the climate in the Serteya region showed wetter phases
that alternated with drier phases. During this period, the study area experienced drier
conditions, fires occurred, and the lake turned into a peat bog of poor condition. This may
indicate that the air masses flowing over eastern Europe lost moisture along the way and
caused drier conditions in this region of Europe. As pointed out by Trouet et al. (2009) a
positive NAO phase for MWP is associated with dominant La Nifia-like conditions. In eastern
Finland, the MWP was characterized by warm and dry summer conditions (Luoto and Helama
2010).

In addition, the studies did not document the several hundred years of drought per
MWP that occurred in many places in Europe, including eastern Finland. As demonstrated by
Luoto and Helama (2010), this event can be correlated with the global El Nino-Southern
Oscillation drought. Moreover, the MWP coincides with the long-term maximum of solar
activity (Jirikowic and Damon 1994). However, in the case of the Serteya region, this
convergence does not occur, indicating that "terrestrial™ factors are responsible for climate
change. As noted by Helam et al. (2009) the emergence of MWP could be related to internal
forcing, such as thermohaline circulation.

As indicated by Jones and Mann (2004), the 15", 17" and 19" centuries were the
coldest centuries in the last hundreds of years, which may be related to the NAO
phenomenon. At the same time, Persoiu and Persoiu (2019 — further literature there) noticed
that there was a sharp increase in the number of floods in the area from Western Europe,
through Central Europe, to Eastern Europe during the LIA. It was noted that the increase in
the number of floods in Western Europe was due to increased rainfall. In turn, in Eastern
Europe, advection and local strong summer thunderstorms were responsible for this state of
affairs. The documented overbank deposits fit perfectly into the continental and climatic



pattern. Moreover, the LIA period coincides with the Bond event No. 0 and simultaneously
with the negative NAO phase (Bond 2001; Trouet et al. 2009).

Lower temperatures during the LIA were also recorded in eastern Finland, where a
wetter climate has also been documented (Luoto and Helama (2010). Research (Luoto and
Helama (2010) also showed that in eastern Finland there was no continuous increase in
precipitation.

The beginning of the accumulative fan development (second half of the 17" century)
coincides with the Maunder Minimum (1645-1715 AD), i.e. with the lowest activity of the
Sun during the LIA. The formation of the middle deluvium (from 1803+23 to 182717 AD
after Ginter et al. 2023) coincides with the Dalton Minimum (1790-1830 AD). In turn, the
development of the upper deluvium (from 1841414 to 1859+14 AD after Ginter et al. 2023)
coincides with the maximum extent of the mountain glaciers in the Alps during the LIA
(1850-1860 AD) (Holzhaiser 1982; Zasadni 2007).

5.3. Human influence and palaeoenvironmental factors of slope processesin in the East
European Plain

A clear increase in human activity in Serteya (increase in the share of pollen from
cereals and ruderal plants) has been recorded since about 1300 AD (Wieckowska-Liith et al.,
2021). Strong deforestation of the area around the river valley, documented in the top of the
investigated biogenic core, resulted in increased surface runoff. This led to the fact that more
water was getting to the valley floor, which resulted in a further increase in flooding, its
strength - this was recorded in overbank sediments in the distal zone of the studied fan.
Increase in non-tree pollen since 1350 AD in the Valdai Highlands suggests the expansion of
cultivated areas (Mazei et al., 2020), which is consistent with the results for the Serteya
region. It is worth noting that in the mid-14™ century this area became a part of the Grand
Duchy of Lithuania (ILIa6ynsm0, 1987).

At the same time, geological mapping show that deluvial (slope wash) deposits lie
directly on the overbank deposits. This proves further increased surface runoff, which
occurred in favourable environmental conditions, i.e. as a result of frequent and prolonged
rainfall. One of the elements conducive to slope processes was also the vegetation cover, and
in fact the lack of dense vegetation cover on the slopes and in the upland area (lack of trees,
intensification of cultivation). An additional stimulus intensifying the erosion processes on the
slopes was properly conducted ploughing, which allowed an intensification of erosion (see
Piech et al., 2020).

The previously mentioned remains of ruderal plants, as well as the remains of
periodically cultivated plants, testify to the intensive agricultural activity carried out on the
plateau. Further overbank deposits were accumulated on lower unit of slope sediments. The
flooding must have persisted for a long time, as evidence of a shallow eutrophic reservoir was
found in the macroremains of this layer, which over time developed into a wetland. At a
similar time, a lithological change occurred in the STPII profile - the middle deluvium unit
layer began to form, which was determined to be the result of intensive agricultural activity
(Ginter et. al., 2023).



Since the 15" century AD, increasing human impact on the environment and increased
soil erosion have been noticed in the northern part of the Central Russian Upland (Novenko et
al., 2012). In the years 1510 AD and in 1560 AD in the nearby peat bog, the presence of
charcoal indicative of fires is noted. This may indicate widespread, large fires in the Serteya
region (Mroczkowska et. al., 2021). Intensification of human activity since the 16" century
AD, including agricultural activity, has taken place in Central Russia (Belayev et al., 2004). In
the Central Russian Upland, over the last 500 years, there has been a decrease in surface
humidity due to the lowering of the groundwater level (Novenko et al., 2017). From the 17%
century AD, the landscape opened up in the European part of Russia (Novenko et al., 2017 —
further literature there).Moreover, intensive soil erosion in this area was initiated by
increasing human impact, including agricultural activity from the 17" century AD. This
situation resulted in the formation of particular geomorphological forms, e.g. gullies and slope
covers (Golosov, 2002; Golosov et al., 2017).In the period 1720-1850 AD, an increase in the
proportion of cultivated pollen and weeds was observed in the nearby peat bog (Mroczkowska
etal., 2021).

Lower deluvia could have been formed as a result of on-snow accumulation, hydrated
sediment (mudflows), or sheet accumulation diffuse surface-flow, and that later bending of
the layers could have arisen due to density changes (Ginter et al., 2023; Piech et al., 2018) —
i.e.niveo-colluvial deposits. According to Butakov et al. (2000) one of the most important
factors causing gully erosion in the Russian Plain area is surface runoff formed during thaws.
Deposits of lower part of accumulative fan could be deposited on the snow and/or frozen
surface.

Increasing deforestation process of the Serteya area during 16"~ 18™ century AD. has
been well documented (Lucoéw et al., 2020; Piech et al., 2018; Tarasov et al., 2019). Forest
exploitation caused a very large decrease in the share of spruce in the stand in the 70s of the
18" century AD (Lucow et al., 2020). Intense human activity led to increased erosion of
slopes also in the Moscow region in 1696-1796 AD. The next phase of the increase in the
cultivation area took place there in the 18" century, and the maximum area of arable land was
recorded at the end of the 19" century AD. Additionally, in the southern part of the East
European Plain, agricultural areas reached maximum at the beginning of the 19" century AD
(Golosov et al., 2017; Sidorchuk et al. 2006). At that time, the top of the upper deluvium was
formed, and then the tillage diamicton, which is associated with the direct impact of
agricultural activity. In 1861 AD, there was a land reform in Russian Empire, which resulted
in the cultivation of previously unsuitable areas and areas with steep slopes. As a result,
erosion processes intensified (Golosov et al., 2017). Successive deforestation could lead to the
next phases of slope erosion. As a result of intensive agricultural use of the Maly Kazgulak
valley catchment (Stavropol Upland, European southern Russia), slope erosion and
aggradation of the entire valley floor have occurred in the last 150 years (Belyaev et al.,
2005).

The potential increase in the number of floods and the number and intensity of rains
may be caused by the wet phase of the LIA. At the same time (middle period of the 19™
century AD),stratified upper deluvium unit were formed. This unit was created in relatively
stable environmental conditions (moderate rains and moderately intensive agriculture,
possibly three-field or crop rotation) (cf. Ginter et al., 2023; Piech 2021; Piech et al., 2020).



The last phase was the development of tillage diamicton, which was formed as a result
of the mixing of the upper layers of the upper deluvium unit as a result of agricultural activity
carried out directly on the studied accumulative fan (Ginter et al., 2023; Piech et al., 2018,
2020). Between 1850 and 1890 AD, there is a noticeable rise in the groundwater level. An
increase in plant pollen associated with human activity is also recorded associated with the
land reform of 1861 AD (Mroczkowska et. al., 2021). Tillage diamicton is being studied of a
similar age. In the adjacent bog, it is noticeable that the climate has become more seasonal,
with a greater difference in precipitation and a greater annual temperature amplitude. An
increase in the amount of clastic material is noted there too (Mroczkowska et. al., 2021).As
noted by Golosov and Belyaev (2017), most of the gullies currently found in forests were
created during the periods of crop expansion. Palaeogeographic studies conducted in central
Russia have shown that from the end of the 19™ century to the beginning of the 20" century
AD, aggradation of river channels took place, which was the result of the supply of material
from the erosion of the slopes (Golosov, 2006).As indicated by Litvin et al. (2003) due to
intensive agricultural activity and deforestation, most of the gullies in the Russian Plain have
formed in the last 300-400 years.

Conclusions

Despite the close location of the two biogenic cores, it was noticed that they are
different in terms of geochemistry, sedimentology and macroremains. The MCA and LIA
palaeoenvironmental fluctuations, which were recorded in geochemical and paleoecological
analyses, are listed here. An important phase was the transformation of the lake into a fen,
which is associated with the MCA period, with higher human impact and a palaeofires record.
Another important gap was the complete regression of the lake and the change of the lake
system into a fluvial one. At the same time, there was a very high human impacton the
environment, including deforestation and intense agriculture. An important issue was the
record of overbank deposition, which testify to the increased flood intensity, that correlates
with the documented phase of flooding in the region.

Based on the above results, it can be concluded that the primary factor of the intense
gully erosion is human activity, which caused: deforestation, increase in the area of
agricultural fields, frequent fires, fluctuations of ground water circulation. The secondary role
here is the development of villages and cities, the way of cultivating fields. The second factor
is climate change, i.e. increased rainfall, heavy storms, natural fires mostly during MCA and
LIA transition. It can therefore be correlated that the development of the Serteya gully system
arose simultaneously with many similar relief forms, both in the East European Plain and in
Central Europe.
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Fig. 1. A: Location of the research area; B: Study area against the background of the
maximum extent of the Valdai glaciation (Gorlach et al., 2015); C: Geomorphological map of
the study area Kittel et al. (2018). 1 — moraine plateau; 2 — glaciofluvial plain; 3 — crevasse
fills; 4 — kames and kame terraces; 5- biogenic plains; 6 — flood plain; 7 — tunnel valley; 8 —
valley slopes; 9 — alluvial fans; 10 — gullies and erosional cuts with accumulative fans; D:
Hypsometric map of the gullies ‘system and accumulative fan after Piech et al. (2020a). STP I
- geological outcrop in the distal part of the accumulative fan; STP 11 - geological outcrop in
the central part of the accumulative fan
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Fig. 3. Pollen stratigraphic diagram of STPIbio core
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Fig. 5. Plant macroremains of STPIIbio core
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Table S1. Radiocarbon dates from STP | and STPIlyi, core

Depth
Material ( bp ) Dated macrofossils Conv. age Cal. age 68.2% Cal. age 95.4% Ne Lab.
cm b.g.l.
STPI
Buried soil
50-55 seeds 258+22 1640-1792 AD 1526-1799 AD MKL-A4437
(in inorganic sediments)
Belula sect albae - 3, Urtica dioica -
1, Silene vulgaris - 2,
Organic deposits . .
i 88-89 Cristatellamucedo - 4, Rubus idaeus 37025 1458-1516 AD 1450-1632 AD MKL-A4889
(9yttja) . .
- 1, Phragmites australis - 1,
Cristatellamucedo - 1, scars - 1
Organic deposits Belula sect albae - 5, Picea abies - 1,
A 102 i . 621+25 1299-1392 AD 1292-1399 AD MKL-A4886
(gyttja) Urtica dioica - 5
Organic deposits Urtica dioica - 3,
i 127 . 732+21 1267-1282 AD 1257-1290 AD MKL-A4960
(gyttja) Carex riparia (f) - 1
Organic deposits . 3058+26 1387-1278 BC 1407-1234 BC
X 137-138 Urticadioica - 20 . . . MKL-A4887
(gyttja) (overestimated) (overestimated) (overestimated)
STPII
Bottom part of
P 170* wood fragment 200+30 >1659AD >1643AD MKL-3632
deluvium
Top of organic deposits 175 wood fragment 160+35 >1668AD >1662AD MKL-3633
Organic deposits Belula sect albae — 1 fruit, Picea
X 173-174 . 390423 1452-1611AD 1445-1624AD MKL-A5051
(gyttja) abies — 2 needles, 8 scars
i i Picea abies — 1 needle, Belula sect
Organic deposits . .
X 175,5-176,5 albae- 1 fruit, Rubus idaeus — 2 313423 1520-1638AD 1495-1645AD MKL-A5052
(oyttja)
seeds, 6 scars
Organic deposits Urtica dioica — 2 fruits, Rubus
i 218-219 3260+25 1598-1464BC 1612-1451BC MKL-A5053
(gyttja) chamemorus — 7 seeds

* outside of the STPII profile

Tab. S2. Description of Local Pollen Assemblage Zones (LPAZ) from STPIyiccore

Depth
LPAZ [cm Description
b.s.l.]
Ser 1| 135-138 | Picea pollen initially reaches 63% maximally and falls to 41%. Pinus pollen increased
Picea- from 21 to 26%, Alnus from 3 to 12.5%, Betula up to 3.5%, Quercus and Ulmus up to
Pinus- 1%. From herbs Artemisia reach 2% and Poaceae below 1%. Herbs remain apears
Filicales rarely. Spores of Filicales monolete reach 50%, Musci — 12%. Woodwessel fragments
up to 14%, spores of Glomus — 3% and ascospores of Coprophilic fungi — 4%. Pollen
of reed swamp plants are represented by Cyperaceae and reach below 1%. Spores of
Sphagnum reach 4%.
Ser 2 | 127.5- Picea pollen reach 40-50%, Tilia — 12.5% and Alnus — 15-20%. Quercus, Corylus and
Picea-Tilia | 132.5 Ulmus reach ca. 2%. Pinus and Betula pollen maintain on constant level ca. 15 and
3%, respectively. Remaining trees appear rarely. Among herbaceous plants Artemisia
and Poaceae reach ca. 1%. Spores of Filicales monolete varies between 22 and 43%,
Musci - 14-21%, fragments of Woodwessel — 11-26%, spores of Glomus — 2-4% and
ascospores of Fungi — 1%. Pollen of Cyperaceae decrease and vanish. Pollen of
Menyanthes trifoliata appears. Spores of Sphagnum reach 2.3% and vanish. Loricas of
testate amoebae: Habrotrocha angusticollis and Centropyxis appear.
Ser 3| 112.5- Alnus and Pinus pollen values range between 14-28% and 19-38%, respectively. Picea
Alnus- 125 and Tilia pollen gradually decrease to 19% and 4%, respectively. Quercus, Corylus
Picea- and Ulmus pollen maintain on constant level ca. 1-2% each. Betula pollen increase to
Pinus 13%. Proportions of herbs pollen increase: Artemisia and Poaceae to 3.5%,
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Cichorioideae to above 1% and others are numerous to. Among Pteridophyta spores of
Filicales monolete values range between 27 and 39% and spores of Equisetum,
Lycopodium annotinum and L. clavatum often appear. Spores of Musci maintain on
constant level ca. 13-19% with one maximum — 31%. Fragments of Woodwessel
values range between 24-31%, spores of Glomus — 2-5%, Coprophilic fungi — 1-2%
with one maximum — 9%. Spores of Gelasinospora and Charcoal appear and increase
to above 1% and 10%, respectively.

Among pollen of reedswamps Cyperaceae (below 1%), Sparganium and Cicuta virosa
appear. The peat bog indicators include: Sphagnum (continuous curve ca. 1%) and only
at the beginning of the zone appear loricas of testate amoebae: Habrotrocha
angusticollis, Centropyxis and Arcella discoides.

Ser 4
Betula-
NAP

110

Betula pollen values increase to 25%, Pinus and Picea decrease to 14.5 and 8.5%,
respectively. Alnus reach 22%, Tilia - 3% and Ulmus — 2%. Quercus, Corylus,
Carpinus and Abies pollen appear. Among herbaceous plants the most numerous are
Artemisia — 4%, Poaceae — 5%, Cichorioideae and Aster t. — 2.5%. The others also
often occur. Spores of Filicales monolete decrease to 11%, L. Annotinum and L.
clavatum spores are quite numerous. Spores of Musci increase to 24%, Woodwessel
fragments values reach 24%, spores of Glomus — 4%, Coprophilic fungi — 5%,
Gelasinospora — 10% and Charcoal — 43% maximally. Pollen of Cyperaceae and
spores of Sphagnhum appear.

Ser 5
Pinus-
Picea

95-
107.5

Pinus and Picea pollen gradually increase to 42 and 31%, respectively. Betula pollen
maintain on ca. 8%. Alnus pollen values range between 7-15%. Tilia pollen decrease
from 4% to below 1%. Quercus, Corylus and Ulmus reach ca. 1%. Carpinus pollen
appear. Human indicators, Rumex acetosella and Secale appear. In the older part of the
zone, herbaceous plants are numerous, including Artemisia - 1.5%, Poaceae — 2.5%,
Cichorioideae — 1.5%, Aster t. — almost 1%, the others are also very diverse. Spores of
Filicales monolete increase to 38%, the others Pteridophyta, like L. annotinum and L.
clavatum are also numerous. Spores of Musci decrease to 5%, Woodwessel fragments
reach stable level ca. 20-22%, Glomus — 2-6%, Coprophilic fungi — 15-20%. Spores of
Kretzschmaria deusta, Microthyriaceae and Diporotheca webbiae appear. In the older
part of the zone, spores of Gelasinospora and Charcoal reach 9 and 27%, after fall and
vanish. Reed swamp pollen are represented by Cyperaceae (ca. 1%) and Sparganium
pollen. Cenobias of Pediastrum appear. Peat bog indicators are numerous: Sphagnum —
4.5% and decrease, Habrotrocha angusticollis and Assulina seminulum (below 1%),
Centropyxis (2%) , Arcella discoides (only in the older part of the zone — 2.5%) appear
and at the end of the zone almost all disappear.

Ser 6 NAP-
Betula

88-92.5

Betula and Pinus pollen reach ca. 17-20% and 17%, respectively. Picea, Alnus,
Quercus, Corylus and Salix glauca maintain level ca. 10, 13, 2, 1 and 1.5%,
respectively. Tilia pollen almost disappeared. Carpinus, Ulmus, Fraxinus, Sambucus
nigra and Fagus appear. Human indicators are represented by Secale — up to 5%,
Triticum — up to almost 2%, Cannabis — 3%, Rumex acetosella -1.5%, Fagopyrum and
Centaurea cyanus appear. Numerous are also Artemisia — 2% and Poaceae — 13%, the
others herbs are various. Filicales monolete only in the beginning reach 25% and
decrease to 3%. The remaining Pteridophyta are diverse, of which Equisetum appears
most frequently — above 1%. Spores of Musci and Woodwessel fragments maintain on
constant level ca. 3% and Copropfilic fungi — 2%. Reedswamp plants pollen are
numerous: Cyperaceae reach 5.2%, Sparganium t., Cicuta virosa and Typha latifolia
appear. Aguatic plants are represented by Nymphaeaceae trichosclereids base and
Pediastrum (up to 5%). Spores of Sphagnum appear.

Tab. S3. Description of Local Macrofossil Assemblage Zones (LMAZ) from STPlpiccore (det. R.
Stachowicz-Rybka and K. Cywa)

L MAZ
(depth in
cmb.s.l.)

LPAZSTP |
A. Hrynowiecka

(depth
cmb.s.l)

in Description of L MAZ of STP | profile




Se-1
138-125.5
6 samples

Sert-1
138-135
Sert-2
132.5-127.5

Among shrubs, seeds of Rubus chamaemorus and R. idaeus were recorded. A
frequent fruit of Urtica dioica were also found. Boggy habitats plants included
the Care xsp. div. trigonous. Nymphaea alba appeared among aquatic plants.
Minor amounts of Cenococcum geophilum sclerotia were identified as well.
The upper boundary of zone was determined by the decrease in the share of
Urtica dioica.

Se-2
125.5-
110.5

6 samples

Sert-3
125-112.5
Sert-4
110

Fruits of Betula nana and seeds of Picea abies were less frequent. The top of
zone included fruit of Rubus chamaemorus and R. idaeus. Within eutrophic
habitat plants fruits of Urtica dioica were determined. Small amounts of
Cenococcum geophilum sclerotia were also identified. The boundary of zone
was marked by the increase in diversity of plants characteristic for the
eutrophic habitats.

Se-3
108-97
5 samples

Sert-5
107.5-95

The amount of plant remains increased in all ecological groups. Among trees,
fruits and Betula sect. Albae, needles of Picea abies were identified. The share
of Urtica dioica fruits was slightly increasing. Rumex acetosella, Ranunculus
sceleratus and Hypericum sp. were appeared among the plants of eutrophic
habitats. In the group of reedswamp and aquatic plants, single Poaceae seeds,
probably belonging to Phragmites australis appeared. As in the previous
level, Cenococcum geophilum, scars and insects cocoons were present.

Se-4
97-88
3 samples

Sert-6
92.2-88

Among trees and shrubs, fruits of Betula nana and Betula sect. Albae, needles
of Picea abies, Juniperus sp., and seeds of Rubus idaeus were identified. Taxa
of eutrophic habitats such as fruits of Urtica dioica and Rumex acetosella
were still numerous. Silene vulgaris also appeared. A single fruit of
Eleocharis ovata and Phragmites australis was recorded within reedswamp
plants. Statoblasts of Cristatella mucedo, ephippia of Daphnia were observed
for the first time. Charcoal is also present.

Se-5
88-80
3 samples

Se-6
80-55
4 samples

Se-7
55-45
4 samples

Se-8
45-30

Charcoals of Coniferous and many fragments of fine charcoal were especially
numerous in this level. Single charcoals of Pinus sylvestris and Tilia cordata
were also present. Among trees and shrubs fruits of Frangula cf. alnus and
Rubus idaeus were found. New taxa of plants from eutrophic habitats such as
Brasica nigra, Scleranthus annuus, Chenopodium t. album and Polygonu
maviulare appeared. There were also very numerous sclerotia of Cenococcum
geophilum.

In this level, the share of plant remains in all ecological groups decreased.
Only charcoal of Coniferous and fragments of fine charcoal were numerous.
Also charcoal and woods of Pinus sylvestris, Alnus glutinosa and Picea abies
were found. The Seeds of Rubus idaeus were also marked. Single seeds of
eutrophic habitats plants like Chenopodium t. album and boggy habitats, like
fruit of Carex sp. biconvex were present. There was also sclerotia of
Cenococcum geophilum.

The level was characterized by an exceptional abundance of plant debris from
fresh to moist and boggy habitats groups. Charcoal of Pinus sylvestris, and
seed of Rubus idaeus were present. Hypericum perforatum appeared in the
group of eutrophic habitats plants. Silene vulgaris, Scleranthus annuus,
Stachys officinalis, Chenopodium t. album, Polygonum lapathifolium were
also present. It was only at this level that the exceptionally numerous
Potentilla anserina, P. erecta, Potentilla sp., Lychnis flos-cuculi. The fruits of
Ranunculus acris within fresh to moist habitats appeared. In this group also
seeds of R. reptans were determined. Peat vegetation was represented by
remains of Mentha aquatica, Viola palustris, Juncus sp., fruits of Carex nigra,
C. gracilis, C. elata, C. disticha, C. vesicaria, C. riparia and Carex sp.
biconvex. Among the reed swamp and aquatic plants, numerous fruits of
Eleocharis  palustris were identified. Phragmites australis and
Schoenoplectus lacustris were also found as single example. There were rare
sclerotia of Cenococcum geophilum, statoblasts of Cristatella mucedo and
indeterminate insect cocoons.

Only charcoal and needles of Pinus sylvestris and charcoal of Picea abies was
recorded. The zone was devoid of remains of peat bog, swamp and aquatic
plants.




3 samples

Tab. S4.
core (det.

Description of Local Macrofossil Assemblage Zones (LMAZ) from STP1lpio and STP1linorg
R. Stachowicz-Rybka and K. Cywa)

L MAZ
(depth
cmb.s.l.)

Description of L MAZ of STP 11 profile

Se-1
219-203
7 samples

Among shrubs, seeds of Rubus chamaemorus and R. idaeus were recorded. Within eutrophic
habitats a frequent fruit of Urtica dioica and single seed of Mentha arvensis were found. Minor
amounts of Cristatella mucedo statoblasts, Cenococcum geophilum sclerotia, scars and fragments
of wood, were identified as well. The upper boundary of zone was determined by the decrease in
the share of Rubus spp.

Se-2
201.5-
190.5

5 samples

Among the trees, there were numerous needles of Picea abies. The seeds of P. abies and fruits of
Betula humilis were present although in less quantity. The zone also included needle of Juniperus
communis, and fruit of Tillia cordata, Rubus chamaemorus and R. idaeus. Among the plants
representing eutrophic habitats, there were Urtica dioica, Oxalis acetosella, Cirsium arvense and
Fragaria vesca/viridis. Moss stalks were marked from plants in moist habitats. Amounts of scars,
insect cocoons, Cristatella mucedo statoblasts and Cenococcum geophilum sclerotia were present.
The boundary of zone was shown by the increase in diversity of trees and shrubs unit.

Se-3
189-180.5
4 samples

Amounts of plant remains increased in all ecological groups. Among trees, needle and seed of
Picea abies and seed of Rubus idaeus were identified. Within a group of eutrophic habitats plants,
fruits of Asteraceae and Fragaria vesca/viridis were found. Poaceae seeds (probably Phragmites
austarlis) appeared among plants in moist habitats. Sclerotia of Cenococcum geophilum were
numerous in this zone. The boundary was classified by the increase in the frequency of statoblasts
of Cristatella mucedo bryozoans, scars, and insect remains.

Se-4
179-168
5 samples

Among trees and shrubs, fruits of Betula sect. Albae, needles of Picea abies, seeds of Rubus
chamaemorus and R. idaeus were determined. A single fruit of Urtica dioica were observed. A
single fruit of Carex fusca, C. diandra, Eleocharis palustris and seeds of Phragmites australis and
Lemna minor recorded within plants from moist habitats. The amount of Cristatella mucedo
statoblasts, scars, wood, and insects were increasing. The boundary was marked by a decrease of
plant remains in all ecological groups.

Se-5
165-110
7 samples

Charcoal of Pinus sylvestris and Picea aabies and many fragments of fine charcoal were found. A
single fruit of Chenopodium t. album and sclerotia of Cenococcum geophilum were identified. The
boundary was classified by the increase of plant remains in all ecological groups.

Se-6
102-63
6 samples

Charcoal of Pinus sylvestris, Picea abies, Coniferous, Alnus glutinosa, and many fragments of fine
charcoal were seen. Among trees also needles of Pinus sylvestris and Picea aabies were
determined. Within the eutrophic habitats the seed of Chenopodium t. album and Rumex acetosella
were observed. Sclerotia of Cenococcum geophilum were present. The boundary was underlined by
the increase of charcoal trees and shrubs, Chenopodium t. aloum and Cenococcum geophilum.

Se-7
63-45
3 samples

Among trees the charcoal of Pinus sylvestris, Alnus sp., and fine charcoal were recorded. The zone
was devoid of eutrophic plant remains. The moist habitats were represented by Carex sp. biconvex.
Sclerotia of Cenococcum geophilum were identified. The boundary was the top of the analyzed
sediments.
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5.4 Cechy sedymentologiczne najwiekszego stozka akumulacyjnego w dolinie rzeki

Sertejki w nawigzaniu do cech osadéw zrodlowych

Piech W., Kittel P., Mazurkevich A., Pavlovskaia E., Kazakov E., Teltevskaya Y., Blaszczyk
K., Kotrys B., 2018. Cechy sedymentologiczne i warunki depozycji osadow stozka
akumulacyjnego w dolinie rzeki Sertejki (Zachodnia Rosja). Acta Geographica Lodziensia 107;

215-238.
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CECHY SEDYMENTOLOGICZNE I WARUNKI DEPOZYCJI OSADOW
STOZKA AKUMULACYJNEGO W DOLINIE RZEKI SERTEJKI
(ZACHODNIA ROSJA)

Sedimentological features and depositional conditions of deposits of
the accumulative fan in the Serteyka River valley (Western Russia)

WIKTOR PIECH", PIOTR KITTEL*, ANDREY MAZURKEVICH™, ELENA PAVLOVSKAIA™™,
EDUARD KAZAKOV*™*, YULIA TELTEVSKAYA*™***, KRZYSZTOF BLASZCZYK"™*"***,
BARTOSZ KOTRYS™*****

Zarys treSci. Artykul skupia si¢ na analizie czynnikéw klimatycznych i antropogenicznych wptywajacych na rozwdj rozle-
glego stozka akumulacyjnego powstatego w dolnym odcinku doliny rzeki Sertejki w zachodniej Rosji. W osadach budujacych
stozek rozpoznano kilka warstw osadow, tj. trzy serie deluwiéw (dolna, srodkowa i gorna), proluwia, a takze koluwia i diamik-
ton rolny, ktdre rdznig si¢ cechami tekstualnymi i strukturalnymi. Wykonano analizy uziarnienia i zestawiono cechy teksturalne
badanych osadow stokowych: $rednia $rednicg ziaren, skosnos¢, odchylenie standardowe, kurtozg. Nastgpnie dokonano oraz
omowiono relacje wybranych parametréw uziarnienia. Otrzymane wyniki wskazuja na niewielka odmienno$¢ cech tekstual-
nych osadow budujacych stozek w stosunku do materiatu zrédtowego. Deluwia dolne charakteryzuja si¢ bardzo stabo wy-
ksztalconym laminowaniem i jasnobrunatnozoétta barwa, deluwia srodkowe maja barwe brunatna, a wartosci wskaznikow tek-
sturalnych sa do siebie zblizone. Znamienne dla deluwiow gornych jest subhoryzontalne warstwowanie. W tej warstwie noto-
wane sg rowniez wahania wartosci wskaznikow teksturalnych. Diamikton rolny jest osadem zaggszczonym i masywnym, po-
wstalym wskutek mieszania deluwiow gornych poprzez orkg. Wszystkie wyrdznione serie cechuja si¢ matg zawartoscia we-
glanu wapnia. Rozwdj stozka rozpoczat si¢ w trakcie pessimum Matej Epoki Lodowej wskutek zmian klimatu i zwigkszenia
liczby ulewnych deszczy oraz intensyfikacji antropopresji. Rozpoznano sze$¢ zasadniczych etapow ksztaltowania badanej
formy, ktore s wiazane gldwnie ze zmianami uzytkowania terenu i wzrostem intensywnosci antropopresji na przestrzeni ostat-
nich 300 lat.

Stowa kluczowe: osady stokowe, rozcigcia erozyjne, akumulacja osadoéw, antropopresja, Europa Wschodnia

Abstract. The article focuses on the analysis of climatic and anthropogenic factors affecting the development of the accumu-
lative fan in the lower sector of the Serteyka River valley in Western Russia. Within the fan deposits, several layers of sediments
were identified, i.e. three units of deluvium (lower, central and upper), proluvium and also colluvium and tillage diamicton,
which differ in textural and structural features. The grain size analysis was made and the textural features of the studied slope
sediments were compared: mean grain diameter, skewness, standard deviation, kurtosis. Then, the relations of selected grain
size parameters were interpreted. The obtained results indicate a rather small transformation of the accumulative fan in relation
to the textural features of the source material. Lower deluvium is characterized by very weak lamination and light brown yellow
color, the central deluvium has a brown color and the textual indicators are similar. Subhorizontal stratification is significant
for the upper deluvium. This layer is characterized also by fluctuations in the value of sedimentological indices. Tillage
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Wiktor Piech i in.

diamicton is represented by thickened and massive sediment formed as a result of mixing of the upper deluvium by plowing.
All featured series have a low content of calcium carbonate. The development of the fan began during the pessimum of the
Little Ice Age due to climate change and an increase in the number of heavy rains, an also as a result of rising human impact.
Six stages of the development of the studied relief form were identified, which are mainly associated with changes in land use
and an increase in the intensity of anthropopression over the last 300 years.

Key words: slope deposits, erosion cut, accumulation, human impact, Eastern Europe

Wstep

Srodowisko naturalne wielu obszaréw Europy
w ostatnim tysigcleciu podlegato coraz silniejszym
oddziatywaniom antropogenicznym, a takze zmien-
nym oddzialywaniom naturalnym, przede wszyst-
kim zwiazanym ze zmianami klimatycznymi. Swia-
dectwa tych zmian zachowaty si¢ m.in. w osadach
stokowych (Starkel 2005; Dotterchweich 2008;
Twardy 2008, 2017; Dreibrodt i in. 2010; Dotterwe-
ich, Dreibrodt 2011). Ewolucja form rzezby i aku-
mulacja osadow sa ze soba sprz¢zone. Aby poznad
i zrekonstruowac¢ proces tworzenia pokryw osado-
wych i zidentyfikowa¢ fazy powstawania form
zwigzanych z tymi procesami nalezy postuzy¢ si¢
szeroka gamg dostepnych narzedzi badawczych,
z wykorzystaniem m.in.: kartowania geologicznego
i sondowan geologicznych, specjalistycznych ana-
liz geochemicznych, teksturalnych i strukturalnych
oraz ré6znorodnych metod bezwzglednych datowan
osadow i analiz paleoekologicznych.

Glownym czynnikiem odpowiedzialnym za
przeksztalcenia rzezby w warunkach antropopre-
sji, a nawet powstawanie nowych form rzezby, i co
za tym idzie akumulacji osadow stokowych, jest
dziatalno$¢ ludzka zwigzana gtéwnie z: deforesta-
cja, zaktadaniem punktéw osadniczych, uprawa
ziemi czy tworzeniem szlakow drogowych. Przy-
czyniato si¢ to do intensyfikowania procesow sto-
kowych, co skutkowato zmiang profili stokow oraz
powstawania form geomorfologicznych, takich
jak: pokrywy stokowe, parowy, tzw. rozciecia
drogowe czy terasy rolne (Twardy 2000, 2003;
Twardy i in. 2014).

Poesen (2018) wskazuje na coraz wigksza
powszechno$¢ wystepowania denudacji mecha-
nicznej w skali globalnej. Jednoczesnie zauwaza
brak dostatecznej wiedzy pozwalajacej na przewi-
dywanie efektow zmian Srodowiskowych w odnie-
sieniu do rozwoju parowdw i rozcigé erozyjnych.
Trudnym do monitorowania procesem jest sufozja,
ktéra ma najwickszy wplyw na rozwoj stokow
w obszarach lessowych (Zgtobicki i in. 2014; Poe-
sen 2018). Od XVI wieku na terenie wschodnigj
Europy wylesianie postepowalo coraz szybciej
i obejmowato coraz wigksze obszary, jednakze
rewolucja przemystowa, ktora byta bodzcem do
intensyfikowania denudacji i erozji na jeszcze
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wiekszg skalg, nie dotarta na te tereny do roku
1850 (Kaplan i in. 2009).

W dlugiej skali czasowej rozwo] procesow
erozyjno-denudacyjnych spowodowanych zmia-
ng uzytkowania terenu prowadzi do splaszczenia
profili podtuznych stokéw i obnizania ich po-
wierzchni, a takze rozwoju form erozyjnych.
Zmiany w szacie roslinnej zwigzane z rozwojem
rolnictwa oraz intensywnym pozyskiwaniem
drewna pociagaty za sobg w okresie nowozytnym
zachwianie geosystemow i uaktywnienie proce-
sow erozji linijnej, co udokumentowano w rdz-
nych obszarach Europy Srodkowej (por.: Twardy
2008; Kaplan i in. 2009; Dotterweich i in. 2012;
Twardy i in. 2014; Zglobicki i in. 2014). Wptyw
dziatalnosci ludzkiej na przyspieszenie denudacji
i erozji na obszarze Nizu Srodkowoeuropejskiego
notowany jest juz od XI w., a silniejsze oddziaty-
wania antropogeniczne zaznaczyly si¢ pomiedzy
XIV w. a XVI w. (Belyaev i in. 2005; Panin i in.
2009, 2011).

Material akumulowany w obrebie den dolin-
nych pochodzi w znacznej mierze z erozji wawo-
zowej i denudacji stokow. Jednoczes$nie rozcina-
nie den zwlaszcza niewielkich dolin nastepowato
w wyniku rozwoju erozji spowodowanej inten-
sywnymi opadami deszczu, gtéwnie sptukiwania
linijnego oraz erozji wglgbnej. Na skutek pogle-
biania den dolinnych niektore formy erozyjne
(parowy) na stokach staty si¢ formami zawieszo-
nymi (Twardy 1995; Smolska 2005).

Celem artykutu jest analiza cech struktural-
nych i teksturalnych oraz podstawowych cech
geochemicznych osadéw stozka akumulacyj-
nego, wydzielenie faz jego rozwoju oraz rozpo-
znanie czynnikdw majacych wptyw na rozwdj
formy.

Polozenie obszaru badan na tle
budowy geologicznej i rzezby

Teren badan pod wzgledem administracyj-
nym potozony jest w potnocno-zachodniej czesci
Obwodu Smolenskiego, przy granicy z Ob.
Pskowskim i Ob. Twerskim. Obszar znajduje si¢
w Europie Wschodniej, a w regionalizacji fizycz-
nogeograficznej wg Kondrackiego (1992) odpo-
wiednio w megaregionie Nizina Wschodnioeuro-
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pejska, prowincji Niz Wschodniobattycko-Biatoru-
ski, podprowincji Pojezierza Wschodniobattyckie,
makroregionie Pojezierze Witebskie i mezoregionie
Rownina Suraska (842.22). W rosyjskich regionali-
zacjach obszar ten najczgéciej jest okre§lany jako
Pojezierze Zachodnio-Dzwinskie (3amaHo-/IBuH-

Gulf.of Finland -

Gulf of

.

Riga

cke (Cmomencke) moosepbe — Zapadno-Dvinske
(Smolenske) Poozer'ye) (Abramov 1972). Rzezba
terenu badan zostata w swych zrebach uksztatto-
wana podczas ostatniego zlodowacenia Valdai (vi-
stulian) (rys. 1) (Velichko i in. 2011; Mazurkevich
i in. 2012; Gorlach i in. 2015).

Rys. 1. Obszar badan na tle zasiggoéw zlodowacen w zachodniej Rosji (Gorlach i in. 2015)

Study area in relation to glacial limits in Western Russia (Gorlach et al. 2015)

Badania prowadzono w obrebie doliny rzeki
Sertejki, lewego doptywu Dzwiny. Strome zbo-
cza wspoétczesnej doliny sg porozcinane licznymi
formami erozyjnymi, takimi jak: parowy, debrze,
czy wawozy. U ujScia czesci z nich, rozwinigte sg
miejscami rozlegte stozki akumulacyjne. Tego
typu formy zostaty wstepnie rozpoznane w trak-
cie kartowania geologicznego i geomorfologicz-
nego obszaru.

Nalezy podkresli¢, ze dolina Sertejki wyko-
rzystuje rynng subglacjalng powstalg w trakcie
ostatniego zlodowacenia. Rynna zakonserwo-
wana zostata przez bryly martwego lodu, ktore,
wytapiajgc si¢, daly poczatek kilku zbiornikom
jeziornym. W holocenie doszto do stopniowego
zdrenowania zbiornikow przez rzeke Sertejke
w efekcie erozji wstecznej (Kalicki i in. 2015;
Kittel i in. 2016).
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W otoczeniu potudniowego fragmentu do-
liny rzeki Sertejki dominujg gliny morenowe (vi-
stulian), a jej ponocny (dolny) odcinek wciety jest
w rowning sandrowg. Zbocza doliny w bezposred-
nim sgsiedztwie badanych parowow zbudowane sa
z vistulianskich piaskéw wodnolodowcowych
(rys. 2). Tego samego wieku sa piaszczysto-mut-
kowe kemy i terasy kemowe, o czgsto nieregular-
nym ksztatcie, znajdujace si¢ w dnie doliny w ob-
rebie basenow paleojeziornych. Powierzchnie ke-
mow wznosza si¢ do 1 m ponad wspotczesne dno
doliny, a ich stoki sg pogrzebane przez osady aku-
mulacji biogenicznej subkopalnych jezior oraz alu-
wia pozakorytowe. W dolnym fragmencie doliny
rzeki Sertejki wystepuja cztery misy pojezierne
dtugosci od 100 do 2000 m. wypetnione osadami
organicznymi, gtéwnie gytiami o migzszosci do-
chodzacej do 8 m (Tarasov i in. 2018). Z analizy
pytkowej i datowan radiowgglowych wynika, iz
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osady jeziorne akumulowane byly co najmniej od
pdznego vistulianu (Kulkova i in. 2001; Mazur-
kevich i in. 2009a, b, 2012; Kalicki i in. 2015;
Kittel i in. 2016; Tarasov i in. 2018). W osadach
réwniny akumulacji biogenicznej jednego z jezior
znajdywano wtozenia osadow rzecznych, ktore
mogg dowodzi¢ okresowej aktywnosci rzecznej
w fazach zaniku Wielkiego Sertejskiego Basenu
Pojeziornego (bommras Cepreiickas O3sephas
xoTmoBuHa — Bolshaya Certeyskaya Ozernaya

Kotlovina). Wierceniami udokumentowano bo-
wiem systemy paleokoryt, ktore wypehione sa
aluwiami datowanymi na okres subborealny i sub-
atlantycki (Kittel i in. 2018, w tym tomie). W stro-
pie rownin akumulacji biogenicznej wystepuja
subatlantyckie aluwia pozakorytowe. Holocen-
skie osady deluwialne buduja stozki oraz wypet-
niaja doliny denudacyjne i rozcigcia erozyjne
W obrebie rynny subglacjalnej (Kittel i in. 2016).
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Rys. 2. Mapa geomorfologiczna dolnego fragmentu doliny rzeki Sertejki (Mazurkevich i in. 2017, zmienione)

1 - réwnina morenowa; 2 — réwnina wodnolodowcowa; 3 — 0zy; 4 — formy szczelinowe; 5 — kemy, terasy kemowe; 6 — réwniny
akumulacji biogenicznej; 7 — terasy erozyjne; 8 — terasy aluwialne; 9 — wyzszy stopien rowniny zalewowej; 10 — dno doliny;
11 —rynna subglacjalna; 12 — stoki doliny; 13 — stozki naptywowe; 14 — doliny denudacyjne i stozki deluwialne; 15 — wawozy,
rozcigcia erozyjne i stozki deluwialne; 16 — starorzecza; 17 — analizowane rozcigcia erozyjne

Geomorphological map of the lower fragment of the Serteyka River valley (Mazurkevich et al. 2017, modified)

1 — morainic plain; 2 — outwash plain; 3 — eskers; 4 — crevasses fillings; 5 — kames, kame terraces; 6 — organic accumulation
plains; 7 — erosional terrace; 8 — alluvial terraces; 9 — upper flood plain; 10 — valley floors; 11 — subglacial channel; 12 — slopes
of valleys; 13 — alluvial fans; 14 — denudational valleys and deluvial fans; 15 — gullies, erosional cuts and deluvial fans;

16 — oxbows; 17 — analyzed erosional cuts
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Warto podkresli¢, ze wspodtczesnie nie notuje
si¢ ani procesOw erozyjnych w dnie parowow
i innych rozcieé¢ erozyjnych, ani akumulacji delu-
wialnej na powierzchni badanego stozka. Dzieje
si¢ tak pomimo braku pokrywy lesnej w obrebie
omawianych form i okresowej ekstensywnej go-
spodarki uprawowej w ich otoczeniu. Wspodlcze-
$nie badane formy stanowig nieuzytki porosnicte
ros$linno$cig zielna z wkraczajacymi krzewami
i mtodymi drzewami.

Rys historii osadnictwa
na badanym obszarze

Od mezolitu az do dzisiaj zar6wno stoki, jak
i dno doliny rzeki Sertejki byty ksztaltowane oraz
wykorzystywane przez spotecznosci ludzkie
(Mazurkevich i in. 2009a, b, 2012). Na tym ob-
szarze odkryto szereg stanowisk archeologicz-
nych, przede wszystkim kultur neolitycznych
a wérod nich wyjatkowe w skali $wiatowej osady
palafitowe (Mazurkevich i in. 2012). Kolejnym
$wiadectwem obecnosci cztowieka na tym obsza-
rze jest kilka odnalezionych kurhanéw wczesno-
sredniowiecznych (Yeremeyev 2003).

Przez cale $redniowiecze obszar ten byt strefa
pogranicza wplywow kilku panstw, co skutkowato
mato intensywnym uzytkowaniem tego terenu.
Rozwinat si¢ w tym okresie system drog ladowych
i wodnych. Intensywna eksploatacja srodowiska
nastapita w XV w., co skutkowato m.in. powsta-
niem nowych, gtéwnie ladowych, drog.

Na poczatku XVI wieku w wyniku nieustan-
nych konfliktow rejon Wieliza (miasta potozo-
nego niecate 30 km od obszaru badan, w ktorego
zasiggu znajduje si¢ dolny odcinek Sertejki) zo-
stat porzucony. Osadnictwo powrdcito na ten ob-
szar w koncu XVI w. po przytaczeniu do Rzeczy-
pospolitej i rozwijato sie intensywnie w wieku
XVII. W 1714 r. krol August 11 Mocny zezwolit
na eksploracje zasoboéw drzewnych w rejonie
Wieliza, co doprowadzito do znacznego odlesie-
nia jeszcze w XVIII w. Pod koniec XVIII i w po-
czatkach wieku XIX, po wlaczeniu tego obszaru
do Imperium Rosyjskiego, w wiosce Selezni (nie-
cate 7 km od obszaru badan) intensywnie rozwi-
jato si¢ rolnictwo, rzemiosto oraz hodowla bydta.
Na poczatku XIX wieku na Nizu Srodkowoeuro-
pejskim (potudniowy fragment) powierzchnia
uzytkow rolnych osiggneta maksimum (Golosov
i in. 2017). Po 1861 r., w rezultacie wprowadze-
nia reformy rolnej, bardzo szybko zaczat wzrastaé
udziat powierzchni gruntow rolnych.
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Z powodu dziatan wojennych podczas I woj-
ny $wiatowej drastycznie spadta liczba ludnosci,
co doprowadzilo do zmniejszenia si¢ uzytkdéw
rolnych o 10-15%. System gospodarczy wsi po Il
wojnie $wiatowej zmienit si¢ pod wplywem
wzrostu liczby ludnos$ci oraz szybkiego rozwoju
przemystu, czego rezultatem byta coraz wigksza
urbanizacja i coraz wigksza deforestacja. W la-
tach 90. XX w. po upadkach kotchozéw ludnos¢
zaczeta migrowa¢ do miast w poszukiwaniu
pracy, czego skutkiem bylo zmniejszenie si¢ po-
wierzchni uzytkow rolnych (Golosov i in. 2017).

Metody badan

W ramach badan terenowych wykonano
szczegbdtowe kartowanie stozka akumulacyjnego,
systemu rozcig¢ erozyjnych oraz obszaru przyle-
glej réwniny wodnolodowcowej (rys. 3). Ponadto
wykonano cigg wiercen reczng sonda geologiczng
Eijkelkamp zaopatrzong w koncéwke Edelmana
typu kombi oraz probnikiem ztobkowym. Gigbo-
kos$¢ zalegania osadow okreslano z doktadno$cia
do 1 cm w prébniku ztobkowym i do 5 cm w son-
dzie Edelmana. Odlegto$¢ pomigdzy wierceniami
wynosita 5 m. W strefie centralnej stozka wyko-
nano odkrywke geologiczna (I) 0 rozmiarach 5 m
dtugosci, 2 m szerokos$ci i 2 m glgbokosci. Druga
odkrywke (IT) zlokalizowano w strefie dystalnej
stozka (5 X 2 m i do 1 m giebokosci). Na zboczu
rozcigcia erozyjnego, w jego Srodkowym frag-
mencie, wykonano odstonigcie w postaci kolej-
nych stopni wcinajacych si¢ w §ciang rozcigcia na
50 cm, przy szerokosci 1,5 m. Wysoko$¢ stopni
odkrywki wynosita okoto 50 cm. Odkrywke te
przedtuzono w dnie rozcigcia, tak aby uzyskac
peten przekroj jego wypekienia. Tutaj szeroko$¢
odkrywki wyniosta 1,5 m, dtugo$¢ 3 m, a glebo-
ko$¢ 2 m. Wykonana zostata dokumentacja foto-
graficzna oraz szkice $cian wykopow i odkrywki,
co pozwolito na zarejestrowanie cech morfolo-
gicznych i strukturalnych osadéw budujacych
stozek oraz wypeiajacych dno parowu i utwo-
row geologicznych budujacych otoczenie obu
form (osadow zrodtowych).

Probki do analiz teksturalnych pobrano
w dwoch profilach. Pierwszy profil zlokalizowa-
ny zostat w odkrywce (I) w strefie centralnej stoz-
ka, gdzie probki pobierano z dokladnoscig 1-3
cm z poszczegdlnych, dajacych si¢ rozrozni¢ ma-
kroskopowo warstw. W przypadku braku mozli-
wosci rozpoznania struktury osadu lub braku
zmiany jego cech teksturalnych przy ocenie ma-
kroskopowej probki pobierano z doktadnos$cia 5
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cm. Profil mial glebokos¢ okoto 2 m. Zastoso-
wana metoda pobierania probek pozwolita na
uchwycenie zmian w cechach uziarnienia po-
szczegoOlnych serii, zwlaszcza warstwowanych
deluwiow. Drugi profil zlokalizowano w od-
krywce w srodkowym fragmencie rozci¢¢ erozyj-

nych, gdzie probki do analiz uziarnienia pobie-
rane byly ze $ciany rozcigcia z osadow podtoza.
Doktadnos¢ poboru wynosita 20-50 cm i zalezna
byta od zmian cech strukturalnych osadéw. Gle-
boko$¢ profilu wyniosta okoto 6,3 m. Przeanali-
zowano w sumie okoto 100 probek.

LEGENDA
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Rys. 3. Lokalizacja punktow badawczych w obrgbie analizowanego stozka akumulacyjnego
oraz rozcigcia erozyjnego

1 — miejsca wierceft

Location of research points within analysed the accumulative fan and erosive cut

1 — drilling locations

Do analizy uziarnienia wykorzystano metode
sitowa zastosowang dla frakcji osadow powyzej 2,0
mm oraz metode dyfrakcji laserowej zastosowang
dla frakcji ponizej 2,0 mm (por. Hildebrandt-Radke
2017). Analizy uziarnienia metodg sitowg przepro-
wadzono w laboratorium Wydziatu Nauk Geogra-
ficznych UL, za$ analizy metoda dyfrakcji lasero-
wej wykonano w Pracowni Sedymentologii Uni-
wersytetu Pedagogicznego im. KEN w Krakowie,
uzywajac laserowego miernika uziarnienia Master-
Sizer 3000 z przystawka wodng firmy Malvern. Na-
stepnie obliczono wskazniki sedymentologiczne:
$rednig $rednice ziaren (M), odchylenie standar-

220

dowe (3y), skosno$¢ (Ski), kurtoze (Kg). Obliczenia
wykonano metodg Folka i Warda (1957) przy uzy-
ciu metody kombinowanej uwzgledniajacej wyniki
analiz laserowych i sitowych, uzywajac programu
GRADISTAT 5.11 (Blott, Pye 2001). Probki prze-
analizowane zostaly pod katem zawartosci procen-
towej weglanu wapnia metoda objetosciowa z wy-
korzystaniem aparatu Scheiblera (Wicik 1993) w la-
boratorium WNG UL.

Datowania radioweglowe zlecono Laborato-
rium Datowan Bezwzglednych w Skale. Zostaty
one wykonane metoda scyntylacyjng. Tq metoda
wydatowano dwie probki, pierwsza to fragment
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drewna zlozonego w strefie centralnej stozka
w stropie gytii grubodetrytusowej, a druga to szy-
szka ze stropu gytii grubodetrytusowej ze strefy dy-
stalnej. Do kalibracji uzyto programu OxCal 4.3.
(Bronk Ramsey 2009).

Objetos¢ stozka akumulacyjnego i rozcigcia
erozyjnego zostata obliczona metoda zapropono-
wang przez Klimczaka (1988). Materiatlem Zrodto-
wym byly tutaj mapy poziomicowe wykonane na
podstawie pomiaréw terenowych z uzyciem tachi-
metru laserowego. Odleglos¢ kolejnych pikiet byla
nie mniejsza niz 5 m.

Wyniki badan

Szczegotowej analizie geomorfologicznej pod-
dane zostato rozcigcie erozyjne (pard6w) rozwinigte
w obrebie zachodniego zbocza wspétczesnej doliny
rzeki Sertejki w obrebie Wielkiego Sertejskiego Ba-
senu Pojeziornego oraz stozek akumulacyjny, roz-
winiety u wylotu rozcigcia. Forma erozyjna jest bar-
dzo dobrze rozwinigta, wcina si¢ na dtugosci okoto
110 m w réwnine wodnolodowcowa (sandrowa),
tworzac rozgaleziony system rozcie¢. Glebokos¢
formy wynosi okoto 15 m. Szeroko$¢ rozcigeia ero-
zyjnego w gormym fragmencie wynosi 3 m, zas przy
ujéciu 6 m (rys. 3). Nachylenie stokow tej formy
wynosi $rednio 30° (rys. 4). Najwigksze nachylenia,
ponad 40°, notuje si¢ w $rodkowym fragmencie
systemu rozcig¢. Stoki doliny rzeki Sertejki sg krot-
kie (okoto 10 m) i nachylone pod katem okoto 20—
25°. Dhugosc¢ stozka wynosi okoto 70 m. Pomigdzy
srodkowym fragmentem parowu a krancem stozka
wysoko$¢ wzgledna osigga 6 m. Nachylenie po-
wierzchni stozka osigga maksymalnie niecate 10°.
Jego objetosé wynosi okoto 3639,6 m?, za$ objetos¢
osadow zerodowanych w parowie to okoto 3883,13
m?®. Réznica objetosci, czyli okoto 243,53 m? osa-
dow najprawdopodobniej zostata wiaczona w osady
fluwialne, w efekcie erozji stozka w czesci dystalnej
w trakcie wezbran.

Budowa geologiczna
stozka akumulacyjnego

Osady budujace stozek przykrywaja bezposrednio
osady fluwioglacjalne i limnoglacjalne (piaski
1 mutki terasy kemowej) w strefie proksymalne;j
oraz osady biogeniczne (gytia grubodetrytusowa)
w strefie centralnej i dystalnej (rys. 5). W stropie
gytii zarejestrowano w odkrywce geologicznej
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zaleganie duzych fragmentéw drewna oraz innych
szczatkow drzew (szyszki, kora i in.), by¢ moze po-
chodzg one z powalonych drzew. Osady mineralne
stozka sg oddzielone miejscami od osadoéw jezior-
nych mutkami organicznymi, co moze $wiadczy¢
0 wezesniejszym drenazu paleojeziora i akumulacji
pozakorytowej. Kwestia ta wymaga jednak dal-
szych badan z wykorzystaniem analiz paleoekolo-
gicznych pobranych rdzeni osadow organicznych.
Dno ujscia parowu (odwierty nr 1, 2, 3) wypetnione
jest piaskami roznoziarnistymi, w ktorych czesto
natrafiano na bruk erozyjny $wiadczacy o wysoko-
energetycznym splywie skoncentrowanym (rys. 5).
Dolng cze$¢ strefy proksymalnej i centralnej stozka
tworza piaski drobnoziarniste pylaste o kolorze ja-
snozottym (seria deluwiéw dolnych). Przykryte sa
one serig deluwiow s$rodkowych, utworzonych
z piaskdw drobno- i roznoziarnistych jasnobrunat-
nych. Widoczna jest tutaj ciemniejsza barwa osadu
oraz miejscami masywna struktura. W tej serii roz-
poznano subkopalne nory zwierzat. Jednocze$nie
w NW czesci odkrywki I stwierdzono czgéciowe
przykrycie stropu serii deluwiéw dolnych bezstruk-
turalnymi piaskami réznoziarnistymi. W obrebie
odkrywki osady te formowaty niewielki wal, ktory
rozpoznano jako fragment jezora lub watu kolu-
wialnego. Seria deluwiéw srodkowych powstata za-
tem w znacznej mierze w efekcie rozmywania
wczesniej zdeponowanych koluwiéw. Powyzej zo-
staly zlozone warstwowane horyzontalnie deluwia
gorne zbudowane z piaskéw drobno- i §rednioziar-
nistych jasnobrunatnozoéttych lub jasnobrunatnych.
Strop osadow stozka zostat przeksztatcony antropo-
genicznie wskutek dziatalnosci agrotechniczne;.
Powstata w ten sposob warstwa diamiktonu rolnego
0 migzszosci okoto 40 cm zbudowanego z piaskow
réznoziarnistych prochnicznych (rys. 5). W strefie
dystalnej stozka, w stropie deluwiow dolnych udo-
kumentowano glebe kopalng. Tworzy ja kilkucen-
tymetrowa warstwa silnie zapiaszczonych mutkow
organicznych. Zachowane makroskopowe szczatki
roslinne wskazuja na otwarty krajobraz oraz pod-
mokte warunki w trakcie formowania tego poziomu
(inf. ustna R. Stachowicz-Rybka). Nie mozna takze
wykluczy¢ akumulacji tych osadow w wyniku wez-
brania lub powtarzajacych si¢ wezbran. W strefie
dystalnej stozka nastgpuje wyklinowanie deluwiow
dolnych, a deluwia srodkowe przechodzg w osady
bardziej gruboziarniste (odwierty nr 15, 16), by¢
moze proluwia ulegaly rozmywaniu w srodowisku
fluwialnym w trakcie wezbran. Strop osadow two-
rzy tu diamikton rolny.
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Legenda
Spadek terenu
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Rys. 4. Spadki terenu w obrgbie rozcie¢ erozyjnych na obszarze badan

Slopes within erosional cuts in the research area

Datowania makroskopowych szczatkéw ros-
linnych (fragm. drewna i szyszki) ze stropu gytii
grubodetrytusowej, nakrytej osadami stozka, daty
wyniki odpowiednio: 160+35 lat *C BP (MKL-
3633) oraz 140+40 lat *C BP (MKL-3635). Po ka-
libracji z prawdopodobienstwem 95,4% uzyskano
wiek 1668-1950 AD oraz 16671950 AD.

Cechy teksturalne osadow
stozka akumulacyjnego

W strefie centralnej stozka, w odkrywce geolo-
gicznej |, udokumentowano: deluwia dolne (190—
102 cm), proluwia wypehniajace rozcigcia erozyjne
w obrebie deluwiéw dolnych (120 cm, 160 cm), de-
luwia srodkowe (102—66 cm), deluwia gorme (66—
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40 cm), diamikton rolny (40-5 cm), glebe wspot-
czesng (gtebokos¢ 5-0 cm) (tab. 1; fot. 1; rys. 6).
Deluwia dolne to piaski drobnoziarniste
0 barwie jasnobrunatnozoéttej, z rzadko wystepu-
jacymi warstwami piaskow drobnoziarnistych
0 barwie ciemnobrunatno zottej. Seria ta charak-
teryzuje si¢ rytmiczno$cig zmian wartosci wskaz-
nikéw sedymentologicznych (seria 3 na rys. 7).
Srednia $rednica ziaren dla deluwiéw dolnych
miesci si¢ w przedziale od 2,9 do 4,3 phi. Osady
te odznaczajg sie dodatniag skosnoscig (0,04-0,3)
1 sg stabo lub umiarkowanie wysortowane (rys. 7;
tab. 2). W tej serii wystepuja licznie niewielkie
wegle drzewne. Ich ilo$¢ wzrasta od spagu ku
stropowi. Zawarto$¢ weglanu wapnia Srednio wy-
nosi 0,07%. Zdecydowana wigkszos¢ krzywych



Cechy sedymentologiczne i warunki depozycji osadow stozka akumulacyjnego w dolinie rzeki Sertejki ...

W E
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0
1:
2
D B . (| ([, e
.
= Tt
i -
-
i -
] ' 5 160+35 lat BP
B - 6 1668-1950 AD
- ¢ )
8 -8
- 140+40 lat BP
s - 1667-1950 AD
-
10: - 12
-
. . - 14
[[1]-1s
1 -16
12 . -17 0

Rys. 5. Przekroj geologiczny stozka akumulacyjnego w dolinie rzeki Sertejki

1 — piaski i mutki fluwioglacjalne; 2 — gytia grubodetrystusowa; 3 — mutek organiczny; 4 — zmurszaty torf; 5 — proluwia dna
parowu (piaski roznoziarniste z przewagg piaskow drobnoziarnistych); 6 — proluwia (piaski réznoziarniste i zwiry); 7 — deluwia
dolne (piaski drobnoziarniste pylaste); 8 — osady pozakorytowe (piaski drobnoziarniste z mutkiem organicznym); 9 — torf stabo
zapiaszczony; 10 — deluwia $rodkowe (piaski drobno- i roznoziarniste jasnobrunatne); 11 — deluwia gorne (piaski drobno-
i $rednioziarniste); 12 — diamikton rolny (piaski réznoziarniste prochniczne); 13 — wspotczesny poziom prochniczny; 14 — bruk
erozyjny; 15 — odkrywka I i II; 16 — numery wiercen; 17 — miejsce poboru probek do datowan radioweglowych

Geological cross-section of the accumulative fan in the Serteyka River valley

1 — fluvioglacial sands and silt; 2 — coarse detritus gyttja; 3 — organic mud; 4 — peat mucked; 5 — proluvium of gully bottom
(various-grained sands with predominance of fine sands); 6 — proluvium (various-grained sands and gravels); 7 — lower delu-
vium (fine-grained sands), 8 — overbank deposits (fine sands with organic mud); 9 — peat poorly sandy; 10 — central deluvium
(fine- and various-grained sand); 11 — upper deluvium (fine- and medium-grain sand), 12 — tillage diamicton (humus-rich sand),
13 — contemporary humic horizon; 14 — gravel lag; 15 — outcrops | and Il; 16 — drilling numbers; 17 — location of sample
collection for radiocarbon dating

Tabela 1
Cechy strukturalne osaddéw stozka akumulacyjnego (odkrywka I)
Structural features of an accumulative fan sediment (outcrop I)
Glebokosé [cm] Cechy strukturalne CaCOs [%] Typy osadow
Depth [cm] Structural features Sedyment types
—brunatny piasek drobno- i $rednioziarnisty
5-40 prochniczny nie badano diamikton rolny

—material bezstrukturalny, zageszczony

—jasnobrunatnozotte lub jasnobrunatne pia-
40-66 ski drobno- i $rednioziarniste 0,05-0,07 deluwia gorne
—ptaskie warstwowanie subhoryzontalnie

— brunatne piaski drobno- i roznoziarniste;

66-103 ~ wystepuja zoofakty 0,04-0,14 deluwia $rodkowe
3100 | J\;;‘;;ZI;’&;; 5;;;11‘; drobnoziamiste pylaste | 0,09 (deluwia) | deluwia dolne z wkiad-

— stabo wyksztalcona laminacja osadow 0-0,14 (proluwia) kami proluwiéw

—jasnobrunatnozoétte i brunatne piaski mut-
20-630 kowe i mutki nie badano materiat zrodlowy
—miejscami warstwowanie przekatne
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fot. W. Piech, 2017
Fot. 1. Sciana odkrywki I w strefie centralnej stozka

The wall of outcrop | in the central zone of the fan
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(1668—1950 AD)
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Rys. 6. Sciana odkrywki I w strefie centralnej stozka

1 — gytia grubodetrytusowa; 2 — drewno; 3 — zmurszaty torf; 4 — mutek organiczny; 5 — deluwia dolne; 6 — proluwia; 7 — deluwia
srodkowe; 8 — deluwia gorne; 9 — diamikton rolny; 10 — wspotczesny poziom prochniczny; 11 — poziom wody; 12 — numer
wiercenia; 13 — miejsce poboru probki na datowanie radiowgglowe

Wall of outcrop | in the central zone of the fan

1 — coarse detritus gyttja; 2 — wood; 3 — mucked peat; 4 — organic mud; 5 — lower deluvium; 6 — proluvium; 7 — central
deluvium; 8 — upper deluvium; 9 — tillage diamicton; 10 — contemporary humic horizon; 11 — water level; 12 — drill number;
13 — location of sample collection for radiocarbon dating
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Rys. 7. Wskazniki sedymentologiczne osadow mineralnych stozka akumulacyjnego w strefie centralnej
(odkrywka I)

1 — deluwia gorne; 2 — deluwia srodkowe; 3 — deluwia dolne; 4 — proluwia
M; — $rednia $rednica ziaren; &1 — wysortowanie; Ski — skosno$é; Ko — kurtoza; %CaCOs — procentowa zawarto$¢é weglanu

wapnia

Sedimentological indicators of mineral sediments in the accumulative fan in the central zone (outcrop I)

1 — upper deluvium; 2 — central deluvium; 3 — lower deluvium; 4 — proluvium
M: — mean grain size; 81 — sorting index; Ski — skewness; Ke — kurtosis; %CaCOs — percentage content of calcium carbonate

Tabela 2

Wskazniki sedymentologiczne poszczegodlnych typow osadow

Sedimentological indicators of individual sediment types

M, S Sk Ks
deluwia gorne 3.0-4,8 0,8-1,6 0,14-0,43 1,0-1,7
upper deluvium
deluwia srodkowe 2935 0,8-1,3 0,14-0,38 1,3-1,6
central deluvium
proluwla 08-2,7 1,4-2,3 -0,5-(-0,04) 0,5-2,2
proluvium
deluwia dolne 29-43 0,6-1,5 0,04-0,3 1,0-15
lower deluvium

materiat Zzrodlowy 38-56 0,5-1,6 0,01-0,6 09-21
source material

czestosci rozktadu uziarnienia jest unimodalna,
z przewaga ziaren o wielkosci 3—4 phi (podobnie
jak w deluwiach gornych i deluwiach $rodko-
wych). Rdznica czestosci w tej modzie wynosi
zaledwie 3% i ksztaltuje si¢ na poziomie 14-17%.
Podobnie jak w deluwiach gornych i srodkowych
widoczne jest niewielkie zwigkszenie udzialu
frakcji o wielko$ci ziaren 6—7 phi (rys. 8).
Proluwia stanowiag wktadki wypelniajace nie-
wielkie rozcigcia erozyjne w obrebie deluwiow
dolnych. Buduja je piaski réznoziarniste, z do-
mieszka zwirdw i toczencow gliniastych o $redni-
cach dochodzacych nawet do 3 cm. W catej serii

deluwiow dolnych wystepuja dwa horyzonty roz-
cie¢ wypelionych proluwiami (rys. 5, 6). Pierw-
szy znajduje si¢ na glgbokosci okoto 170 cm 1 réw-
noczesnie 20 cm nad stropem gytii podscielajgce;j
osady stozka. Drugi znajduje si¢ okoto 150 cm pod
powierzchnig terenu, bezposrednio pod serig delu-
widw §rodkowych. W tym horyzoncie wystepuja
wlozenia proluwidw o najwigkszej migzszosci.
Niektore z nich wypetione sg glownie glinia-
stymi toczencami. Osady proluwiow sg bardzo
stabo lub stabo wysortowane (8, = 1,4-2,3),
z przewaga materiatu o frakcji grubszej. Proluwia
maja bardzo ujemny lub ujemny rozklad skos-
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nos$ci, przy wartosciach kurtozy zawierajacych
si¢ w przedziale 0,5-2,2 (tab. 2). Osady te sg od-
wapnione, a zawarto$¢ weglanu wapnia wynosi
od 0% do 0,14%. Najwicksze czestosci rozktadu
uziarnienia majg ziarna o wielkosci 3—4 phi (od
10% do prawie 25%) (rys. 9). Dla tych osadow
zaznacza si¢ wzrost udzialu ziaren o wielkosci
0 phi o kilka procent, podobnie jak w przypadku
ziaren o wielkosci od 5 do 8 phi. Ciekawym fak-
tem jest, iz nie ma ziaren drobniejszych niz 8,5
phi. Niski jest udziat ziaren 0,5-2,5 phi (na pozio-
mie kilku procent) (rys. 9).

Deluwia srodkowe sg osadami o jasnobrunat-
nej barwie, ktorych strop jest Sciety erozyjnie. Sg
to osady r6znoziarniste z duzym udziatem frakcji
drobnej. Osad ten charakteryzuje si¢ brakiem

%

20

rytmiczno$ci w zmianach warto$ci wskaznikow
uziarnienia, co daje efekt wzglednego wyplasz-
czenia odnos$nych wykreséw (seria 2 na rys. 7).
Dominuja ziarna o wielkosci okoto 3,3 phi. Sred-
nia $rednica ziaren wynosi od 2,9 do 3,5 phi, wy-
sortowanie miesci si¢ w przedziale 0,8—1,3, za$
sko$nos¢ od 0,14 do 0,38 (rys. 7; tab. 2). Zawar-
tos¢ weglanu wapnia jest na poziomie okoto
0,06%. W osadach deluwiow $rodkowych prze-
waza udziat ziaren o wielkosci 3—4 phi (12-16%).
Druga moda zaznacza si¢ w przedziale wielkos$ci
ziaren 6-7 phi. Roznice pomigdzy poszczegol-
nymi krzywymi zebranymi z catej migzszosci
warstwy sa niewielkie (do 4% czestosci w modzie
pierwszej), za$ przebieg krzywych jest bardzo po-
dobny wzgledem siebie (rys. 10).
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Rys. 8. Krzywe czgstosci rozktadu uziarnienia deluwiéw dolnych (odkrywka I)

The grain size distribution frequency curve of the lower deluvium (outcrop I)
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Rys. 9. Krzywa czgstosci rozktadu uziarnienia proluwiow (odkrywka I)

The grain size distribution frequency curve of the proluvium (outcrop I)



Cechy sedymentologiczne i warunki depozycji osadow stozka akumulacyjnego w dolinie rzeki Sertejki ...

%

20

18

16

14

12

10

-

10

7 8 9 11 12 [¢]

Rys. 10. Krzywa czgstosci rozktadu uziarnienia deluwiow §rodkowych (odkrywka I)

The grain size distribution frequency curve of the central deluvium (outcrop I)

Deluwia gérne charakteryzujg si¢ rytmiczno-
$cig wystepowania na przemian lamin jasnobrunat-
nozoéttych oraz brunatnych, o migzszosci od 1 do 3
cm. Cechuja si¢ one plaskim warstwowaniem su-
bhoryzontalnym. Analizujac warto$ci wskaznikow
sedymentologicznych, mozna réwniez zaobserwo-
wac rytmiczno$¢ zmian wartos$ci, zwlaszcza biorac
pod uwagg Srednig $rednice ziaren mieszczaca si¢
w przedziale od 3 do 4,8 phi (seria 1 narys. 7). Dla
czeSci lamin wskaznik ten skupia si¢ wokot warto-
$ci 3 phi, dla innych — okoto 4 phi. Osady deluwiow
gornych sg stabo lub umiarkowanie wysortowane
(0,8-1,6), o bardzo dodatnio lub dodatnio skosnym
rozktadzie, przy wartosciach kurtozy 1,0-1,7 (rys.
7; tab. 2). Zawarto$¢ procentowa weglanu wapnia
jest niewielka i wynosi $rednio 0,06%. Analizujac
krzywa czgstosci uziarnienia deluwiow goérnych
(rys. 11), zauwazalne jest, ze w badanej warstwie

%

znajduje sie najwiecej ziaren o wielkosci 3—4 phi
(od 8 do 16%). Wigkszo$¢ krzywych jest unimo-
dalna, pojedyncze krzywe sa bimodalne (rys. 11).
Druga, mniejsza moda, zarysowuje si¢ W przedziale
ziaren 67 phi (do 4%), co $wiadczy o wzbogacaniu
osadu w material pylasty. Zauwazalna jest do$c¢
duza rozbiezno$¢ w krzywych uziarnienia dla po-
szczegblnych lamin w obrebie deluwiow gornych,
zwlaszcza w modzie pierwszej, gdzie roznica czg-
stosci wynosi nawet 8%. W drugiej modzie r6znica
wynosi okoto 3% (rys. 11).

Diamikton rolny reprezentuja piaski drobno-
i $rednioziarniste prochniczne o barwie brunatnej.
Osady sg zaggszczone 1 bezstrukturalne, wystepuja
tu licznie korzenie wspodtczesnych roslin. Jest to ma-
teriat silnie przemieszany przez orke, ktora obejmo-
wata najprawdopodobniej osady deluwiow gor-
nych.

20
18 |
16
" 2
AN
12 gty
T
A
o ///A .
) A\ S\ N
ol o< =7 f \i\“v\\%\\ —
-1 0 1 2 3 4 5 6 7 8 9 10 11 12[4]

Rys. 11. Krzywa czestosci rozktadu uziarnienia deluwiow gornych (odkrywka I)

The grain size distribution frequency curve of the upper deluvium (outcrop I)
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Na rozktadach wskaznikéw sedymentologicz-
nych badanych osadow w profilu pionowym (rys. 7)
mozna zauwazy¢, iz od glebokosci okoto 140 cm
zwickszaja si¢ wartosci skos$nosci, co Swiadczy
o zwigkszaniu si¢ przewagi frakcji drobniejszych
w stosunku do frakcji o najwigkszej czgstoscei.

Materiatem zrédlowym osadéw budujacych
badany stozek akumulacyjny sa utwory wodnolo-
dowcowe powstale podczas ostatniego zlodowace-
nia (fot. 2). Buduja one powierzchnie terenu w oto-
czeniu rozcigcia erozyjnego. Osady badane byty
w odkrywce zalozonej na stoku parowu i w jego
dnie. Od powierzchni do 20 cm wystepuje poziom
orno-prochniczny (fot. 2). Do glebokosci 184 cm
zalegaja jasnobrunatne piaski mutkowe o $redniej
srednicy ziaren od 3,2 do 4,0 phi. Wysortowanie
miesci si¢ w przedziale 0,6-1,5, a skosnos¢ wynosi
od 0,03 do 0,6. W tej warstwie zauwazalne sg
rdzawe laminy piasku drobnoziarnistego o migzszo-
$ci do 0,5 cm. Na glebokosci od 137 do 184 cm wy-
stepuje warstwowanie przekatne rynnowe. Od 184
cm do 411 cm zalegaja na przemian piaski drobno-
ziarniste pylaste i piaski mutkowe (M; = 3,05-4,2;
8 =0,5-1,6; Sk; = 0,01-0,6). Na glebokosci od 417
cm do 456 cm notowane sg brunatne mutki piasz-
czyste o $redniej $rednicy ziaren od 4,6 do 5,6 phi,
wysortowaniu od 0,9 do 1,6 i sko$nosci od 0,1 do
0,5. Od 456 do 630 cm wystepujg jasnobrunatne
piaski mutkowe o stabo widocznych warstwowa-
niach horyzontalnych i o $redniej srednicy ziaren od
3,4 do 4,4 phi, wysortowaniu od 0,5 do 1,3 oraz sko-
$nosci od 0,08 do 0,6. Analiza krzywych czgstosci
materiatu zrodlowego wskazuje na najczestsze wy-
stepowanie (do 20%) ziaren o wielko$ciach 3—4 phi.
Widoczna jest takze druga moda w wielko$ciach
ziaren w przedziale 6—7 phi oraz niewielki wzrost
udziatu ziaren o wielkosci 1011 phi. Kilka probek
odznacza sie najwiekszg zawarto$cig ziaren o wiel-
kosciach 4-5 phi (rys. 12).

Interpretacja

Analizujagc skumulowany rozklad uziamienia
metodg Vishera (1969), mozna stwierdzi¢, iz dla de-
luwioéw dolnych zaznacza si¢ podziat na dwie popu-
lacje probek (seria 1, rys. 13). Saltacja byla glow-
nym procesem transportujacym (od 84% do 96%)
ziarna o wielkos$ci od 1,5 do 4,5 phi. Drugim typem
transportu byla suspensja (od 4% do 16%) przy
wielkosci ziaren jednej populaciji od 4,5 do 11,5 phi,
a drugiej od 4,5 do 9 phi. Deluwia srodkowe (seria
2, rys. 13) odznaczaja si¢ niewielkim udziatem to-
czenia (do 5%) w transporcie ziaren o wielkosci od
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-5 phi (jedna probka) do 1 phi. W pojedynczych
warstwach udziat toczenia byt marginalny. Domi-
nowal proces saltacji (od 80% do 94%), przy wiel-
kosci ziaren od 4,5 do 11 phi. Przy czym wystepuja
tutaj dwie subpopulacje — jedna powigzana z salta-
cja w przestonie trakcyjnej (ziarna grubsze) i druga
z saltacjg w chwilowym zawieszeniu (ziarna drob-
nigjsze) (Visher 1969, por. tez Szmanda 2011).
W deluwiach gormych (seria 3, rys. 13) wystepuje
jedna populacja osadow, w ktorej przewaza saltacja
(od 82% do 95%), przy wielkosci ziaren od 1 do 4,5
phi. Suspensja w tym przypadku zaznacza si¢ od
5% do 18%, przy wielkosci ziaren od 4,5 do 11,5
phi. Toczenie wystepuje w pojedynczych war-
stwach, gdzie udziat tego procesu waha si¢ od 0%
do 1%, przy wielkosci ziaren od -0,5 do 1,5 phi.
W proluwiach dominujacym procesem transportu-
jacym ziarna jest toczenie (od 16% do 73%). Na
drugim miejscu jest saltacja (od 18% do 68%), przy
udziale ziaren od 2 do 3,5 phi. Udziat suspensji wy-
nosi od 6% do 16%, przy wielko$ci ziaren od 3,5 do
8 phi. W materiale zrodlowym (seria 5, rys. 13)
mozna wyrdzni¢ dwie populacje osadow — jedna
zwigzana z saltacja i druga z suspensja. Saltacja byta
przewazajacym procesem (od 75% do nawet 99%)
transportu ziaren o wielkosci od 1,5 do maksymal-
nie 4,5 phi. Udziat suspensji wynosit za$ dla jedne;j
populacji od 1% do 5%, przy wielkosciach ziaren
od 4 do 8,5 phi, dla drugiej od 5% do 25%, przy
wielkosciach ziaren od 4,5 phi do 11 phi.

Analizujac powyzsze krzywe kumulacyjne,
mozna stwierdzi¢, ze saltacja byta glownym proce-
sem transportujgcym ziarna zaré6wno podczas aku-
mulacji materiatu zrodtowego jak i osadoéw stoko-
wych. Drugim zaznaczajacym si¢ typem transportu
byta suspensja. Udzial wleczenia byt marginalny
1 zauwazalny tylko w przypadku deluwiow srodko-
wych i deluwiow gémych. Przy dominujagcym tran-
sporcie saltacyjnym deluwiow budujacych stozek,
nalezy podkresli¢, ze osady zrodtowe zapewniaty
obfitos¢ odpowiedniego materiatu. W przypadku
proluwiow toczenie 1 wleczenie przewazato w tran-
sporcie ziaren, duzy byt takze udziat suspens;ji, z ko-
lei saltacja odgrywata mniejsza rolg (rys. 13).

Na wykresach zalezno$ci wskaznikow sedy-
mentologicznych rozpoznano uklad II wg Myciel-
skiej-Dowgiatto (1995), w ktorym wraz ze zwigk-
szaniem $redniej $rednicy ziarna wzrasta rowniez
stopien ich wysortowania. To kryterium najlepiej
spetiaja deluwia dolne i gérne (rys. 14). Dla delu-
wiow srodkowych uktad II jest stabo zauwazalny.
Proluwiom odpowiada uktad I, czyli wraz ze wzro-
stem $redniej $rednicy ziaren maleje stopien wysor-
towania (rys. 14).
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Fot. 2. Odstonigcie zlokalizowany
w $cianie rozcigcia erozyjnego

1 — poziom prochniczny; 2 — piaski mutkowe;
3 — piaski drobnoziarniste pylaste i piaski mut-
kowe; 4 — muitki piaszczyste; 5 — piaski mutkowe
stabo warstwowane

Exposure located in the wall
of the erosive cut

1 — humic horizon; 2 — silty sands; 3 — fine sands
and silty sands; 4 — sandy silt; 5 —silty sands poorly
stratified

fot. A. Mroczkowska, 2017

%

25
20 ’\
15
\\ ‘\
10 AL
AN
e e
5 7 A »&f‘.‘\\
A
0 2L ,,‘A/ e S e = S |
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 [¢]

Rys. 12. Krzywe czgstosci uziarnienia materiatu zrodtowego (odstonigcie)

The grain size distribution frequency curve of the source material (exposure)
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Rys. 13. Krzywe kumulacyjne rozktadu uziarnienia osadéw stozka akumulacyjnego i materiatu zrodtowego
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The grain sizes cumulative curves of the accumulative fan sediments and source material

excavation I: 1 — lower deluvium, 2 — central deluvium, 3 — upper deluvium, 4 — proluvium; exposure: 5 — source material
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1 — upper deluvium; 2 — central deluvium; 3 — lower deluvium; 4 — proluvium
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Dyskusja

Warunki depozycji
stozka akumulacyjnego

Deluwia dolne zbudowane sg z jasnobrunat-
nego piasku drobnoziarnistego z pytem. Taka tek-
stura $wiadczy najprawdopodobniej o stabym sphu-
Kiwaniu rozproszonym odpowiedzialnym za aku-
mulacje tej serii. W obrebie tej warstwy wystepuja
jednak waskie i do§¢ glgbokie rozcigcia (do 40 cm)
wypeione materiatem réznoziarnistym oraz roz-
ciecia ptytkie (do 10 cm) wypetnione proluwiami.
Wskazuje to na okresowe rozcinanie powierzchni
stozka przez skoncentrowane Splywy powierzch-
niowe odpowiedzialne za sptukiwanie liniowe. Za-
uwazalne jest, ze wartosci skosnosci w spagowe;j
czesci deluwiow dolnych przesuwaja si¢ ku warto-
sciom nizszym, zatem udzial ziaren frakcji grub-
szych wzrastat (do glebokosci okoto 140 cm). Zna-
mienne jest, iz rozcigcia wystepuja tylko w obrebie
serii deluwiow dolnych. Zwickszajgca si¢ ilo$¢
wegli w deluwiach dolnych moze $swiadczy¢ o na-
rastajacym wplywie przeksztalcen antropogenicz-
nych (m.in. deforestacja obszaru) i zaz¢bianiu an-
tropopresji oraz czynnika klimatycznego.

W proluwiach wypehiajacych rozcigcia w se-
rii deluwiow nie wystepuja ziarna drobniejsze niz
8,5 phi. Najprawdopodobniej zostaty one przetrans-
portowane w strefe dystalng stozka i zostaty wia-
czone w system fluwialny Sertejki. Duzy jest za to
udziat ziaren grubych i Zwiru oraz toczencow gli-
niastych, co dowodzi silnych sptywow skoncentro-
wanych. Badane proluwia wpisujg si¢ w zestawie-
nie cech litologicznych osadow tego typu opisanych
przez Twardego (2017), ze $rednig Srednica powy-
zej 1 phi, wysortowaniem od 1 do 6, ujemna sko-
$noscig czy zawartoscig procentowa weglanu wap-
nia bliskg zeru, przy czym proluwia z doliny Ser-
tejki charakteryzuje wzglednie dobre wysortowa-
nie.

Niewielkie zakresy wartosci wskaznikow
uziarnienia deluwiow $rodkowych moga $wiad-
czy¢ o stabilnych warunkach akumulacyjnych. Se-
ria ta charakteryzuje si¢ brunatnym kolorem, co
wskazuje na stosunkowo duzy udzial prochnicy,
ktéra byta najprawdopodobniej sptukiwania z wy-
zej potozonych, uzytkowanych rolniczo gleb. War-
stwa ta byta przeksztalcana przez zwierzgta, o czym
$wiadcza odnotowane zoofakty. Seria ta cechuje si¢
stabo zachowanym warstwowaniem, a miejscami
strukturg masywng. Prawdopodobnie jest to efekt
dziatania procesow pedogenetycznych, w tym
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dziatalnosci pedofauny, ktore prowadzity do szyb-
kiego zacierania pierwotnego warstwowania.
Udokumentowana rytmiczno$¢ cech struktural-
nych i wskaznikéw sedymentologicznych deluwiow
gormych zwigzana jest z r6zng zawartos$cig domie-
szek organicznych oraz zmiennymi warunkami aku-
mulacyjnymi. By¢ moze wynika z sezonowej zmien-
nosci tempa akumulacji osadow. Taka zaleznos¢ za-
uwaza Twardy (2003) w badaniach osadow delu-
wiow antropogenicznych z Brzezin k/Lodzi.
Diamikton rolny rozwinigty w stropowej czg-
$ci osadow stozka akumulacyjnego ma masywna
strukture, ciemnobrunatny kolor, co najprawdopo-
dobniej zwigzane jest z wysoka zawartoscia proch-
nicy. Dolna granica tej warstwy jest bardzo dobrze
widoczna, co wskazuje na dlugotrwata orke i wy-
ksztalcenie sie tzw. podeszwy pluznej. Podobnymi
cechami strukturalnymi odznaczaja si¢ diamiktony
rolne z centralnej Polski, ponadto sa one stabo wy-
sortowane, prochniczne i bezweglanowe (Twardy
2008; Twardy i in. 2014).
Deluwia dolne i gérne akumulowane byty
w wyniku sptukiwania rozproszonego, na co wska-
zuje rozpoznany uktad II stosunku odpowiednich
wskaznikow sedymentologicznych wg Mycielskiej-
Dowgialto (1995). Ukiad ten uwazany jest za typowy
dla osadéw deluwialnych (m.in. Smolska 2003,
2005; Twardy 2003, 2008; Kittel 2016; Majewski
2017). Cho¢ stwierdzany jest rowniez w facji poza-
korytowej osadow fluwialnych (por. Mycielska-Do-
wgiallo 1995; Mycielska-Dowgiatto, Ludwikowska-
Kedzia 2011; Szmanda 2011). Wptyw na powstanie
deluwiow $rodkowych miato, oprocz sptukiwania
rozproszonego, zapewne réwniez przemieszczanie
ziaren w wyniku rozbryzgu (por. Mycielska-Do-
wgialto, Ludwikowska-Kedzia 2011). Warunki
akumulacyjne proluwiéw sa najbardziej podobne
do warunkéw akumulacyjnych dla osadéow flu-
wialnych facji korytowej (uktad I) (por. Myciel-
ska-Dowgiatto 1995; Mycielska-Dowgiatto, Lu-
dwikowska-Kedzia 2011; Szmanda 2011).
Podczas transportu i akumulacji nie doszto do
wyraznego pogorszenia si¢ wysortowania osadow
mineralnych stozka, tj. deluwiow dolnych, $rod-
kowych i gornych w stosunku do materiatu zrod-
fowego (tab. 1) (por. Smolska 2005; Majewski
2017). Wyjatkiem sa proluwia, ktérych wysorto-
wanie do$¢ znacznie si¢ pogorszyto (tab. 1). Udziat
ziaren grubszych jest tu nieco wigkszy niz w ma-
teriale zrodtowym przy podobnych wartosciach wy-
sortowania (rys. 15). Sugeruje to zaistnienie se-
lektywnego przemieszczania materiatu w dot sto-
ku podczas sptywu powierzchniowego i/lub na-
cinanie przez erozje warstw 0 wigkszym udziale
grubszych ziaren. Deluwia majg mniejsze zakresy
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wartosci skosnosci niz osady zroédlowe (por.
Majewski 2017). W wyniku sptukiwania rozpro-
szonego podczas intensywnych opadéw dochodzi
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bowiem czgsto do selektywnego wzbogacania
osadu w drobne frakcje (Smolska 2003, 2005;
Twardy 2003).
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Rys. 15. Wykres zaleznosci pomiedzy $rednig $rednicg ziarna a wysortowaniem
dla osadow stozka akumulacyjnego i materiatu Zrodtowego

1 — osady stozka; 2 — materiat zrodtowy

Relationship diagram between mean sizes of grains and sorting index
of the accumulative fan deposits and source material

1 — fan deposits; 2 — source material

Serie deluwiéw dolnych, srodkowych i gor-
nych wpisujg si¢ w podziat litologiczny osadow
stokowych zaproponowany przez Twardego
(2008, 2017). Analizowane osady odpowiadaja
zardwno cechom piaskow deluwialnych, jak i de-
luwialnych pytéw piaszczystych. Wartosci $red-
niej $rednicy ziaren z facji deluwialnych pylow
piaszczystych mieszcza si¢ w przedziale 3—5 phi.
Pozostate cechy, czyli wysortowanie (3 = 0,5-2),
wzrost skosno$ci wraz z drobnieniem ziarna
i warstwowania horyzontalne, czy silne odwap-
nienie wskazuja na facje piaskow deluwialnych.

Szczegbdlna uwage nalezy zwroci¢ na warto-
$ci odchylenia standardowego uzyskane dla bada-
nych deluwiéw sertejskich. Wskazuja one na
stabe wysortowanie, bedace cechg typowa dla de-
luwidéw (por. Twardy 1995, 2000, 2003; Smolska
2005), ktore jest skutkiem krotkiego transportu
ziaren oraz zmiennej intensywnosci sily transpor-
tujacej. W przypadku deluwiéw wahania hydro-
logicznych parametrow odptywu w osrodku tran-
sportujagcym wynikaja z drenowania matych, lecz
licznych zbiornikéw wodnych (katuz) na stokach.
Na powierzchni stozka nastepowato wielokierun-
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kowe rozmywanie materiatu przez wody roztopo-
we i opadowe.

Cechy teksturalne analizowanych pokryw
deluwialnych sg uwarunkowane tekstura osadow
zroédtowych, co byto podkreslane m.in. w pracach
Smolskiej (2005) i Pietrzak (2002).

Osady deluwialne powstaja w wyniku dzia-
falnos$ci procesow stokowych, gtdownie splukiwa-
nia. W centralnej Polsce tworza je najcze$ciej pia-
ski drobne i bardzo drobne posiadajace domieszke
organiczng i rozproszone wegle. Deluwia akumu-
lowane s3 w dynamicznym srodowisku, ale sa tak-
ze efektem umiarkowanie intensywnego sptukiwa-
nia rozproszonego (Twardy 2008; Kittel 2014).
Zauwazalne jest, iz w wielu przypadkach osady
stokowe sg wzbogacone w prochnice. Najprawdo-
podobniej dostawata si¢ ona tam w efekcie erodo-
wania poziomu prochnicznego gleb podczas
wzmozonego sptukiwania i postgpujacej denudacji
obszarow przylegtych (por. Kittel 2014). Poszcze-
golne fazy transformacji stokow i tworzenia po-
kryw deluwialnych na stanowiskach Bechcice,
Wierzbowa i Lutomiersk-Koziéwki nawigzywaty
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do etapéw intensywnego zasiedlania tych tere-
néw przez ludnos¢ pradziejowa (Kittel 2014).

Istotnym czynnikiem inicjujgcym rozwoj
procesow stokowych skutkujacych akumulacja
deluwiow jest deforestacja wynikajaca przede
wszystkim z antropopresji (por. Stochlak 1996)
i/lub w mniejszym stopniu z przyczyn natural-
nych (naturalne pozary lasow). Cechy deluwiow
moga $wiadczy¢ 0 chronologii i intensywnosci
osadnictwa, a nawet o kierunkach i sile antropo-
presji (Smolska 2003; Kittel 2014).

Fazy rozwoju stozka akumulacyjnego

Akumulacj¢ osadoéw stokowych budujacych
badang forme wyznacza uzyskany wiek radiowe-
glowy osad6éw biogenicznych podscielajacych se-
rie mineralne stozka i wydatowanych najwcze-
$niej na Il pot. XVII w. (tj. 1668-1950 AD i 1667—
1950 AD). Dolna seria stozka (deluwia dolne) po-
wstata podczas I fazy rozwoju, ktoéra rozpoczela
si¢ nie wezesniej niz w Il pol. XVII w. i trwata do
okoto XVIII w. Potwierdza to réwniez fragment
nowozytnego szkta, datowanego na XVII-XVIII
w., odkrytego w spagu osadéw wypelniajacych pa-
row w jego $srodkowym odcinku.

Poczatek rozwoju parowow i stozka akumula-
cyjnego w dolinie Sertejki jest zwigzany najpraw-
dopodobniej ze zmianami klimatycznymi, ktore
nastgpity podczas pessimum Matej Epoki Lodowej
(MEL), by¢ moze w trakcie minimum Maundera.
Badania dowodza, iz czeste wystgpowanie ulew-
nych deszczy bylo mechanizmem inicjujacym ero-
zje wawozowa (Panin i in. 2009; Zgtobicki i in.
2014). W tym okresie $rednia roczna temperatura
spadia o okoto 1°C, za$ zimy byly coraz dhuzsze.
Duzy udzial w transformacji stokéw mogty mie¢
wowczas intensywne wiosenne roztopy. W Euro-
pie czas od potowy XVII do potowy XVIII wieku
byt okresem o zwigkszonej sumie opadow (Jones,
Mann 2004; Marks 2016). Duza migzszo$¢ serii
deluwiow dolnych (nawet do 1 m) dowodzi znacz-
nej denudacji zboczy i/lub dtugotrwatosci tych
proces6w. Jednoczes$nie proluwia w dnie parowu
zazebiajg si¢ z deluwiami dolnymi stozka, co do-
wodzi szybkiego uformowania gleboko wcictej
formy erozyjnej i zapeliania jej dna osadami juz
na wczesnym etapie jej rozwoju. Trzeba rowniez
zwroci¢ uwage, ze dno parowu w srodkowym od-
cinku ma wyraznie wciosowy profil, co dowodzi,
ze forma ta nie funkcjonowata jako rozcigcie dro-
gowe.

Zainicjowanie erozji najprawdopodobniej
zwigzane bylo z silng deforestacja terenu wskutek
antropopresji. Golosov (2002) i Golosov i in.
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(2017) opisuja intensywna erozj¢ gleb na Nizu
Srodkoworosyjskim od XVII wieku po czasy
obecne, zapoczatkowang przez wzmozong dziatal-
no$¢ rolniczg, co moglto by¢ przyczyna rozwoju
pokryw stokowych oraz erozji wawozowej. Na
tym samym obszarze osady organiczne w obrgbie
niektérych parowdéw datowane sg na 220+100 lat
BP oraz 430+100 lat BP (Belyaev i in. 2005). Wy-
lesianie zmniejszalo mozliwosci retencyjne ob-
szaru, czego nastepstwem byl wzmozony sptyw
powierzchniowy i erozja stokéw. Wskazujg na to
liczne wegle drzewne notowane w obrebie delu-
widéw dolnych oraz liczne szczatki drzew w stropie
gytii, co nadaje im cechy tzw. deluwiow deforesta-
cyjnych wg Stochlaka (1996). By¢ moze procesy
te nalezy wigzac¢ z poczatkami przemystu drzew-
nego w rejonie Wieliza w | pot. XVIII w. Zmiany
klimatyczne (m.in. zwigkszona liczba ulewnych
deszczy) potggowaly caly proces. Na miazszos¢
osadow stozka mogly mie¢ wptyw takze cechy
strukturalne materiatu Zzrodtowego, w tym przy-
padku podatnych na erozje piaskéw wodnolodow-
cowych.

Mtodsze fazy rozwoju wawozow na obszarze
Wyzyny Lubelskiej wigzane sg z Mata Epoka Lo-
dowa (Zgtobicki i in. 2014), co koreluje z faza in-
tensywnej erozji w catej Europie w tym okresie.
Na terenie Wyzyny Lubelskiej skorelowano trze-
cig faze erozji wawozowej z intensywnym rozwo-
jem rolnictwa zwigzanym z produkcja zboza na
eksport i silng deforestacja, ktéra rowniez byta po-
wszechna w Europie. Na okres ten przypadaja
takze fazy erozyjne (8a — d: XV — potowa XVII
wieku) rozwoju systemu wawozowego koto Kazi-
mierza Dolnego (Dotterweich i in. 2012). Ta faza
odpowiada fazie I rozwoju rozcigcia erozyjnego
w dolinie rzeki Sertejki. Najprawdopodobnigj
w tym okresie tworzyly si¢ deluwia dolne, w kto-
rych nie zaznacza si¢ udziat prochnicy. W Polsce
Srodkowej w tym czasie notowany jest okres osta-
bienia erozji (Twardy 2008). Stabilizacja ta jest
wigzana m.in. z zapascig gospodarcza w okresie
»potopu szwedzkiego” (Twardy 2008). Na Poje-
zierzu Suwalskim najmiodszy okres akumulacji
osadow stozkow naptywowych rozpoczat si¢ od
XIV/XV w., za§ w jednym stozku intensywna
faza rozwoju przypada na wiek XVI i trwa do
chwili obecnej (Smolska 2005).

Po fazie I nastapita stabilizacja stozka w do-
linie Sertejki. Swiadczyé o tym moze gleba ko-
palna udokumentowana w strefie dystalnej stozka
w stropie deluwiow dolnych. Zmniejszyta sig¢
wowczas sita procesow erozyjnych zachodzacych
na zboczach doliny Sertejki. Brak gleby w wyz-
szych partiach stozka najprawdopodobniej spow-
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odowany jest erozjag w pozniejszym okresie. Faza
Il jest trudna do wydatowania, trwata najprawdopo-
dobniej w Il pot. XVIII w., by¢ moze zwigzana jest
z okresem konfliktow polsko-rosyjskich w okresie
przedrozbiorowym.

Faza Il miata miejsce od Il pot. XVIII wieku
do Il pot. XIX wieku w czasie rewolucji przemysto-
wej, podczas ktorej postep technologiczny w rolnic-
twie (m.in. wprowadzenie ptodozmianu, wyspecja-
lizowanego pasterstwa, czy upowszechnienie roslin
okopowych) doprowadzit do przeobrazen srodowi-
ska. Po 1772 r. w rejonie wsi Selezni rozpoczyna
si¢ okres intensywnego rozwoju wielokierunko-
wego rolnictwa. Faza Il rozwoju stozka sertej-
skiego odpowiada fazie 9 (XVIII — potowa XIX
wieku) rozwoju wawozow w rejonie Kazimierza
Dolnego na Wyzynie Lubelskiej (Dotterwiech i in.
2012).

Faza IV na obszarze sertejskim obejmowata
okres od reform rolniczych (1861 r.) po I wojne
swiatowa. Wowczas cze$¢ stromych stokow dolin
zostala czesSciowo zagospodarowywana rolniczo,
znaczaco wzrosta ogdlna powierzchnia gruntéw
rolnych (Golosov i in. 2017), co spowodowato
wzmozong denudacj¢ zboczy doliny Sertejki.
O erozji wawozowej od konca XIX w. po Il polowe
wieku XX na obszarze zachodniej Rosji w kontek-
cie erozji gleb pisze rowniez Sidorchuk i in.
(2006). Podczas tej fazy rozpoczeta si¢ zapewne
akumulacja deluwiow gornych. Odpowiada to fa-
zie 10b i 10c w koncepcji Dotterweicha i in.
(2012).

Zglobicki i in. (2014) wyrdzniaja faze ero-
zyjna przypadajaca na XIX i XX wiek, wowczas
zostat wprowadzony ptodozmian oraz rosliny oko-
powe. W tym okresie panowato zwigkszone zapo-
trzebowanie na ziemie uprawowe, co spowodo-
wane byto kryzysem ekonomicznym i potrzebami
wojskowymi. Zaczgto uzytkowaé tereny wceze-
$niej uwazane za mato atrakcyjne rolniczo, co
z kolei skutkowato zmniejszeniem retencji ob-
szaru 1 wzrostem sptywu powierzchniowego. Po-
nadto intensywnie rozwijano sie¢ drog, po kto-
rych jezdzity maszyny rolnicze, doprowadzajac
do intensyfikowania sptywu skoncentrowanego.
W koncepcji Twardego (2008) na ten okres przy-
pada ostatnia faza (ostatnie 200 lat) transformacji
rzezby w Polsce Srodkowej, czyli faza VII. Dla
tej fazy charakterystyczne byto silne odlesianie
terenow oraz uprzemyslawianie osrodkow miej-
skich.

V faza (od II wojny $wiatowej po lata 90. XX
w.) to okres przeksztalcenia stozka wskutek dzia-
falnoéci agrotechnicznej, przemieszanie stropo-
wej czesci deluwiow goérnych i uformowanie
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diamiktonu rolnego. Jeszcze w latach 80. XX w.
obszar zajmowany przez stozek uzytkowany byt
jako taki kosne. Dla systemu parowow okoto Ka-
zimierza Dolnego odpowiada to fazom 10c oraz
11 (Dotterweich i in. 2012).

Ostatni etap rozwoju stozka (faza V1) zwia-
zany jest z upadkiem kotchozéw w latach 90. XX
W. i zaprzestaniem rolniczego uzytkowania te-
renu. Porzucenie dziatalnosci rolniczej, spowodo-
walo wyksztalcenie na powierzchni stozka po-
ziomu prochnicznego o niewielkiej migzszosci
(okoto 5 cm). Faza ta trwa do chwili obecnej.

Glowne fazy rozwoju stozka sertejskiego
miaty miejsce najwczesniej od I pot. XVII w. do
I pot. XVIII w. (faza I) oraz od 3. ¢wierci XVIII
w. do potowy XX w. (faza III i IV). Nawigzuja
one do faz erozji dokumentowanych w Europie
Srodkowej (Twardy 2008, 2011, 2013; Dotter-
wiech 1 in. 2012; Zglobicki i in. 2014). Nastapit
wowczas wzrost intensywnoS$ci 1 czestosci opa-
dow, ktore intensyfikowaty erozje¢ i akumulacje
osadow stokowych. Epizody te byly czesto uwa-
runkowane przez rozwoj upraw ziemi (m.in.: Do-
tterwiech 2008; Dotterweich, Dreibrodt 2011; Pa-
nin i in. 2011; Dotterweich i in. 2012). Jednocze-
$nie czynniki klimatyczne i antropogeniczne na-
ktadajg si¢ na siebie, co utrudnia ich rozréznienie,
tym bardziej, ze wptyw cztowieka (np. pozary lub
nadmierny wypas zwierzat) moze imitowaé natu-
ralne przeobrazenia cech komponentow srodowi-
ska powodujace inicjowanie erozji czy potegu-
jace dalszy rozwoj form (Bintliff 2002). W nie-
ktorych czg$ciach Europy, na przyktad na obsza-
rze poludniowych Niemiec, wplyw klimatu na
erozj¢ wawozowa mial drugorzedne znaczenie,
dominowat tu sposob uzytkowania ziemi (Lang
2003). Jednoczesnie brak obserwacji wspotcze-
snego przebiegu procesow stokowych w obrebie
badanych form w otwartym, cho¢ nieuzytkowa-
nym intensywnie, krajobrazie dowodzi, ze naj-
prawdopodobniej gléwny impuls do zainicjowa-
nia denudacji stokow nastepuje w pierwszym
okresie intensywnych przeobrazen srodowiska
(tj. np. w pierwszych latach po deforestacji).

Podsumowanie

Udokumentowano sze$¢ faz rozwoju stozka
akumulacyjnego rozwinigtego w dolinie Sertejki.
Podczas fazy | (od Il pot. XVII w. do okoto XVIII
w.) akumulowane byty deluwia dolne, gtéwnie
przez sptukiwanie rozproszone. Okresowo naste-
powato rozcinanie powierzchni stozka w efekcie
sptukiwania linijnego i akumulacja proluwiow.
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Faza Il (okoto potowy XVIII w.) to stabilizacja
stozka, w ktorej miejscami(?) dochodzito do for-
mowania niezbyt migzszego poziomu prochnicz-
nego gleby, czesciowo zwigzanego z akumulacja
materii organicznej w trakcie wezbran Sertejki.
Faza 111 przypada na okres od 1l pot. XVIII w. po
Il pot. XIX w. W trakcie jej trwania deponowane
byly deluwia srodkowe. Kolejna 1V faza zaczeta
si¢ w drugiej potowie XIX w. i trwata prawdopo-
dobnie do potowy XX w. Byt to okres akumulacji
deluwidéw gornych, ktore powstawaly w warun-
kach splukiwania rozproszonego (podobnie jak
w przypadku deluwiéw dolnych). W fazie V (od
potowy po lata 90. XX w.) formowany byt dia-
mikton rolny, ktory tworzyt si¢ podczas inten-
sywnego uzytkowania rolniczego samego stozka.
Ostatnia faza VI przypada na wzgledng stabiliza-
cje stozka trwajaca od lat 90. XX w. po czasy
obecne. W ciagu tej fazy wyksztalcit si¢ poziom
prochniczny o niewielkiej migzszoS$ci.

Analizowany stozek akumulacyjny uksztat-
towany zostat podczas zmiennych warunkow kli-
matycznych Matej Epoki Lodowej. Jednoczes$nie
bardzo duzy wplyw na rozwoj formy mialy
zmiany $rodowiskowe, wygenerowane przez po-
stepujacy Wzrost intensywnosci rolnictwa.

Zauwazalne jest, ze osady stozka sg $cisle
powiazane pod wzgledem uziarnienia z materia-
tem zrodtowym. Cechy teksturalne osadow budu-
jacych stozek sa w znacznym stopniu odziedzi-
czone po osadach zrédtowych, co §wiadczy o ich
krotkim transporcie i szybkiej depozycji. Najsil-
niejsza transformacja osadow zaszta w obrebie
proluwiow.

Analiza cech strukturalnych i teksturalnych
osadow stozka pozwolita okresli¢ warunki ich de-
pozycji. Wahania wartos$ci wskaznikéw uziarnie-
nia deluwiow dolnych i gérnych oraz proluwiow
wskazujg na duza zmienno$¢ dynamiki §rodowi-
ska depozycyjnego podczas poszczegdlnych faz
rozwoju badanej formy.

Na badanym obszarze zaistniaty dogodne
warunki do powstawania i rozwoju rozlegtych
systemow rozcie¢ erozyjnych. Ztozyly sie na nie:
1 — zwigkszona suma opadow w okresie Malej
Epoki Lodowej, 2 — deforestacja terenu spowodo-
wana przez antropopresj¢ Oraz intensywny roz-
woj agrotechniki, 3 — sprzyjajace warunki geo-
morfologiczne i topograficzne silnie nachylonego
stoku basenu pojeziornego, 4 — podatne na erozj¢
podioze wysoczyzny. Skutkowato to utworze-
niem rozlegtego stozka akumulacyjnego, o mak-
symalnej migzszosci budujacych go osadow sie-
gajacych okoto 2 m akumulowanych w ciagu 350
lat.
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Summary

The article presents sedimentological ana-
lyzes of the sediment of a proluvial-deluvial fan
developed in the Serteyka River valley in Western
Russia. The fan developed at the outlet of a well-
developed system of erosional cuts. The length of
fan is about 70 m. Erosional cuts are formed on
steep and short slopes and incised into the out-
wash plain to a length of about 110 m. The aim of
the paper is to determine the factors that had
a decisive influence on the accumulation of fan’s
sediments. The volume of the accumulation fan is
about 3639.6 m?, and the volume of eroded sedi-
ments in the gully system is about 3883.13 m®.
The difference in volume, i.e. about 243.53 m®, of
sediments was most probably included in the flu-
vial system by washing the fan during floods.

Neolithic cultures already had an influence
on the environment in this area. In the Middle
Ages, this influence gradually increased, while in
the period from the 18" century to the 19" century
was noted at the apogee. It was connected with
the deforestation of large forest areas. This caused
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increased erosion of the steep slopes of the Sert-
eyka River valley.

Detailed geological mapping of the area was
performed. It has been documented that inorganic
deposits cover gyttja. The sediments of resear-
ched fan were recognized as: lower deluvium,
proluvium, central deluvium, upper deluvium and
tillage diamicton. Two radiocarbon dates of sam-
ples taken from the central zone and the distal
zone of the fan were estimated. The age of the be-
ginning of the fan’s deposits is dated to the period
from 2" half of the 17" century. Two dates of
macrofossils from the very top of gyttja — 160+35
years 1“C BP (MKL-3633), 140+40 years **C BP
(MKL-3635), give after calibration with a proba-
bility of 95.4% respectively: 1668-1950 AD and
1667—-1950 AD. The lower deluvium deposits are
light brown in color, and have poor lamination,
and numerous charcoals. Values of sedimentolog-
ical indexes have relatively large deviations. The
average grain size diameter for the lower delu-
vium ranges from 2.9 to 4.3 phi. These sediments
are characterized by a positive skewness (0.04—
0.3) and are poorly or moderately sorted. Prolu-
vium deposits are inserts that fill small erosional
cuts within the lower deluvium deposits. They are
built by multi-grained sands, with an admixture of
gravels and clay lumps with diameters of up to 3
cm. The central deluvium deposits are brown, not
laminated, and their sedimentological indices
have small ranges, which gives very small devia-
tions in the vertical profile. These are multi-
grained sediments with a large fraction of the fine
fraction. The upper deluvium deposits are charac-
terized by subhorizontal lamination. The layers
are alternately light brown and dark brown with a
thickness of 1 to 3 cm. The sediment rhythmicity
can also be seen in sedimentological indices, es-
pecially in the average grain diameter. Tillage di-
amicton are deposits made as a result of agrotech-
nical denudation. They were created as a result of
long-term cultivation. They are characterized by
a massive structure, poor sorting, an advantage of
the sandy fraction, the presence of humic ad-
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mixtures and the lack of calcium carbonate. All
deposits of the fan are strongly decalcified. The
source material of the fan’s sediments was also
tested — these are sands and silts. It is noticeable
that the fan deposits have slightly changed from
the source material in sedimentological index val-
ues. Features of analyzed deluvial covers are con-
ditioned by the texture of the source sediments.
There is also a small change in the mean diameter
of grains in the fan. The share of thicker grains is
only slightly larger than in the source material
with similar sorting values.

Six stages of the formation of the fan are
specified. Phase | lasted not earlier than from the
2" half of the 17" century AD to the mid-18" c.
(the accumulation of lower deluvium deposits).
Phase 11 took place in the mid-18" c. and involves
stopping of slope processes. Phase 111 from 2. half
of the 18" c. to the 2. half of the 19" c. (accumu-
lation of central deluvium deposits). Phase 1V, the
2. half of the 19" c. to the mid-20" c. (accumula-
tion of upper deluvium deposits). Phase V is the
period from mid-20" c. to the 1990s (transfor-
mation of the upper part of the upper deluvium
deposits into an agricultural diamikton). Phase VI
is the period from the 90s of the 20" century to
the present times (the formation of the humus
level). The erosive-accumulation phases of the
studied form can be correlated with the phases of
shaping similar forms in Central and Eastern Eu-
rope.

The beginning of the accumulation of the
fan’s sediments was correlated with the pessi-
mum of the Little Ice Age. The main reason for
the formation of the fan is most likely a strong de-
forestation of this area in the 1. half of 18" ¢. AD.
Numerous charcoals were indicate in lower delu-
vium. Climate changes during the LIA (eg.
a greater number of heavy rains and or snow falls
and later intense thaws) intensified erosion taking
place on the slopes. The next accumulative-ero-
sive phases are associated primarily with intense
human activity, mostly agriculture.
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ARTICLE INFO ABSTRACT

Keywords: In the rich of archaeological sites dated from the late Palaeolithic to the Modern Period region of the Serteyka
Geochronology River, deposits of an extensive accumulative fan were studied in detail. In the lower sector of the present-day
Sedimentology

Serteyka River valley, the strict chronology and depositional conditions of an extensive accumulative fan de-
posits were studied in detail. An important part of the project has been also: a checking of usefulness of lumi-
nescence, radiocarbon and lead methods of dating in determination of the age of inorganic deposits accumulation
The 14C, optically stimulated luminescence (OSL), and 210py, dating methods were used to determine the fan’s
deposition age. Then, we discussed the depositional conditions of the accumulative fan by the textural,
geochemical, and palaeoecological analysis.

The use of 1*C and 2'°Pb methods of dating allows for elaboration of a reliable model of the evolution of slope
processes occurring from the 2nd half of 17th c. AD to 2nd half of 19th c. AD (i.e. during the younger part of the
Little Ice Age). It was a period of human induced deforestation, as confirmed by the first results of palae-
obotanical analyses. In addition, four OSL dates have been obtained, but the acquired age significantly exceeded
previous expectations. Three dates indicate the Neolithic period, and a chronological inversion of OSL dates can
be seen. This may be due to incomplete bleaching of the sand grains during transport, which indicates that the
material being transported had a relatively large volume. The lower deluvium of the accumulation fan is formed
by the drainage of hydrated sediment (mudflows).

Summarizing, slope sediments can be extremely difficult material for absolute dating. This may be due to the
redeposition of the material, the hiatuses in deposition and incomplete bleaching of quartz grains. In the case of
14C (AMS) dating, the dependence is on the presence of plant macroremains within the studied material. In the
case of slope deposits, there is a very high probability of the redeposition of organic material. Lead dating, on the
other hand, has a small chronological range. Moreover, the dating of inorganic sediments with this method poses
many problems, including of a methodological nature. In the tested accumulative fan, as a result of insufficient
grain whitening and the short chronological range of the 2!°Pb method, the *C method was the main analysis
determining the age of inorganic sediments.

Slope processes
Little ice age
Serteyka river
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1. Introduction

Slope sediments are important geoarchive containing information on
changes in: land use, human impact, and environmental conditions,
including climate or hydrological fluctuations (Zolitschka et al., 2003;
Leopold and Volkel, 2007; Dotterweich, 2008; Houben et al., 2012;
Kleber and Terhorst, 2013; Kittel, 2014; Piech et al., 2018; Piech, 2021).
Slope wash processes are particularly active during limited plant cover
periods, resulting from climate fluctuations or human impact. The re-
action to intensive rainfall and snow thaw is (under favourable condi-
tions e.g., deforestation, loosening of the vegetation cover) and
increased denudation. It is resulting in slope erosion and accumulation
of deluvial sediment covers (cf. Teisseyre, 1991; Zolitschka et al., 2003;
Leopold and Volkel, 2007; Dotterweich, 2008; Twardy, 2008; Dreibrodt
et al., 2010; Kittel, 2014; Piech et al., 2018; Piech, 2021).

Possibly precise determination of the age of deposits is crucial for the
reconstruction of palaeoenvironmental conditions of the slope process.
However, occurring age inconsistencies may result from material rede-
position, insufficient whitening of the grains, bioturbation, or calibra-
tion processes (cf. Henkner et al., 2018). The problem of insufficient
whitening of the grains and redeposition of dated material is one of the
most common in the study of slope sediments (e.g. Lang and Honscheidt,
1999; Kadereit et al., 2006, 2010; Twardy, 2008; Dotterweich, 2008;
Kleber and Terhorst, 2013; Liritzis et al., 2013; Henkner et al., 2018;
Dreibrodt and Bork, 2021). Therefore, the region where the typical
accumulative fans had formed was selected to find a more precise dating
method.

The Serteya region is one of the most important area on the
archaeological map of the Eastern Europe, because of unique, Early
Neolithic sites as well as well-preserved Middle and Late Neolithic pile-
dwellings. (e.g. Mazurkevich et al., 2009a, 2009b; Mazurkevich and
Dolbunova, 2015; Kul’kova et al., 2015; Mazurkevich et al., 2020).

The archaeological sites discovered in the Serteyka River Valley
allow advanced research into the origins of Neolithic Europe and the
development of material culture and spatial management (Mazurkevich
and Dolbunova, 2015; Kul’kova et al., 2015; Mazurkevich et al., 2020;
Kittel et al., 2020, 2021; Wieckowska-Liith et al., 2021) and an excellent
testing ground for all modern archaeometric methods, including abso-
lute dating. The latter considerations relating to the use of multiple
dating methods form an essential part of this paper.

Deforestation is crucial because the process is considered one of the
most important factors influencing the land relief transformation.
Deforestation can be caused by the occupation of land for cultivation,
obtaining wood for development (houses, roads, bridges, fortifications),
fires caused by human activity (e.g., as a result of wars). As a result,
slope processes intensified, resulting in development prominent relief
forms (e.g. Belyaev et al., 2005; Smolska, 2007; Twardy, 2011; Panin
et al., 2009; Dotterweich et al., 2003; Majewski, 2014; Zgtobicki et al.,
2014).

The vast majority of research on the formation of accumulative fan
related to the Little Ice Age (LIA) and ancient human activity come from
Western and Central Europe (e.g., Smolska, 2003; Dotterweich, 2008;
Twardy, 2008, 2011; Dotterweich et al., 2012; Zgtobicki et al., 2014;
Kittel et al., 2018; Szwarczewski et al., 2020). In Eastern Europe, LIA is
not the primary motive for research and recognition but is only
mentioned as one of the stages of intense relief changes and stages of
gullies formations (e.g. Golosov, 2002; Belyaev et al., 2005; Sidorchuk
et al., 2006; Panin et al., 2009, 2011; Golosov et al., 2017). In the LIA,
there were significant changes in the climatic conditions, which was
intertwined with increasing human impact in the Late Middle Ages and
the beginning of the Modern Period (Vleeschouwer et al., 2009;
Morellon et al., 2011; Twardy, 2011; Lucow et al., 2020). The human
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impact resulted in strong deforestation, which in turn caused increased
sheet wash and mostly concentrated runoff. Intensifying erosive pro-
cesses were heavy rains during the LIA. A further consequence of these
phenomenones was the erosion of the slopes, the flattening of their
profile, and gullies and accumulative fans form.

The most important from the point of view of this paper were erosive
cuts, agricultural terraces, or aeolian mounds/dunes. We focused our
work on the area of one of the large erosive cuts’ system and the asso-
ciated accumulative fan (Fig. 1) that covered a biogenic deposits of an
ancient peat-lacustrine basin (Kul’kova et al., 2001; Kittel et al., 2018,
2020; Tarasov et al., 2019; Wieckowska-Liith et al., 2021). For study the
age and development phases of accumulative fan, two geological out-
crops, as well as a series of boreholes were investigated there (Piech
et al., 2018).

In order to make the results of our work as reliable and objective as
possible, we have performed numerous geochemical, spectrometric,
luminescence, radiocarbon, and lead dating, along with palae-
oecological studies of biogenic sediments paving slope deposits. Thanks
to that, we can also examine human impact on the natural environment
components, or the changes resulted from global climate fluctuations.

2. Regional setting

The studied area is in the East European Plain (Fig. 1A). It lies within
the Western Dvina Lakeland after Abramov (1972) or in the Vitebsk
Lakeland after Kondracki (1992). It was within the range of the last
Valdai (Weichselian) ice sheet. The development of the Valdai ice sheet
had a decisive impact on the formation of the surface geological struc-
ture as well as on the post-glacial development of the terrain relief.

The present-day Serteyka River valley has been developed within the
Valdai tunnel valley cut in the glaciofluvial plain and morainic plateau.
Two or three generations of water bodies (i.e. the Late Valdai and Ho-
locene lakes) functioned in bottom of the tunnel valley (Kittel et al.,
2018; Wieckowska-Liith et al., 2021; Ptociennik et al., 2022). The gla-
ciofluvial plain in the surrounding of the studied gullies’ system is
formed by fine- and medium-grained sands and silts (Piech et al., 2020).
Within the palaeolake basin, sandy-silty kames and kame terraces occur.
Those relief forms reach up to 1.5 m of high and are very irregular in
shape (Kittel et al., 2018; Piech et al., 2018). The palaeolake basin is
filled with organic deposits (mostly gyttja) up to 8 m (Kittel et al., 2018;
Tarasov et al., 2019). The cuts with fluvial deposits in the palaeolake
biogenic deposits prove periods of river activity during the phases of the
palaeolake recession. Finally, the lake system has been replaced by the
fluvial system in the Medieval Period or Modern Period, and as a result
the palaeolake basin has been transformed in the valley floor (Kittel
et al., 2018, 2020, 2021; Wieckowska-Liith et al., 2021). The slopes of
the present-day river valley (former tunnel valley), in the studied sector,
are cut by numerous erosion forms, such as erosion valleys, gullies and
erosional cuts. At the outlet of part of them, accumulative fans were
developed in the Serteyka River valley floor (Piech et al., 2018).

The investigated accumulative fan was formed in the mouth of a
well-developed system of erosion cuts in the lower Serteyka River valley
(Fig. 1B). The valley slopes reach from approx. 10° of inclination in the
northern part of the analyzed area, and approx. 36° in the central and
southern part (Fig. 1C) (Piech et al., 2020).

The studied gullies’ system consists of three cuts of various sizes and
at different stages of development. We can distinguish the largest erosive
cut, incising the glaciofluvial plain into a length of about 170 m. This
gully has two main branches, the first lays latitudinally and ends with
the outlet of the entire erosive cuts system. The maximum depth of the
form is about 6 m. The width of the erosion cut in the upper part is 7 m,
and at the mouth 25 m. The highest slope inclination is recorded for the
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main gully and reach up to 52°. The length of the studied accumulative
fan is about 70 m. The height difference reaches 6 m between the middle
fragment of the gully and the end of the fan (Piech et al., 2020).

3. Materials and methods

3.1. Sampling strategy

The surficial geology of the study site and its surroundings was
recognized by detailed mapping with the use of hand augering. A more
detailed study on deposits of accumulative fan was undertaken in two
geological trenches, among which the most important for this study the
STPII outcrop (Fig. 2). This outcrop with dimensions 5 x 2 x 2 m was
situated in the central part of the accumulative fan. Photographic and
drawing documentation of the outcrop walls was made, marking all
individual layers of sediments.

Structural analyses of studied deposits were performed based on the
lithofacial code according to Zielinski and Pisarska-Jamrozy (2012).
Samples for the study on textural, geochemical features and palae-
obotanical analysis were taken from the southern wall (STPII profile) of
the geological outcrop with intervals from 1 to 5 cm (depending on
sedimentological differentiation of the layers). In addition, %CaCOs,
pH, electrolytic conductivity and %Cog analyses were performed for
selected samples. Samples for %C,,¢ were taken at intervals of 10-20 cm.
Also, the monolith of deposits was taken into four metal boxes with
dimensions of 50 x 10 x 10 cm, and it covers the deposits between 0 and
168 cm below ground level (b.g.1.). This sampling method preserves the
undisturbed structure of sediments. Sub-samples of the core deposits
were taken for 2!°Pb dating and for other additional analyses.

The samples for OSL-dating were taken from the southern wall of the
STPII outcrop due to its shading for most of the day. This minimized the
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risk of bleaching the quartz grains during field work and prevented the
layers from drying out. After the trench wall was ready, a 10 cm deep
indentation was made to remove the layers exposed to direct sunlight.

At the same time, the standard method of sampling, consisting in
hammering a steel tube into the wall, was abandoned due to the lack of
precision in the selection of the material for dating and the difficult to
predict the course of the layer boundaries in the depth of the lithological
profile (Fig. 2B).

OSL samples were collected under night-time conditions, the wall
was illuminated with a standard flashlight covered with a red filter
(professional certified foil — LEE filters 106 Primary Red) which is used
in Gliwice Luminescence Laboratory (Moska et al., 2021) and which
achieves safe light for luminescence dating (Fig. 2C).

Each of the samples was collected according to the same scheme.
From the top of each selected layer, the sediment was obtained with a
precise tool and immediately placed to the black lightproof and water-
proof plastic bag. This sample was used in the laboratory to calculate the
equivalent dose using the OSL method. Then, the sediment (at least 1 kg)
was collected from the vicinity of this sample to calculate the annual
dose rate by gamma, beta and alpha spectrometry. This sample was also
tightly packed, because it was used to calculate the moisture content of
the sediment.

3.2. Textural analysis

Textural analysis was performed for 59 samples of deposits forming
the accumulative fan. For fractions above 2 mm, the sieve method was
performed using the Fritsch Analysette 3 shaker, and for fractions below
2 mm, the laser diffraction method was applied with the use of the
MasterSizer 3000 laser particle sizer with a water attachment by Mal-
vern belonging to the Sedimentology Laboratory of the Pedagogical

Fig. 1. A. Location of the study site; B. Geomorphological map of the study area after Kittel et al. (2018): 1 — moraine plateau, 2 — glaciofluvial plain, 3 - crevasse
fills, 4 — kames and kame terraces, 5- biogenic plains, 6 — flood plain, 7 — tunnel valley, 8 — valley slopes, 9 — alluvial fans, 10 — gullies and erosional cuts with
accumulative fans; C. Hypsometric map of the gullies ‘system and accumulative fan after Piech et al. (2020).
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Fig. 2. A. Biogenic deposits core sampling in the outcrop STPII (photo by P. Kittel, 2017); B. Hammering pipe simulation: yellow circle is pipe diameter, yellow lines
show completely different layers, that will be stored into sampling tube (photo by A. Ginter, 2018); C. Night-time OSL sampling procedure in the STPII outcrop (photo
by A. Mroczkowska, 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

University in Krakow. Using the Gradistat software (Blott and Pye,
2001), sedimentological indices were calculated for each sample, i.e.:
mean grain size (M,), standard deviation (sorting — ¢1) and skewness
(Si). The method of Folk and Ward (1957) was used for the calculations.

3.3. Geochemical analyses

The analysis of calcium carbonate was performed using the volu-
metric method with the use of the Schreibler apparatus. The pH and
conductivity of deposits were performed with the potentiometric
method on a pH-meter and a conductometer in distilled water. Organic
carbon content was determined using the Tiurin method (Bengtsson and
Enell, 1986).

For more detailed characteristic, elemental composition analysis was
also made using X-ray fluorescence spectroscopy (XRF) for 30 samples of
accumulative fan. Bulks of sediments were crushed and homogenized in
an agate mortar (to minimize sample contamination). Powder pills were
produced by pressing the sediment’s powder under a maximum pressure
of 10 tons and dried at a temperature of 60 °C. The XRF analyses were
carried out on a XRF PI-MKON 0.1. XRF 01 spectrometer. This device is
provided with 4 W tube (50 kV, 132 pA) and tungsten anode (resolution
of 130 eV FWHM at 5,9 keV, high peak-to-background ratio 20000:1).
All measurements were done in the air with 300 s accumulation time
(parameters: 40 kV, 5 pA).

In addition, we investigate a gamma spectrum of the sample from
mixed sediments of agricultural diamicton (depth 0-43 cm b.g.1.) using a
high-purity germanium detector with resolution 2,4 keV for 1,46 MeV —
40K line and specially prepared station for low-activity and low-

background measurements with at least 2 cm copper and 5 cm lead
shield. For energy calibration, we used 6°Co, 137Cs, and '°%Fu standards.
Samples were measured in about 24 h. Spectra were collected and
investigated using TUKAN 4 K analyser.

3.4. Palaeoecological analyses

The selected samples of inorganic deposits of the accumulative fan
have been collected from the wall of STPII geological trench along with
the profile for textural and geochemical analyses. And also, monoliths of
organic deposits underlaying the studied accumulative fan was collected
into metal boxes with dimensions of 50 x 10 x 10 cm from STPII out-
crops (Fig. 2A). These deposits were the subject of palaeobotanical
(pollen, plant macrofossil, anthracological), palaeozoological (subfossil
Cladocera and Chironomidae), geochemical analyses, as well as 1*C AMS
determination (for details see Piech et al. in prep.).

The plant macrofossils analysis of STPII profile was made for 37
samples (10-30 cm® each in organic part and 50-110 cm?® in mineral
one). The samples from organic parts were boiled with KOH to reduce
the amount of sediment and remove humic matter. The plant’s conser-
vation remains was done with a standard mixture of alcohol, water, and
glycerin in proportion 1:1:1 with the addition of thymol. The atlases by
Benkova and Schweingruber (2004), Berggren (1969), Cappers et al.
(2006), Velichkevich and Zastawniak (2006, 2008), Schweingruber
(1978), and a collection of fossil floras of the W. Szafer Institute of
Botany Polish Academy of Sciences in Cracow were used to identify
present seeds, fruits, and wood.

The samples for subfossil Cladocera analysis (1 cm® each sample)
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were processed according to Frey (1986). Microscopic identification was
based on a key by Szeroczynska and Sarmaja-Korjonen (2007). The
samples for subfossil Chironomidae analysis (5 g each sample) were
processed with standard methods described by Brooks et al. (2007).

3.5. Geochronometric analyses

Our study’s important task was to specify in detail the chronology of
the formation and development of the studied accumulative fan, which
will allow for linking these processes with palaeoenvironmental events
that have had an impact on the intensification of erosion and accumu-
lation processes. We cannot rely solely on only one type of chronological
data set. For this reason, we created the chronological model of the
accumulative fan development based on radiocarbon (14C), lead (*1°Pb)
and optically stimulated luminescence (OSL) dating undertaken for
organic deposits and remains and also for inorganic deposits.

3.5.1. 1*C dating

Totally seven samples of selected terrestrial plant macrofossils from
the deposits in the STPII profile were dated with the radiocarbon (14C)
method, using the Accelerator Mass Spectrometry technique (AMS).
Three of them were performed for remains from organic deposits situ-
ated below accumulative fan and four for macrofossils found in deluvial
deposits. The AMS 14C dating of plant macrofossils was performed in the
Laboratory of Absolute Dating, in Krakow (Poland). The samples were
processed with standard methods described by Cherkinsky et al. (2010)
and Krapiec et al. (2018).

Simultaneously, two more samples of wood found on the top of
organic deposits in the STPII outcrop were '*C dated with the use of
Liquid Scintillation Counting technique (LSC). Calibrated radiocarbon
ages (BC/AD) were calculated using the IntCal20 radiocarbon calibra-
tion dataset (Reimer et al., 2020) and the OxCal 4.4.2 calibration soft-
ware (Bronk Ramsey, 2009).

3.5.2. 2%pp dating

The samples for 21°Pb dating were sampled in the GADAM laboratory
from the monolith of deposits taken in filed into metal boxes (Fig. 3).
The investigated profile results of measurements values of the
allochthonous 21°Pb activity versus depth for measured core show the
decrease of 21°Pb with depth, which should be expected for modern
sediments.

The activity of autigenic 21°Pb in the layer of sediment is constant in
contrast to the activity of allochthonous 2!°Pb which decreases. The
presence of allochthonous lead in sediment may be used to determine its
age (Eakins, 1983; Krishnaswamiet al., 1971; Liu et al., 1991).

The samples were prepared according to the procedures described by
Wachniew (1990), Sikorski and Bluszcz (2003, 2008) and Pawetczyk
etal. (2019). A sample for alpha measurement has a form of a thin layer
of polonium extracted from the sediments core and deposited on a silver
disc (Flynn, 1968).

Alpha activity is measured with a spectrometer Canberra model
7401, with a surface-barrier Si semiconductor detector. Sensitive area of
the detector is 300 mm? and its energy resolution is ca. 20 keV. This
enables for a very good separation of peaks from 2!°Po (E = 5.308 MeV)
and 2°8po (E = 5.105 MeV). Absolute activities of both isotopes are
rather low and to obtain sufficient precision, one measurement lasts two
days.

As the half-life of both polonium isotopes are quite short (Typg =
2.898 years, T219 = 138.4 days), results of calculations are corrected for
radioactive decay of 2°®Po since the moment of its calibration, and decay
of 210Pb since the moment of polonium extraction from sediments.

For the undisturbed sediment, a decrease of 2!°Pb with depth is ex-
pected. When we apply classical approach of 21°Pb dating the alpha
spectrometry gives the total 21%Pb activity in the sediment layer. In the
classical variant of the lead-210 method, the activity of autigenic (sup-
ported) 21°Pb is assumed to be constant along the sediment column and
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OSL: 6610-5570 BC|

-4

AMS: 1427-1455 AD|! 0S_: 5200-4240 BG|

[AMS: 1453-1611 AD

| LSC: 1659-... AD|

Fig. 3. Age of deposits: red — end of 2'°Pb, yellow — OSL, grey — '*C AMS and
LSC. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

it is determined by measurements on sediments old enough to contain no
allochthonous (unsupported) 2'°Pb. The activity of allochthonous 2°Pb
is then calculated by subtracting the activity of autigenic 2!°Pb from the
total 21°Pb activity.

The investigated profile results of measurements values of the
allochthonous 21°Pb activity versus depth for measured core should
generally follow the decrease of 21°Pb with depth, which should be ex-
pected for modern sediments.

3.5.3. OSL dating

The basic method of dating sediments congaing quartz or feldspar
grains is the optically stimulated luminescence method (OSL). There-
fore, in order to establish the age of the studied deposits containing
many mineral layers in the STPII outcrop, OSL method was used.

An appropriate sampling strategy is a key element in correctly
determining the chronology of sediments at a given site. For this pur-
pose, layers of small thickness were selected, in relation to which there
was a high probability that during transport down the slope (redeposi-
tion) and subsequent accumulation in the fan, the minerals within them
were bleached enough (exposure for sunlight long enough).
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From a methodological point of view quartz grain fraction used for
luminescence dating should be most representative, that is why the re-
sults of particle size analysis were used to select the appropriate layers or
laminates for OSL dating (layers which contain enough grains with a size
of 90-125 pm, see Table 1).

At the same time, the results of palaeobotanical analyses were
considered, in particular the possibility of obtaining macroscopic plant
debris from the sediment, allowing for AMS dating in order to verify the
results of both absolute dating methods. The deluvial deposits’ layers at
the depths of 47, 62, 112, 156 and 166 cm below the ground level were
selected (Fig. 3).

In Gliwice Luminescence Laboratory (Moska et al., 2021), all sam-
ples have undergone a comprehensive process of preparing samples for
luminescence dating. Samples were prepared both for gamma spec-
trometry and OSL measurements. Prior to the measurements, the sam-
ples were stored for three weeks to ensure equilibrium between gaseous
222Rn and ?2°Ra in the 238U decay chain. High-resolution gamma spec-
trometry using a HPGe detector was used to determine the content of U,
Th and K in the samples. Each measurement lasted for at least 24 h
(Moska, 2019). The activities of the isotopes present in the sediment
were determined using IAEA standards RGU, RGTh, RGK after sub-
tracting background value from the detector. Dose rates were calculated
using the conversion factors of Guerin et al. (2011). Water content was
adopted at the level 30 & 5 and 20 + 5% for investigated samples. The
method of Prescott and Stephan (1982) was used for the cosmic ray beta
dose rate calculation. For OSL measurements, sand-sized grains of
quartz (90-125 pm) were extracted and standard chemical procedures
applied (Aitken, 1998). Equivalent doses were determined using the
single-aliquot regenerative-dose (SAR) protocol (Murray and Wintle,
2000). For unimodal relative probability distribution CAM (Central Age
Model, Galbraith et al. (1999)) was used to estimate the final value. For
multimodal distribution most probable ages were estimated from first
main peak, samples GATL-3555 and GdTL-3354.

4. Results
4.1. Absolute chronology of the deposition of accumulative fan sediments

In order to achieve the assumptions made, the geological sediments
were dated by four different methods. The first three were absolute
dating methods widely used in geological and archaeological research
but rarely used simultaneously. They include radiocarbon dating (**C),
optically stimulated luminescence (OSL), and lead dating (*'%pp).

However, the fourth method is not precisely an absolute dating
method, but rather a time-marker technique. With use of gamma spec-
trometry performed with highly sensitive semiconductor spectrometer
the radioactive isotopes (rare or not naturally occurring in nature) can
be detected. We aimed at testing if the isotopes resulting from the
Chernobyl power plant’s failure or nuclear weapons tests were present
in the shallowest layers that make up the agricultural diamicton.

The summary spectra of all collected samples (Fig. 5) correspond

Table 1

Grain size distribution of samples selected for OSL dating.
Samples (cm b.s.l.) 47 62 112 156 166
Grain size distribution
fine gravel (2000-5000 pm) 0 0 0 0 0
very coarse-grained sand 0 0 0 0 0

(1000-2000 pm)

coarse-grained sand (500-1000 pm) 0 0 0 0 0
medium-grained sand (250-500 pm) ~ 1.12 0.74 2.57 3.90 0.54
fine-grained sand (105-250 pm) 58.05 47.82 5447 6696 47.31
very fine-grained sand (53-105 pm)  33.79  40.49 34.21 26.04 36.35
coarse silt (22-53 pm) 1.80 4.27 5.48 0.51 7.39
fine silt (2-22 pm) 4.46 5.62 2.64 2.59 8.00
clay (<02 pm m) 0.78 1.06 0.63 0 0.41

Quaternary International xxx (xxxx) Xxx

only to the isotopes from natural uranium and thorium decay chains, as
well as “°K and annihilation peak. No markers from artificial isotopes
are observed, especially from neptunium decay chain or other short-
lived isotopes not occurring in nature. This demonstrates that the
accumulation of deposits on the surface of accumulative fan was irrel-
evant, at least from mid-20th century AD.

4.1.1. #%pp

Dating of the youngest sediments exposed in the STPII outcrop and
forming a part of the tillage diamicton was definitely demanding and
challenging research task. The lead method (210Pb) is most often used to
date highly organic lake and peat sediments (Sikorski, 2019), whereas
samples characterized by a significant admixture of sandy (mineral)
material due to the difficulty in dissolving them are analyzed much less
often.

The trial of a chemical preparation for the recovery of polonium
carried out by the standard method (Pawelczyk et al., 2017) was
insufficient, as a significant amount of mineral fraction remained after
chemical analyses, disabling required further steps of the preparation.
Hence, an attempt was made to carry out a chemical preparation using
the incineration method (De Vleeschouwer et al., 2010), commonly used
to analyse geological samples.

Ultimately, the spectrometric measurements of specific activity
produced by the method of radioactive sources deposition on silver discs
were performed (Table 4). The results indicated a local disturbance of
the monotonic profile (Fig. 5A), which could result from post-
depositional mixing of the sediment material. The 2!°Pb results sug-
gest that significant disturbances are recorded for depths of 10-15 cm
and about 20 cm b.g.l. Nevertheless, an attempt to apply the Constant
Rate of Supply (CRS) method was applied, and the ambiguities in the
exponential trend of activity appeared in the age model (Table 4,
Fig. 5B). The presented results may indicate on some agricultural works
of low intensity i.e. without using a plow, or livestock breeding. Because
of the disturbances, the results cannot provide precise ages for the
sediment layers, but clearly demonstrate that the essential part of the
sediments of the tillage diamicton accumulated before the mid-19th
century AD.

41.2. ¢

The most reliable chronological model of studied accumulative fan
development was obtained by radiocarbon dating of plant macrofossils
and wood, found in deluvial deposits, as well as in organic deposits lying
below slope deposit cover. However, due to the complex nature of the
radiocarbon calibration curve in the last few centuries (Reimer et al.,
2020), the probability distributions of calibrated ages often have
multi-modal shape, and the ages extend to multiple centuries (Table 2,
Fig. 6).

To determine the beginning of slope cover deposition, radiocarbon
dating was made for wood fragments found in the STPII outcrop in the
top of organic deposits, at a depth of 170 and 175 cm b.g.1. (Table 2).
Obtained dates indicate the termination of organic sediments’ deposi-
tion until mid-17th c. AD. Older age determinations were obtained for
selected plant macrofossils from the upper part of organic deposits from
adepthof175.5t0 173 cmb.g.l.,i.e., 1453-1611 AD and 1521-1639 AD.
This can be the result of partly erosion of the top of organic deposits.
These ages are incoherent with stratigraphical order and were not taken
into account for constructing the chronology.

The first of the samples taken from the bottom of the deluvial sedi-
ments (Cenococcum geophilum — sclerotium from 160 to 165 cm b.g.1.)
was dated to 1427-1455 AD, which also disagrees with the ages of the
wood samples from depths of 170-175 cm b.g.l. Moreover, the age of
another sample taken from the upper part of the lower deluvium unit
(Picea abies — charcoal from 98 to 102 cm b.g.l. (1521-1639 AD —
Table 2); is older than suggested by the stratigraphy.

The termination of the slope cover deposition falls more or less in the
1st half of the 19th century AD, as shown by the results for charcoal
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Table 2
The results of radiocarbon dating of plant remains from the STPII outcrop.
Lithological context Depth [cm b.s. Dated macrofossils 14CAgeyr  Laboratory Calibrated Age Modelled Age
L] BP code Agreement
Index
deluvium 53-58" Pinus sylvestris - charcoal 139 + 22 MKL-A4438 probability 68.3% probability
1683AD (9.1%) 1698AD 95.4%
1722AD (8.1%) 1736AD 1820-1879 AD
1802AD (6.4%) 1814AD A =107.2%

1834AD (29.8%) 1885AD
1910AD (15.0%) 1936AD
probability 95.4%

1673AD (34.1%) 1777AD
1798AD (43.3%) 1896AD
1902AD (18.0%) 1944AD

deluvium 63-68" Picea abies - charcoal of small branch 68 + 22 MKL-A4439 probability 68.3% probability
1702AD (22.5%) 1721AD 95.4%
1816AD (21.7%) 1834AD 1812-1870 AD
1890AD (24.1%) 1908AD A=821%

probability 95.4%
1694AD (28.5%) 1725AD
1810AD (31.3%) 1862AD
1867AD (35.6%) 1917AD
deluvium 98-102" Picea abies - charcoal 360 + 22 MKL-A4440 probability 68.3%
1475AD (37.9%) 1519AD
1587AD (30.4%) 1622AD
probability 95.4%
1458AD (48.1%) 1525AD
1557AD (47.4%) 1632AD

bottom part of 160-165" Cenococcum geophilum - sclerotium 455 + 32 MKL-A4443 probability 68.3%
deluvium 1427AD (68.3%) 1455AD

probability 95.4%
1410AD (95.4%) 1479AD

organic deposits 173-174° Belula sect albae — 1 fruit, Picea abies — 2 needles, 8 390 + 23 MKL-A5051 probability 68.3%
scars 1452AD (59.3%) 1496AD

1601AD (9.0%) 1611AD
probability 95.4%
1445AD (73.8%) 1520AD
1584AD (21.6%) 1624AD

organic deposits 175,5-176,5" Picea abies — 1 needle, Belula sect albae - 1 fruit, 313 +£ 23 MKL-A5052 probability 68.3%
Rubus idaeus — 2 seeds, 6 scars 1520AD (55.5%) 1584AD
1623AD (12.8%) 1638AD

probability 95.4%

1495AD (74.7%) 1602AD
1610AD (20.7%) 1645AD
organic deposits 218-219" Urtica dioica — 2 fruits, Rubus chamemorus — 7 3260 + MKL-A5053 probability 68.3%
seeds 25 1598BC (1.9%) 1594BC
1541BC (62.3%) 1498BC
1472BC (4.0%) 1464BC
probability 95.4%
1612BC (13.6%) 1572BC
1566BC (70.1%) 1492BC
1482BC (11.8%) 1451BC

bottom part of 170¢ wood fragment 200 + 30 MKL-3632 probability 68.3% probability
deluvium 1659AD (18.2%) 1680AD 95.4%
1739AD (10.7%) 1753AD 1662-1808 AD
1762AD (32.6%) 1800AD A =101.1%
1939AD (6.8%) ... probability
95.4%

1643AD (26.3%) 1694AD
1725AD (54.8%) 1812AD
1916AD (14.4%) ...

on the top of organic 175° wood fragment 160 + 35 MKL-3633 probability 68.3% probability
deposits 1668AD (12.6%) 1694AD 95.4%
1725AD (27.9%) 1781AD 1656-1807 AD
1797AD (7.0%) 1812AD A =107.7%

1840AD (1.3%) 1843AD
1862AD (1.5%) 1866AD
1872AD (1.7%) 1876AD
1916AD (16.4%) ...
probability 95.4%
1662AD (17.1%) 1711AD
1717AD (40.5%) 1824AD
1830AD (19.1%) 1894AD
1904AD (18.7%) ...

@ STPII profile.
b STPII organic deposits core.
¢ Outside of the STPII profile.
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XREF results for inorganic sediments (in cps — counts per second). First table row: depth in cm b.g.1. Colours: grey — tillage diamicton, blue - upper deluvium unit, green -

middle deluvium unit, yellow — lower deluvium unit.

10 20 30 40 43 45 48 49 51 54 58 63 66 70 75
Al 525 568 570 554 398 381 653 597 488 586 644 529 516 151 629
K 15707 16464 15677 17164 11173 13536 18382 18825 14961 17468 18664 16786 13721 3666 17917
Ca 6705 8983 7198 6129 5258 5984 9138 9458 8073 8008 7129 7127 7057 1562 6899
Ti 5100 12101 12996 4085 6649 9207 8386 20256 6386 6498 5943 7526 12185 3927 14532
Mn 2558 3660 3115 2255 2228 2328 3465 3233 1905 3466 3742 2534 3218 1019 3331
Fe 123259 119228 108853 94835 72770 83974 119814 125464 80243 107103 116887 74450 92596 31458 113254
Ni 0 475 462 0 486 0 0 0 0 0 0 0 0 0 564
Sr 0 7439 3201 3170 2663 2772 3055 7364 2874 7783 2713 3172 2695 1153 5970
Rb 0 1539 1232 0 0 1013 750 852 0 0 1104 1137 514 347 1121
Cr 0 0 0 0 0 673 0 258 0 0 0 131 284 0 327
Au 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

77 80 84 86 89 92 95 101 103 110 120 128 132 144 158
Al 412 519 523 540 427 548 535 466 405 514 370 391 395 462 415
K 9928 14566 15248 18120 13018 18002 16304 14344 15247 21246 13663 14758 14890 17425 14554
Ca 4290 6445 6056 7648 5522 7194 8750 7532 6737 8752 5557 6438 7049 8006 6594
Ti 5180 6782 6076 16822 6439 7114 12128 11602 3572 6840 6153 6021 8923 7934 4099
Mn 2598 2891 2069 3453 1930 3933 2721 3026 876 1101 746 2388 615 834 860
Fe 74342 74845 72024 113069 69980 84989 100540 84460 58058 117320 52474 71558 68212 83272 61918
Ni 269 0 559 0 428 0 0 794 924 902 845 748 621 502 685
Sr 2312 2823 6600 2841 6002 2825 3350 4485 0 4566 0 0 0 4219 0
Rb 735 0 678 0 0 1080 1693 719 678 1032 0 694 963 874 840
Cr 0 0 137 257 66 316 185 0 0 0 0 0 0 0 0
Au 0 0 0 0 0 0 0 0 0 262 (?) 0 0 0 0 0

Table 4

Specific activity and ages obtained using 2°Pb method for samples from the STPII upper part of tillage diamicton layer (0.5-25.5 cm b.s.1).

Depth (cm) Sample Total?!°Pb activity, (Bq/kg) Uncertainty Total?!°Pb activity (Bq/kg) Age calculated from the?'°Pb model (y) Uncertainty Age (y)
0,5 0-1 298 14 2018 2
2,5 2-3 280 16 2003 4
4,5 4-5 253 14 1984 4
6,5 6-7 87 9 1969 4
8,5 8-9 61 14 1963 4
10,5 10-11 28 10 1959 4
12,5 12-13 39 12 1956 5
14,5 14-15 102 10 1944 6
16,5 16-17 38 11 1926 7
18,5 18-19 18 8 1912 11
20,5 20-21 50 13 1903 12
22,5 22-23 15 8 1890 13
24,5 24-25 15 8 1874 18
210pb SUPPORTED ~ 44-45 8 7

samples (including those from a fine tree branch) dating obtained from
the upper deluvium at a depth of 63-68 cm and 53-58 cm b.g.1. (1683-
1936 AD and 1702-1908 AD). This corresponds also to the results of
210pp dating.

An attempt to obtain more robust and precise ages for this section
was undertaken by calculating the age-depth model using Bayesian
approach (P_Sequence function in OxCal), with a variable k parameter
(Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013). The model took
into account selected **C results and the information from the 2'°Pb
measurements (Fig. 6), i.e. the age of 1874 + 18 years AD was assigned
to the depth of 24.5 cm b.g.1. The overall agreement index for the model
was 96.5%, which exceeds the required threshold of 60%. For the
modelled depths between 24.5 and 173.5 cm b.g.l. the accumulation
rate is almost constant, 0.75 + 0.13 cm/year at average. Hereafter, the
model is used to provide modelled ages and their 1-sigma uncertainties
in the “Discussion” chapter.

4.1.3. OSL

Mineral sediments were dated also with using the optically stimu-
lated luminescence method. The two lowest layers (156 and 166 cm b.g.
1.) were dated at approximately 8.0-6.5 ky BP. The sample collected
from 112 cm b.g.1. was dated to about 3.99 ky BP. The youngest sample

obtained from the depth of 47 cm b.g.1. (directly beneath the agricultural
diamicton level) indicates the accumulation of sediment in the Middle
Ages or early Modern Period (circa 0.469 ky) (Table 5, Fig. 7). All the
obtained OSL dating results should be considered far from expected in
terms of the radiocarbon results.

Important question also arises related to the variability of sediment
moisture over time, as this parameter used to calculate the annual dose
has a significant impact on the obtained results. Moisture and its
meanings were very clearly defined by Aitken (1998). It can be roughly
assumed that an increase in the humidity of 1% adopted for measure-
ment causes "aging" of the obtained sludge age in approximately the
same proportion, i.e. by 1%. However, it should be stressed that hu-
midity was considered as a parameter defined for the entire historical
period from the last redeposition of sediments, i.e. a period of several
hundred or several thousand years.

In the case of the site discussed, located in the valley floor, the sed-
iments of the accumulative fun are strongly saturated with water, both
during the snow thawing (Fig. 1D) and intense rainfall. Creating a
reliable model of changes in their humidity over time, as well as seasonal
fluctuations, is a task beyond the scope of this project. We may be
tempted to define the area of humidity that would most likely reflect the
changes taking place in the past. The sample from the very bottom of
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Table 5
The results of OSL dating for STPII profile.
Lab. Code Sample ID Sampling Depth H,0 Th (Bq/ U (Bq/ K (Bg/ Dose rate (Gy/ Equivalent dose OSL Age (ka)  Age (1 0)
(cm) (%) kg) kg) kg) ka) Gy)
GdTL- JTAULTL 156 20+ 5 28.2 + 225+ 649 + 2.65 £+ 0.10 21.5+1.1 8.04 £ 0.52 6610-5570
3305 63 0.0 0.5 18 BC
GdTL- IAULTL 166 20+5 17.8 + 16.4 + 575 + 1.54 + 0.07 10.36 £+ 0.56 6.67 £ 0.48 5200-4240
3306 72 0.4 0.3 15 BC
GdTL- TIAULTL 112 30+5 21.6 £ 14.8 + 550 + 2.01 £0.11 8.15 £+ 0.65 3.99 £ 0.40 2449-1649
3554 85 1.3 0.8 46 BC
GdTL- TAULTL 47 30+5 225+ 151 + 555 + 2.07 £ 0.12 1.17 £ 0.11 0.496 + 1291-1517
3555 87 1.7 1.1 47 0.063 AD

deluvial deposits (GdTL-3306) is characterised by very high value of
current humidity, which is at the level of 70%. This is due to the fact that
this sample was taken directly over the organic deposits, which causes
that high water saturation. For the remaining samples containing large
amounts of sandy material, the humidity of 20% was assumed. In lab-
oratory conditions, it is possible to estimate the value of the maximum
saturation for such material, in our case it was about 30%.

4.2. Palaeoecological conditions of the accumulative fan accumulation

4.2.1. Organic deposits (STPII core)

Organic deposits with a thickness of 51 cm (219-169 cm b.g.l.)
contained subfossil macrofossils of plants and animals. Their composi-
tion enabled the separation of several stages, illustrating the develop-
ment of the reservoir where they were deposited.

In the first stage (219-200 cm, 2nd mill. BC), the basin was a shallow
reservoir where water probably persisted only temporarily. This is evi-
denced by the small numbers of Chironomidae and Cladocera, episodes of
their complete disappearance in the core, the few statoblasts of bryo-
phytes Cristatella mucedo, as well as the dominance of plants from dry
habitats. The low depth of the reservoir is also confirmed by the pres-
ence of eutrophic species usually living in the littoral zone of the basins.

At a depth of 208.5-200 cm, a period of intense flow (the washing)
was recorded. This is evidenced by the numerous occurrences of
Ephemeroptera remains, which mainly inhabit clean streams and rivers
(McCafferty and Lugo-Ortiz, 1997). At that time, the shores of the
reservoir were overgrown by Rubusidaeus, R. chamemorus and Mentha
arvensis, as well as Urtica dioica, which is associated with nitrogen-rich
habitats. The surrounding landscape was characterized by the domi-
nance of mixed forest communities with Picea, Pinus, Tilia cordata, and
Quercus. An important role in the study area was played by boggy carr
forest with Alnus, Ulmus and rich fern groundcover. They occupied areas
with periodically high levels of standing water.

In the next stage (200-190.5 cm), Picea abies, Juniperus communis,
and Tilia cordata, were important in the landscape around the basin. At
that time, other plant species related to human activity, such as Cirsium
arvense, Fragaria vesca, and Oxalis acetosella, also appeared in the vi-
cinity of the reservoir. In the adjacent profile (i.e. STPI), the palyno-
logical analysis results also showed that the landscape was characterized
by a significant impact of human activities. This is indicated by defor-
estation record as well as numerous synanthropic weeds and, above all,
cultivated plants such as Secale, Triticum, Cannabis, and Fagopyrum. This
stage of reservoir development is associated with the Middle Ages (Piech
et al., in prep.).

In the sediments from a depth of 190.5-173.5 cm, in the light of
radiocarbon dating relating to the period from the late Middle Ages to
the 1st half of the 17th c. AD (Table 2), there is a gradual humidity of the
environment and the entry of wet habitats plants, requiring the presence
of permanent, non-periodic water appearance. The reservoir probably
underwent gradual swamping and increasing eutrophication, which is
shown by the Leydiga acanthoceroides presence. It is a Cladocera species
that inhabit heavily overgrown reservoirs with low water transparency
(Mirostaw-Grabowska et al., 2009). Sedges such as Carex diandra,

C. fusa, and Eleocharis palustris appeared on the shore.

In the final stage of the development of this reservoir (173.5-168 cm,
1st half of 17th c. AD), the water level raised while the bottom was
covered with macrocytes, which ware inhabited in large numbers by
Ablabesmyia, Dicrotendipes nervosus, and among Cladocera by Alona
affinis, Acroperus harpea or Graptoleberis testudinaria. In this part, among
the Chironomidae, there were species that prefer swamps and wetlands,
such as Metriocnemusfuscipes and Tribelos. The statoblasts of the bryo-
zoans Cristatella mucedo were also numerous. Pleuston communities
with Lemna trisulca covered the surface of strongly eutrophicated waters.
Significant moisture was also noted in the adjacent site of STPI, which in
the final stage was transformed into a shallow eutrophic lake, as evi-
denced by the Pediastrum colonies and nymphoides recorded in pollen
profile (Piech et al., in prep.).

The obtained palaeoecological studies’ results of biogenic deposits,
below the deluvial sediments of the accumulative fan, prove the con-
stant growth of human impact in the Middle Ages and early Modern
Period. This leads to the deforestation and development of agricultural
crops. Until the slope processes started, a shallow, gradually overgrown
lake basin functioned at the bottom of the subglacial channel. At the
same time, before the beginning of the slope erosion and the sediments
accumulation, there was an increase in the water level in the vanishing
reservoir, recorded of LIA climate changes.

4.2.2. Mineral deposits (STPII profile)

Within the mineral sediments forming the accumulative fan with a
thickness of about 170 cm, the presence of plant remains was much
lower than in the lower organic deposits. Plants from ruderal habitats
such as the Chenopodium t. album, Rumex acetosella, as well as needles of
Pinus sylvestris and Picea abies were dominated.

On the other hand, the charcoals and fine charcoal were exception-
ally abundant, especially in the depths of 160-165 cm and 63-68 cm.
Such accumulations may indicate an increase in the frequency of fire
events in the region (Scott, 2010; Scott and Glasspool, 2007). The low
presence of macroscopic charcoal also indicates the site’s distance from
the source of the fire (Whitlock and Larsen, 2002; Scott, 2010). In
addition, the small size range of the charcoal fragments in the STPII
profile means that the material has been sorted, probably during its
movement with water (Scott, 2010), i.e., slope wash processes. Among
the larger charcoal fragments, the remains of trees such as Alnus sp.,
Picea abies, and Pinus sylvestris were determined, with Pinus sylvestris
being the dominant species. These results demonstrated the importance
of natural or, more likely, anthropogenic fires in the source slope sedi-
ments zone of the glaciofluvial plain.

4.3. Sedimentological and geochemical characteristics of accumulative
fan deposits

The sediments studied in the STPII geological outcrop have been
divided into three unit of deluvial deposits and tillage diamicton formed
on the top of profile (Piech et al., 2018). The geochemical and sedi-
mentological traits of human induced Holocene slope wash deposits
(called deluvium) and also agricultural (tillage) diamicton were
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described e.g. by: Starkel (1987); Teisseyre (1991, 1994); Stochlak
(1996); Sinkiewicz (1998); Twardy (2000, 2008, 2011); Smolska
(2005); Kittel (2014, 2015, 2016); see also Miller and Juilleret (2020).

The lower deluvium unit (168-102 cm b.g.l.) has been deposited
directly on the organic deposits. For this unit, almost horizontally
laminae with a thickness of up to 2 cm are characterised formed by silty
sands (light colour) and organic mud (darker colour) (Fig. 4). From
lithofacial point of view after Zielinski and Pisarska-Jamrozy (2012),
these deposits were classified as silty sands horizontally laminated (SFh)
and with wavy laminations (SFw). The laminae have a thickness of few
millimetres (to 1 cm) and a character of rhythmite in places.

Electrolytic
conductivity
us/cm
0 25 50 75 100 125 150 175 0
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Bioturbations appear in the lower deluvium unit. From textural point of
view, fine-grained and very fine-grained sands dominate (83-88%) in
the bottom of the unit (Fig. 4A). The silt content is between 10 and 15%
and clay percentage does not reach even 1%. At depth from 158 to 112
cm b.g.l, sand fraction is dominated with fine-grained and very
fine-grained sands (59.03-30.56%), medium-grained sand also appears
(up to 8.94%). For the border of lower and middle deluvium units (depth
102 cm), an increase of medium- and coarse-grained sand is character-
istic. In this unit, a variability of the value of textural indicators is
visible. The value of mean grain size is from 2.86 to 4.27 phi and the
sorting is from 0.58 to 1.65 (0.91 in the units’ bottom) (Fig. 4B). The

Fig. 4. A. Grain size distribution of slope deposits in
the STPII profile: 1 — fine gravel; 2 — very coarse sand;
3 — coarse sand; 4 — medium sand; 5 — fine sand; 6 —
very fine sand; 7 - coarse silt; 8 — fine silt; 9 — clay -
according to Udden (1914) and Wenthworth (1922)
after Blott and Pye (2001) modified (see Table 1); B.
Textural indicators of slope deposits of the STPII
profile (Mz, o1, Sk in phi value); C. Geochemical in-
dicators of slope deposits in the STPII profile, PC1 and
PC2 for selected elements (see Table 3).
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Fig. 5. A. Total 210Pb activity; B. Age-depth model for the upper most part of STPII profile based on measured activities calculated with use of CRS model; C. The
gamma-ray spectrum for samples taken from tillage diamicton layer (0-43 cm b.s.1).

highest positive skewness value is 0.33 and is recorded at a depth of 166
cm b.g.L, at the bottom of the entire profile. While the minimum value is
0.04 cm at a depth of 158 cm. The fluctuations of the kurtosis are visible
however higher fluctuations are noted in the lower part of the unit.

The lower deluvium is not essentially carbonated, the maximum
value of calcium carbonate is 0.04%. At the bottom of the entire STPII
profile, relatively high admixture of organic carbon is recorded (0.28%).
These values than drop at a depth of 135 cm to the lowest in the whole
profile (0.06%). The pH values increase slightly towards the top of this
unit, from 5.8 to 5.86. The average value of the electrolytic conductivity
is 5.67 pS/cm with minimum for the entire profile at depth of 128 cm
(Fig. 4C).

In lower deluvium there is a maximum concentration of Ni element
depends on depth from 502 to 924 cps. In the same unit, Mn values are
the lowest and vary from 615 to 1101 cps with a 2388 cps peak on a
depth of 128 cm b.g.l. In addition, we observed a complete lack of Cr
element, while strontium occurred occasionally at depths of 110 and
144 cm b.g.1. (Table 3). The most interesting observation is the presence
of the Au element on a depth of 110 cm b.g.l. but the results are
inconclusive and require measurements using a different spectrometry
method (i.e. ICP-MS).

Within the lower deluvium unit, there is a horizon with inserts of
proluvia at a depth of 140-150 cm and formed by massive sandy gravel
(GSm). The layer is strongly bent. The thickness of proluvia changes
from a few to several dozen centimetres. Usually, the lower (erosional)
and upper boundaries of the proluvia are clearly visible. The total sand
fraction is 50.02%, and the silt fraction 33.16%. Fine gravel (12.88%)
admixture is not typical for proluvia. It should be emphasized that the
clay fraction has a high percentage of 3.94% with a maximum for the

11

entire STPII profile. Proluvial deposits are characterized by the presence
of coarse-grained material, which translates directly into the value of the
mean grain size, which is 2.99 phi. These sediments are characterized
also by a very poor sorting amounting to 3.48. The skewness value here
is the lowest for the entire STPII with negative amounts —0.11.

Middle deluvium (102-66 cm b.g.1.) has massive structure (SFm) or
weakly visible horizontal lamination in places. This unit was heavily
infested with plant roots, which traces are preserved as round rusty in-
crustations. Middle deluvium is characterized by a relatively constant
grain size distribution, i.e. the average share of the sand fraction is
84.58% (from 72.88 to 93.08%), silt 14.35% (6.35-25.71%), and from
0.52 to 1.44%. An increase in the share of coarser fractions compared to
the lower deluvium is also observed, i.e. medium-grained sand (4.15%
on average). From a depth of 72 to 66 cm, a decrease in the sand fraction
is visible and a simultaneous increase in the silt fraction content, with an
almost unchanged clay fraction. The M, values are from 2.89 to 3.5 phi
with a duality, i.e. lower values are recorded at a depth of 98-76 cm b.g.
1. The average sorting is 1.06 with clear minima at: 86 (67 = 0.85), 78
(67 = 0.82) and 68 cm b.g.1. (67 = 0.94). The maximum positive skew-
ness value for the middle deluvium is 0.37, and the lowest value 0.14.
The duality of this unit is visible in textural features with a border at a
depth ca. 85- cm b.g.l.

Also, two geochemical layers were distinguished for the middle
deluvium unit, the first is at 101-84 cm, which is essentially character-
ized by a lack of calcium carbonate, the second at 80-70 cm b.g.1., with
significant increase (for these conditions) calcium carbonate content up
to 0.37%. At depths from 101 to 80 cm, a relatively low pH values are
recorded. They drop to 5.53 in (86 cm). From 77 cm to 70 cm, pH values
reach up to 5.92. The duality of the unit is also be noticed in the
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Fig. 6. Probability distributions of calibrated *C ages and P_Sequence age-
depth model (see text for description): blue: l4¢c ages used in model, green:
210p}, data, brown: 1*C AMS dates not incorporated in the model; blue shaded
area represents 95.4% probability range of modelled ages. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

conductivity values. The first is marked from 101 to 80 cm, where the
values are similar. The second layer is between 77 and 70 cm b.g.1. with
larger fluctuations in conductivity. The organic carbon content resumes
to a level of 0.23% at a depth of 95 cm in the middle deluvium unit.
In the middle deluvium Ni element is present in less than half of the
samples, and the values are noticeably lower than in lower deluvium
(from 269 to 794 cps). We can observe increased Mn element values -
from 1019 to 2933 cps, but with an average of 2744 cps. Differently from
lower deluvium, strontium is present in all samples from depth 75-101
cm b.g.1. Moreover, middle deluvium has the highest concentration of Cr
element. Cr is present in 7 samples from 11 (from 66 to 327 cps).
Within Upper deluvium unit (65-40 cm b.g.1.), several layers of light
brown and brown material can be distinguished, which lie almost hor-
izontally (rhythmic structure). The laminae’ thickness vary from 1 to
about 5 cm. Most of the brown/dark brown layers have a lower thickness
than the light brown ones. The tops and bottoms of these laminae are
sub-horizontally arranged. These deposits were recognized as silty sand
with horizontal lamination (SFh). The boundaries between the laminae
are wavy and inconsistent in many places. Usually, the tops are eroded,
as evidenced by the thicker material. Upper deluvium is characterized
by large fluctuations in the percentages of individual fractions. The
share of the sand fraction varies from 92.97 to 34.58%, the silt fraction
62.83-6.22%, and the clay 2.6-0.68%. The variation in the proportion
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of the dominating fractions (standard deviation) is large, for the sand
fraction - 14.71, the silt fraction - 14.21, and the clay fraction only 0.55.
The highest variability is for fine-grained sand (standard deviation
11.37), and coarse silt (standard deviation 8.92). The upper deluvium
unit is characterized also by a very high variability of all sedimento-
logical indicators. The M, value is from 4.81 to 3.02 phi and sorting is
from 0.82 to 1.57. The range of skewness is from 0.14 to 0.43, with a
standard deviation of 0.07. Also visible is the lowering of the skewness
towards the bottom of the unit.

In this unit the mean value of calcium carbonate content is 0.09%.
There are slight fluctuations in the value of calcium carbonate - two
sectors can be separated: the first from 66 to 51 cm b.g.1. with relatively
large fluctuations in pH, and the second from 48 to 40 cm, where the pH
value is kept essentially constant (5.68). A large variation in the con-
ductivity values at particular depths is visible here. The maximum value
is 10.04 puS/cm (40 cm - unit top), the minimum is 4.8 pS/cm. Values for
calcium increase from 7127 cps from the bottom to a depth of 49 cm and
then quickly drop towards the top of this unit to 5258 cps. At the depth
of 49 cm, a distinct peak of Ti is noticeable (up to 20,256 cps). In turn,
Rb, Cr and Ni occur only at certain depths.

The tillage diamicton (from 40 cm b.g.1.) has a massive structure.
The material is largely mixed, ranging in colour from light brown to dark
brown, in places rusty and dark grey. According to the lithofacial code
proposed by Zielinski and Pisarska-Jamrozy (2012), tillage (or agricul-
tural) diamicton can be treated as sandy diamond with a disturbed
structure (DSd). The sand fraction dominates in the tillage diamicton, on
average 91.63% (from 88.74 to 95.88%). The silt fraction is on average
8.28% (from 4.12 to 11.26%). It is worth noting the lack of gravel
fraction and also clay fraction was not detected. Fine-grained sand
predominates in the sand fraction (up to 56.01% at a depth of 30 cm).
Very fine-grained sand is up to 42.67% (at a depth of 15 cm). The share
of individual fractions slightly changes with depth. In this layer, the
values of individual sedimentological indicators are relatively constant.
The mean grain size range is from 3.03 to 3.26 phi, sorting is from 0.6 to
0.9 (moderate sorting), skewness is mostly positive but close to 0. At a
depth of 20 cm, it drops to —0.01.

From a depth of 65 to 30 cm b.g.l., a constant percentage of organic
carbon is recorded (0.2% on average). From a depth of 30 cm-5 cm, a
systematic increase in value up to the level of 0.45% (maximum in the
profile) is recorded. In this unit, there is a rapid increase in the content of
calcium carbonate from 0.14 (top deluvium) to 0.47% (bottom of tillage
diamicton). The values increase than to 0.73% at the unit’s top. The
mean value is 0.61% with the standard deviation - 0.63%. The pH values
systematically decrease from the depth of 37 cm-20 cm (from 5.8 to
5.54). In the 10 cm deep, the pH rises to 5.78. Relatively similar values
are recorded from the bottom of the unit to the depth of 20 cm (from
8.49 uS/cm to 9.73 puS/cm). Only at the top (10 cm), a sharp increase in
the conductivity value up to 15.52 pS/cm can be noticed.

5. Discussion. Natural and anthropogenic conditions of
accumulative fan development

5.1. Mid-17th c. — 18th c. AD

The procedure of determining the chronology of the accumulative
fan mineral sediments was based mostly on radiocarbon dating, despite
a low level of biogenic remains admixture.

Precise dating was possible thanks to the acquisition of plant mac-
rofossils with a short growing season. The obtained results prove that the
deluvial sediments forming the studied accumulative fan were accu-
mulated not earlier than in the 2nd half of 17th c. AD. Simultaneously,
the results of radiocarbon dating indicate the termination of this accu-
mulation ca. mid-19th c. AD and the results of 21%Pb and other radio-
nuclides measurements confirm this conclusion (Fig. 3).

In the lower deluvium unit (168-102 cm b.g.l.; from 1744 + 43 to
1800 + 24 AD - Fig. 6), deposits with moderate and moderately well
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sorting predominate. This may indicate better conditions for the trans-
port of the material, perhaps on the exposed surface of the glaciofluvial
plain. A better sorting of gravel and sand fractions can indicate a longer
duration of sediment transport. Lower deluvium have been slightly
transformed in relation to the source material (Piech et al., 2018). It is
noticeable that towards the fan’s top the degree of material sorting de-
teriorates. It may be caused by shorter transport from smaller areas. The
bottom sediments of lower deluvium were washed out from the surface
of the glaciofluvial plain, as an effect of erosion of the topsoil layer
(humic horizon). It indicates higher organic carbon content in this part
of the profile. A large amount of charcoal in bottom of lower deluvium
indicates fire, most likely caused by human activity, as an important
factor accompanying erosion and accumulation processes, as confirmed
by palaeoecological results.

The processes of the accumulation of lower deluvium are very
complex. Similar values of textural indexes at particular depths may
indicate that the lower deluvium unit could be deposited as a result of
process like mudflow in the form of tongues. The accumulation in the
form of mudflow tongues took place unevenly and sporadically. Mud
tongues were than covered with sediments of slope wash processes. Such
accumulation took place when the amount of water decreased (low-in-
tensity rains or snow meltwaters), which was associated with a lower
erosion-accumulative force. Prolonged and intense rains or rather
snowmelt had to be responsible for deposits’ hydration. Simultaneously,
a small amount of organic matter in the lower deluvium unit may prove
a significant share of spring thaw in the erosion and accumulation
processes. The accumulation of the material on the ice or snow covers
and secondary deformation of depositional structures after melting were
recorded. Additionally, the slop wash cover and tongues could be eroded
by rills. Heavy rains resulted in increased linear erosion, caused small
cuts within the fan surface with proluvia accumulation. The gravel
fraction along with clay balls were accumulated during the intense
water flows forming erosional cuts, while the silt and clay fraction
accumulated during the decrease in water velocity in the cut. The pH
values increase slightly towards the lower deluvium the conductivity
values drop to a depth of 128 cm (1780 + 31 AD), then they increase. A
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stable increase in pH, with a simultaneous decrease in conductivity, may
suggest that such a situation arose because of intense rains (hydration of
sediments) with a pH close to neutral.

Smolska (2005) shows that deluvia formed in the post-glacial area
and during the early Holocene (cold periods) are characterized by a lack
of admixtures of organic matter, better sorting and the presence of so-
lifluction structures. In this case, the sediments of lower deluvium (dated
to the second half of the 17th century AD) could be formed in cold
season, mainly during spring thaws on frozen surface. This was
confirmed also by the geochemical record, because the first PC plot show
stable and negative values (Fig. 4C, Table 3) mainly to the depth 105 cm
(1800 + 24 AD). The intensity of weathering rocks building the level
was therefore limited. This situation changes over the depth 103-101 cm
(ca. 1803 + 23 AD), where the two PC has positive loadings with peaks
of Ni and Mn. Ni content may be associated with weathering of the area
of fan’s source material and with chlorite occurrence (Bianchini et al.,
2014; Goossens et al., 2015). Very high values of Mn indicate the su-
periority of the power of the subsurface water due to Mn>* ions and
colloidal suspension (Kabata-Pendias, 2011). Sorting of the deposits
took place in the conditions of long runoff caused by pouring rainfall
(see Smolska, 2005), which would correspond to the increased intensity
of rainfall during the Little Ice Age. Moreover, this layer associated with
melting waters is characterized by low values of the Rb/St ratio, and
corresponds with grain size parameters, especially of mean grain size.
This approach is based on different environmental mobility of the two
elements and its mobility depending on the weathering (Kalugin et al.,
2005).

The bottom part of lower deluvium was OSL dated at approximately
8.0-6.5 ky BP. The reversed chronology (apparent inversion) is also
observed. Such results are the effect of quartz non-bleaching during
redeposition. Environmental conditions conducive to the formation of
such an effect may be related to the redeposition of the material due to
washing of a large volume of sediment in an aqueous medium with a
large amount of suspension. It should be assumed that the accumulation
of a lower deluvium occurred quickly, perhaps during one or more
successive extreme events in short periods of time. The research of Piech



A. Ginter et al.

et al. (2018) shows that the textural features of this unit do not differ
significantly from those of the source (glaciofluvial) material, which
proves the short and quick transport of the studied sediments. On the
other hand, the structural features of the lower deluvia indicate sedi-
ment deposition, at least partially on snow or ice. This may suggest that
the process took place during a cool season and was most likely related
to the effects of meltwater. A large mass of moving deposits, the rapid
pace of transport and deposition and low sun angle during the early
spring did not allow for a complete bleaching of quartz grains, causing
overestimation of the obtained OSL results compared to radiocarbon age
of plant macrofossils from the same sediments* layers. So here we are
dealing with luminescence results which reflect the process of
unbleaching (or only partial bleaching) of deposits during redeposition,
which produced much too old results. The effect of improper bleaching
of the sample is not unusual for this type of sediments, too short trans-
port along the slope and the resulting problems for the luminescence
method were also discussed by Poreba et al. (2018).

5.2. 19th c. AD

After the accumulation of the lower deluvium, the fan could be
stabilized for a short period. A thin layer of alluvial soil was recorded in
the distal part of the fan (Piech et al., 2018, in prep.). The border between
middle deluvium and lower deluvium units is erosive in the STPII
outcrop. This is evidenced by coarse-grained sand and single gravels at
102 cm b.g.1. (1803 + 23 AD) and cut laminae of the lower deluvium.
Structural, textural and geochemical features show that the environ-
mental conditions of accumulation of middle deluvium unit differ from
those of the lower deluvium. Middle diluvium (102-66 cm b.g.l.; from
1803 + 23 to 1833 £ 15 AD) is characterized by a change of structural
traits (weakly laminated or even massive) and dark brown colour. The
dark colour indicates the growth of humic matter and plant macrofossils
in the material, confirmed by the results of palaeobotanical and
geochemical analyses. In addition, textural and geochemical duality was
discovered in the middle deluvium. They demonstrate variable envi-
ronmental conditions during their depositions. The lower part of the
middle deluvium, i.e. from the depth of 102 to 74 cm b.g.1. (from 1803
+ 23 to 1827 + 17 AD), can be defined as anthropogenic deluvium
related to the intense management of the area of the adjoining glacio-
fluvial plain. This is noticeable by a sudden drop in pH, which indicates
that the soil was acidic. An increase in %Corg (95 cm; 1809 + 21 AD)
and %CaCOs (80-75 cm; 1823 4+ 17 to 1827 4+ 17 AD) may be related to
the increased fertilization of the glaciofluvial plain or soil washing.
Strongly erosion of surface is supported by such indicators as Al, Ti and
K and variables of Rb/Sr ratio while very low Fe/Mn ratio (below 40)
suggest the highly oxidizing conditions. An occurrence of Cenococcum
geophilum sclerotia confirms also soil erosion. The abruptly decrease all
geochemical elements at the depth 70 cm (1832 + 16 AD), is best
explained by the inhibited recirculation caused intensity mechanical
and chemical denudation or acidification of soils. The influence of
changes intensity of calcium carbonate and lithophilic elements was also
found by Borowka (1994) in NW Poland. The increase in conductivity
can be explained by an increase in various types of pollutants and an
increase in the content of humic matter washed out from agricultural
fields, and fragments of the fan surface could be also used as farmland in
that period (which can result in the blurring of original structures). For
the middle deluvium deposits, poor sorting can indicate a shorter de-
posits transport, and that a part of sediments comes from washed gla-
ciofluvial plain. The middle deluvium unit corresponds to the features of
agrotechnical deluvium according to Stochlak (1996). As Smolska
(2005) indicates, the homogeneity of the sediments in terms of the
content of individual fractions and humus content indicates agricultural
diamicton, i.e. direct human influence. Intense plowing on the glacio-
fluvial plain could cause the accumulation of massive series with poor
sorting (cf. Smolska, 2005). On the other hand, sediment homogeneity
may also result from multiple redeposition of material within the slope
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(Teisseyre, 1994).

In the case of the sample from a depth of 112 cm b.g.1. (GdTL-3554),
the OSL age differs significantly from the radiocarbon date set. Ac-
cording to the OSL dating methodology, in the bimodal or multimodal
distribution, the most probable age of the sample is determined on the
basis of the group of results located within the first peak (Moska, 2019).
On this basis, it was established that the most probable age of the
sediment in the GATL-3554 sample is around 3.6 ka. This sample came
from a thin layer of deluvium with a clear erosional boundary. Conse-
quently, this layer had the highest probability of prolonged exposure to
sunlight, at least for some of the material constituting the top of this
layer. The dose distribution graph for this sample is characterized by a
very wide distribution and shows a characteristic bimodality. Such a
distribution suggests that the sampled deposits included grains with a
distinctly different bleaching history: grains (Fig. 7 - red part of the
graph) were slightly (or not) bleached and grains with longer exposed to
the sunlight. This does not change the fact that even at this point, it
cannot be stated that the material was adequately bleached, as a result it
is still significantly overestimated compared to radiocarbon dating.

A large values of standard deviation for the sand and silt fractions
and a very large variation in the values of sedimentological indexes
indicate a very changeable dynamics of the accumulation processes of
the upper deluvium (65-40 cm b.g.1.; from 1841 + 14 to 1859 + 14 AD).
The samples with poor sorting predominate here, which proves the short
transport of deposits. Such a situation may indicate the origin of this
material from the eroding of the slopes and the nearest area of the
glaciofluvial plain. At the same time, the middle fragments of gullies
could be filled. Additionally, samples with a predominance of fine grains
prevail. The individual layers of the upper deluvium are a remnant of
successive erosion and accumulation events, where one event consists
of: first the erosion of the tops of the older layers took place, then the
thicker material accumulated (higher transport energy, light colour of
the material), then, a rapid loss of the transport energy resulted in
deposition of finer material with organic. A similar situation was
described by Twardy (2008). With the reduced transport energy, only
the finest grains and humic matter could be deposited - hence the in-
crease of the M, value and the darker colour of the material. In the upper
deluvium, diffuse surface-flow was dominant, which in turn may indi-
cate a reduced power of heavy rains as the main factor initiating runoff
processes. Clearly higher mean value of the Rb/Sr ratio (above 0.3),
which are typical of deposits accumulated in winter seasons (Alexandrin
et al., 2018). Such deluvium stratification may also indicate the relative
stability of the environmental condition, and the activity of man and
agriculture maybe even on the fan surface. This can be confirmed by the
relatively stable content of calcium carbonate and organic carbon. The
deposits are slightly acidic, and the different value of conductivity re-
sults from the amount of the finest grains and the content of humic
matters. Such feature of deluvial deposits, as poor sorting, has already
been described (Twardy, 2000, 2008; Sinkiewicz, 1998; Smolska, 2005;
Kittel, 2014). The rhythmic structure of the upper deluvium can by also
an evidence of partly overbank deposition (Szmanda, 2018).

The sample with the estimated OSL age closest to the modelled
chronology is at a depth of 47 cm b.g.1. and indicates the accumulation
of sediment in the Middle Ages or early Modern Period. It should be
assumed that in the case of the OSL sample the quartz grains were also
not fully bleached. This interpretation is supported by the measurement
results as well, which indicate a large dispersion of individual aliquots.
Most likely, the sample contained both fully bleached grains and
partially bleached grains, and possibly those that were not exposed for
light during transport and after forming the layer within the alluvial fan.
The results of Piech et al. (2018) shows, that a dominating type of slope
transport was saltation and also but with a minor role — suspension.
Saltation was responsible mostly for a deposition of grains with diameter
44-297 pm, while suspension - grains below 44 pm. In the C-M diagram
after Passega and Byramjee (1969), the sediments of lower deluvium are
placed mostly within Class V and also within Class VI/VIL, or within
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segments P-Q and Q-R, which demonstrates that they were transported
by grained suspension and saltation (cf. Szmanda, 2007, 2010, 2011).
That depositional environment did not allow for a full bleaching of
quartz grains.

The tillage diamicton (from 40 cm b.g.l. between 1859 + 14 and
1870 + 16 AD) was created as a result of mixing the top of upper
deluvium as a result of agrotechnical activities (ploughing). In this layer,
there are quite clearly visible traces of ploughing - about 20 cm below
ground level. Most likely, the ploughing was not very intense. Human
activity is indicated also by a very fast increase in calcium carbonate,
especially in the upper part of the STPII profile, and a rapid decrease in
the pH value. Such a case shows unnatural action. The increase in
conductivity, pH and Cog at a depth of 10 cm b.g.l. indicates greater
activity of external factors, including the influence of rainfall. The
present-day humic horizon is about 5 cm thick. Such a thickness could
have formed as a result of the cessation of agricultural activities about
30 years ago. The description of the layer corresponds to the charac-
teristics of agricultural (tillage) diamicton according to Sinkiewicz
(1998) or Twardy (2008).

5.3. Serteya results in relation to East European Plain modern slope wash
processes

The conducted study shows that the lower deluvium of the accu-
mulative fan could be deposited during one or several consecutive
extreme events in short periods of time. They took place during the cool
season, most likely in the early spring in the 2nd half of 17th c. AD.
Later, after the period of stabilization of the fan surface (Piech et al., in
prep.), the phase of successive accumulation of the middle and upper
part of the deluvium began, which demonstrate traits of agrotechnical
deluvium. The completion of the accumulation of the studied fan de-
posits and therefore the development of the erosive cut’s system took
place until the mid-19th c. AD. According to Litvin et al. (2003) Serteya
region is located in a zone dominated by meltwater and rainfall erosion
with cultivation and stock-raising with highly selective land use. In the
area of the East European Plain, the main factor causing headward
erosion of ravines is the surface runoff formed during the snow thawing
(Butakov et al., 2000). This area is in the middle of the erosion-potential
of cultivated land. There are from 2 to 25 gullies per 100 km? in this area
(Litvin et al., 2003).

The slope processes in the Serteya region were undoubtedly related
to the increasing human impact resulted in deforestation and the
development of agriculture, which is documented by the results of
palaeoecological studies (Piech et al., in prep.). Increasing deforestation
of the area in the Modern Period has been documented for Serteya re-
gion by Tarasov et al. (2019) and f.ucow et al. (2020). In the 70s of the
18th c. AD, a very large decrease in the share of spruce was recorded,
which was the result of forest exploitation (Lucow et al., 2020). A sig-
nificant improvement of economic conditions of Velizh town and its
surroundings in 17th c. AD was an effect of active political and military
work of city prefect A. Gonsevsky in the years 1597-1645 AD. Later, N.S.
Mavrodin estate in Selezni village experienced dynamic development in
19th c. AD (until 1917 AD). This resulted in the actively developing of
agriculture, cattle-breeding and catching crafts in the area adjoining the
Serteya R. valley from the west (Eremeev and Dzyuba, 2010).

Our results are in line with the reconstructions elaborated for Central
Russian territories. Golosov et al. (2017) describe the intense soil
erosion in the East European Plain from the 17th c. AD to the present
day, initiated by increased agricultural activity, which could cause
development of slope covers and gully erosion. In that area, more
intense human activity took place from the 16th and 17th centuries AD
(Belyaev et al., 2004). In the Moscow region, an intense erosion of the
slopes as a result of human activity has been documented by Sidorchuk
and Golosov (2003) for the years 1696-1796 AD. For the Moscow region,
the force of erosion gradually decreased in the years 1887-1980 AD, as
the area of arable land was reduced. As noted by Golosov and Belyaev
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(2011), most of the gullies currently found in forests were created during
the periods of crop expansion. The most intense aggradation of riverbeds
in the Oka River basin took place from the end of the 19th c. to the
beginning of the 20th c. AD. It was caused by the inflow of material from
the slope erosion to the bottoms of small lower-order rivers (Golosov,
2006). In the East European Plain, most gullies were created in the last
300-400 years because of intense agriculture and deforestation (Litvin
et al., 2003).

An increase of the cultivation area took place in Russian territories in
the 18th c. AD. In the 2nd half of the 18th c. AD, the upland of Moscow
area was completely occupied by arable land (Panin et al., 1999). At the
beginning of the 19th c. AD, in the Central European Lowlands (southern
fragment), the agricultural area reached its maximum (Golosov et al.,
2017). The numerous charcoals found in slope sediments suggest that
forest fires had an impact on slope destabilization. Such fires between
1200 and 600 years ago have been documented for Moscow region
(Belyaev et al., 2004).

6. Conclusions

The use of three independent dating methods on the inorganic sed-
iments allowed to refine the chronology of the studied accumulative fan
and to determine an age of its formation on the period of about 200 years
between the mid-17th and mid-19th centuries AD. Radiocarbon dating
of organic deposits and wooden remains occurring directly under
deluvial sediments turned out to be of key importance to determine the
beginning of slope processes. Moreover, the results of lead dating
became the basis for stating the termination of these processes before the
mid-19th century AD. Structural analysis results and the OSL dating
interpretation made possible to formulate a hypothesis about the accu-
mulation of the lower deluvia unit as a result of one or several successive
events that took place in the cool season, most likely during the thaw
period.

At the same time, our study allows to formulate several methodo-
logical conclusions:

1/effective dating of deluvial sediments is possible mostly with the
use of the radiocarbon method, the results of lead dating have also
provided significant data;

2/for precise age estimation, it is necessary to carry out a wide
dataset as base for chronological models;

3/the effective use of the optically stimulated luminescence (OSL)
method in elaboration of chronology of deluvial sediments’ deposi-
tion will require creation of new laboratory methods of preparation
the quartz grains and feldspars from the geological core;

4/the sediments selection for OSL dating should be preceded by grain
size distribution and palaeoecological analyses;

5/during the slope-wash processes, a significant part of the quartz
grains or feldspars are only partially bleached or had no contact with
solar radiation;

6/precise OSL dating of sediments requires determination of sedi-
ments’ humidity changes over the years and seasons;

7/the lead dating of inorganic sediments, due to the high proportion
of insoluble fractions, creates severe problems in the preparation
process and may have a negative impact on the final results of dating;
8/deforestation is manifested in deluvial sediments by the presence
of charcoal, therefore palaeoecological analysis should also be sub-
ject to inorganic sediments.
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6. Etapy rozwoju rozcieé¢ erozyjnych i stozkéw akumulacyjnych w dolinie rzeki Sertejki

na tle sSrodkowo- i wschodnioeuropejskim

Pierwsze rozcigcia erozyjne (parowy C, D, E, F, G — Piech 2021, Rys. 2; Rys. 11) na
zboczach WSBP zaczely by¢ formowane niedlugo po ustapieniu ostatniego ladolodu,
tj. zlodowacenia watdajskiego (zlodowacenie wisly). Przemawia za tym zlozenie osadow
stozkow akumulacyjnych bezposrednio na osadach kemoéw i teras kemowych (Rys. 13A).
Obecnie rozciecia przybierajg forme niewielkich dolin denudacyjnych o bardzo tagodnych
zboczach — z czasem dno form zostalo wypetnione przez osady deluwialne. Posrednio
wskazuje to na intensywne procesy stokowe zachodzace poprzecznie w obrebie form
oraz na znaczny wiek rozci¢¢. Osady wypelniajace najstarsze doliny denudacyjne nie byly
przedmiotem szczegdétowych badan sedymentologicznych.

Erozja zboczy rynny subglacjalnej zostala zainicjowana silnym skoncentrowanym
splywem  powierzchniowym zwigzanym z wytapianiem bryl martwego lodu
oraz ewentualnym tajaniem wieloletniej zmarzliny. Stopniowo, kiedy predko$¢ wytapiania
bryt lodu zmalata, a wzrosto tempo wytapiania lodu gruntowego, na zboczach zaczela
dominowa¢ erozja rozproszona oraz soliflukcja. Zaznaczylo si¢ to w depozycji osadow
deluwialnych o niewielkiej $rednicy ziaren (5-6 phi) i stabym wysortowaniu (2-2,5). Warto
réwniez zauwazy¢, ze charakterystyczne dla tych osadow krzywe czgstosci uziarnienia sa
bardziej wyplaszczone i jednocze$nie multimodalne. Sugeruje to, Zze osady mogly by¢
wielokrotnie redeponowane lub/i sita proceséw erozyjno-akumulacyjnych byla niewielka
i jednoczesnie dlugotrwata. W osadach starszych stozkow widoczna jest réznorodnosc
obserwowanych systemow zalezno$ci $redniej $rednicy ziaren i wysortowania, co roOwniez
potwierdza wielokrotng ich transformacj¢ (Piech 2021 — tam dalsza literatura).

Rozwoj szaty roslinnej i1 zmiana stosunkéw wodnych we wczesnym holocenie
(udokumentowane do ok. 8400 ka BP) spowodowaly zahamowanie proceséw erozyjnych
(Rys. 13B). Ponomarenko i in. (2020) wskazujg, ze okres 10000-4700 BP w Europie
Wschodniej odznaczat si¢ znikomg intensywnoscig procesow erozyjno-akumulacyjnych.

Procesy poglebiania parowoéw miaty miejsce na Nizinie Wschodnioeuropejskiej
w okresach: 6200-5900, 5500- 5200, 4600- 4300 i 3600- 3000 cal. lat BP (Panin i in. 2011).
Z kolei Ponomarenko i in. (2020) zaznacza, ze w regionie Srodkowej Wotgi wzmozony cykl
depozycyjny miat miejsce 4700- 4500 lat p.n.e. Natomiast na zboczach doliny rzeki Sertejki
okoto 4150 r. p.n.e. powstaly niewielkiej migzszosci osady stokowe, ktore byly efektem
splukiwania rozproszonego (Kittel i in. 2020). W tym okresie najprawdopodobniej miala

miejsce najsilniejsza depozycja materiatu w obrebie stozka C (Rys. 13C).
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Rys. 13. Etapy formowania parowow i stozkow akumulacyjnych w dolinie rzeki Sertejki
od ok. 11 tys. do ok. 2 tys. lat temu

A:ok. 11 tys. — 10 tys. lat; B: 10 tys. — 4,7 tys.; C: 4,7 tys. — 2 tys.

1 — wysoczyzna morenowa; 2 — rownina wodnolodowcowa; 3 — zbocza doliny; 4 — kemy i terasy kemowe;
5 — bryty martwego lodu; 6 — inicjalne rozciecia erozyjne; 7 — parowy; 8 — stozki akumulacyjne; 9 — jezioro;
10 — tereny zalesione; 11 — taki z pojedynczymi drzewami; 12 — brak pokrywy ro$linnej/tereny rolne;
13 — réwniny biogeniczne; 14 — potencjalne osady; 15 — rozciecia den parowow; 16 — ukiad redlin; 17 — drogi;
18 — Kkoryta rzeczne; 19 — spltyw rozproszony; 20 — spetzywanie; 21 — procesy poprzeczne w obrebie parowow;

22 — procesy podtuzne w obrebie parowow
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Parow C zaczal wcina¢ si¢ coraz glgbiej 1 szybciej w réwning wodnolodowcowa
(wczesniej erodowat wysoczyzng morenows). Forma ta jest czgScig koncowa rozleglego
bardzo stabo czytelnego w rzezbie rownoleznikowego obnizenia, ktére kieruje sie na wschod.
W  kolejnej fazie powstal stozek akumulacyjny STA, ktéory datowany jest na
okoto 3700 lat p.n.e. W dolinie rzeki Sertejki procesy denudacyjne o matej sile mogly trwac
nawet do 2500 r. p.n.e. (Kittel i in. 2020, 2021). Warto tutaj przypomnie¢, ze okoto 4000-
3000 lat p.n.e. w okolicach WSBP pojawialy sie grupy ludnosci neolitycznej o tradycjach
stepowych (Mazurkevich i in. 2020), ktérej dziatalno$¢ mogta przyczyni¢ si¢ do czesciowego
odlesienia zboczy (Kittel i in. 2021; Wieckowska-Lith i in. 2021). Analiza wartosci skosnosci
I wysortowania osadow budujgcych mtodsze (ptytsze) warstwy badanych stozkow (C, D, E,
F, G) wskazuje na wystapienie w ciggu kilku tysiecy lat, co najmniej kilku faz erozji. Wyniki
badan Kittela i in. (2020, 2021), Mroczkowskiej i in. (2021), a takze Piecha i in. (w druku)
wskazaty, ze poziom lustra wody w jeziorze w obregbie WSBP byl zmienny na przestrzeni
wiekOw, zatem zmienialy si¢ stosunki wodne, aktywnos$¢ procesow stokowych, jak rowniez
baza erozyjna formowanych wowczas rozci¢é¢ erozyjnych.

Nastepny okres intensyfikacji procesow stokowych nastapil miedzy 1850 a 1600 r.
p.n.e. (Rys. 14D), co bylo spowodowane wzmozona dzialalnoscig cztowieka (Kittel i in.
2021). W spagu czesci organicznej rdzenia STPIlyio (datowanej na 1600- 1560 lat p.n.e.),
ktory byl zlokalizowany w bezposrednim sasiedztwie zboczy, udokumentowano faze¢ ich
erozji. Uwidocznita si¢ ona w wynikach analizy LOI duzg domieszka materii nieorganiczne;.
Faza ta jest trojdzielna. Poczatek i1 schylek fazy odznaczajg si¢ tym, ze osad organiczny jest
silnie zapiaszczony, a $rednia $rednica ziaren frakcji mineralnej oscyluje wokot 4 phi, z kolei
w czesci srodkowej udokumentowano mniejszy udziat piasku. Wystepuja tutaj drobniejsze
ziarna o $redniej Srednicy okoto 5 phi (Piech i in. w druku).

W regionie Srodkowej Wotgi kolejne cykle depozycyjne zaznaczyly si¢ w okresie od
| wieku p.n.e. do Il w. n.e., dalej w H1-VII w. n.e., VIII-XII w. n.e. (Ponomarenko i in.2020).
Fazy erozyjno-akumulacyjne byty spowodowane dziatalnos$cig dawnych spotecznosci (kultura
dniepro-dzwinska, kultura Tuszemla, okres rozwoju ksigstw staroruskich). Koreluje to z faza
denudacyjng przypadajacg na okres 1800-1500 lat BP, kiedy notowana jest wyrazna
faza intensyfikacji proceséw erozyjnych w Europie Srodkowo-Wschodniej (Belyaev i in.
2005, Twardy 2008; Panin i in. 2009, 2011; Zgtobicki 1 in. 2014; Kittel i in. 2020).
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Rys. 14. Etapy formowania parowow i stozkow akumulacyjnych w dolinie rzeki Sertejki
od ok. 2 tys. p.n.e. do 1840 . n.e.
D: 2 tys. p.n.e. — ok. 1450 r. n.e.; E: ok. 1450 r. — ok. 1800 r.; F: ok. 1800 r. —ok. 1840 .
Legenda jak na Rys. 13
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Nalezy zauwazy¢, ze parowy D, E, F i G, mimo znacznego wieku, sg formami
»prostymi” i o matej rozciggltosci. Autor sugeruje, ze na przestrzeni ostatnich kilku tysiecy lat
parowy po wschodniej stronie doliny Sertejki tylko nieznacznie wcigly si¢ w obszar
Wysoczyzny morenowej, osiggajac migzsze poziomy glin zwatowych, ktore hamowaty dalsza
denudacje¢ zboczy. Erozja zachodzita jedynie na zboczach parowow (pierwotnie debrzy
lub wawozow), doprowadzajac wiasnie do zapelnienia ich den. Z kolei parow C rozwinat si¢
do skomplikowanego systemu rozci¢¢. Taka sytuacja mogla si¢ wydarzy¢, poniewaz po
zachodniej stronie doliny rzeki Sertejki wystgpuja stabo skonsolidowane piaski
wodnolodowcowe (Piech i in. 2020; Piech 2021).

Na podstawie wynikéw analizy palinologicznej, makroszczatkow roslinnych i analiz
paleozoologicznych wykonanych dla profilu STPIpic wyrézniono cztery fazy rozwoju lokalnej
ro$§linnosci (Piech i in. w druku). Trwanie poszczegélnych faz koreluje ze zmianami
w aktywnos$ci Stonca. Faza I trwajaca od 1200 do 1282 AD przypada na schylek aktywnosci
Stonca w trakcie Sredniowiecznego Optimum Klimatycznego. W tym czasie w dolinie rzeki
Sertejki zarejestrowano okresowo wysoki poziom stojacej wody. Faza II (1282-1335 AD)
zazebia si¢ z Minimum Wolfa, kiedy dokumentowano nizsze §rednie temperatury na Ziemi.
Podczas tej fazy nastepowata eutrofizacja jeziora oraz jednoczesne podniesienie si¢ poziomu
wody. Faza Il (1337-1434 AD) przypada na wzrost aktywnosci Stonca. W tym czasie brzegi
jeziora w dolinie rzeki Sertejki przeksztalcity si¢ w torfowisko. Faza IV (1454-1500 AD)
koreluje z Minimum Sporera, ktére powigzano z mniejsza aktywno$cig Stonca, moznymi
zimami i nizszymi $rednimi temperaturami na Ziemi. W tym czasie badane jezioro
przeksztatcito si¢ w ptytkie jezioro eutroficzne, a takze nastapita silna deforestacja.

Kolejne dwie fazy erozyjne zachodzace na zboczach doliny rzeki Sertejki przebiegaty
od okoto 1500 do okoto 1630 AD (Rys. 14E). Udokumentowano je w stropie osadow
biogenicznych rdzenia STPllorg, a takze w STPlorg. Wigze si¢ to z wyraznym wptywem
dzialalnosci czlowieka oraz zmiang warunkéw klimatycznych na bardziej wilgotne. Materiat
organiczny jest tutaj zapiaszczony, dodatkowo $rednia $rednica ziaren spada, a wskaznik
wydajnosci erozji wyraznie rosnie (Piech i in. w druku). Wspomniane fazy erozyjne wigzane
sg przede wszystkim z intensywnym splukiwaniem rozproszonym, ktére zachodzito na
zboczach i wysoczyznie poro$nigtych przez las mieszany (Picea — Pinus — Tilia mordata —
Quercus) wraz z bogatym runem paprociowym (Ginter i in. 2023; Piech i in. w druku).
Okresy wzmozonej erozji na Wyzynie Srodkoworosyjskiej wedlug Belyaev’a i in. (2005)
mozna ulokowac na okres od 430+£100 do 220+100 lat conv. BP. W deponowanych wéwczas

osadach zostal udokumentowany udziat pylku roslin uprawnych, co wskazuje na
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intensyfikacje rolnictwa. W tym okresie wzrosta intensywno$¢ oraz liczba nawalnych opadow
(Jones 1 Mann 2004; Lamb 2005). Intensywne przeksztatcenia rzezby terenu nastgpowaly
woéwczas w niemal calej Europie Srodkowo-Wschodniej (Litvin i in. 2003; Smolska 2005;
Golosov 2006; Twardy 2008; Zgtobicki i in. 2014; Ginter i in. 2023; Piech i in. w druku).

Poczatek formowania stozka akumulacyjnego A miat miejsce w 2 pot. XVII w. Doszto
wowczas do intensyfikacji dwoch wskazanych powyzej czynnikow, tj. antropogenicznego
i Klimatycznego. Obszar zboczy doliny rzeki Sertejki i przyleglej wysoczyzny zostat
wylesiony, a czg$¢ ziem zostata przeksztatcona w pola uprawne, co potwierdzaj wyniki badan
paleobotanicznych (Piech i in. w druku).

W zaledwie 115 lat paréw A wyksztatcit do§¢ skomplikowany system rozcie¢ (Ginter
iin. 2023). W tej fazie doszto do odmtodzenia parowu C, a na zboczach tej formy powstaty
niewielkich rozmiar6w parowy zawieszone (dlugos¢ 5-7 m, glg¢bokos¢ do 1,5 m), oraz by¢
moze miato miejsce odmtodzenie parowow D, E, F 1 G, gdzie w ich dnie powstaty nowe
rozcigcia o szerokosci do 1 m 1 glgbokosci do 40 cm.

W pierwsze] fazie formowania stozka akumulacyjnego u wylotu parowu A
(2 pot. XVII-XVIII wiek) ztozone zostaly deluwia dolne (Rys. 14E). Mialo to miejsce
w trakcie Minimum Maundera (1645-1715 AD), czyli w okresie najmniejszej aktywno$ci
Stofica w trakcie MEL. W goérnych partiach zboczy doszlo do intensyfikacji erozji linijnej, za$
w dolnych partiach do sptukiwania rozproszonego (por. Twardy 2008; Zgtobicki i in. 2014).
Depozycja deluwiow dolnych mogla by¢ efektem znacznego odlesienia obszaru, co bylo
powigzane ze wspomniang wczesniej decyzjg Krola Augusta 11 Mocnego, ktory zezwolit na
eksploatacj¢ zasobow drzewnych w okolicach Wieliza w 1714 roku.

Materiat budujacy seri¢ deluwiow dolnych pochodzit z intensywnej erozji odstonigtej
powierzchni rozcinanej krawedzi réwniny wodnolodowcowej. W osadach stwierdzono takze
obecnos¢ wegli drzewnych, ktore wskazujg na wystepowanie pozaréw bedacych skutkiem
dziatalnoséci cztowieka (wypalanie lasow). Potwierdzaja to wyniki badan Mroczkowskiej
iin.(2021), gdzie w torfowisku kotlowym Serteya odnotowano duzg liczbe mikrowegli
w osadach datowanych na okres 1770-1820 lat AD. Osad stokowy akumulowany byt
W postaci sptywow w formie silnie uwodnionych jezorow, a takze mogt by¢ czesciowo
wynikiem akumulacji nasnieznej. Na akumulacj¢ osadow deluwialnych w okresie
zimowym/zimowo-wiosennym wskazuja rowniez zakonserwowane w obrebie dolnych
deluwiow duze (okoto 10 cm $érednicy) fragmenty gleby (poziom humusowy wraz
z materialem podscielajacym), ktore transportowane byly w formie przemarznigtych bryt

osadu. Dzieki duzej wilgotnosci akumulowanego materiatu najprawdopodobniej doszto do
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zakonserwowania $ladéw poruszania si¢ zwierzat (kon, wol), a takze, by¢ moze, Sladow
cztowieka (Fot. 4). Drobniejszy materiat porozcinany jest miejscami przez ztobki wypeltnione
proluwiami, co wskazuje na intensywny sptyw linijny, spowodowany nawalnymi deszczami
lub/i intensywnymi roztopami.

Niewykluczone, ze wyplywy wodd podziemnych zlokalizowane u podndéza zboczy
tworzyly nisze zrodliskowe, ktére mogty by¢ miejscem poczatkowym dla rozwoju parowow
(Piech i in. 2020). Nalezy rowniez bra¢ pod uwage mozliwos¢ rozwoju systemu drog

faczacych wysoczyzny i dna dolin, ew. brzegi zanikajacych zbiornikow jeziornych.

Przemawiaja za tym udokumentowane w deluwiach dolnych $lady deptania przez ludzi

i zwierzeta (bydto i konie?) (Piech i in. 2020).

Fot. 4. Potencjalne $lady zwierzat i $lady
ludzkich stop w obrebie deluwiow dolnych stozka

akumulacyjnego A (fot. P. Kittel, 2018)

Ponadto osady deluwiow dolnych zazebiaja si¢ z osadami pozakorytowymi w dystalnej
czesci stozka akumulacyjnego, co dowodzi intensyfikacji wezbran w okresie ich formowania
(Piech i in. 2018, w druku; Ginter i in. 2023).

Mata Epoka Lodowcowa wymieniana jest jako jeden z gtdéwnych okreséw intensyfikacji

erozji w Europie. Pokrywy stokowe w Wielkopolsce (stanowisko Dzwonowo) mogty tworzy¢
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si¢ od polowy XIV w., co wigzane jest ze zmiang warunkow na bardziej wilgotne podczas
MEL (Hildebrandt-Radke 2017). W pierwszej potowie XIV wieku na obszarze Niemiec
udokumentowano silne okresy przeksztalcen krajobrazu, co wigzane bylo z nasileniem
pogodowych zjawisk ekstremalnych oraz bardziej wilgotnymi warunkami klimatycznymi
(Dreibrodt i in. 2010; Dotterweich 2008). Na Wyzynie Lubelskiej udokumentowano z kolei
kilka faz erozyjnych, ktore przypadaly na okres MEL (Dotterweich 1 in. 2012; Zglobicki
i in. 2014). Natomiast faza erozyjna w parowach na obszarze Niziny Wschodnioeuropejskiej
miata miejsce miedzy XIV a XVI wiekiem (Belyaev et al. 2005; Panin et al. 2009, 2011).
W podobnym czasie (XV-XVI w.) nastgpil szybki przyrost stozkow akumulacyjnych na
Pojezierzu Suwalskim (Smolska 2005, 2008, 2011). Akumulacja tych osadéw nastepowata
w wyniku intensyfikacji czynnikéw Kklimatycznego i antropogenicznego. We wschodnigj
Polsce rozwoj parowow przypadat na XIV-XVI wiek (Szwarczewski i in. 2020). Dotterweich
11in. (2012) wskazuja, ze ekstremalne opady deszczu, ktore mialty miejsce od potowy XVI do
polowy XVII wieku doprowadzity do intensyfikacji erozji wawozowej. Z kolei Zglobicki
iin. (2014) udokumentowali, ze niektore parowy zaczety by¢ tworzone (lub poglebiane)
w 2 pot. XVII wieku, czyli w tym samym czasie, co badany szczegétowo paréw A. Podobna
sytuacja intensyfikacji erozji w obrebie zboczy i parowoéw podczas MEL nastgpita w Polsce
Srodkowej (Twardy 2008). Stabsza faza erozyjna na tym obszarze nastapita takze okoto
2 pot. XVI1II wieku (Twardy 2008).

Na ziemiach polskich od XVII do XVIII wieku miata miejsce intensyfikacja erozji gleb
1 splywu powierzchniowego, co byto rezultatem wprowadzenia do uprawy roslin okopowych
(Hildebrandt-Radke 2013 — tam dalsza literatura). W regionie $rodkowej Obry od potowy
XVIII wieku czynnikiem modelowania zboczy byla za to zmiany zagospodarowania terenu
zwigzane z postepujaca rewolucja przemystowa (Hildebrandt-Radke 2013).

Po depozycji deluwiow dolnych nastgpita krotka przerwa w intensywnos$ci procesoOw
erozyjno-akumulacyjnych $wiadczy o tym cienka warstwa gleby aluwialnej, ktora zostata
zarejestrowana w czeSci dystalnej stozka A. Pdzniej, od 1803+23 do 1827+17 AD,
deponowane byly deluwia srodkowe w obregbie najwickszego stozka akumulacyjnego (Ginter
i in. 2023). Ich akumulacja przypada na Minimum Daltona (1790-1830 AD). Z tg faza
erozyjno-akumulacyjng prawdopodobnie mozna powigza¢ takze powstanie parowu B
(Rys. 14F).  Porownujac  wartosci  wskaznikow  sedymentologicznych dla  stozka
akumulacyjnego B i deluwiow srodkowych stozka A zauwazy¢é mozna podobne zakresy
wartosci. Zintensyfikowanie tych procesow wiazato si¢ ze wzmozong aktywnos¢ rolnicza na

obszarze wysoczyzny. Wskazuje na to wzrost wartosci poszczegdlnych wskaznikow

198



geochemicznych (Ginter i in. 2023; Piech i in. w druku). W tym czasie mogto takze doj$¢ do
celowego antropogenicznego zasypania gornego fragmentu parowu A  (odnogi
rownoleznikowej) (por. Piech 1 in. 2020). Z przeprowadzonej wczesniej analizy map
historycznych wynika, ze w tym okresie dochodzito do wielokrotnych fluktuacji poziomu
dawnego jeziora. Parow A coraz glebiej wceinal si¢ w wysoczyzne, przez co uszkadzal lokalng
droge 1 niszczyl pola uprawne. Konsekwencja tego bylo przyspieszenie erozji odnogi
potludnikowej, ktéra w poczatkowej fazie rozwoju mogla by¢ wawozem drogowym (Piech
i in. 2020).

W Niemczech na okres od potowy XVIII wieku do poczatku XIX wieku przypada
intensywna faza erozji zboczy. Wigzane jest to z pojawieniem si¢ ekstremalnych opadow
atmosferycznych (Dotterweich 2008, 2012). Z kolei na Wysoczyznie Lubelskiej i na
Roztoczu odnotowano faze erozyjng parowoéw przypadajaca na polowe XIX wieku, ktora
trwata do konca XX wieku, co wigzalo si¢ z intensywng dzialalno$cig agrotechniczng
(Dotterweich 1 in. 2012; Zgtobicki 1 in. 2014). Jak wskazuje Hildebrandt-Radke
I Makarowicz (2014), powszechna orka zachodzagca wowczas na wysoczyznach
doprowadzata do tworzenia na wigksza skale pokryw stokowych.

Kolejng fazg rozwoju najwickszego stozka akumulacyjnego byla depozycja deluwidw
gornych (od 1841+14 do 1859+14 AD wg Gintera i in. 2023) (Rys. 15). Okres akumulacji
deluwiow goérnych pokrywa si¢ z okresem maksymalnego zasiggu lodowcow gorskich
w Alpach w okresie MEL (1850-1860 r. n.e.) (Holzhaiser 1982; Zasadni 2007), zatem z faza
pessimum MEL. Deluwia te odznaczajg si¢ subhoryzontalnym warstwowaniem, ktére
powstato wskutek intensywnego sptukiwania rozproszonego. W tym czasie miata miejsce
przede wszystkim erozja zboczy parowu, w mniejszym stopniu dochodzito do erozji
wstecznej tych form. Poszczegoélne warstwy cechujg si¢ bardzo duzymi wahaniami
wskaznikow sedymentologicznych, wskazujagcych na zmienng sile proceséw erozyjno-
akumulacyjnych (Piech i in. 2018, w druku; Ginter i in. 2023).

Nastepnym etapem ksztattowania stozkow akumulacyjnych w dolinie rzeki Sertejki jest
wyksztatcenie diamiktonu rolnego (od 1859+14 do 1870116 AD wg Gintera i in. 2023).
Seria ta powstala wskutek przeksztalcenia stropowej czesSci deluwiow gornych w wyniku
bezposrednich niezbyt intensywnych dzialan rolniczych. W profilach geologicznych
zlokalizowanych w strefie centralnej i dystalnej stozka A, widoczne sg Slady dziatalnosci
ptluga. Diamikton rolny udokumentowany zostal w stropowych czesciach wszystkich
badanych stozkow akumulacyjnych. Wskazuje to na coraz intensywniejsze ,,schodzenie”

rolnictwa, w tym uprawy roli, w obszar dna doliny. Z kolei posrednio dowodzi to potrzeby
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zwigkszenia areatu rolniczego i produkcji zywnosci w dobie wprowadzania reformy rolnej na
obszarze imperium rosyjskiego.

Zintensyfikowanie aktywnos$ci rolniczej jest poklosiem wspomnianej reformy rolnej
z 1861 r. Rewolucja przemystowa nie dotarta na tereny Europy Wschodniej do 1850 roku
(Kaplan i in. 2009). Wspomniane powyzej aspekty moga by¢ potwierdzone przez analize map
historycznych. Wynika z niej, Ze powierzchnia areatoéw rolnych bardzo szybko powigkszata
si¢ od co najmniej drugiej potowy XVIII wieku.

Na mapie z 1871 roku widoczne jest, ze najblizszy obszar doliny Sertejki jest odlesiony
I najprawdopodobniej stanowi uzytki rolne. Niestety na mapach archiwalnych, ze wzgledu na

ich duza generalizacje¢, niewidoczne jest pojawienie si¢ kolejnych rozcig¢ erozyjnych.

Rys. 15. Etapy formowania parowow i stozkéw akumulacyjnych w dolinie rzeki Sertejki
od ok. 1840 r. do ok. 1900 r. Legenda jak na Rys. 13

W okresie formowania deluwiéw gornych doszto takze do powstania niewielkiego
rozcigcia udokumentowanego miedzy parowem A i1 B (Piech 1 in. 2018, 2020). Na
powierzchni diamiktonu rolnego w ciggu 30 lat wyksztatcit si¢ poziom prochniczny
0 grubosci 5 cm. Do konca XX wieku na obszarze stozkéw akumulacyjnych mogto dochodzi¢
do wypasu zwierzat. Ponadto tagodne spadki tych form mogly umozliwi¢ ludziom
i zwierzgtom dotarcie do koryta Sertejki. W latach 90-tych XX wieku doszto do upadku
kotchozow, przez co powierzchnia pol uprawnych zmalata i rozpoczeta si¢ quasi-naturalna

sukcesja roslinno$ci. Analiza map historycznych wskazuje, ze powierzchnia pol po 1990 r.
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zaczeta si¢ zmniejszaé, a obszar wszystkich badanych parowoéw i ich stozkow zostal
porosni¢ty przez rzadki las. Wskazuje to, ze powierzchnia stozkéw zostata wytaczona
z uzytkowania rolniczego/pasterskiego.

Obecnie (lata 2016-2018) na pozbawionych czesciowo roslinnosci zboczach parowow
A, B i C notuje si¢ niewielkie sptukiwanie rozproszone. Przejawia si¢ to przez smugi
jasnobrgzowego pytu i piasku drobnoziarnistego. Z kolei w dnie parowow dochodzi do
sporadycznego sptywu wod o niewielkim natezeniu. Ma to miejsce w trakcie wiosennych
roztopow 1 gwaltownych deszczy. W dnie parowu A zlokalizowane jest rozcigcie
0 gltebokosci 10-15 cm i szerokosci 15-30 cm. W dnie rozcigcia notowany jest materiat
gruboziarnisty. Natomiast na zboczach parowow D, E, F i G nie zachodza juz procesy

erozyjne, gdyz zbocza porosni¢te sg przez geste trawy.
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7. WhnioskKi

Wykonanie Kilkuset odwiertow geologicznych, a takze szczegblowe badania w obrgbie
Kilku odkrywek oraz liczne analizy laboratoryjne umozliwily przeprowadzenie
wieloaspektowych studiow, co pozwolito na okreslenie uwarunkowan geologicznych,
geomorfologicznych i topograficznych obszaru badan sprzyjajacych formowaniu
rozcigc erozyjnych i towarzyszacych im stozkow akumulacyjnych. Podczas tych prac
przeprowadzono szereg analiz sedymentologicznych, paleobotanicznych i geochemicznych,
ktérych wyniki byly niezwykle istotne przy wydzielaniu poszczegélnych unitéw osadoéw
stokowych oraz rekonstrukcji faz rozwoju paleogeograficznego badanych form, a takze dla
okreslenia charakterystyki budujacych je osadow. Analizy sedymentologiczne umozliwity
rowniez okreslenie czynnikow hydrodynamicznych i litodynamicznych odpowiedzialnych
za przebieg proceséw. Za$ wyniki analiz paleoekologicznych oraz geochronometrycznych
pozwolily na osadzenie zrekonstruowanych procesow we wlasciwym konteks$cie
paleosrodowiskowym.

W toku przeprowadzonych badan udowodniono, ze na zboczach doliny rzeki Sertejki,
a pierwotnie WSBP, juz od schylku ostatniego zlodowacenia az po czasy obecne, zachodzily
w Kkilku etapach procesy erozyjno-akumulacyjne, ktore doprowadzity do powstania szeregu
systemOw rozcie¢ erozyjnych o réznych cechach morfologicznych i réznym wypelnieniu.
Inicjacja procesdw erozyjnych miata miejsce tuz po ustgpieniu ostatniego ladolodu i objeta
glownie wschodnie zbocze wspotczesnej doliny. Nastepnie formy te przeksztatcane
byly W pdzniejszych fazach erozyjno-akumulacyjnych, co uwidocznito si¢ w zmiennych
wskaznikach sedymentologicznych. Najstarszy udokumentowany paréw po zachodniegj
stronie doliny powstal w okresie 4700- 4150 lat p.n.e. Z kolei okoto 3700 roku p.n.e. przy
ujsciu tej formy uformowany zostal boczny stozek akumulacyjny STA. Kolejna faza
modelowania badanych form przypada na lata 1850-1600 p.n.e. Natomiast od | wieku n.e.
notowana jest coraz silniejsza antropopresja, ktora powodowata posrednio stopniowy wzrost
wydajnosci procesOw erozyjno-akumulacyjnych, wyraznie widoczny dopiero u schyltku
sredniowiecza. Bylo to zapewne efektem rozwoju dziatalnoSci rolniczej w mikroregionie
sertejskim (Tarasov i in. 2019; Wieckowska-Luth i in. 2021, Kittel i in. 2022).

Badania osadow biogenicznych dowodza, ze poziom wody dawnego jeziora, na
obrzezach ktorego rozwijaly si¢ badane formy, wielokrotnie ulegat wahaniom. Prowadzito
todo okresowego zatorfienia strefy brzegowej, a nastgpnie zatapiania torfowisk.
We wskaznikach geochemicznych oraz w wynikach analizy palinologicznej zaznaczyty si¢

zmiany $rodowiskowe w okresach Sredniowiecznego Optimum Klimatycznego, a takze Matej
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Epoki Lodowej. Wyniki badan wykazaty, ze za powstanie najwickszego systemu rozciec¢
erozyjnych i najwickszego stozka akumulacyjnego w dolinie rzeki Sertejki odpowiadato
wylesienie obszaru wysoczyzny przez cziowieka oraz jednoczesnie zintensyfikowanie zmian
warunkow klimatycznych (nizsze temperatury oraz wzrost intensywnosci i czestotliwos$ci
opadow). Najbardziej rozleglty system rozcie¢ erozyjnych formowany byt od 2 pot. XVII
wieku. Jednoczesnie udokumentowano w tym okresie moment zmiany systemu jeziornego na
system fluwialny, co widoczne jest takze w innych stanowiskach w Europie Wschodnie;j.
Udokumentowano zazgbianie si¢ deluwiow z aluwiami pozakorytowymi, co dowodzi
wlaczania osadow deluwialnych w osady fluwialne, co z kolei §wiadczy, tym ze wody
rzeczne erodowaty dystalng cze¢$¢ stozka akumulacyjnego A (por. Piech i in. 2018).

W osadach budujacych najwickszy stozek akumulacyjny w dolinie Sertejki
udokumentowano cztery serie osadow stokowych o réznych cechach sedymentologicznych,
geochemicznych 1 paleoekologicznych. Wskazuje to na tworzenie si¢ poszczegdlnych warstw
w odmiennych warunkach $rodowiskowych i sugeruje duzg dynamike zmian na przestrzeni
zaledwie okoto 300 lat. Warto réwniez wspomnieé, ze w okresie 1800-1830 r. AD w bliskim
sasiedztwie najwickszego systemu parowOw powstal mniejszy pardow B, a po 1860 r.
niewielkich rozmiaré6w rozcigcie erozyjne. Koniec rozwoju parowow i towarzyszacych im
stozkéw akumulacyjnych nastepuje w koncu XIX w. Na XIX w. przypada zatem szczegdlne
wzmozenie procesOw denudacyjnych na badanym obszarze, co bylo efektem rosngcej
intensywnos$ci dziatalnosci rolniczej. W pdzniejszym okresie doszto do sukcesji roslinnosci,
ktora stabilizowata zbocza form. Obecnie na terenie badan notowane sg procesy splukiwania
rozproszonego jedynie o niewielkiej sile.

Dzigki przeprowadzonym analizom i otrzymanym wynikom badan multi-proxy udato
si¢ osiggnac¢ cel niniejszej pracy dotyczacy rekonstrukcji warunkow srodowiskowych sprzed
intensyfikacji procesow erozyjno-akumulacyjnych, bazujagc na wynikach badan osadow
biogenicznych podscielajacych najwigkszy stozek akumulacyjny w dolinie rzeki Sertejki.
W ten sposob uzyskano bardzo duzg baz¢ danych paleoekologicznych, geochemicznych
I geochronometrycznych wskazujacych na duzg dynamike srodowiska w okresie formowania
badanych form. Wyniki tych badan umozliwily rowniez zrealizowanie kolejnego celu
dotyczacego okreslenia poczatkow erozji, a takze rekonstrukcji etapow i tempa rozwoju
najwigkszego systemu rozcig¢ erozyjnych. Jednakze nie udato si¢ tego dokonaé¢ dla
pozostatych stozkéw akumulacyjnych z powodu braku odpowiedniego materiatu do datowan.
Jednoczesnie w pelni udalo si¢ potwierdzi¢, ze rozwoj najwigkszego systemu rozcieé

przypadal na wydarzenie Bonda nr 0, z ktorym korelowany jest okres Matej Epoki Lodowe;,
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a takze udato si¢ potwierdzi¢, ze zmiany srodowiskowe zachodzace w tym przedziale czasu
miaty wpltyw na procesy erozyjno-akumulacyjne. Poszczegodlne unity w najwickszym stozku
akumulacyjnym A powstawaty w okresach poszczegdlnych minimow aktywnos$ci stonecznej
majacych miejsce podczas MEL.

Ponadto wyniki badan wykazaly bardzo duzy wplyw czlowieka na rozwdj najwiekszego
systemu rozci¢¢ erozyjnych, tj. postepujace: silna deforestacja, zanieczyszczenie $rodowiska
pierwiastkami ci¢zkimi, rozwdj rolnictwa, proby zasypywania gornych fragmentoéw parowow,
czy prowadzenie dziatan agrotechnicznych na stozkach akumulacyjnych. Kolejnym
zrealizowanym celem byla rekonstrukcja warunkéw prowadzacych do ostatecznego
zastgpienia systemu limnicznego systemem fluwialnym. Udalo si¢ udokumentowac
I przeanalizowac zazebiajgce si¢ osady pozakorytowe i osady deluwialne datowane na
2 pot. XVI1 wieku do ok. 1974 r.

Ponadto przeprowadzone badania pozwolily na:

- kompleksowe rozpoznanie cech sedymentologicznych, geochemicznych (w tym
analizy pierwiastkowe XRF) osadow deluwialnych. Szczegdtowe analizy sedymentologiczne
pozwolity na wskazanie charakterystycznych cech osadoéw budujacych nowozytne stozki
akumulacyjne 1 stozki z wczesnego holocenu. Potencjalnie, na podstawie tych cech mozna
probowa¢ okresli¢ szacunkowy wiek podobnych morfologicznie form, dla ktérych nie
zastosowano analiz geochronologicznych. Jednoczesnie praca rozszerza koncepcje
zaproponowang przez Twardego (2008) dotyczaca cech piaskéw deluwialnych 1 deluwialnych
pylow piaszczystych

- potwierdzenie, ze zmiany warunkéw klimatycznych zachodzace w trakcie Matej
Epoki Lodowej prowadzity do intensyfikacji proceséw erozyjno-akumulacyjnych na duza
skale (procesy drastycznie modelujace zbocza dolin)

- potwierdzenie, ze osady deluwialne sg bardzo dobrym geoarchiwum naturalnych
I antropogenicznych zmian $rodowiskowych, zachodzacych w ostatnich kilkuset latach na
obszarze Europy Wschodniej

- zastosowanie i korelacja réznych metod geochronmetrycznych (LSC, AMS, OSL,
210pp), ktore umozliwity szczegdtowe okreslenie wieku akumulacji osadéw deluwialnych.
Jednoczes$nie zwrdcono uwage na problemy, ktére moga wystapi¢ przy datowaniu tego typu
osadéw metoda OSL. Dzigki zaproponowanym rozwigzaniom poszerzony zostal warsztat
metodyczny stosowania datowan OSL dla osadow deluwialnych.

Niniejsza praca rozszerza stan wiedzy i uzupelnia wystepujace w niej luki dotyczace

wptywu zmian klimatycznych zachodzacych podczas Matej Epoki Lodowej w europejskiej
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czgsci Rosji, na rozwoj rozcigé erozyjnych. Jednocze$nie otrzymane wyniki, zastosowana
metodyka 1 podejscie badawcze mogag zosta¢ zaimplementowane w badaniach nad réznymi

formami terenu datowanymi na MEL w r6znych cz¢sciach Europy 1 $wiata.
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8. Wklad Autora w artykuly wlaczone do rozprawy

- Piech W. 2021. Sedimentological features and depositional conditions of accumulative fans
in the lower Serteyka River valley, Western Russia. Acta Geographica Lodziensia, 111, 159-
188. (70 pkt)

Autor Udziat Wkiad

Wiktor Piech 100% Opracowanie koncepcji i zalozen pracy, prace terenowe: wykonanie
odwiertow geologicznych, dokumentacji fotograficznej, pobor
probek; analizy laboratoryjne: analiza sedymentologiczna; analizy
statystyczne;  prace  kameralne: interpretacja  wynikdw,

przygotowanie manuskryptu, opracowanie rycin i tabel

- Piech W., Kittel P., Mazurkevich A., Kazakov E., 2020. Morphological characteristics
of the erosion cuts system (gullies system) in the Serteyka River Valley, Western Russia.
In: Miynarczyk (Ed.) Srodowisko przyrodnicze jako obszar badar. Bogucki Wydawnictwo
Naukowe Poznan; 183-198. (20 pkt)

Autor Udziat Wktad
Wiktor 80%  Udzial w opracowaniu koncepcji i zalozen pracy, prace terenowe:
Piech wykonanie wszystkich odwiertow geologicznych, odkrywek

geologicznych, pobér probek; analizy statystyczne; prace
kameralne: interpretacja  wynikdéw, przygotowanie  draftu
manuskryptu, opracowanie rycin (Rys. 2, 3, 4), poprawienie
manuskryptu i przygotowanie odpowiedzi na recenzje

Piotr Kittel 10%  Udziat w opracowaniu koncepcji 1 zatozen pracy; udziat

w interpretacji wynikow i w przygotowaniu manuskryptu

Andrey 3% Udziat w interpretacji wynikow i w przygotowaniu manuskryptu
Mazurkevich

Eduard 7% wykonanie badan wysokosciowych; prace kameralne: wykonanie

Kazakov analiz NMT
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- Piech W., Hrynowiecka A., Stachowicz-Rybka R., Cywa K., Mroczkowska A., Stowinski
M., Okupny D., Krapiec M., Ginter A., Mazurkevich A., Kittel P., w druku. Natural

and anthropogenic factors of the intense slope processes in Eastern Europe in Modern Period,;

case study in Serteyka River valley. The Holocene (140 pkt)

Autor Udziat Wktad
Wiktor Piech  25%  Udziat w opracowaniu koncepcji i zatozen pracy, prace terenowe:
wykonanie odkrywki geologicznej, pobor probek; analizy
laboratoryjne: analiza sedymentologiczna (metodg laserowa
i sitowg dla osadow mineralnych), udziat w wykonaniu analiz
geochemicznych (dla osadéw mineralnych: %CaCOs, odczyn,
przewodnos¢ elektrolityczna, analizy pierwiastkow chemicznych
zuzyciem XRF —przy wspoétudziale dr A. Gintera; dla osadow
biogenicznych: %CaCOs, odczyn, przewodnos$¢ elektrolityczna);
analizy statystyczne; prace kameralne: interpretacja wynikow,
przygotowanie draftu manuskryptu, opracowanie czeSci rycin
i tabel (Rys. 1B, D, E, 9, 10, w zalaczniku Rys. 2, 3; Tab. 1),
poprawienie manuskryptu i przygotowanie odpowiedzi na recenzje
Anna 20% Prace laboratoryjne: analiza palinologiczna; prace kameralne:
Hrynowiecka udziat w interpretacji wynikOw oraz w przygotowaniu
manuskryptu, udziat w opracowaniu cze¢sci rycin 1 tabel
Renata 20% Prace laboratoryjne: analiza makroszczatkow  roslinnych;
Stachowicz- wyodrebnienie probek do datowan AMS; prace kameralne: udziat
Rybka w interpretacji wynikéw oraz w przygotowaniu manuskryptu,
udzial w opracowaniu czgsci rycin i tabel
Katarzyna 8%  Prace laboratoryjne: analiza antrakologiczne; prace kameralne:
Cywa udziat w interpretacji wynikdbw oraz w przygotowaniu
manuskryptu, udzial w opracowaniu czesci rycin i tabel
Agnieszka 5%  Prace laboratoryjne: analizy Chironomidae i Cladocera: prace
Mroczkowska kameralne: udziat w interpretacji wynikow oraz w przygotowaniu
manuskryptu, udziat w opracowaniu czgsci rycin i tabel
Michat 3%  Prace  kameralne: udziat w interpretacji  wynikow
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Stowinski

Daniel Okupny

Marek Krapiec

Artur Ginter
Andrey
Mazurkevich
Piotr Kittel

5%

3%

2%

1%

8%

oraz w przygotowaniu manuskryptu

Prace laboratoryjne: udziat w wykonaniu analiz geochemicznych;
prace  kameralne:  udziat w interpretacji = wynikdw
oraz w przygotowaniu manuskryptu

Prace laboratoryjne: datowanie radiowgglowe; prace kameralne:
udziat w interpretacji wynikbw oraz w przygotowaniu
manuskryptu

Prace kameralne: udziat w przygotowaniu manuskryptu

Prace kameralne: udziat w przygotowaniu manuskryptu

Udzial w opracowanie koncepcji i zalozen pracy; prace terenowe:
pobor probek, dokumentacja fotograficzna; prace kameralne:
udzial w interpretacji wynikow oraz w przygotowaniu

manuskryptu, udzial w opracowaniu czesci rycin i tabel

- Piech W., Kittel P., Mazurkevich A., Pavlovskaia E., Kazakov E., Teltevskaya Y.,

Blaszczyk K., Kotrys B., 2018. Cechy sedymentologiczne i warunki depozycji osadow stozka

akumulacyjnego w dolinie rzeki Sertejki (Zachodnia Rosja). Acta Geographica Lodziensia
107; 215-238. (70 pkt)

Autor

Udzia

b

Wklad

Wiktor Piech

Piotr Kittel

60%

15%

Udzial w opracowaniu koncepcji i zalozen pracy, prace terenowe:
wykonanie wszystkich odwiertéw geologicznych, a takze odkrywek
geologicznych, dokumentacji fotograficznej, pobor probek; analizy
laboratoryjne: analiza sedymentologiczne (metodg laserows
i sitowg), analiza zawarto$ci weglanu wapnia; analizy statystyczne;
prace kameralne: interpretacja wynikOw, przygotowanie draftu
manuskryptu, opracowanie czg¢éci rycin i tabel (Rys. 3, 4, 5, 6, 7; 8,
9, 10, 11; 12, 13, 14, 15; Fot. 1, 2 ; Tab. 1, 2), poprawienie
manuskryptu i przygotowanie odpowiedzi na recenzje

Udziat w opracowanie koncepcji i zatozen pracy, prace terenowe:
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Andrey
Mazurkevich
Elena
Pavlovskaia
Eduard
Kazakov
Yulia
Teltevskaya
Krzysztof
Btaszczyk
Bartosz Kotrys

5%

5%

5%

4%

2%

4%

dokumentacja fotograficzna, pobdr probek; prace kameralne: udziat
w interpretacji wynikobw oraz w przygotowaniu manuskryptu,
udzial w opracowaniu cze¢sci rycin i tabel

Udziat w opracowanie koncepcji i zatozen pracy; prace kameralne:
udziat w interpretacji wynikow oraz w przygotowaniu manuskryptu
Prace terenowe: przeprowadzenie analiz z wykorzystaniem
georadaru

Prace terenowe: wykonanie badan wysokosciowych; prace
kameralne: wykonanie analiz NMT

Prace terenowe: wykonanie badan wysokoSciowych; prace
kameralne: opracowanie danych wysoko$ciowych

Prace terenowe: udziat w wykonywaniu odkrywek geologicznych

Prace terenowe: udziat w wykonywaniu odkrywek geologicznych

- Ginter, A., Piech W., Kragpiec M., Moska. P., Sikorski J., Hrynowiecka A., Stachowicz-

Rybka R., Cywa K., Piotrowska N., Mroczkowska A., Totoczko W., Okupny D.,

Mazurkevich A., Kittel P., 2023. Intense and quick land relief transformation in the Little Ice

Age: the age of accumulative fan deposits in Serteyka River Valley (Western Russia),
Quaternary International 644-645; 160-177. (100 pkt)

Autor

Udziat

Wkiad

Artur Ginter

Wiktor Piech

30%

15%

Udziat w opracowanie koncepcji i zatozen pracy, prace terenowe:
pobor prébek, dokumentacja fotograficzna; prace laboratoryjne:
analizy geochronologiczne (datowanie OSL); prace kameralne:
analizy  statystyczne, wudziat w interpretacji  wynikow,
przygotowanie draftu manuskryptu, udziat w opracowaniu czesci
rycin i tabel, poprawienie manuskryptu i przygotowanie
odpowiedzi na recenzje

Udzial w opracowaniu koncepcji i zatozen pracy, prace terenowe:
wykonanie odkrywki geologicznej, pobdr probek; analizy
laboratoryjne: analiza sedymentologiczne (metodg laserowg

i sitowg), analiza zawartoSci weglanu wapnia, analiza XRF,
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Marek Krapiec

Piotr Moska

Jarostaw

Sikorski

Anna

Hrynowiecka

Renata
Stachowicz-
Rybka

Katarzyna

Cywa

Natalia

Piotrowska

Agnieszka

Mroczkowska

Wojciech
Totoczko
Daniel Okupny

5%

4%

5%

5%

5%

5%

5%

3%

2%

3%

analiza pH, wegla organicznego, przewodnosci elektrolitycznej;
analizy statystyczne; prace kameralne: interpretacja wynikow,
przygotowanie manuskryptu, opracowanie czesci rycin i tabel
(Rys. 1C, 4; Tab. 1, 3); poprawienie manuskryptu

Prace laboratoryjne: datowanie radiowgglowe; prace kameralne:
udzial w interpretacji wynikow oraz w przygotowaniu
manuskryptu, udziat w opracowaniu czgsci rycin i tabel

Prace laboratoryjne: datowanie radioweglowe; prace kameralne:
udziat w interpretacji wynikow oraz w przygotowaniu
manuskryptu, udzial w opracowaniu cze¢sci rycin i tabel

Prace laboratoryjne: datowanie otowiowe; prace kameralne: udziat
w interpretacji wynikéw oraz w przygotowaniu manuskryptu,
udzial w opracowaniu czgsci rycin i tabel

Prace laboratoryjne: analiza palinologiczna; prace kameralne:
udziat w interpretacji wynikoOw oraz w przygotowaniu
manuskryptu, udzial w opracowaniu czesci rycin i tabel

Prace laboratoryjne: analiza makroszczatkdw roslinnych;
wyodrebnienie probek do datowan AMS; prace kameralne: udziat
w interpretacji wynikéw oraz w przygotowaniu manuskryptu,
udziat w opracowaniu cze¢sci rycin i tabel

Prace laboratoryjne: analiza antrakologiczne; prace kameralne:
udziat w interpretacji wynikow oraz w przygotowaniu
manuskryptu, udzial w opracowaniu czesci rycin i tabel

prace kameralne: analizy statystyczne, udzial w interpretacji
wynikbw oraz w  przygotowaniu manuskryptu, udziat
W opracowaniu czesci rycin i tabel

Prace laboratoryjne: analizy Chironomidae i Cladocera: prace
kameralne: udzial w interpretacji wynikOw oraz w przygotowaniu

manuskryptu, udziat w opracowaniu czesci rycin i tabel

Prace  kameralne:  udziat ~w  interpretacji  wynikow
oraz w przygotowaniu manuskryptu
Prace  kameralne:  udziat ~w  interpretacji  wynikow

oraz w przygotowaniu manuskryptu
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Andrey 2%  Prace kameralne: udzial w przygotowaniu manuskryptu
Mazurkevich
Piotr Kittel 10% Udziat w opracowanie koncepcji i zatozen pracy; prace terenowe:
pobor probek, dokumentacja fotograficzna; prace kameralne:
udziat w interpretacji wynikdbw oraz w przygotowaniu

manuskryptu, udzial w opracowaniu czesci rycin i tabel

9. Finansowanie badan naukowych:

W ramach wspotpracy z Potnocno-zachodnig Ekspedycja Archeologiczng Panstwowego
Muzeum Ermitaz w Sankt Petersburgu, kierowang przez A. Mazurkevicha, przeprowadzono
prace terenowe w ramach trzech polskich ekspedycji naukowych w latach 2017-2019.
Analizy specjalistyczne byly dofinansowane w ramach projektu Narodowego Centrum Nauki
(NCN) ,,Srodowiskowe warunki funkcjonowania osady palafitowej Serteya II na Wyzynie
Smolenskiej w kontekscie globalnych i lokalnych zmian klimatycznych okoto 4200 lat temu”
(numer grantu: 2017/25/B/HS3/00274).

Przeprowadzenie czg¢éci analiz specjalistycznych byto dofinansowane w ramach: dotacji
celowej Wydziatu Nauk Geograficznych UL w roku 2018 — projekt pt. ,,Analiza sktadu
pierwiastkowego osadow stozka akumulacyjnego w dolinie rzeki Sertejki w Zachodniej Rosji
z wykorzystaniem spektroskopii fluorescencji rentgenowskiej (XRF)” (kod
projektu: B1811700001971.02; kod MPK: 2172121000), dotacji celowej WNG UL w 2019 r.
— projekt pt. ,,Okreslenie wieku osadow mineralnych stozka akumulacyjnego w dolinie rzeki
Sertejki  (Zachodnia Rosja) z wykorzystaniem datowan OSL” (kod projektu:
B1911700002107.02; kod MPK: 2172121000) oraz projektu NCN MINIATURA 3 w 2019
roku pt. ,,Wstepne rozpoznanie problematyki datowania stanowisk archeologicznych
Z uzyciem metody luminescencyjnej na podstawie analiz osadow deluwialnych z doliny rzeki

Sertejki, okreg smolenski, Rosja” (grant nr: 2019/03/X/HS3/02019).
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