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The phenomena and processes in the inanimate nature in context of recent
landscape development and archaeological record

Summary

The presented work is generally focused on the study of the phenomena and processes in the
inanimate nature during the Quaternary, i.e. the period covering approximately the last 2.5 Ma.
However the phenomena and processes important to the understanding of the current landscape on
the Earth took place not only during the Quaternary, but in essence continuously flowed logically
from the beginning of the Earth’s development. Therefore, the main factors of the development of
the countryside generally can be summarized under the concept of Geodiversity. This is a complex,
constantly changing and evolving system influenced by a multitude of both exogenous as well as
endogenous factors. At the same time, it can be understood as the driving engine for the formation
of ekofactors, therefore, the landscape as a whole, which inevitably to some extent also affects us
and our perception of cultural values.

In the first part the work, a general introduction to the study of formation processes is
provided. Here, the basic formation processes of the quaternary sediments corresponding to the
type of environment in which they form are summarized, and at the same time the consequences of
these processes, both in the natural and archaeological context are described. Discussion of the
individual environment is conceived either methodically or in relation to climate change and
anthropogenic influences on the evolution of the current landscape. The methodological tools
commonly used in the context of these studies are summarized in the second part of the work. These
mainly include basic sedimenthological descriptions, micromorphological characteristics in natural or
anthropogenic contexts, grain size analysis, environmental magnetism, and chemical composition of
studied sediments and soils. For over 10 years | have published 29 papers with impact factor, which
have had great impact on these themes and now | am presenting 13 papers, accompanied by one
published in the peer-reviewed Journal of the Moravian Museum in Brno. These works | consider to
be essential for the chosen topic, and therefore | decided to always present two for each of the
described formation process. The study of quaternary sediments in relation to climate trends or
anthropogenic context is a multidisciplinary topic, therefore, these works are created mostly in the
broader team of co-authors while my specialization was and is mostly of a general concept
description of the formation processes, micromorphology and grain size analysis, environmental
magnetism and chemistry.

It might be said that this work is more or less the insight into my previous academic
experience. It can be noted that the study of cave sediments and the work on the application of
provenience methods in my thesis, in essence, predetermined the direction of my scientific career.
The provenance studies of aeolian sediment (the main topic of my thesis) deepened my knowledge
about provenience methods focused on the association of heavy minerals, geochemistry of garnets
or zircon typology. These studies were so far the most comprehensive works on the provenance of
the rich geometry of sediments in the territory of our republic. At the same time | managed to
incorporate the method of quartz grain micromorphology, into the methodology of provenance
studies which | used later several times with success in other directed studies. The benefit of this
methodology was for example the recognition of sediment transport by iceberg in the case of the
Sumava lakes, or the recognition of aeolian input into the sedimentary archives in the case of Labsky
dll in Krkonose Mountains. Although my currently published studies are still concerned with climatic



changes, my other career direction was influenced by the integration into the project of Cambridge
University and the beginning of cooperation with archaeologists. Gradually there are several studies
within the scope of this project focused on the relationship of changing climate, formation processes
in the landscape and human impact, especially during MIS3 (Marine Isotope stage 3). However it was
not possible to perform the study of the formation processes in a natural and archaeological context,
without deeper knowledge of geoarchaeological methods as for examples micromorfology,
environmental magnetism, or geochemical characteristics of the studied sediments. Gradually it was
possible to establish a certain methodology of Geoarchaeology, which is now commonly used in the
Czech Republic and lectured at several universities. The most important projects in recent years,
funded mainly by the Czech Grant Agency, include research of the wooden bailey in Veseli nad
Moravou, which in a complex globally unique multidisciplinary study directed on the maintenance of
the medieval stables was published. Another study was focused on Neolithic rondels, in which we
have conducted the first study to compare the fillings of sharp point ditches of enclosures from the
time of the Neolithic and Roman periods. One more example is the research of the early medieval
site at Roztoky u Prahy, where it was possible to identify and interpret the emergence, development
and disappearance of objects and, above all, their floor scales. The current study of the formation
processes is an essential part of environmental studies and there is a visible effort to incorporate this
methodological perspective into archaeological research. The methodological approaches used in
this direction are constantly developing and it seems, that this field of study has great potential for
the future.



Predmluva

Predkladana prace je zamérena obecné na studium jev( a procesl v neZivé pfirodé béhem
kvartéru, tedy obdobi cca poslednich 2,5 mil. let (2.588 + 0.005 Ma; Cohen et al., 2013). Toto obdobi
je specifické z mnoha hledisek. Chtélo by se egoisticky tici, Ze tim hlavnim faktorem vyclenéni
kvartéru jako posledniho obdobi kenozoika je objev a rozsifeni hominidl postupné na vsech
kontinentech. Hlavni ddvody, které vsak vedly stratigrafickou komisi k oddéleni tohoto obdobi od
toho predchazejiciho - neogénu (hranice je stanovena paleomagneticky), jsou zavislé predevsim na
zménach vyvoje klimatu fizeného stfidanim Milankovi¢ovych cyklG (Hays et al., 1976) podmiriujicich
opakovany narlst a odtavani ledovcl na obou polokoulich a s tim souvisejici periodické stfidani
chladnych (resp. sussich) a teplejSich (resp. vihéich) vykyvQ. Zaroven dochazi k vyvoji souasného
utvareni Fi¢ni sité nebo vzniku eolickych sedimentll. Samotna role vlivu ¢lovéka na krajinu jako
takovou je markantnéjsi az v poslednim teplém (resp. humidnim) vykyvu, ktery nazyvame holocén a
oddélujeme ho na zakladé klimatickych zmén od predchazejiciho pleistocénu a pliocénu. Hranice
zacatku holocénu je kladena do obdobi 11,7 ka (Cohen et al., 2013). Poslednich 200 let je potom
nazyvano antropocénem (Zalasiewicz, et. al., 2011), protoZe soucasné s industriadlni revoluci zacala
byt role ¢lovéka na planeté Zemi mnohem vyraznéjsi.

To bylo receno obecné k Uvodu do stratigrafie, ktery bylo nutno minimalné takto predesttit
k predkldadanému tématu. Jevy a procesy dileZité k pochopeni soucasné krajiny vsak na Zemi
probihaji nejen béhem kvartéru, ale v podstaté kontinudlné, logicky od zacatku vyvoje Zemé. Proto
Ize hlavni faktory vyvoje krajiny obecné shrnout pod pojem geodiverzita (v nasi literature napt. Bajer
et al.,, 2015). Geodiverzita je komplexni, neustdle se ménici a vyvijejici se systém ovlivnény
mnozZstvim jak exogennich, tak endogennich faktor(. Zaroven ji lze chapat jako hnaci motor pro
formovani ekofaktor(, tedy krajiny jako celku, ktery zakonité do jisté miry ovliviiuje i nds samotné a
nase vnimani kulturnich hodnot. Zakladem geodiverzity, potazmo diverzity soucasné krajiny, je
v prvni fadé sloZeni horninového substratu. Jiz prvni pohled na geologickou mapu ¢eskych zemi ndm
odhali, e na jejich stavbé se podileji dvé geologické jednotky prvniho Fadu - Cesky masiv, ktery
buduje celé Cechy a zhruba dvé tfetiny Moravy a Slezska, a Zapadni Karpaty, jejichZ vnéjsi pasmo
véetné predhlubné se tdhne podél celé jihovychodni hranice Ceského masivu. Nedilnou souéasti
geologického podlozZi je i jeho nejsvrchnéjsi ,slupka” na hranici geosféry a atmosféry tvorena
kvartérnimi sedimenty a ptdami. Ty jsou v klasickém geologickém pojeti ¢asto opomijeny, jsou vsak
neodmyslitelné dullezZitou soudasti krajinné geodiverzity. DalsSim faktorem modifikujicim krajinu je
sam Clovék. Studium zamérené na interakci ¢lovéka s krajinou v archeologii spada do oboru
geoarcheologie. Zakladni prace zabyvajici se geodiverzitou danou formacnimi procesy a v ndvaznosti
na cinnost Clovéka a geoarcheologické pristupy jsou shrnuty napfiklad v pracich Goldberga a
MacPhaila (2006), Frenche (2005) nebo Robertse (2014).

Nasledujici prace je v prvni ¢asti koncipovdna jako obecny Uvod do studia formacnich
procest. Jsou zde shrnuty zdkladni formacni procesy kvartérnich sedimentl odpovidajici typu
prostredi, ve kterém vznikaly, a zaroven jsou zde popsany disledky téchto procest jak v pfirozeném,
tak antropogennim kontextu. Diskuze k jednotlivym prostifedim je koncipovana budto metodicky,
nebo ve vztahu ke zmé&ndm klimatu a antropogennim vlivim na vyvoj souéasné krajiny. Umyslem
této prace nebylo predstavit vycerpavajici rozbor vsech typl sedimentl vznikajicich v jednotlivych
prostredich, ale zaméf¥it se predevsim na témata, ktera jsem publikovala at jiz jako hlavni autor, nebo
spoluautor priblizné v poslednich 10 letech. Obecné jsou v rdmci kvartérnich sediment( vyclenovany
sedimenty klastické a chemické (Kukal, 1986, RGzickova et al., 2003). Typ sedimentu odpovida typu
procesu a prostiedi, v rdmci kterého vznikl. Tak Ize nasledné vyclenit: 1. svahové procesy; 2. fluvidlni
(Ficni) procesy; 3. eolické (vétrné) procesy; 4. glacigenni (ledovcové) procesy; 5. procesy probihajici v
prostiedi jezer a mokradl; 6. procesy probihajici v jeskynnim prostfedi; 7. procesy vyvolané



zemédélstvim; 8. procesy akumulace odpadniho a konstrukéniho materidlu. Poslednim typem je
proces pri vyvoji pad. Ten vsak neni vzhledem kjeho komplexnosti a narocnosti tohoto
samostatného tématu zarazen do predkladané prace. Diskuze k recentnim pidam a paleopldam je
vSak zminovana v kontextu s jinymi formacnimi procesy (Lisa a Bajer, 2014). Metodické nastroje
bézné pouzivané v rdmci téchto studii jsou shrnuty v druhé ¢asti prace. Zahrnuji predevsim zakladni
sedimentologicky popis, mikromorfologickou charakteristiku v pfirozeném nebo antropogennim
kontextu, zrnitostni analyzu, environmentalni magnetismus a chemismus studovanych sediment(
nebo pld. Pfi studiu formacnich procest plati pravidlo vidy postupovat od tzv. makra k mikru, tzn.
pristupovat k detailnéjsim a zaroven i finanéné nakladnéjsim metoddm az po dokonalé znalosti okolni
geologie, resp. sedimentologie a geomorfologie. AC se to zda logické, v redlu je toto pravidlo bohuzel
aZ prilis ¢asto opomijeno.

Z celkového poctu 29 impaktovanych praci, které jsem za poslednich cca 10 let publikovala,
zde predkladam 13 ¢lankd doplnénych o jednu publikaci zvefejnénou v recenzovaném casopise
Moravského zemského muzea. Tyto prace povaZzuji za zasadni pro zvolené téma, a proto jsem vybrala
vzdy dvé pro kazdy popisovany formacni proces. Studium kvartérnich sediment( ve vztahu k vyvoji
klimatu nebo antropogennimu kontextu je multioborovym tématem, proto jsou tyto prace vytvareny
povétsinou v SirSim autorském tymu, pficemZ mou specializaci byl a je prevdiné obecny koncept
popisu formacnich procesd, mikromorfologicka a zrnitostni analyza, environmentalni magnetismus a
chemismus. Ostatni prace publikované v ,pouze” recenzovanych ¢asopisech (kterych je do dnesniho
dne jiz nékolik desitek) nebo v monografiich neuvadénych na Web of Science nepovazuji za , horsi“,
tyto jen neodpovidaji svym zafazenim tomu, jak je dnes scientometrie nastavena. Pfesto vSak na tyto
publikace alespon zéasti odkazuji v diskuzich k jednotlivym tématlim a jejich seznam je nasledné
uveden v kapitole 3. PouZita literatura. Pro prehlednost jsou vSechny prdce, ve kterych jsem hlavnim
autorem nebo spoluautorem, oznaceny tu¢né. Na konci této kapitoly je zdroven uveden seznam
zkratek pouzivanych v textu. Vyse zminovany koncept procest hrajicich roli pfi vyvoji soucasné
krajiny vychazi z mé prednaskové cinnosti (predmét Geoarcheologie vyucCovany kazdoro¢né a
dlouhodobé na FF MU v Brné, FF ZU v Plzni) a byl v posledni dobé publikovan v monografiich Lisé a
Bajera (2014; Manudl geoarcheologa); Bajera et al. (2014; Micromorphology in natural and
antropogenical context) a Bajera et al. (2015; Krajina a geodiverzita - Neziva pfiroda jako zaklad
krajinnych a kulturnich hodnot). Vzhledem k rozsahu predkladané prace jsou jeji kostrou pouze
zakladni charakteristiky jednotlivych prostiedi a zakladni metodické ndstroje geoarcheologie. Tento
koncept byl jiz v minulosti ¢aste¢né publikovan ve vyse zminénych monografiich, zde je vSak vyrazné
rozsiten a doplnén odkazy na pfikladové studie, které jsem publikovala v poslednich zhruba 10
letech.

Na tomto misté bych rada podékovala vsem, ktefi mne provazeji mym profesnim Zivotem a
pomahaji mi nejen v tymové praci. Jsou to kolegové z mé materské instituce Geologického Ustavu
Akademie Véd Ceské republiky a spoluautofi z nejrGznéjsich instituci v nadi republice i mimo ni.
Neocenitelné diky vSak patfi i mé rodiné a mym rodicm, nejvétsi potom mému muzi Pavlovi a dcefi
Markétce za jejich pochopeni pfi pldnovéni mych vikendovych cest a dovolenych v terénu. Ctyfi
kolegové, ktefi mne v Zivoté vyrazné ovlivnili nejen na mé profesni cesté, ale i ve zplsobu, jak chapat
déni kolem sebe, a kterym bych timto chtéla podékovat, jsou pani Vlasta Jankovska z Botanického
Ustavu AVCR v Brné, pan Véclav Cilek z Geologického Ustavu AVCR v Praze, pan Martin Jones
z Cambridge University v UK a pan Rudolf Musil z mé alma mater, Masarykovy univerzity v Brné.

Za cenné pripominky k predkladané praci bych timto rdda podékovala koleglim Pavlovi
Bosdkovi z Geologického Ustavu AVCR v Praze, Petrovi Nerudovi z Moravského zemského muzea
v Brné a AleSovi Bajerovi z Mendelovy univerzity v Brné.



Seznam pouzitych zkratek

BC (before Christ) — pred zacatkem naseho letopoctu

BP (before present) — pred soucasnosti

Cox — oxidovatelny uhlik

CHKO — chranéna krajinna oblast

ka — (for killoannus) - tisic let

LOI (Loss on Ignition) — ztrata Zihanim

LGM (Last Glacial Maximum) — Posledni glacialni maximum
LGT (Last Glacial Terminal)- terminalni ¢ast posledniho glacialu
Ma (for megaannus) - milion let

MIS3 — Marine Isotope stage 3

MIS4 — Marine Isotope stage 4

PK1 — Pedokomplex 1

TOC (total organic carbon) — celkovy obsah uhliku

W1/2; W2/3 — zkratky pro starsi ¢lenéni wiirmu



1. Prirozené formacni procesy vyvoje soucasné krajiny
1.1. Svahové procesy

Svahové sedimenty vznikaji jako postupna akumulace zvétralého materidlu v duasledku
gravitacnich procesl. ZpUsob, jakym se materidl pohybuje, zavisi na mnoizstvi faktor(l a je silné
ovlivnén mirou nasyceni vodou. Pro tyto procesy, resp. pro vysledny typ sedimentd, ktery v jejich
ramci vznikd, existuje v literatufe Siroké spektrum terminologickych vyrazl. Lze se tedy setkat s
pojmy jako napt. koluvialni, deluvidlni, geliflukéni nebo soliflukéni sediment. VSechny tyto vyrazy
popisuji odchylky ve zplsobu svahové depozice, resp. faktory, které pfi ni hraji roli. Hlavnim faktorem
pfi svahovém zplsobu depozice, kterd plsobi na naklonéné plose, je zemska pfritazlivost (gravitace).
Proto tyto sedimenty nazyvame obecné jako sedimenty svahové nebo gravitacni. DalSim pouZivanym
synonymem svahovych nebo gravitacnich sedimentl/procesd je termin koluvialni (vyraz coluvial
prevzaty z anglosaské literatury). Tyto tfi pojmy (gravitacni/svahovy/koluvidlni) v sobé zahrnuji
Sirokou $kalu vlivd, které mohou typ vyslednych procesi/sedimentld modifikovat. Plati pravidlo, Ze
pokud nejsme schopni identifikovat presnéji vlivy, které pfi gravitacni depozici hraly roli, mdZeme
sediment obecné nazvat jako gravitacni, svahovy nebo koluvialni. Naproti tomu naptiklad termin
deluvidlni uZ je specifictéjsi a charakterizuje sediment, na jehoZ vzniku se podilela jak gravitace, tak
nasyceni vodou a vysledny proces byl pomérné rychly. Odpovida napfiklad ronu, ploSnému splachu
nebo rychlému bahnotoku. V okamziku, kdy se ke gravitaci ptida saturace sedimentu vodou a pohyb
po svahu je pomaly, miZeme vznikly proces/sediment oznadit jako soliflukéni. Zndmkou pomalé
soliflukce je napfiklad tzv. hakovani, tj. ohybani kmend strom( ve sméru depozice. Pokud je voda v
sedimentu alespon caste¢né zmrzla, vznika geliflukéni sediment. Ve svahovych sedimentech jsou
kfemennd zrna pisCité frakce obvykle ostrohrannd, jejich tvar odrazi rychlost a silu kratkodobé
depozice.

Svahové sedimenty jsou v podstaté nejrozsifenéjsSim typem kvartérniho sedimentu na Uzemi
nasi republiky a vznikaly v rlzné mife jak béhem glacidlnich, tak interglacidlnich obdobi. Typ
svahovych sediment( je obvykle zavisly silné na podloZni geologii a na klimatu, ve kterém vznikaly.
Tak napfiklad ve vyssich partiich Ceskomoravské vysociny (Dratenik, Tfi palice) nebo v okrajovych
pohofich, které lemuji nasi republiku (Sumava — Certova sténa, Krkono$e — Labsky ddl), mGzeme
identifikovat balvanita pole jako odraz glacidlnich podminek. Na druhou stranu napfiklad i dnes
vznikaji v oblasti Moravskoslezského flySe rozsahld sesuvna uzemi tvofena hlinitopis¢itymi sedimenty
a podminéna predevsim vyskytem smykovych zén a pfitomnosti vody v geologickém podloZi
(Hradecky a Panek, 2008; Silhan a Panek, 2010; Panek et al., 2011), zatimco na Upati skal pevnych,
zejména vulkanickych hornin, se vytvareji volné hrubé suté — droliny. Svahové procesy mohou byt
iniciovany jak pfrirozenymi, tak antropogennimi faktory. Pomérné casto se Ize setkat se svahovymi
jevy a jejich dusledky (hiaty) - napfiklad ve sprasovych sedimentech posledniho glacidlu. Typickym
pfikladem jsou chybéjici A horizonty integlacidlnich pad, ptipadné redepozice interstadialnich
¢ernozemi (Ho3ek et al., 2015) nebo interstadialnich ptd na lokalité Tvarozna (Skrdla et al., 2009)
nebo v Dolnich Véstonicich (Lisa et al., 2013a; Lisa et al., 2014). Tato problematika byla autorkou
dlouhodobé studovana predevsim v jihomoravské sprasové oblasti. ZvySend intenzita svahovych
procesu je evidentné vazana predevsim na rozdilné rozloZeni srazek na prechodu mezi vyrazné
studenymi (suchymi) glacidlnimi podminkami a relativné teplejsimi (vIhéimi) interglacidlnimi nebo
interstadialnimi podminkami.

Jednim z pfikladd toho, jak svahové formacni procesy ovlivnily dlouhodobé uznavanou
terminologii, je na naSem Uzemi obdobi MIS 3 spojené s klasifikaci pedokomplexu PK1. BEhem MIS 3
(obdobi marinniho izotopového stadia 3 — pro archeologii klicového pro feSeni problematiky poc¢atku
mladého paleolitu) probéhla tfi relativné vyrazna otepleni (moershooftd, hengelo a denekamp).
Mirné otepleni hengelo bylo spojovéano s interstadidlem W 1/2 (alpska klasifikace pouzivana v nasi
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starsi literature) a denekamp s W 2/3 (Valoch 1971). V dnesnim pojeti spadaji moershooftd, hengelo i
denekamp do interpleniglacidlu v prlbéhu MIS 3 (Valoch, 2012). Z tohoto obdobi byl do nasi
stratigrafie zaveden pojem PK1, ktery souhrnné charakterizuje pldni komplex vznikajici v téchto
obdobich (Kukla, 1969). Smolikova (1969, 1973) pedokomplex 1 popsala nasledovné: pseudoglej v
autochtonni pozici, arktickd hnédozem, arkticka hnédozem z Cisté sprase na bazi. Problém souvisejici
pfimo s gravitacnimi formacnimi procesy, které ovliviiuji nejen soucasnou krajinu, ale i stratigraficky
zaznam, je vSak vtom, Ze pojmem PK1 byva oznaCovan témér vidy jen jeden pldni horizont
pfifazovany obvykle k poslednimu z téchto interstadialll denecamp. Charakteristika PK1 se vsak
opirala pouze o radiokarbonové datovanou svrchni pudu s gravettienem v Dolnich Véstonicich
srovnavanou se stillfriedem B v Dolnim Rakousku (dfivéjsim W 2/3). Jediné v tomto pojeti Ize tedy
PK1 chapat a pouzivat (Valoch, 2012). V profilech, které byly wvyuZity pro model chrono-
stratigrafického vyvoje pleistocennich sedimentl (Kukla, 1969), nebyly zbyvajici padni horizonty
vzniklé v predchozich interstadidlech zastizeny, a nebyly proto popsany a ocislovany. Absence
zmifnovanych paleopld je zvelké miry zplisobena pravé erozi vdlsledku svahovych procest
zpUsobenych jiz zmifnovanymi vyssimi srazkovymi Uhrny, resp. rozdilnym rozloZzenim srazkovych
Uhrnd béhem roku. Typickym prikladem pldy, kterd nebyla do tohoto schématu zahrnuta z vySe
zminénych ddvodd, je Bohunickd plda (Haesaerts, 1985) odpovidajici nejlépe padé , Willendorf
(Bohunice)” o stafi +41 ka (Haesaerts a Teyssandier 2003).

Komplex sprasovych sedimentl s tenkymi vrstvickami asociovanymi Sroubkem et al. (2001)
s interstadialnimi pGdami ve vstupnim portalu jeskyné Kilny byl nesprdvné interpretovan jako eolicka
sedimentace prerusovana pedogenezi. Ve skutecnosti Slo v tomto pfipadé opét o svahovy sediment
uloZeny béhem vyrazné vlh¢i erozni udalosti, (pravdépodobné béhem MIS 4), pficemz tenké vrstvicky
predstavuji erodované rothlemové pldy z prostoru mimo jeskyni (Lisa et al., 2013b). Vstupnim
Castem jeskyni povétsinou dominuji nejrliznéjsi typy svahovych procesd. Obvykle jsou sedimenty
téchto prostredi v nasi literature interpretovany jako opady z komint (Musil, 1993), v posledni dobé
vsak bylo revizi dvou jeskyni — jeskyné Pod hradem a jeskyné Kllny - zjisténo, Ze se jedna témér
vyhradné o material deponovany svahovymi procesy (pomalou geliflukci nebo deluvidlnimi procesy)
z prostoru osypového kuzele pred jeskyni (pfipad jeskyné Pod hradem — Nejman et al., 2013), které
na jedné strané usazuji kryoturbacné ovlivnéné sprasim podobné sedimenty, na druhé strané eroduji
sedimenty vzniklé ve starSich fazich depozice (pfiklad jeskyné Kilna — Lisa et al., 2013b). Typické
texturni prvky indikujici geliflukéni procesy jsou zachytitelné i v tzv. otevienych stanovistich (open-air
sites), a sice napfiklad ve sprasové sérii v Dolnich Véstonicich. Zde byla v kontextu s lidskym osidlenim
zachycena geliflukci postizena poloha s gravetienskym ohnistém (Lisa et al., 2014).

Svahové procesy Ize velmi dobre studovat v antropogennim kontextu. Na lokalité Sovin na
zapadnim okraji Prahy byly pomoci sedimentologického, mikrostratigrafického a paleobotanického
vyzkumu identifikovdny mocné horizonty diluvidlnich sediment( vzniklé v dlsledku pravékych
zemédélskych praktik (Lisa, 2011). K nastartovani svahovych procesi vtomto pripadé prispéla
predevsim lidska ¢innost (rozorani az pfilis velkych ploch) v kombinaci s nepfiznivymi vlastnostmi
podlozZnich hornin (cenomanské pisky). Svahové procesy Ize ovsem také studovat v mnohem mensim
méFitku. Velmi dobrym pfikladem jsou vyplné archeologickych objektd. Castym dotazem archeolog
pfi studiu téchto vyplini je otazka, zda byl materidl do objektu intencionalné premistén, nebo zda jde
o pfirozenou depozici v dlsledku naptiklad svahovych procest (Tichy et al, 2010). Tato problematika
byla studovana podrobné na pfikladu hrotovitych ptikopl. Ty se v archeologickém zdznamu objevu;ji
ve vétsi mire predevsim v neolitu pfi vystavbé rondelovych struktur a pozdéji v dobé fimské pfi
vystavbé kratkodobych postupovych tabord. Sedimentologickou analyzou téchto vyplni podpofenou
mikromorfologickou charakteristikou bylo statisticky dokazano, Ze formacni procesy v ramci
rondelovych vyplni a v ramci pfikopd fimskych tabor(i se diametralné lisi. Zatimco u rondelovych
prikopl dochazelo v prvni fazi k pomérné rychlé sedimentaci gravitaci, pfi které vznikaly pomérné
tenké vrstvicky redeponované sprase a redeponované a ¢astecné in situ vzniklé pldy, v druhé fazi
dochazelo k periodickym splachim a prlibéinému zar(stani vegetaci. Druha faze trvala v fadech
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stovek let. Treti faze vyplni je charakteristickd antropogennim vlivem, tj. rychlym premisténim
materialu valu, ktery byl v okoli pfikopu deponovan pfi jeho vystavbé (Lisa et al., 2013c, 2015; Valek
et al.,, 2013). Oproti tomu v pripadé Ffimskych tabor( je prvni faze depozice charakteristicka
intencionalni depozici valu smérem do pfikopu nasledovanou dlouhodobou, vramci stovek let
dlouhou gravita¢ni depozici z okoli spojenou s prabéznym zarlstanim. Treti fazi je opét intencionalni
odstranéni zbytku valu a zarovnani povrchu pro ucely zemédélského vyuziti (Lisa et al., 2015;
Komoroczy et al., 2014).

1.2. Fluvidlni (ficni) procesy

Fluvidlni neboli ficni sedimenty jsou neodmyslitelnou soucasti krajiny. Posledni roky o nich
slychdvdame ¢im dal castéji, a to predevSim v souvislosti s povodnémi. Fluvidlni procesy vsak
neprobihaji pouze b&hem povodni. Cinnosti Fek, piesnégji fe¢eno jejich eroznimi schopnostmi, se jiz
od miocénu (tfetihory) zacala formovat soucasna ficni sit. Vznika tak velmi specifickd morfologie
krajiny, kterd po tisicileti ovliviiuje migrace rostlin, zvirat i lidi, protoZe vytvafti jeden z typu krajinného
koridoru. Ri¢ni udoli ma vidy priiez tvaru V, na rozdil od udoli modelovaného ledovcem, které ma
prQrez tvaru U. Vyvoj ficniho koryta a architektury Ficni nivy se méni v ¢ase a v zavislosti na klimatu
nebo lidském impaktu. Lze vyclenit rozdilné zakladni typy fek: divocici, anastomozujici a meandrujici.

Kdyz hovofime o fluvidlnich procesech/sedimentech, myslime tim vyhradné prostredi
spojené s proudici vodou, nemusi se ale vidy jednat o ficni koryto. Fluvidlni sedimenty délime obecné
na sedimenty korytové a aluvidlni. Korytové sedimenty se usazuji v korytech fek, konkrétné na jejich
bazi. V rdmci téchto prostiedi vznikaji facie, které odrazeji rozdilnou energii vodniho fluida. Korytové
sedimenty jsou vétsSinou ve frakci pisku az Stérku, jsou vytfidéné a v ramci koryta tvofi rozpoznatelné
morfologické tvary, naptiklad jesepy. Tim, jak do sebe jednotlivd zrnka pisku béhem transportu
narazeji, se ¢ast zrn odlamuje, a vznikaji tak charakteristické dulky. Nasledny transport tyto ddlky
vyhlazuje do tvaru jamek. Celkové jsou zrna, ktera jsou transportovana ve vodnim fluidu, na svém
povrchu hladka a leskla, protoze vodni film narazy brzdi. Relikty korytovych sedimentd, které zGstaly
zachovany na svazich udoli poté, co se feka zahloubila v dlsledku klimatickych nebo tektonickych
procesll nize do geologického podloZi, se nazyvaji terasy. Obecné plati, Ze terasy vySe na svahu jsou
starsSi nez terasy poloZené nize ve svahu.

Naproti tomu aluvidlni sedimenty, jinak také nazyvané povodriové sedimenty nebo
sedimenty inundacni zény, jsou ukladany proudici vodou v dobé povodriové aktivity feky. Voda se ve
formé obohacené suspenze vylije z koryta, a jemnozrnny materidl se tak dostavd mimo néj a usazuje
se v rozlivové zoné v blizkém okoli feky. Podle vzddlenosti od fi¢niho koryta vyclenujeme tzv.
proximalni (blizkou) nebo distalni (vzdalenou) nivu. Morfologicky znatelny pfechod mezi korytovymi
sedimenty a sedimenty aluvialni zény je tzv. levées neboli agradacni val. Pod timto pojmem je moziné
si predstavit jakysi mirné vyvysSeny val v tésné blizkosti koryta, ktery vznikd béhem povodriové
aktivity. Je tvofen prachovitopisCitymi sedimenty, které jsou s pomérné velkou energii doslova
vyhazovany z koryta feky. BEhem vyssich povodiiovych stavl nasledné muze dojit k protrzeni vall a
k jejich resedimentaci do vysledné formy kuZelu situovaného smérem do povodriové zony. V dnesni
krajiné je vétSina velkych fek regulovand a k agradaci povodriovych sedimentl témér nedochazi,
presnéji feceno jejich agradace je prostorové vyrazné odliSné rozloZena, nez tomu bylo v minulosti.
Pfesto Ize nalézt na nasem Uzemi mista s neregulovanymi toky (napfiklad Osypané biehy v CHKO
Straznické Pomoravi), kde lze sledovat viceméné prirozenou aktivitu feky zahrnujici agradaci
aluvialnich sediment(, erozi a vznik i zanik jednotlivych fi¢nich koryt. Pokud si prohlédneme napfiklad
satelitni snimky z Google Earth, nalezneme v dnes odvodnénych aluvidlnich zénach vétsich rek
mnozstvi pozlstatkll po Cinnosti fek, respektive stavbé ficni architektury. Vyplné zaniklych koryt se
totiz vétsSinou litologicky a zrnitostné lisi od okolni aluvialni zony. Jsou vétSinou bohatsi na organiku a
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saturaci vodou, proto na snimcich vystupuji jako tmavsi plochy - do sebe propletena ramena jiz mrtvé
feky.

Dynamika fi¢ni sedimentace se lisi nejen v pribéhu vodniho koryta, v zavislosti na tom, jaky
typ materidlu je do ficniho koryta erodovan a jakou energii, ale také v zavislosti na klimatickych
podminkach. Jinou dynamiku maji napfiklad feky v mirném pasu a jinou reky v subtropickych
oblastech. Nejvyraznéji se klimatické zmény ve formacnich procesech fluvidlnich sedimentl projevu;ji
u velkych fek v extrémné klimaticky proménlivych oblastech. Typickym prikladem toho mze byt
napfiklad povodi Nilu. Pfi studiu nilskych sedimentl v rdmci Sestého Nilského kataraktu byla v rdmci
uzkého udoli pohofi Sabaloka, kterym Nil protéka tésné pred kataraktem, popsdana extrémné
proménliva depozice sedimentll vznikajicich v zalivovych oblastech (tzv. slack water deposits), v rdmci
kterych Ize velmi dobre rozélenit jednotlivé faze povodné (Lisa et al., 2012). Pocatecni faze je typicka
redepozici lehkého materidlu klastické frakce. Nasledné vznika prachovitopisCity sediment bohaty na
organickou hmotu a obsahujici mnozZstvi uhlikl a predevsim mikrouhlik( a propélenych fytolitd
(Castecek opalQ) zvypalované vegetace. Naslednd faze sedimentace je typickd stfidanim
jemnozrnéjSich nebo hrubozrnéjsich facii s minimem organické hmoty, a to prevainé
prachovitopisCité az piscité frakce. Variabilita je proménliva a tento typ facie je casto béhem povodné
usazovan a znovu erodovan. Findlni faze povodné je typicka prachovitojilovitym sedimentem
odtékajici vodé, tj. v suspenzi s malou energii, kdy z roztoku vypaddvaji nejmensi ¢astice, které jsou
povodni deponovany.

Vétsina velkych fek na naSem Uzemi je jiz regulovdna a to ztéZuje studium jejich pfirodnich
archivld. Jednou zoblasti, kde je moiné studovat environmentdlni zaznam v fiéni nivé, je
neregulovany uUsek feky Moravy ve straznickém Pomoravi. Nivni zéna je v této oblasti pokryta
nékolika metry jemnozrnnych sedimentl usazovanych od konce posledniho glacidlniho maxima a
béhem posledniho tisicileti prosla mnoha vyraznymi zménami (Kadlec et al., 2009; Grygar et al.,
2010). Pomérné rychla agradace aluviadlnich sedimentl v poslednim tisicileti stejné jako nar(st
prachovité frakce v nivnich sedimentech Moravy byla spojovana se zménami v zemédélském vyuziti
krajiny jiz v sedmdesatych letech (Prudi¢, 1978). Podobny trend byl zachycen nedavno napfiklad
v sedimentech Svratky (Parma et al., 2015), pficemZ tento scénar je predpokladan pro vétsSinu
evropskych fek (de Moor et al., 2008; Notebaert et al., 2009; Hoffmann et al., 2009). Soucasné
nazory na divody agradace nivy Moravy vsak stale nejsou sjednoceny. Kadlec et al. (2009) navrhuje
podobny scéndr jako Prudic¢ (1978), zatimco Matys Grygar (2011) poukazuje na moZnou souvislost
s klimatickymi vykyvy. Jeho zavéry jsou zaloZeny na faktu, Ze zvySena ficni agradace byla
zdokumentovana pro 13. a konec 16. stoleti a koresponduje s hlavnimi evropskymi klimatickymi
extrémy. Mimo jiné bylo zjisténo, Ze v obdobi mezi ~1000 a ~1900 AD se aktudlni sedimentacni
rychlost pohybovala v zavislosti na réiznych depozi¢nich faciich mezi 0,2 — 0,6 mm/rok™ (Grygar et al.,
2010).

1.3. Eolické (vétrné) procesy

Vysledkem eolickych neboli vétrnych procest jsou eolické sedimenty. Jejich zakladni ¢lenéni
se odviji pfredevsim od zrnitosti, tudiZ je délime na vaté prachy, pozdéji preménéné do sprasi, a na
vaté pisky (Kukal, 1986, R0zZickova et al., 2003). Eolické sedimenty vznikaji v dUsledku vétrné
depozice. Kromé fluida — vétru - je druhym faktorem pfitomnost vhodného materialu, ktery je vétrem
premistovan, tzn. na jedné strané erodovan, na druhé strané usazovan v podobé eolickych
sediment(. V pripadé vatych prach(, bézné definovanych pojmem spras nebo sprasové hliny, které
vznikaly prevazné na konci glacialniho obdobi, jsou za zdroj povaZzovany aluvialni sedimenty velkych
fek (Smalley et al., 2009) a lokalné i mrazové rozvétrand eluvia hornin (Lisa, 2004; Lisa a Uher, 2006;
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Lisa et al., 2009), kterd nebyla pokryta vegetaci (in situ zvétralé horniny). Pravé mensi vegetaéni
pokryv umoznil, Ze se rozvétrany materidl dostal do vznosu a byl ddle transportovan ve vétrné
suspenzi. Poté, co energie depozice poklesla, materidl ze suspenze vypadl (prfevainé prachova
frakce). K poklesu transportacni energie dochazi za prekazkou, jako je napriklad kopcovity terén nebo
hrana ficniho udoli, kde vznikd nejcastéjsi geomorfologicky tvar — zavéj. Postupnym zarlstanim
vegetaci, kterda svymi kofeny prachovitou frakci zpevriovala a zdroven impregnovala roztoky
bohatymi na karbonaty, vznikl typ sedimentu, ktery nazyvame spras. Morfologicky jsou na nasem
Uzemi Castéjsi zavéje. Je to dano podlozni geologii, resp. od toho se odvijejici starsi geomorfologii a
s tim souvisejicim vyvojem Fic¢ni sité. Kombinace sméru toku nasich fek (prevainé S-J) a tedy i
prevazujicich smérl vétsich udoli spolu s prevazujicim proudénim vétru v dobé depozice sprasi od Z —
V, ptipadné SZ JV, JZ — SV (Lisa et al., 2005) zpUsobila, Ze vznikaly v dobé glacialnich maxim prevainé
zavéje na zavétrnych strandch takto orientovanych udoli. Hlavni sloZkou sprasi je kfemen, Zivec a
slida s pfimési uhli¢itanu vapenatého, vytvarejiciho hrudky (,cicvary”), a jilu. Barva je obvykle svétle
okrova a prevaZzujici zrnitostni slozka je 2 — 63 um. Pokud vaté prachy neobsahuji karbonaty, jsou
obecné nazyvany sprasové hliny nebo sprasim podobné sedimenty.

Navétrné strany jsou u vétSich rek pokryty vatymi pisky vynesenymi dostate¢nou vétrnou
energii z pisCitych korytovych sedimentll. Zdrojem vatych pisk( vSak mohou byt i starSi piscité
akumulace souvisejici naptiklad s marinni nebo jezerni sedimentaci. Stafi pisCitych akumulaci je jak
glacidlni, tak holocenni a akumulace vatych pisk(l jsou v soucasnosti Casto reaktivovany. Piscity
material je obvykle transportovan skakanim (saltaci) nebo valenim po povrchu, protoZe jednotliva
zrna jsou zaroven vahové mnohem tézsi, nez je tomu u prachové frakce. Vaté pisky mohou byt
vapnité nebo nevapnité v zdvislosti na obsahu karbonatl ve zdrojovych sedimentech. ProtoZe
jednotliva zrna jsou rizné velika, dochazi pfi transportu k jejich vzajemnému odéru, jehozZ dlsledkem
je vyrazné zakulaceni povrchu a jeho zmatnéni. Tim, jak do sebe jednotlivd zrnka pisku narazeji,
vznikaji na jejich povrchu malé dilky.

Vaté neboli eolické sedimenty jsou na nasem Uzemi druhym nejrozsifenéjSim typem
sediment(. Typické sprase bychom nalezli hlavné v teplejsich a sussich oblastech, jako je Polabi nebo
jizni Morava (Dyjskosvratecky a Dolnomoravsky uaval). Jejich vyskyt je také vétSinou limitovan
nadmorskou vyskou cca 300 m n. m. Sprasim podobné sedimenty, ¢asto oznacované jako sprasové
hliny, tj. sedimenty, které nemaji vSechny parametry sprasi, lze potom nalézt i ve vyssich
nadmorskych vy$kdch nebo v oblastech s vy3simi srazkami (severni Morava, okraje Ceskomoravské
vysociny). Mocné sprasové profily tak, jak je zndme napfiklad z Kalendare véka v Dolnich Véstonicich,
vSak nejsou tvoreny Cisté sprasi. Jde o komplexni zaznam posledniho klimatického cyklu, kdy se
eolickd sedimentace probihajici v chladnéjsich fazich glacial( sttidala s klidovymi teplejSimi a na
srazky bohatsimi obdobimi (interglacialy, interstadialy), béhem kterych se jiz na vytvofenych sprasich
zacaly vytvaret plQdy. Pfechod mezi chladnymi a teplymi fazemi vyvoje klimatu je typicky eroznimi
procesy, v dasledku kterych vznikaji redeponované sprase, hlinopisky nebo jiné typy svahovych
sediment(. Pfi blizSim pohledu na sprasové profily lehce zjistime, Ze se divame na sled jednotlivych
udalosti charakterizovany rliznymi typy sedimentd.

Jednou z dlouhodobé fesenych otazek tykajicich se eolickych sedimentl je provenience jejich
zdrojového materialu. Jde totiZz o velmi specificky typ sedimentu, ktery zndme prevdiné z obdobi
kvartéru, a to pouze ze specifickych oblasti, které nebyly prekryty ledovcem. Nase republika je
jednou ztakovych oblasti, protoZe je soucasti jakéhosi koridoru ze severu ohrani¢eného
severoevropskym a z jihu alpskym zalednénim. Znalost provenience eolického materidlu a zpUsob
jeho depozice proto vypovidd mnohé o obecnych formacnich procesech spojenych s dynamikou
danou geomorfologii a klimatem. Metodicky jsou zde aplikovany tzv. provenienéni studie, tj.
prevazné mineralogické metody detekce zdroju mineralli. Nejvhodnéjsimi mineraly pro proveniencni
metody jsou tézké minerdly. Jsou to akcesorické mineraly o specifické hustoté vyssi nez kiemen.
Vyhoda téchto minerdll pro proveniencni studie spociva v tom, Ze se vyskytuji povétSinou samotné
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nebo pouze jejich urcita asociace, typicka pro tu kterou horninu. Klasickou praci na toto téma pro
nase Uzemi, zamérenou ovsem na proveniencni studie v rdamci detekce zdroje u fluvidlnich sedimentt
vramci Moravského krasu, je prace Burkhartla, Seberla (1965) a Krystka (1981). Provenience
eolickych sedimentl v ramci Moravy a Slezska byla studovana v rdmci mé dizertacni prace mnozstvim
provenien¢nich metod zamérenych jak na detekci asociaci tézkych minerdld (Lisa et al., 2002;
Kvitkova a Buridanek, 2005), tak napfiklad na specifické vlastnosti jednotlivych minerdll, napf.
granatd (Lisa et al., 2009) nebo zirkonU (Lisa a Uher, 2006). Provenience sprasi interpretovana na
zakladé mikrostruktur na povrchu kiemennych zrn je zhodnocena v praci Lisa (2004). Kombinace
studia provenience zirkonl spolu s mérenim radioaktivity pfinesla zajimavé vysledky. Zirkony typu
P23 a P24 typické pro durbachity Trebi¢ského masivu byly v eolickych sedimentech detekovany na
vzdalenost cca 50 km od zdrojové horniny (Kvitkova, 2002). A timto se dostdvame k samotné
problematice aplikace proveniencnich metod na eolické sedimenty. Tézké mineraly jsou, jak jiz bylo
zminéno, zastoupeny v horninach akcesoricky. To znamend, Ze je nutno je pred samotnou analyzou
zkoncentrovat. Ktomu se pouziva jejich specifickd hustota, separace ma vsak svd omezeni a je
v podstaté idedlni separovat frakci cca 63 — 2 500 um. Vzhledem ktomu, Ze sprasSe jsou vsak
primarné prachovy sediment, tj. obsahuji maximum frakce pod 63 um, lze tudiz provenienénimi
metodami studovat provenienci pouze ¢asti materialu a otdzkou je, zda je tato ¢ast zdrojové typicka
Ci spiSe atypicka. Nabizi se i studium napfiklad chemického signdlu nebo studium jilovych mineral
(Adamova a Havlicek, 1996), zde vSak nardzime na absenci srovndvacich dat mnohdy i jejich nizkou
informacéni hodnotu. Dalsi moznou metodou je jiz zmifiované studium mikrostruktur na povrchu
kfemennych zrn (viz kapitola 2.3). Pokus o tyto studie (Lisa, 2004) vSak neprinesl ocekavané vysledky.
Bylo mozné identifikovat zrna pochazejici napfiklad ze zvétralého eluvia, fluvidlnich sedimentli nebo
glacigennich sediment(, ne vsak v dostatecné statisticky prikazném souboru. Problém je opét
v prachové frakci. Kfemenna zrna, kterd tvofi pfevdznou ¢ast sprasi, jsou nejidealnéjsSim materidlem
pro exoskopickou analyzu, protoze kfemennd zrna jsou dostatecné mékkd na to, aby se na nich
zachytily textury vznikajici b&hem transportu, a zaroven dostatec¢né tvrda na to, aby textury zlstaly
zachovany (Kfizova et al., 2011). Problém je vSak v jejich velikosti. Pro vznik identifikovatelnych
mikrostruktur je zapotfebi dostate¢na energie, pfi které o sebe jednotlivd zrna vzajemné narazeji.
K tomu vsak v prachovité suspenzi dochdzi jen v malé mire.

Fenomén sprase je zajimavy nejen z obecného hlediska poznani provenience a dynamiky
eolického transportu, ale je také klicovy pro klimatické studie souvisejici s poznanim prostredi, které
zde panovalo v minulosti a do jisté miry ovliviiovalo moznosti pohybu lidi i zvifat v krajiné, coz
vyrazné ovliviiovalo chovani nasich predk( (Lisa et al. 2013a; Hosek et al., 2015; Wisniewski et al,
2015). Vletech 2006 — 2009 probihal pod zastitou University v Cambridge projekt s nazvem
»Moravian Gate project”. V rdmci ného byly studovany nejvyznacnéjsi paleolitické lokality v transektu
od Dunaje smérem k Odfe (Dolni Véstonice, Pfedmosti a Hostalkovice). Sedimentologicky zaznam
podporeny dal$imi environmentalnimi metodami se v rdmci tohoto transektu vyrazné lisi (Lisa et al.,
201343, 2014). Markantni je zvysujici se mnoZstvi srazek smérem k severu, coz byl pravdépodobné i
dlvod presouvajiciho se gravetienského osidleni smérem k polskym planim (Lisa et al., 2014). Dalsim
dokladem rozdilného klimatu béhem posledniho glacidalu na Uzemi nasi republiky je evidentné sussi
prostfedi na jizni Moravé v kontrastu s vlhéimi ocednskym klimatem ovlivhénymi oblastmi stfednich
Cech (Ho3ek et al.,, 2015). Zvysujici se zrnitost sprasi ve svrchnim pleniglacidlu kontrastuje
s progresivnim zjemnovanim zrnitostni frakce v oblastech blize k severoevropskému zalednéni. Lovci
mamutl ve svrchnim pleniglacidlu se evidentné dovedli velmi dobfe orientovat v krajiné a prizpUsobit
se postupné zméné klimatu. Pfitomnost vody v krajiné byla v pravéku stejné jako dnes jednim
z klicovych aspektl preziti. Voda byla vazana v glacidlech predevsim na udoli velkych fek a na
prameny s hlubokym obéhem, tj. na mista na tektonickych zlomech. Pro orientaci v krajiné vyuZzivali
gravetiensti lovci pravdépodobné i pfitomnost vyraznéjSich morfologickych vyvysenin bilé barvy
v kombinaci s vodnimi zdroji, at jiz to byly mramory (Udoli Dunaje — Krems), nebo vapencova skaliska
(Dolni Véstonice, Predmosti), pfipadné antropogenni akumulace vybélenych mamutich kosti
(souhrnné v Lisa et al., 2013a).
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1.4. Glacigenni (ledovcové) procesy

Za ledovcové sedimenty jsou obecné povazovdny takové sedimenty, které vznikly v
souvislosti s Cinnosti ledovce. Tato definice zahrnuje sedimenty vzniklé nejen v pfimé interakci se
samotnym ledem, ale napftiklad i ty, které vznikly odtokem tavnych vod. Podle energie formacnich
procest probihajicich v pfimém kontaktu s télesem ledovce se rozliSuji typy sedimentl popsanych
jako glacigenni sediment nebo till s mnoha ptivlastky oznacujicimi dalsi varianty prostfedi. Ledovcové
sedimenty jsou nadfazenym terminem, ktery zahrnuje glacigenni (tilly), glacifluvidlni a glacilakustrinni
sedimenty. Vzhledem k tomu je jasné, Ze i variabilita facii bude enormni, protoZze odrazeji predevsim
typ a energii transportu. Energie a typ transportu jsou z hlediska ledovcovych procest dosti rozdilné.
Shodna transportni energie mizZe byt pod ledovcem i na jeho povrchu, a presto je typ transportu
naprosto odliSny, coz se projevi v urcitém typu vznikajicich sediment(l. Samotny led ma obrovskou
erozni schopnost a doslova odira podlozni horniny, na kterych se pohybuje. Erodovany materidl poté
transportuje nejen ve svém vlastnim télese, ale i pod nim, na bocich a na svém cele. Vznikaji tak
jemnéjsi material a usazuji ho ve formé sedimentl ne nepodobnych tém fluvidlnim nebo jezernim.
Vysledné geomorfologické tvary ledovcovych sedimentll jsou napfiklad moréna, esker, kam, kamova
terasa, v SirSim kontextu potom vyplavova ploSina nebo vyplné jezer (varvy). Kfemenna zrna
pochazejici z glacigenniho typu transportu jsou typicka vyskytem tzv. konchoidalnich textur nebo
odlomenim velkého bloku z plochy zrnka. Tyto textury vznikaji tfecimi silami zplsobenymi tlakem a
stfihem obvykle na bdzi nebo uvnitt ledovce.

Typickym prikladem jezernich sedimentl ledovcovych jezer (glacilakustrinni sedimenty)
vyuzivanych pro datovani (analogickou metodou je naptiklad dendrochronologie) jsou laminované
varvy (vrstvicky) odrazejici faze sedimentace s organickou hmotou v zimnim obdobi nebo bez
organické hmoty v letnim obdobi. Hrubsi a svétlejsi letni vrstvicka vznika v dasledku zvySeného
pratoku a dostupnosti kapalné vody. V obdobi, kdy varvy vznikaly, byla léta pomérné kratka (2 — 4
mésice) a po zamrzu jezera dochdazelo postupné k vypadavani jemnozrnného materialu ze suspenze,
a to véetné planktonu, proto jsou ,zimni“ vrstvicky tenci, jemnozrnné a obsahuji vice organiky. Z
hlediska ¢asu se vSak nejedna o zimu, kdy doslo k jejich sedimentaci, ale spiSe o podzim az zacatek
zimy. Béhem zimy a jara, neZ doslo k roztati jezera, prakticky Zzadna sedimentace neprobihala.
Stratigrafie na zdkladé varv je srovnatelna napfiklad s dendrochronologii.

Vyskyt ledovcovych sedimentd na nasem Uzemi je omezen na relikty severoevropského
zalednéni, které nasi republiku postihlo ze severu. Mohli bychom dnes najit jiz jen opravdu
sedimentarni zbytky bez vyraznych plvodnich morfologickych prvkl. Na nase Uzemi zasahl ledovec
pravdépodobné celkem trikrat (Nyvlt et al., 2011) a své sedimenty zanechal pouze v nejsevernéjsich
vybézcich nasi republiky - ve Frydlantském a Sluknovském vybézku, na Liberecku, v Hradecké panvi a
na severni Moravé na Ostravsku, Opavsku a v Moravské brané. DalSimi typy ledovcovych sedimentd,
které bychom mohli na nasem uUzemi nalézt, jsou malé horské ledovce, které nezavisle na
severoevropském nebo alpském zalednéni fungovaly v KrkonoSich a na Sumavé. Jejich relikty,
poskytujici velmi dobré environmentalni archivy, miZzeme dnes najit v podobé vyplini kard (Labsky
dal, Obfi dal, NP Krkonose). Vyzkum sedimentd, resp. klimatického zaznamu spojeného s formacnimi
procesy ledovcovych sedimentl (resp. malych horskych zalednéni) byl uUspésné aplikovan
v Krkonosich (Engel et al, 2010) nebo na Sumavé (Mentlik et al., 2010). V oblasti Labského dolu
v Krkonosich byl nalezen cca 15 metrd mocny sedimentdrni zaznam pokryvajici cca poslednich 30 ka.
Jedna se tak o prvni kontinudlni zaznam vegetacni historie od pozdniho glacidlu a holocénu az po
soucasnost v oblasti Sudet. Sedimentdrni zaznam spodni ¢asti profilu ukazuje, Ze v dobé pocdatku
sedimentace, tj. pfed cca 30 ka lety (cca zacatek MIS 2), byl jiz kar bez ledu. Klimaticka kfivka
reprezentujici nasledujici obdobi je velmi variabilni, pficemZ nejstudenéjsi obdobi pfipadd cca na
18 ka BP, tedy dle obecnych modelli konec LGM (Last Glacial Maximum) a nastup LGT (Last Glacial
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Terminal). Dalsi vyrazné ochlazeni zjistitelné v tomto profilu je srovnatelné s mladsSim dryasem, tj. cca
12 ka BP. Béhem tohoto obdobi byl vkaru Labského dolu stdly maly ledovec, coz dokladaji
mikrovrstvicky ledovcovych sedimentd, a zdrojova oblast pro sedimenty byla bez stromové vegetace.
Pomeérné stabilni klimatické podminky se objevuji az od cca 5 ka BP. Dvé faze zvysené sedimentace
byly zaznamendny v obdobi 9,2 — 7,5 ka BP a 5,8 — 5,5 ka BP. Tyto faze odpovidaji environmentalnim
zménam béhem prechodu mezi subboredlem a atlantikem (Engel et al., 2010). Druhou podobné
studovanou oblasti byla Stard jimka na Sumavé. Sedimentdrni zdznam v této oblasti neni tak
komplexni, presto je viak zfejmé, Ze v porovndni se zdznamem v Krkonosich je zalednéni na Sumavé
mnohem vice ovlivnéno relativni blizkosti Alp a trvalo v této oblasti aZ do mladého dryasu (Mentlik et
al., 2010)

1.5. Procesy probihajici v prostiedi jezer a mokradu

Pro vznik jezernich a mokradnich sedimentl je klicova pritomnost vody a morfologické
snizeniny. Jejich blizsi charakteristika se odviji od rozsahu a hloubky deprese, od mnozstvi a sloZzeni
vody, ktera hraje zasadni roli v utvareni sedimentarniho zdznamu. Podle toho rozliSujeme typy
prostiedi: jezera, slatiny, raselinisté, vrchovisté a tzv. backswamps, tj. prostfedi opusténych ficnich
koryt v distalni nivé. Jezerni neboli lakustrinni sedimenty mohou mit opét vétsi mnozZstvi variant
podle toho, na jaké prostredi jsou navazany. Napfiklad v souvislosti s Cinnosti ledovce vznikaji
glacilakustrinni sedimenty, v prosttedi plosné rozsahlych jezer s dotaci vodnimi toky — hydrologicky
otevienych jezer vznikaji odliSné sedimenty neZ v uzavienych bezodtokovych jezerech nebo v
nadrzich vazanych na prameny, docasné hrazenych jezerech a karovych jezerech. Zvlastni kapitolou
je jezerni prostfedi vznikajici v krasovych oblastech v disledku zahlceni odvodriovacich jeskynnich
systému v krasovych oblastech (polje).

Na prostfedi s velkou dotaci podzemni nebo srazkové vody jsou vdzany organogenni
sedimenty (organozemé). Postupnou akumulaci organické hmoty vznikaji vrchovisté, slatinisté nebo
raselinisté prfechodového typu. Obecné tato tfi prostfedi mizeme charakterizovat jako mokfad nebo
baZinu se specifickym typem sedimentu. Vznikaji tak organogenni a chemogenni sedimenty pouze s
malym podilem klastickych sediment(l. Popisovana prostfedi se lisi podle typu dotace vodou, jejiho
sloZeni a typu vegetace, ktera zvodnélé plochy zarUstd. Slatinisté jsou mineralné bohata, vznikaji z
trav a ostfic, nicméné na vzniku vyplni se Casto podili i dfevo, klira a kofeny s malou pfimési
mechorost(. Slatinisté jsou vétsinou neutralni nebo jen slabé kysela (v Polabi prechazeji na bazi az do
jezerni kridy, ktera zde tvofri cela loZiska vznikla ve staroholocennich kalcitrofnich jezerech). Rozsifena
jsou u nas prevazné v nizinach a v nivach fek (v nasem prostredi jsou niziny obecné minerdiné
bohaté, coz neplati v sousednim Polsku a Némecku); reliktni zbytky nachdzime zejména ve stfednim
Polabi na mistech, kterd byla uSetfena meliorace, a rozsahlejsi vyskyty jsou zaznamenany v CHKO
Litovelské Pomoravi. Vrchovisté naopak nejsou mineralné bohatd, vznikaji prevainé z mechorostu
raseliniku a jsou vazana na kyselé aZz velmi kyselé prostfedi. U nas je najdeme prevazné na plochych
horskych pramennych planich na minerdlné chudych podkladech (napf. Bozidarské raselinisté v
Kru$nych horach, Upské raselinisté v Krkonogich a tzv. slaté na Sumavé). Raselini§té pfechodového
typu se vyskytuji v rozsahlych panevnich oblastech s nepropustnym podloZim - u nds zejména v CHKO
Tteborisko, ale také tieba Velké Darko v CHKO Zdarské vrchy nebo raselinisté Rejviz a Skitek v CHKO
Jeseniky — a na jejich tvorbé se podili predevsim raselinik a jsou vétSinou kyselé.

Jednim z enigmatickych jezer Ceské republiky je Komotanské jezero, a to hned z nékolika
dlvodu. Jednak se jedna o nase nejrozsahlejsi jezero, jednak bylo v minulém stoleti totalné vytézeno
z dlvodu tézby uhelnych sloji na Mostecku. Treti dllezity fakt je spojitost jezera s lidskym osidlenim,
coz dokumentoval Nelstupny (1985) a NeuUstupny et al. (2008). Komoranské jezero Ize zaradit mezi
jezera ficni (Hurnik, 1969) a ve svém vyvoji zaznamenalo vSechna tfi stadia vyvoje typicka pro jezera
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ficniho typu. Prvni faze, ktera probéhla v dobé ukladani anorganickych sedimentl na hranici
pleistocénu a holocénu, byla oligotrofniho charakteru. Druhd faze, ktera probihala béhem preborealu
a zaznamenavala eutrofni obdobi, se vyznadovala akumulaci rozsivkové zeminy az gyttjy. Od obdobi
atlantiku nastala tfeti faze vyvoje jezera, které se stava distrofnim a postupné prechazi v mocdly a
raselinisté (Hurnik, 1969, Besta, 2015). Na konci pleistocénu byla oblast jezerni panve denudovéana
Fekou Bilinou a jejimi pfitoky na Urover sp. miocénnich sedimentl mostecké panve (Rehdkova,
1986). Rehakova (1986) polemizuje s nazorem, 7e Komotanské jezero vzniklo v disledku sesuvd
fonolitovych hornin mezi Hnévinem (408 m. n. m) a Spi¢dkem (399 m. n. m.), které prehradily tok
reky Biliny v jiZzni ¢asti mésta Stary Most. PrestoZe okoli jezera bylo od pravéku osidleno (Neustupny
et al., 2008), jezerni sedimenty zkoumané multidisciplindarné Béstou et al. (2015) nepotvrdily vyrazny
lidsky impakt. Jeden z mala doklad(l plsobeni ¢lovéka na okolni prostredi je v jezernich sedimentech
Komoranského jezera zaznamenan zvysenym mnozstvim pyll rodd Corylus a Populus béhem neolitu.
Zajimava je napftiklad absence mikrouhlik( pro stejné obdobi. Ta je obycejné uvadéna jako intenzivni
doklad Zhafeni predestirajici pocatky zemédélstvi na zacatku neolitu, coz se vtomto pfipadé
nepotvrdilo a ukazuje to nejspiSe na jiz existujici bezlesi na dostatecné velké plose, ktera mohla byt
zemédélsky obdélavana.

Dalsim prikladem studia jezernich sedimenti v kontextu s lidskym osidlenim muze byt jezero
Svancemberk v T¥eboriské panvi (Ho3ek et al., 2014). V jezernich sedimentech zde byl detekovan
zaznam paleoenvironmentalnich zmén béhem pozdniho pleistocénu a holocénu. DlleZitost této
lokality spociva predevsim v tom, Ze jde prozatim o jedinou lokalitu v tranzitni zéné mezi ocednskym
a kontinentalnim klimatem. Ziskana data, kterd Ize korelovat lépe s ocednskym typem klimatického
rezimu, dokladaji, Ze prvni polovina mladsiho dryasu byla spiSe humidnéjsi oproti té druhé, relativné
sussi ¢asti. Tyto zmény se vyrazné projevily v okolni vegetaci, dynamice sedimentace a uUrovni vodni
hladiny béhem prechodu mezi mladSim dryasem a preborealem. ZvySend intenzita eroze v povodi
véak mohla byt také ovlivnéna mezolitickym osidlenim (Sida et al., 2007; Pokorny et al., 2010).

Velmi dobry pfiklad vyuZivani sezénniho kolisani hladiny vodni plochy bychom nasli v povodi
Nilu. Geomorfologicka sniZzenina na okraji egyptskych hrobek na okraji Saggary a Abusiru v Kahife se
nazyva Abusirsky rybnik. Je to vyrazny topograficky prvek spojeny s ,krajinou pyramid” (Jeffreys a
Tavares, 1994; Barta, 2005). Jezero samotné bylo vyuZivano v dobé stavitel( pyramid (cca 3 ka BC)
jako hlavni pfistupova cesta k hrobkdm severni a centralni Saqgary a Abusiru (Barta, 1999). Diky
vysokému vyskytu Zabi populace bylo také asociovdno s bohyni Hequet, staroegyptské bohyné
zrozeni a vzkfiSeni (Bdarta, 1999). Voda se v této depresi objevuje Casto pti zaplavach, jde vsak
predevsim o vzduti podzemni vody, ne tak povodrové vody Nilu. Pti vyzkumech v roce 2007 bylo
nékolik desitek centimetrli pod povrchem objeveno podlozi tvorené terasovymi sedimenty Nilu,
které slouzi jako zvoden a na kterych bylo vytvoreno dlazdéni slouzici jako pfistupova cesta
k hrobkdm. Toto dlazdéni bylo evidentné v pozdéjsich fazich castecné zniceno pfi eroznich fazich
typickych splachy z wadi Fetekti a nasledné prekryto vrstvami Cistého pisku deponovaného vétrem.
Faze eolické depozice je spojovana se zvysujici se aridizaci této oblasti. PfestoZe je tato sniZenina
nazyvana jezerem Ci rybnikem, nebyla v pravém slova smyslu pravdépodobné nikdy trvalou vodni
plochou (Cilek et al., 2010, 2012).

Zaznam o minulém klimatu pfipadné v souvislosti s antropogennim impaktem lze velmi dobre
studovat i na takovych sedimentarnich archivech, jakymi jsou napfiklad zanikld fi¢ni koryta.
V anglické literatufe jsou takovd prostiedi nazyvdna backswamps, tedy sniZzeniny cCasto lokalizované
v distalni nivé. Jednim z prikladl je studium zaniklého meandru Labe na lokalité Chrast (Petr et al.,
2013). Sedimentarni profil zachycuje ¢asovy Usek od 11 500 BP, tj. téméf od pocatku holocénu. Na
bazi profilu je zachycena zména ficniho koryta pfi prechodu konce pozdniho glacidlu a holocénu.
Hlavni ¢ast sedimentarniho profilu tvofi sedimenty pozdniho glacidlu a stfedniho holocénu. Jsou to
obdobi pomérné dynamickd, charakteristickd extenzivni vegetaci a sedimentarnimi zménami od
Stérkd po prachovitou frakci nebo vrstvy karbonatl s mnoZstvim schranek plzl. Nejsvrchnéjsi ¢ast
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profilu je tvofena sedimenty slatiny téZzenymi a spalovanymi ve stfedovéku. Zajimavy byl ndlez vrstvy
dopleritu, tj. druhotné vzniklého mineralu v dlsledku protékajicich huminovych kyselin, ktery byl
zpocatku makroskopicky asociovan s vrstvami bohatymi na Zelezo. Jedna se vSak o postsedimentarni
textury.

1.6. Procesy probihajici v jeskynnim prostredi

Jeskyné predstavuji zvlastni typ prostiedi, ve kterém lze studovat nejriizné;jsi typy sedimentd.
Jde vsak povétSinou pouze o vysledky posledniho sedimentaéniho cyklu, pozlstatky starsich
sedimentarnich fazi jsou relativné ridké (Bosak 2008). V podstaté se zde daji najit vSsechny typy a facie
terestrickych sedimentacnich prostredi (Bosch a White, 2004) od eolického po fluvialni, lakustrinni,
gravitacni a ve vstupnich faciich dokonce prostifedi spojené s ledovcovou ¢innosti. Typ sedimentace
odrazi klimatické zmény probihajici mimo jeskynni systém, ménici se provenienci sedimentd nebo
zmény v hydrologickém systému. Obecné se jeskynni sedimenty déli na dvé hlavni skupiny (Kukla a
LoZzek 1958). Jednak jsou to sedimenty vnitrojeskynni facie, tj. sedimenty vznikajici v dlsledku
sedimentarnich procesl uvnitf jeskyné, v systému, ktery je pomérné uzavieny od prostfedi mimo
jeskyni. Kromé klastickych sedimentl sem fadime i chemogenni sedimenty — hlavné vsechny typy
speleotém vznikajici druhotnou krystalizaci karbonat( uvnitf jeskyné. Tyto sedimenty se pouzivaji pro
izotopové paleoklimatické studie a radiometrické datovani (pro shrnuti viz Ford a Williams, 2013;
Fairchild et al., 2012) a pro sv(j obsah pylovych zrn i pro statigrafii (napf. Bastin, 1979). Druhym
typem jeskynnich sedimentll jsou uloZeniny vchodové facie. Ta je intenzivné studovana pro
statigrafickou vyznamnost vrstevniho sledu, ¢asto v kontextu s archeologickymi a paleontologickymi
nalezy. Tato facie geneticky pokryvd sedimenty vznikajici pfimo ve vchodové Casti jeskyné
ovliviiované sedimentaci z prostiedi pred jeskyni a zahrnuje i tzv. kuZel vchodové facie. Kuzel
vchodové facie vznika erozi sediment( nad vchodem jeskyné a postupnym opadem do prostoru pred
jeskyni. Sedimenty, které nejsou z tohoto prostoru dale erodovany do jeskyné, zlistavaji mimo ni a
tvori nejcennéjsi stratigraficky a klimaticky zaznam. Rozsah sedimentace vchodové facie se odviji
zejména od mnoizstvi faktord, mezi zakladni patfi morfologie jeskyné a okolniho terénu.

Jeskyné jsou vazany na krasovy fenomén (Bajer et al.,, 2015). U nds jsou povétsinou
nejzndméjsi jeskyné, které byly v minulosti obyvany ¢lovékem. Nejstarsi osidleni je dokumentovano
napf. pro jeskyni Sipka u Stramberka, Javofi¢ské jeskyné, jeskyni Kdlna v severni ¢asti Moravského
krasu, jeskyné s tabofisti lovch sobtl a dale jeskyni Pekarna nebo Svédav stdl v jizni ¢asti Moravského
krasu. Jednou z nejslavnéjSich jeskyni s halStatskym pohibem je jeskyné Byci skala ve stfedni Casti
Moravského krasu.

Geoarcheologicky byla v posledni dobé pomérné detailné revidovana vyse zmifiovana jeskyné
lokalit stfedni Evropy, a proto jsou poznatky z této jeskyné popsany v nasledujicim textu detailnéji.
Jeskyné Kilna se nachdzi cca 45 km severné od Brna na severnim okraji Moravského krasu. Je to v
podstaté 87 m dlouhy tunel s maximalni vyskou 25 m a Sitkou 8 m (Valoch et al. 2011). Jeskyné ma
dva vchody, mensi orientovany smérem na sever a vétsi orientovany smérem na JJZ do Sloupského
udoli. Geomorfologie celé oblasti je zvyraznéna Sloupskym udolim Siroce rozevienym na sever, které
smérem k jihu prechazi do Uzkého Pustého Zlebu. Detailni archeologicky vyzkum vedeny K. Valochem
probihal v jeskyni v letech 1961 — 1976 (Valoch, 1988, 2002). NejuplInéjsi stratigrafii popsal K. Valoch
ve vstupni ¢asti jeskyné (Valoch et al., 1969), kde postupné rozlisil celkem 14 hlavnich geologickych
vrstev sloZzenych predevsim z klastickych sediment lisicich se homogenitou a zrnitosti od prachu po
brekcie tvorené devonskymi vapenci Ci pisky a Stérky. Nikdy zde vsak nebyl proveden detailni
sedimentologicky vyzkum. Revizni geoarcheologické studium sedimentli jeskyné Kdalny, které
probéhlo v letech 2010 — 2013 (Lisa et al., 2013b), pfineslo nasledujici poznatky:
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Na zakladé provedenych analyz bylo mozné definovat mozné odpovédi souvisejici s dlouho
diskutovanou chronostratigrafickou situaci jeskyné Kalny. Rozdil mezi vrstvami 5 a 6 Ize identifikovat
na zakladé zrnitostniho slozeni, resp. miry zvétravani. Tyto vrstvy vznikaly pravdépodobné béhem
LGM pomalou soliflukci a byly ovlivnény kontinudlnim promrzanim; na zakladé méreni hodnot
frekvenéné zdavislé magnetické susceptibility Ize odliSit vrstvu 6a od vrstev 6 a 5. Sedimentace, kterd
probihala v rdmci starsi faze mladého paleolitu (EUP) byla bud zna¢né omezend, nebo byla poskozena
pravdépodobné v dusledku kryogennich pochodl. V kazdém pfipadé se v sedimentarni vyplni
objevuje nejméné jeden hidt, ktery by se mél nachazet mezi vrstvami 6a a 6. Mikrostruktury
jednotlivych vzork( v kombinaci s dalSimi proxy-daty zaroven ukazuji, Ze vyrazné chladnéjsi obdobi
panovalo béhem ukladani vrstev 5—6a, 7c a 8. Naopak vrstvy 11 a 9b vykazuji zndmky relativné
teplejSiho a humidnéjsiho klimatu, coZ ramcové koresponduje s dosud uzndvanou stratigrafickou
koncepci (souhrnnd chronostratigrafickd tabule v praci Lisa et al., 2013b). Podobné podminky, i kdyz
pouze mirné teplejsiho charakteru, pravdépodobné prevladaly i v dobé ukladani vrstvy 7a. Ndsledné
vsak tato vrstva byla postdepozicné mrazové postiZena, coz zfejmé zpUsobilo vertikalni redepozici
archeologickych nélezl (Neruda in press). Archeologicky sterilni vrstva 7b vznikla v dlsledku rychlych
svahovych procesli a jsou v ni zakomponovany starsi sedimenty (rip-up klasty) v predchozich
vyzkumech mylné Sroubkem et al. (2001) interpretované jako paleop(idy. Tato vrstva mohla vznikat
béhem chladnéjsi faze MIS 4, kdy dochdzelo k vyrazné zméné vegetace a s tim souvisejici mozné
erozi. Pokud byl vSsak dlvodem eroze humidnéjsi event, lIze tuto vrstvu interpretovat spise jako
disledek zvyseného srazkového uhrnu na pocatku MIS 3. MIS 4 by potom mohlo byt na zakladé
mikromorfologickych pozorovani kladeno spiSe do vrstvy 8. Teplejsi a humidnéjsi klima, které je dle
chronostratrigrafického kontextu predpokldddno pro vrstvu 11-13, Ize doloZit pouze na zdkladé
vyrazné zvySenych hodnot frekvencné zavislé magnetické susceptibility a indexu zvétravani
charakterizovaného pomérem jil/prach.

Multidisciplindrni studium vnitrojeskynnich sedimentd, které odrazi neuvéritelnou variabilitu
procesl ovliviiujicich jeskynni sedimenty, bylo velmi dobfe v posledni dobé aplikovano napfiklad
v jeskynich slovinského krasu (Hajan et al., 2008). Dalsim podobnym prikladem je i vyzkum v jeskyni
Botovskaja (Kadlec, 2009). Ta je typickym prikladem dvourozmérného labyrintu o celkové délce
dosud prozkoumanych chodeb cca 60 km. Predstavuje tak nejdelsi jeskynni systém v Ruské federaci.
Klastické jeskynni sedimenty tvotici vyplné chodeb se lisi jak po strance mineralogické, tak po strance
magnetickych vlastnosti a byly uklddany v rlznych hydrologickych podminkach. Nejstarsi cast
jeskynnich sediment( byla derivovana z piskovcli, které prekryvaji zkrasovély masiv, zatimco
nejmladsi vyplné jsou tvoreny predevsim redeponovanymi plidami a produkty zvétravani vznikajicimi
na platd nad jeskyni. Jeskynni sedimenty prosly opakovanymi depozi¢nimi udalostmi a erozi béhem
terciéru a pleistocénu. Posledni katastrofickd erozni uddlost je vjeskynnich sedimentech
zaznamenana z doby cca pred 350 ka. Voda prosakujici skrz nadloZni piskovce zpusobuje kolapsy
piskovcovych tabuli ze stropu jeskynnich chodeb, a vytvari tak nejmladsi jeskynni vypliné.

1.7. Formacni procesy v archeologickém kontextu

Do vyctu kvartérnich sedimentl, respektive procesl a prostfedi, ve kterych sedimenty
vznikaji, by mély patfit i procesy vyvolané antropogenni ¢innosti. MliZeme je rozdélit na procesy
vyvolané zemédélstvim nebo béZinou kazdodenni cinnosti clovéka, kterd ve svém dUsledku
predstavuje akumulaci konstrukéniho a odpadniho materialu. Procesy vyvolané kultivaci ptidniho A
horizontu nejsou na rozdil od konkrétnich archeologickych struktur pfrilis viditelné, prestoze jejich
disledky jsou v krajiné béziné pritomné. Vyraznéjsi zasahy do pldniho fondu jsou znamy jiz od
neolitu. Odlesfiovani a s tim spojena eroze pld byly popsany v mnoha studiich, které dokumentuji
faze uhlikatych vrstev prekrytych splachy. Splachy iniciované kultivaci nejsou mnohdy na povrchu
zfetelné, protoze tyto sedimenty rychle zar(staji vegetaci a splyvaji s okolni krajinou. Pokud nejde o

20



splach nahromadény pred néjakou zabranou, neni geomorfologicky pfili§ vyrazny. Mensi docasné
potlcky (vznikaji pfi narazovych destich nebo pfi odtavajicim snéhu), které eroduji ornici, mohou
vytvaret morfologicky zifetelné vyplavové véjife. Kultivace miZe zanechdvat povrchové morfologické
zmény, napfiklad pfi hluboké orbé zlstavaji mensi prikopy a akumulace. Orba prohlubuje A horizont,
zanechava ,plough marks“ a hranice mezi A horizontem a B nebo C horizontem zlstava ostra.
Kultivace mizZe zplsobovat tvorbu iluvidlnich horizont( nebo jinak zvyraznénych kompaktnich vrstev
(impregnace FeOH). Zemédélstvi ma na svédomi zménu chemizmu pud, coZ je mnohdy v pfimé relaci
k zachovani archeologickych situaci. Hnojeni pid organickymi a minerdlnimi hnojivy (napf. vapnem,
vapencem nebo popelem) totiz vyznamné ovliviiuje plQdni reakci. V zavislosti na antropogennim
ovlivnéni sedimentl a pld, a to i samotnymi pohrby, se méni obsahy fosfatd, siry nebo hodnoty
magnetické susceptibility.

Lidské aktivity vidy produkuji odpad. Vétsina preindustridlniho odpadu byla organického
plGvodu a zetlela, presto lze odpad identifikovat, a to diky mineralizaci nebo humifikaci probihajici v
redukénich podminkach. Mineralizace organickych zbytk( je celkem castd v disledku vysoké
biologické aktivity. MlZe se projevovat bud jako impregnace organické hmoty oxidy Zeleza z pUdni
matrix, nebo jako pseudomorfézy CaCO; a fosfatl po plvodnich bunécénych strukturach. Na zdkladé
specifickych znak( Ize v uréitych podminkach rozpoznat v sedimentu napfiklad popel, vykaly nebo
konstrukéni material prehistorickych staveb. Industridlni spolecnosti produkuji Sirokou skalu odpadu,
ktery je vSak na rozdil od téch prehistorickych velmi dobfe zachovan diky svému slozeni. Jednim z
takovych odpadl je struska, kterd ma velkou vypovédni hodnotu o pouZivanych technologiich.
Identifikace prehistorického odpadniho materidlu je moZzna vétSinou za pomoci laboratornich metod
zahrnujicich chemickou analyzu nebo mikromorfologii.

Dalsi dllezita otdzka pfi studiu formacnich procestli se tyka pfimo stavby, vyuZivani a zaniku
archeologickych objektl a s tim souvisejiciho vzniku podlahovych horizontd s. s. Makroskopicky popis
vyplni objektli ¢asto pfindsi jen castecnou a predevsim pouze popisnou informaci. Detailnéjsi studium
zahrnujici mikrostratigrafickou a pedogeochemickou charakteristiku je zasadni pro identifikaci
provenience materialu, ktery vyplné tvofi (Milek, 2012), pro zjisténi pritomnosti, typu a stavu
organické hmoty (Stoops et al., 2010), uhlikd nebo popele (Canti, 2003) a pro objeveni mnoZstvi a
typu porl v jednotlivych vrstvach i texturnich prvcich dokumentujicich postsedimentarni zmény ve
studované vyplni (Stoops et al., 2010). VSechny tyto informace mohou nepfimo ukazovat napfiklad
na rychlost a zplsob zaplfiovani objektu, pfitomnosti naslapovych horizontd, zplsobu jejich Gpravy
nebo pfitomnosti ptipravnych ¢i sanacnich horizonta (Milek, 2012; Goldberg a MacPhail, 2006). Tato
metodika byla jiz v minulosti na Uzemi nasi republiky Uspésné vyuZita pfi zpracovani nékolika malo
vyzkumd. Jedna se napftiklad o niZe detailnéji popsany vyzkum drevohlinéného predhradi ve Veseli na
Moravé (Dejmal et al., 2014), vyzkum rané stfedovékého sidlisté v Roztokach u Prahy (Novak et al.,
2012; Kuna et al., 2013) nebo novovékého zahloubeného objektu v TiSnové u Brna (Lisa et al., 2010).

Jednim z mala ptikladd vyuziti multidisciplindrniho vyzkumu formacnich procest sedimentd
v antropogennim kontextu je, jak jiz bylo zminéno vy3e, dlouhodobé studium dievéného predhradi
hradu Veseli na Moravé (Placek et. al., 2015), resp. vyzkum vyplné stifedovéké stdje (Dejmal et al.,
2014). Vysledky multidisciplinarniho studia sedimentarni vyplné stfedovéké stdje ve Veseli nad
Moravou lze shrnout do nékolika zakladnich bodl. Podlaha staje byla pribéiné oSetfovana, a to
podobné, jak je tomu dnes, tj. samotnd podestylka byla po ¢ase odstranéna a nahrazena novou.
Prostor byl po odstranéni podestylky oSetfen tzv. sanacni vrstvou, kterd méla zdroven i akumulaéni
dlsledek. Tato vrstva byla slozena z béZného odpadu, jenz vsak vidy obsahoval zbytky popela z
otopnych zafizeni. Timto zplsobem vznikla vrstevnatd vypli staje, kterd je ukoncena
v sedimentarnim sledu nevykydanou podestylkou. Diky studiu této posledni vrstvy bylo zjisténo, Ze
podestylka se skladala predevsim z travy a letorostll drevin. Tato vegetace byla pravdépodobné i
zkrmovaéna, zjistény vsak byly i obilniny (proso a oves) a k ptrikrmovani slouzilo i semeno konopi.
Ostatni zjisténé obilniny (pSenice, Zito) se vyskytovaly pouze v nepatrném mnozstvi, snad jako zbytky
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po zkrmovani zadiny. Ze ziskanych vysledk( izotopové analyzy je zifejmé, ze v dobé, kdy vznikala
zachovana podestylka — tedy v pozdnim |été, bylo sloZeni skupiny zde ustajenych koni z hlediska
urovné vyzivy pomérné variabilni. To nepfimo indikuje zbyvajici vyuZiti stdje, tj. bud' staje slouZily k
ustdjeni koni ndmezdni sily, nebo poselskych ¢i vojenskych koni. V neposledni fadé byla diky studiu
vyplné objektu rekonstruovana i stfedovéka nelesni vegetace zazemi lokality, ktera odpovida vsem
dosud v okoli lokality se vyskytujicim travnatym spolecenstvim — spolecenstvu vlhcich az mokrych
luk/pastvin (niva Moravy), mezofilnim loukdm a misty i suchym a velmi suchym pastvinam.
Nepfimym vysledkem analyzy je i pomérné dobra predstava o druhovém sloZeni lesG v zazemi
lokality. Také obraz lesni vegetace se na kvalitativni Urovni pfilis nelisSil od recentniho stavu
(pfevladaji druhy doubrav, pfipadné dubohabfin na rGzné vihkych stanovistich). Kvantitativni stranka
rekonstrukce lesni vegetace, tedy zejména uroven odlesnéni, ale mohla byt vyrazné odlisna.

Samotné studium podlahovych horizontd je jednou velkou kapitolou geoarcheologického
vyzkumu. MnoiZstvi zajimavych situaci nalezenych na nasem uUzemi je vSak prozatim mnohdy
rozpracovano pouze do formy posudkl a je nutné jejich studiu vénovat vice Casu. Je to oteviené
téma s Sirokymi moznostmi budouciho vyzkumu. Tzv. podlahové horizonty jsou totiz velmi zajimavym
fenoménem. Jednd se o obecny a v praxi Casto zaménovany ¢i naopak nerozpoznany pojem.
Terminem ,,podlaha” by mél byt navazan vlastné pouze povrch, ktery pfimo slouzil pfi funkci objektu.
Situace je véak mnohem sloZitéjsi. Casto naraiime na pfipravné vrstvy pro ,findlni podlahu“ jako
napriklad drenaze, (Lisa et al., 2008), podlahovou omitku (Tichy et al.,, 2012) nebo na vrstvy
souvisejici se sanaci plvodniho povrchu (Beran et al., 2014; Dejmal et al., 1013; Jarosova et al.,
2010). Vrstvy souvisejici pfimo s uzivanim povrchu nejsou naopak tak ¢asto zachovany a najdeme je
predevsim ve stfedovékych situacich (napf. Placek et al., 2015; Novak et al., 2012; Kuna et al., 2013).
PFi archeologickych vyzkumech byvd nékdy za podlahovou vrstvu nespravné zaménovana vrstva
odlisujici se konzistenci (¢asto tvrdosti) od okolniho prostfedi. MlzZe vsak jit pouze o horizont vznikly
v disledku postdepozicnich procest pfi prosakovani mobilnich prvkli smérem do podloZi (Novak et
al., 2012).

Prikladem studia podlahovych horizontl v ramci stfredovékého sidlisté v kontextu s celkovym
studiem vytvareni, uZivani a destrukci objektl je lokalita Roztoky u Prahy. Sidlisté kultury prazského
typu (6. — 7. stol. n. I.) v Roztokach u Prahy predstavuje dosud nevyresenou archeologickou zahadu.
Obtizné interpretovatelné je zejména mimoradné mnozstvi sidliStnich objekttd - zahloubenych domd.
Béhem zachrannych vyzkum v letech 1980-1989, 2001 a 2006—2010, které poskytly reprezentativni
vzorek celé lokality, bylo zachyceno kolem 300 zahloubenych domd; jejich celkovy pocet na lokalité
Ize odhadnout na 600-700. Pro srovnani uvedme, Ze na zadné z ostatnich 160 znamych lokalit
daného obdobi v Cechach nebylo dosud nalezeno vice nei deset domdl. Zdhadnost situace umocriuje i
zvlastni poloha arealu. Lokalita o plose kolem 20 ha lezi vtésnana na uzké dno hlubokého udoli na
levém brehu Vitavy v pdsu o Sifce cca 100 m a délce 1,6 km. Pouze mala cast lokality byla osidlena v
pravéku a/nebo v nasledujicich obdobich, jeji podstatna ¢ast naopak obsahuje archeologické doklady
pouze z pocatkl raného stredovéku. Zcela evidentné tedy pravé v tomto obdobi musel existovat
zvlastni davod k pobytu velkého poctu lidi na daném misté, pomérné nevyhodném z hlediska
zemédélstvi a komunikace. Geoarcheologicky vyzkum pfinesl nasledujici vysledky: v domech se
uklizelo; vrstva na podlaze nepfedstavuje jen doklady uZivani, ale i pocatek pfirozeného zaniku
objektu v dosud stojicim domé; po opusténi mohly domy zlstat uréitou dobu prazdné; béhem této
doby se mohla akumulovat tmava vrstva nad podlahou; dfevéné konstrukce domu byly po opusténi
rozebrdny; spodni vrstvu vyplné lze interpretovat jako premisténou vrstvu podloZi vykopaného pfi
stavbé nasledujiciho sousedniho domu; prehdazenym materidlem ze zakladd sousedniho domu byla
zfejmé zaplnéna celd zahloubena ¢ast opusténého domu. Béhem urcité doby vrstva sesedla, ¢imz
vétsinou vzniklo misovité prohloubeni ve stfedu; do tohoto prohloubeni byl ddle deponovan odpad z
nasledujici faze vyvoje sidlisté; tento odpadovy aredl mohl byt v ur¢itém okamziku pokryt kamennym
dlazdénim. Dlazdéni mohlo zarovnavat propadajici se terén, ale mohlo tvofit ,chodnicek” (nékdy
navazujici na destrukci pece) usnadnujici pfistup k odpadovému aredlu. Odpadovy areal mohl byt
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uzivan jako latrina; nalezy v odpadové vrstvé v horni ¢asti vyplné nejsou soucasné s nalezy na podlaze
domu, nybrz nejméné o jednu stavebni fazi mladsi (Novak et al., 2012; Kuna et al., 2013).

2. Vybrané metodické nastroje soucasné geoarcheologie
2.1. Koncept zakladniho popisu

Zakladnim principem kvalitniho geoarcheologického vyzkumu je nejen postupovat od makra
k mikru, ale také umét se zorientovat v jiz publikované literature. Znalost geologickych a
topografickych map je prvnim predpokladem pro spravnou interpretaci terénnich situaci. Druhym
predpokladem je dobry makroskopicky popis, znalost archeologického kontextu a stanoveni
zakladnich vyzkumnych otdzek. V navaznosti na tyto kroky jsou ndsledné odebirany vzorky
zpracované jednou z nasledujicich metodik nebo lépe jejich kombinaci. Pfi makroskopickém popisu je
tfeba zohlednit strukturni a texturni prvky, a sice primarni a sekundarni. Témi primarnimi prvky
(zvrstveni) se rozumi usporaddani sedimentarniho materialu uvnitf vrstvy odrazejici energii a fluidum,
diky kterému sedimentace probihala. Nej¢astéjSim pfikladem je zvrstveni horizontalni, ¢ockovité,
Sikmé nebo gradacni. Sekundarni prvky odrazeji postdepozi¢ni modifikace. NejcastéjsSim prikladem
mohou byt desikaéni (vysusné) pukliny, textury zvodnéni, mikrotektonika, konvolutni struktury nebo
mrazové pukliny (kliny). DalsSim popisnym znakem je prechod do nadloZi. Pfechod mUze byt jasny,
nahly, pozvolny, difuzni, ostry, hladky, zvinény, nerovhomérny nebo poldmany a odrdzi formacni
procesy béhem sedimentace, pedogennich pochodl nebo druhotnych poruseni. PGdni typ matrix
zase odrazi pedogenni vyvoj vrstev a druhotné i zrnitostni sloZeni. Vyhodnoceni zrnitostni distribuce
je zdsadni pro pochopeni geneze sedimentu. V terénu se provadi zhodnoceni promnutim mezi prsty,
pfipadné porovnanim se zrnitostni tabulkou, okoskopicky lze urcit i poméry jednotlivych frakci.
Existuje mnozZstvi klasifikaci, lisi se podle statl nebo ucelu, ke kterému byly vytvoreny (viz geologicka
versus pedologicka klasifikace, americka versus evropska). Pro ucely hodnoceni geoarcheologickych
situaci doporucuji pouzivat Wentworthovu klasifikaci. Grafické vyjadreni zrnitosti lze nasledné
provést formou kumulacni nebo frekvencni ktivky. DlleZité je také zhodnoceni vytfidéni sedimentu,
obsahu a zaobleni hrubozrnnych casti, pficemz limit hrubozrnnosti nebo litologicky typ zalezi na
autorovi popisu. Lze tak velmi dobfe odhadnout napfiklad procentualni zastoupeni uhlikd nebo
mazanice o dané velikosti. Mira zaobleni poukazuje na typ zvétrani nebo délku transportu. DalSim
dllezitym znakem pfti popisu sedimentarniho profilu je urceni barvy. Barva sedimentu odrazi pGdni
procesy a obsah inkluzi; indikuje obsah organické hmoty apfitomnost oxidd Zeleza; a urcuje se
pomoci srovndvaci Munsellovy $kaly, a to na ¢erstvém profilu pfi sluneé¢nim svétle, dodatecné urceni
probihd na suchém vzorku v laboratofi. V neposledni rfadé je vyhodné vterénu zjistit i obsah
karbonatl. Ten Ize lehce urcit reakci s 10% HCI. Zjisténi pH, které obsah karbonat(i nepfimo odrazi,
nasledné pomaha pfi rozhodovani o odbéru dalsich vzorkd napfiklad pro paleoekologii (zachovani
pyld, makrozbytkd, schranek mékkys; Lisa a Bajer, 2014).

2.2. Mikromorfologie v archeologickém kontextu

Metoda mikromorfologie predstavuje v podstaté popis vnitfni stavby sedimentu nebo pldy
podrobnym studiem padnich vybrusl, tj. materidlu odebraného in situ z vysuSseného, pryskyfici
naimpregnovaného profilu, vybrouseného do tloustky cca 30 um. Mikromorfologie pouzivana
v archeologickém kontextu, ktera se dnes jiz béZné objevuje v anglosaské literature, je odvozena od
padni mikromorfologie, jejimZz zakladatelem byl W. L. Kubiena (1938). Prakticky se jedna o
mikroskopické studium pldnich vybrus(. Lze tak ziskat informace o sloZeni hrubé frakce, matrix,
mnozstvi a velikosti pord, texturnich prvcich a vzdjemnych vztazich. Na tomto zakladé Ize
interpretovat napfiklad provenienci materidlu, zpUsob zaplfiovani objektu, miru pedologické aktivity,
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vyluhovani, humifikaci, vysychani a mrazové ovlivnéni. Je schopna zachytit pfritomnost
mikroartefaktli, exkrement( i mikrouhlik( ¢i rozeznat spalené Ulomky kosti od téch, které prosly
travicim traktem, spalenou organickou hmotu od dlouhodobé oxidované. Mikromorfologicka analyza
se odliSuje od ostatnich geoarcheologickych metod ve Cctyrech zakladnich aspektech. Zaprvé
produkuje set jak kvalitativnich (deskriptivnich), tak kvantitativnich (numerickych) dat a interpretace
kvalitativnich dat se opird o standardni terminologii, barevnou fotodokumentaci a vizualni srovnani
s ostatnimi vzorky a s referenéni sbirkou. Zadruhé, protoZe neni redlné odebirat mikromorfologické
vzorky v systematické siti, tj. kazdych 0,5 -1 m?, neni mozné na vysledky z mikromorfologie aplikovat
kvantitativni analyzu, jako napfiklad prostorovou analyzu nebo obecny interpolaéni prostorovy
model. Jakkoli se toto mulzZe zdat limitujici, zdad se, Ze mikromorfologie ma mnohem vétsi
interpretacni potencial, protoZe vzorky jsou odebirdny z origindlniho stratigrafického kontextu
v neporuseném stavu a rlizné prvky, které sediment tvofi (minerdly, matrix, organickd hmota,
postdepozi¢ni akumulace atd.), lze pozorovat simultdnné a interpretovat v mnohem specific¢téjsim
kontextu (exkrementy, podestylka atd.). Ackoli techniky, jako je naptiklad multi-elementdrni analyza
a ztrata zihdnim, poskytuji kvantitativni informaci o jednotlivych prvcich a organické hmoté, tyto
mohou mit mnoho rdznych zdrojl, které Ize snaze identifikovat pravé mikromorfologickou analyzou.
V neposledni fadé je velkou vyhodou mikromorfologie pred ostatnimi geoarcheologickymi metodami
fakt, Ze poskytuje informace o procesech, kterymi archeologicky sediment vznikd a je pfipadné
nasledné modifikovan.

Priklad( aplikace mikromorfologické analyzy na interpretaci archeologické situace bylo jiz
v pfedchozim textu uvedeno nékolik. Za vSechny je v ndsledujicim textu popsdna prikladova studie ze
zkoumdni podlahového komplexu odkrytého v objektu v Modficich u Brna, ktery byl nasledné
interpretovan jako stfedovéka kovarna (Beran et al., 2014). Svou dataci (11. stol. n. |.) se tento nalez
radi k jedném z nejstarsich zachovanych vyrobnich objekt( tohoto typu na nasem Uzemi. Kovarské
zpracovani Zeleza predstavovalo v raném stfedovéku zdroj zakladniho sortimentu nastroja pro
zemédélskou vyrobu, a tedy daleZity prvek nutny pro preZiti vesnickych komunit. Pfesto jsou dosud
poznatky o podobé a organizaci vyroby znacné utrzkovité, Casto se zamérenim predevsim na
centralni aglomerace kolem hradist. Objekt z ModFic pfedstavuje zajimavy pfiklad vesnické kovarny.
PfestoZe vypli objektu nezahrnovala kovarské vyrobky, odpad, ktery se zde nalezl, doklada
kovarskou vyrobu a diky vyskytu globularnich okuji spolehlivé i kovarské svarovani. Konkrétni podoba
kovarny je vzhledem ke zplsobu zaniku jen obtizné rekonstruovatelna, presto lze na zakladé
informaci ziskanych metodou mikromorfologie ze setu podlahovych horizontd spolehlivé dolozit
zpUsoby Upravy interiéru. Vétsinu téchto horizontl Ize interpretovat jako specifické podlahové
Upravy stfidajici se s typickymi naslapovymi horizonty (Goldberg a Macphail, 2006), které jsou v
tomto pripadé silné prosycené uhliky, coZ je logické vzhledem k pfitomnosti vyhné a nutnosti
vyuZivat dfevéné uhli. Casté obnovovani tprav podlahy sanaénimi vrstvami by mohlo souviset i se
sezdénnim vyuzivanim dilny, nebot je pomérné pravdépodobné, Ze kovar nepredstavoval plné
specializovaného vyrobce. Pokud nebyl objekt vyuZivan stale, mohlo byt nutné pred jeho
znovuzprovoznénim zamezit vzlinani vody a nové upravit podlahu. Pozoruhodna je ovSem tenkd
prabéznd vrstva tvorend organickym odpadem, nejspiSe zvifecimi exkrementy. Vzhledem k jejimu
charakteru nejde o doklad pfilezitostného ustdjeni zvifat, ale spiSe o dalsi, velmi specifickou Upravu
podlahy. Vyssi obsah fosfatli se znovu objevuje, i kdyZ pouze jako prosyceni piscité slozky, v nékolika
opakujicich se nadloZnich vrstvach. Celkové by bylo moZné interpretovat takové obohaceni fosfaty v
disledku cilené depozice moci, v pfipadé prvné zminované vrstvicky dokonce kejdy. Ta byla
povazovana za prostfedek s desinfekénim ucinkem. Vedle sporné specidlni funkce takovéhoto
vymazu lze hypoteticky uvaZovat i o jeho neprofannim vyznamu, nebot kovari vidy predstavovali
osoby spojované s magickymi praktikami Sirokého rozsahu (Frolec, 2003). Po zaniku funkce byl objekt
spiSe zamérné zaplnén, o cemz svédci absence dokladl zarlistani vegetaci ve finalnim zasypu.
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2.3. Povrchova morfologie kfemennych zrn

Metodu exoskopické analyzy uved| v roce 1935 A. Cailleux pod nazvem Morfoskopie pisku.
Princip metody spociva ve studiu kfemennych zrn, kterd béhem transportu prodélala signifikantni
zmény na svém povrchu (Kfizova et al., 2011). Typ fluida, rychlost a délka transportu urcuji mnoZstvi
vzniklych texturnich prvk( a zdroven mozZnosti interpretace proces, jimiz kiemennd zrna béhem
transportu prosla (Le Ribault, 2003a). Povrch kiemennych zrn je pozorovan pod binokuldrnim a
nasledné elektronovym mikroskopem pfi vicenasobném zvétSeni. Idedlni velikostni frakce zrn pro
tuto analyzu je 300 az 500 um, protoZe na zrnech této velikosti se nejlépe projevuji mechanické i
chemické vlivy (Le Ribault, 1975; Censier a Tourenq, 1986; Cremer a Legigan, 1989), jejichz
procentudlni zastoupeni u jemnozrnnych sediment( neni zcela jasné (Lisa, 2004). Na povrchu zrn se
setkavame se znaky mechanického nebo chemického plvodu. Lze rozlisit stupen lesklosti (leskly az
matny) a skulpturni znaky (ryhovani, poskrabani, narazova deprese, vtisky aj.). Matny povrch
kfemennych zrn piscité frakce byva vétsinou spojovan s eolickymi pochody, leskly vznika nejéastéji
dlouhym transportem ve vodnim prostfedi fek nebo vyvojem v morském prostiedi. V poustnich
podminkach je leskly povrch vysvétlovan tenkym povlakem poustniho laku chemogenniho plvodu
(Petranek, 1963; Le Ribault, 2003b). Geneze sediment( uréovand metodou exoskopie odvisi od
vyskytu charakteristickych mikrotextur ¢i jejich soubord na povrchu zrn (sensu Le Ribault, 1975).
Jedna se o takové mikrotextury, které vznikly pfi zvétravani, transportu a sedimentaci materidlu a
jejichZ procentudlni zastoupeni vétsinou neprevysuje 60 % (Mahaney et al., 2001). V ramci jednoho
prostfedi mohou byt kfemennd zrna ovlivnéna nékolika geneticky odliSnymi procesy (Alkaseeva,
2005), avsak nejzietelnéjsi tvary na kiemennych zrnech jsou vétSinou takové, které vznikly béhem
posledniho transportu. Kromé procesu, ktery se podilel na poslednim typu transportu, dokaze
exoskopie odhalit na jediném zrnu az 8 epizod vyvoje (Le Ribault, 1975). Vztahy mezi eluvidlnimi,
fluvidlnimi a eolickymi prvky se méni se zménami klimatickych podminek. Vliv procesti na mikroreliéf
zrna zavisi také na trvani transportu a energii transportniho média. Intenzita chemické transformace
povrchld kifemennych zrn je zavisld na dobé puUsobeni chemickych procest, klimatu, texture
sediment(, velikosti zrn mineral( a na pozici v padnim profilu a v reliéfu (Alkaseeva, 2005). Pfi
zkoumani vzork( je tfeba mit na zfeteli, Ze zrna rGznych genetickych typl mohla byt béhem svého
transportu smichana (Mahaney a Kalm, 2000).

Aplikovatelnost této metody byla testovana na nasem Uzemi v Krkonosich (KfiZzova et al,
2011). Kopanymi sondami byly ziskany sedimenty z vybranych geneticky rdznorodych skupin tvard, tj.
z glacigennich, fluvidlnich, svahovych a eolickych. Odbér byl proveden na relativné malé plose s
obdobnymi geologickymi a fyzickogeografickymi podminkami i s podobnou historii vyvoje reliéfu.
Vyjimku tvofi jen eolické sedimenty, které se v KrkonoSich nenachazeji a pro jejichz odbér byla
vybrana poloha eolickych sedimentl na praiském Klarové. Uvedend metoda exoskopie povrchu
kfemennych zrn umoZziuje stanovit zpUsob transportu, a tedy i genezi sedimentu, respektive daného
tvaru, ktery je jim budovan. U vzork( pochdzejicich z velmi podobného prostfedi vSsak nemuseji byt
vysledky zcela jasné a je zapotiebi pouzit vice vzorkd. Také je nutné znat samotné prostiedi, kde byl
vzorek odebran, véetné jeho okoli, aby byly procesy formujici povrch zrn spravné pfifazeny k
jednotlivym genetickym skupindm. Pro rozliseni genetickych typl sedimenti nelze vidy presné urcit
sadu vyskytujicich se mikrotextur, spiSe lze hovofit o urcitych frekvencich vyskytu, pfi kterych by se
znak stal charakteristickym. Tyto frekvence vyskytu vsak nejsou pro vSechny znaky stejné. DlleZitou
roli pro frekvenci vyskytu predstavuje rychlost transportu v prostredi. Lasturnaty lom vznika zejména
po prudkych narazech a odlomeni ¢astice od Castice vétsi, coz mlzZe nastat v kterémkoli prostredi,
zaroven muZe ale také vzniknout mrazovym zvétravanim. Tyto narazy jsou ale ve fluvidlnim prostredi
tlumeny, charakteristickd je tedy spiSe nepfitomnost lasturnatého lomu pro fluvidlni sedimenty. Tilly
jsou charakteristické naopak velmi vysokou cetnosti lasturnatého lomu, coZz znamena, Ze tento znak
se u nich vyskytuje alespon ze zhruba 70 %. U jinych znak( vSak sta¢i mensi procentualni podil
vyskytu k tomu, aby byly oznaceny za charakteristické. Zdaleka ne vidy lze ale vysledovat toto
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priblizné hrani¢ni procento a je potreba pocitat s polohou, s probihajicimi procesy v prostredi, ze
kterého vzorky pochazi, a s nalezenymi mikrotexturami. Musime napf. uvazovat nad tim, zda byl
sediment donesen z vyssSich poloh a jaké procesy v téchto vyssich polohach probihaly, protoze zrno
nese na svém povrchu v rzné mife zachovani i starsi struktury. Podobné i Mahaney (2002) a Le
Ribault (1975) upozoriuji na to, Ze zrna si nesou mikrotextury z drivéjSich prostfedi. Ze znalosti
geomorfologie (napft. sklonitosti terénu) jsme schopni odhadnout, v jakych rychlostech zdejsi procesy
probihaji — v exoskopii napf. V-jamky, srpkovité textury a misovité jamky (Le Ribault, 1975) vypovidaji
o rychlostech média, kterym je sediment unasen — a tim lépe pochopit vysledky exoskopie a urcit,
kde je pfibliznd hranice vysokého a nizkého vyskytu jednotlivych mikrotextur. Kfemennd zrna
glacigennich sediment(l jsou charakteristickd vyskytem lasturnatych lomu (Ci Stépnych platkd, které
jsou typicky vyvinuté na mensich zrnech), stupnovitych tvar(, puklinovymi plochami a ptilnavymi
Casticemi. Eolické sedimenty jsou charakteristické vyskytem V-jamek, misovitych jamek a vysSim
zaoblenim zrn. Pro deluvium jsou typické lasturnaté lomy, stupriovité tvary, brazdy a zejména abraze
hran. Kfemenna zrna murovych sedimentl byla charakteristickd lasturnatymi lomy, stupriovitymi
tvary, brazdami a kfemicitymi srazeninami. Fluviadlni sedimenty maji oproti ostatnim vzorkim celkové
nizkou cetnost mikrotextur a typicky je pro né nizky reliéf s vyssi zaoblenosti zrn a kfemicité
srazeniny, zvlasté kifemicité povlaky.

2.4. Zrnitostni analyza

Granulometrie Cili zrnitostni analyza je kvantifikaéni metoda, pfi které je stanoven
procentudlni podil jednotlivych frakci, obvykle roz¢lenénych na jil, prach a pisek. Hranice mezi témito
frakcemi se mnohdy liSi podle toho, zda se pouzZivd geologicky, geologicko-inZzenyrsky nebo
pedologicky systém, obecné je vSak hranice jil/prach stanovena na 2 mikrometry (4 um ve
Wenworthové geologické klasifikaci) a hranice prach/pisek na 50 nebo 65 pm (rozdil mezi britskym a
americkym klasifikacnim systémem; Goldberg a Machpail, 2006). Zplsoby, jakymi lze stanovit
zrnitostni distribuci, jsou pomérné Siroké a zaviseji v prvni fadé na makroskopicky odhadnutelné
zrnitosti. Vyuziti stanoveni granulometrie je v environmentalnich védach Siroké, ba dokonce je
pouziti této metody v mnoha pfipadech naprosto nezbytné. Znalost zrnitostni distribuce a
vytfidénosti materidlu je dlleZitd pro identifikaci provenience studovaného materidlu a pro
identifikaci formacnich proces(, na jejichz zakladé sediment vznikl.

Velmi jemné frakce je vhodné stanovovat pomoci laserového granulometru; rozsahy téchto
pristroji se vétSinou pohybuji od 0,04 um do 2 mm. Mérfeni probiha ve vodni suspenzi, do které je
pipetovan dispergovany vzorek. Pfes zakalenou suspenzi nasledné prochazeji laserové paprsky,
pomoci nichZz je moiné detekovat hustotu suspenze a velikost jednotlivych zrn. Manipulace s
laserovymi granulometry je vétSinou jednoduchd a UspéSnost vysledku zavisi na mife idedlni
dispergace studovaného materialu. Obvykle je pouZivana dispergace v KOH podpofend ultrazvukem.
Tzv. totalni dispergace zahrnuje nasledné odstranéni karbonatové a organické slozky sedimentu. Ty
by se totiz mohly do sedimentu dostat druhotné, a neodrazet tak primarni sedimentacni podminky.
Vse je vSak nutné posuzovat v zavislosti na konkrétnich kontextech. Pro laserovou granulometrii jsou
vhodné jilovité a prachovité sedimenty, protoZe mnoZstvi méfeného materidlu se pohybuje v
gramech. Standardni je tzv. pipetovaci metoda podle Andreasena, pfi které se vyuzivd Stokeslv
zakon. Vzorek je dispergovan ve valci a zacdina se usazovat na jeho dné. Hrubozrnny material pada ke
dnu rychleji, zatimco jemnozrnny jil z(stava delsi dobu ve vznosu. Rychlost usazovani je zavisla na
teploté. Ve specifickém intervalu (obvykle 30 sekund aZ 8 hodin) je sediment odebiran z urcité
hloubky sloupce, vysusen a zvazen a nasledné jsou kalkulovany procentudlni obsahy jednotlivych
frakci. Princip chovani sedimentu v suspenzi podle Stokesova zdkona lze také vyuZit pro méreni
hustoty suspenze vrlznych casovych Usecich. Jde o zplUsob méreni tzv. hustomérnou
(aerometrickou) metodou podle Cassagrandy. V ¢asovém odstupu je hustomérem mérena suspenze
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a ziskané hodnoty jsou poté prepocitavany na procentualni obsahy jednotlivych zrnitostnich frakci.
Pokud je tfeba stanovit zrnitostni distribuci u materidlu pisc¢ité nebo Stérkovité frakce, je vhodné
suché nebo mokré sitovani. Pfi této metodé je potfebné vétsi mnozstvi materialu, obvykle tak 1 kg.
Vzorek je po vysuseni zvdZzen a umistén na systém sit, pficemz sita jsou nasklddana na sobé podle
klesajici velikosti standardizovanych ok. Materidl je poté bud promyvan vodou, nebo vyklepavan,
pricemz na povrchu jednotlivych zrn se usadi tzv. nadsitna frakce. Naslednym opétovnym zvazenim
jednotlivych frakci Ize stanovit vahova procenta.

Znalost zrnitostniho rozlozeni se c¢asto pouzivd jako proxy prfi studiu sprasovych
environmentalnich archivl, ¢asto v kontextu s magnetickou susceptibilitou (Lisa et al., 2013a, 2014;
Antoine et al.,, 2013; Hosek et al., 2015). Ze srovnavaciho studia environmentalni informace ve
sprasovych sedimentech na Moravé, resp. v transektu napfi¢ Moravou a Slezskem, bylo zfejmé, Ze
vSechny lokality vykazovaly podobny trend kolisani zrnitostniho rozloZeni. Smérem k zacatku
holocénu dochazi k pozvolnému hrubnuti. Podobny trend je sledovatelny i smérem od jihu k severu,
smérem k severoevropskému zalednéni. Lokalita Dolni Véstonice ma nejlépe zachovany sedimentarni
zaznam a soucasné i vyskyt zrnitostné nejjemnéjsich sedimentl. Zretelny byl zaroven narist jilové
frakce v zavislosti na pfitomnosti tmavsich interstadidlnich nebo interglacidlnich horizont. Tim
padem byla zfetelnd i korelace mezi magnetickou susceptibilitou a nardstem jilové frakce.

2.5. Environmentalni magnetismus

Environmentalni magnetismus je klasickym metodickym nastrojem dnes jiz nezbytnym pro
paleoenvironmentalni studie. Nejcastéji je vyuZivana magneticka susceptibilita a frekvencné zavisla
magnetickd susceptibilita (Thompson a Oldfield, 1986). Magneticka susceptibilita (MS) je hodnota
mérend v indukovaném magnetickém poli se stanovenou frekvenci a je vyjadrena jednotkami Si —
jinak Feceno: je to schopnost mineralt namagnetizovat se v uréitém indukovaném magnetickém poli.
Podle toho, jak se materidl v magnetickém poli chov3, tj. podle intenzity signdlu, je mozné rozdélit
materidl do tfi skupin: diamagneticky, paramagneticky a feromagneticky. Diamagneticky material ma
zapornou hodnotu susceptibility, paramagneticky reaguje jen po dobu blizkosti silného magnetického
pole a feromagneticky ma velmi silnou odezvu na vnéjsi magnetické pole. Magnetickou susceptibilitu
pud a sedimentl ovliviiuji dva hlavni faktory. Prvnim je pfitomnost oxid( Zeleza, jako je hematit
(aFe,03), maghemit (yFe,03) a magnetit (Fes0,), a druhym je stupen antropogenniho ovlivnéni.
Hodnoty magnetické susceptibility jsou ¢asto odezvou signalu odrazejiciho vice faktord. Ovliviiuje je
jak mnozstvi, tak i velikost magnetickych minerdll, proto miZe byt interpretace zaloZena pouze na
téchto datech mnohdy zavadéjici a je Ucelné pouZivat magnetickou susceptibilitu pouze jako jedno
z voditek pro findlni interpretace. Frekvencné zdvisla magnetickd susceptibilita je veli¢ina zavisla na
zrnitosti a vznikld vypoétem z minimalné dvou méreni, pficemZ pokazidé je vzorek vystavovan
magnetickému poli s odliSnou frekvenci (Dearing et al, 1996). Vyhoda frekvencné zavislé magnetické
susceptibility je vtom, Ze odrazi mnozstvi superparamagnetickych mineral(, které vznikaji prevazné
pfi pedogennich pochodech (Evans and Heller, 2003).

Jedna z metodickych studii zaméfena na vztah mezi magnetickymi parametry a ostatnimi
proxy, jako je naptiklad zrnitost nebo obsah organické hmoty, byla provedena na aluvialnich
sedimentech Nilu v prostoru Sabaloky a sestého Nilského kataraktu (Lisa et al., 2012), kde bylo na
zakladé téchto proxy vyclenéno celkem 9 rliznych facii. Nuanci mezi témito faciemi odpovidaji zmény
v energii depozice a lidsky impakt. Tato studie je jiz ¢adsteCné zminovana vyse (kap. 1.2.), proto zde
uvedu jen pfimé vztahy mezi magnetickymi a ostatnimi proxy. ZvySena magnetickd susceptibilita byla
detekovana predevsim v sedimentech uklddanych s vysokou energii. Tyto sedimenty vSak obsahuji i
mnozstvi diamagnetického kiemene, proto bylo zvyseni susceptibility pfimo zavislé predevsim na
pfitomnosti prachové frakce, pfipadné na obsahu makroskopicky rozpoznatelnych akumulaci tézkych
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minerald, které zde vytvarely Cerné Cocky. Zvyseni frekvencné zavislé magnetické susceptibility bylo
naopak vazano predevsim na prostfedi nizkoenergetické depozice a pfimo korelovalo se zvySenymi
hodnotami prachové a jilové frakce. Pokud ovsem sediment obsahoval zaroven zvysené mnoZzstvi
organické hmoty, zlstavaly hodnoty magnetické susceptibility nizké a hodnoty frekvencné zavislé
magnetické susceptibility vykazovaly zvySeny trend.

2.6. Geochemie

V ramci predkladané prace neni realné uchopit kapitolu s nazvem Geochemie pfilis detailné,
protoze Skadla geochemickych nebo pedogeochemickych metod vyuzivanych pfi studiu
environmentalniho zdznamu a formacnich procestll je pfilis Sirokd. Mnozstvi z téchto metodickych
pristupl bylo zminéno jiz v predchazejicim textu, proto zde uvadim jen velmi strucény prehled
moznosti stanoveni silikatové analyzy, kationtové vyménné kapacity a obsahu organické hmoty
doplnéné jednou kratkou pfipadovou studii.

Silikdtova analyza je metoda, jejiz pomoci lIze zjistit mokrou cestou, tedy rozpusténim vzorku
v daném rozpoustédle (nejcastéji ziedéné kyseliné chlorovodikové) a oddélenim nerozpustného
vzorku, obsah jednotlivych prvkl. Typ rozpoustédla, které je pouZito, zasadné ovliviiuje konkrétni
analyticka data, na cozZ je tfeba brat zfetel pfi srovnavacich studiich. Nejéastéji jsou timto zplsobem
stanovovany obsahy rozpustného oxidu kiemicitého (SiO,), oxidu vapenatého (CaO) a hofecnatého
(Mg0), seskvioxidd (Al,0s;, Fe,03) a oxid( daldich kov(. Stanoveni obsahu jednotlivych prvkd se
nasledné provadi napfiklad z ICP spektrometrické analyzy. Posledni dobou je ¢im dal tim castéji
pouzivdn prenosny XRF spektrofotometr. Pro stanoveni kationtové vyménné kapacity (CEC) se
pouziva cela fada metod. Hlavni rozdily jsou v pouzivanych rozpoustédlech. Napftiklad rozpoustédlem
Mehlich 1ll. Ize ziskat informace o Zivinach pfistupnych pro rostliny. Kazdopadné ziskavame informace
jen o specifické ¢asti méreného materidlu, coZz ndm ddva moZnost presnéjSich interpretaci, ale na
druhou stranu ndm nedovoluje obecnéjsi popis sedimentu. V ptipadé metody méreni Melichem IIlI.
Ize ziskat data, kterd mohou byt porovnavana s jiz znamymi databazemi pldniho chemizmu. Tato
informace je Casto klicovd pro posouzeni stafi a geneze pld nebo pro schopnost rozliseni pld
vzniklych in situ nebo svahovymi pochody (Bajer, 2003). Pro stanoveni obsahu organické hmoty se
obvykle pouziva vétsi mnozstvi metodickych pfistupl. Relativné nejlevnéjsim je tzv. LOI (loss on
ignition), tedy ztrata zihanim. Tato metoda je vSak vhodna pouze pro sedimenty, které obsahuji velké
mnozstvi organické hmoty. Z dalSich presnéjsich metod se pouziva stanoveni C,, (oxidovatelny uhlik).
V zahraniéni literature se Casto jako ekvivalent C,, objevuje TOC (total organic carbon) stanoveny
stejnou nebo podobnou metodikou.

Prikladem vyuziti znalosti chemického slozeni jako jednoho ze sttfipkd mozaiky mlze byt
vyzkum vyplné halStatské zemnice v Modficich u Brna (Jarosova, 2010). Chemické analyzy sediment
zahrnovaly vSak v tomto pfipadé pouze fosfatovou analyzu. DalSimi analyzami, které jsou
v pfedchozim textu popsdny pouze castecné, byly stanoveni pH, ztrata Zihanim, ze které byly
nasledné prepoctem zjistény obsahy organické hmoty a karbonatli, a méreni magnetické
susceptibility. Zavislosti jednotlivych mérenych veli¢in byly interpretovany v navaznosti na
mikromorfologii a makroskopicky popis sedimentli. Laminovand, asi 1 m mocna vyplii zemnice byla
na zakladé statigrafie a mikrostratigrafie vysvétlena jako systém podlahovych vrstev s pridavnymi
sanitarnimi polohami, které zamezuji Sifeni pachu ¢i vihkosti z rozkladu organické hmoty. Zmény ve
vyplni tvofené vrstvickami organické hmoty premisténé sprasi, popelovitymi vrstvami a uhliky, se
odrazi také v hodnotach magnetické susceptibility, obsahu karbonat(l, fosforu ¢i organické hmoty.
Monoténni hodnoty pH potvrzuji stabilitu fosfatld, které jsou vazany predevsim na Castecné
rozloZzenou organickou hmotu. Pfinos pedogenné ovlivnéného materidlu, tzn. pravdépodobnd faze
pocinajiciho zaniku zemnice, kdy dojde k destrukci stén, odkryti prostoru a do zemnice se zacina
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pfirozenou gravitaci zanaset puda z okoli, je zfetelny ve svrchni Casti vyplné. Tato domnénka je
podporfena nejen mikrostratigraficky, ale i zvySujicimi se obsahy frekvencné zdavislé magnetické
susceptibility, které nekoreluji se susceptibilitou méfenou pfi jedné frekvenci. Zaroven s rostoucimi
hodnotami frekvencné zavislé magnetické susceptibility roste obsah silikdtového residua, tj. klesd
obsah karbonat( a organické hmoty. Narlsty obsaht organické hmoty a fosforecnanl koresponduiji s
narlistem obsahu karbonatl, coZ je dano predevsim hustotou vzorkovani a naslednym zkreslenym
signalem. Sanitarni vrstvy tvorené predevsim karbonatovou slozkou ze sprase se v tomto pfipadé misi
s vrstvami organické hmoty, kterd zaroven dotuje hodnoty fosfatll. Mikromorfologie ma v tomto
pfipadé mnohem vétsi vypovidaci hodnotu.
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5. Vlastni prace
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from the Late Neolithic Period, in the second case we are dealing with the fortification ditches of the
V-shaped ditch Roman temporary camps.
Neolithic rondel structures On the basis of sedimentological and consequently micromophological study, processes were differ-
Roman ditch entiated in the formation of studied infillings. In Neolithic rondels, two parts of infillings were noted. The
lower one typically has straight thin bedded layers, originating due to processes connected with vege-
tation ingrowth and erosion of the rampart. The upper part of the infilling is usually homogenous, and
originated during the human caused grading of the surrounding area. During this phase, remains of
rampart constructions were most probably destroyed. The basic type of deposition — especially visible in
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not continuous thought the whole width. It indicates the direction from which it was transported. They
are remains of intentionally redeposited ramparts. The upper parts are marked by increasing humifi-
cation and bioturbation as a result of ditch infilling emergence. However, it is possible to trace similar
formation processes in both groups of studied V-shaped ditches and to define a basic classification.
Prevailing textural and structural features are distinctively different between the groups, due to
geological subsoil conditions, hydrological regime and depth of the ditches.
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1. Introduction

The way that archaeological objects were infilled is a frequent
question, but usually also hard to answer if the infilling does not
contain typical textural features. One of the useful methodological
tools which might explain more about the formation processes is
micromorphology (Goldberg et al., 1993; Barham and Macphail,
1995; Matthews et al., 1997; Courty, 2001). This approach can
also answer various questions such as connections with the past
climate or human impact on the landscape (Goldberg and
Macphail, 2006; Macphail and Goldberg, 2010; Leopold et al.,
2011; Milek, 2012). The graben-like ditch infillings are usually
lithologicaly and texturally considerably variable, and have regular
shapes and relatively specific archaeological context, which was the
reason why this type of archaeological structure was chosen for this
study dealing mainly with formation processes detected by
micromorphology.

Graben-like ditches in the context of Central Europe alluvial
landscapes represent a type of archaeological structure typical only
for two cultural periods. The older one represents the Central Eu-
ropean Neolithic period, especially its later phases (4900—4500 BC)
represented by STK — Stroked pottery culture. The most typical
monumental subsurface feature of this period is called a “rondel” in
the Czech environment (Pavlu, 1982; Podborsky, 1988, 1999; terms
used in the literature include Kreisgrabenanlage, circular ditches,
circular enclosures, and woodhenges). Those objects are typically
situated on the edges of river valleys. A “classic” Late Neolithic
rondel is typically considered as a complex of one or several, more
or less round ditches with a characteristic sharp profile, and one or
more circular concentric channels inside the space demarcated by
the ditch with the smallest diameter (Fig. 1). Maximum diameter of
such objects is 30—240 m, the width of ditches varies between 1.5
and 14 m, and their depth is usually between 1 and 4.5 m (Ridky
et al, 2012). The sedimentary infillings of rondel ditches usually
look similar (Fig. 2). The lower part is in most cases bedded, with
the thickness of individual thin layers varying from mm to cm,
while the upper part of the infilling is more or less homogenous
(Zeman and Havlicek, 1988). Valek et al. (2013) and Lisa et al. (2013)
suggested the main formation processes of the rondel infillings

®
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Fig. 2. Infilling of the rondel ditch with the micromorphology sampling positions;
Tésetice-Kyjovice, Southern Moravia (Photo P. Lisy).

were mainly washouts for the lower part of the infillings and
collapse induced by humans for the upper part of the infilling. The
large volumes of material excavated from the ditch suggests the
presence of earthwork near the ditch, which might be a source of
the material for the infilling (Kovarnik and Mangel, 2013; Lenneis,
1977; Modderman, 1983; Némejcova-Pavikovd, 1986;
Neugebauer, 1986; Oliva, 2004; Vilek et al., 2013; Lisd et al,
2013), but there are also authors suggesting that earthworks were
not present (Trnka, 1986; Podborsky, 1988). Kovarnik and Mangel
(2013) and Vokolek (1963) described one of the rondel structures
near Trebovétice with preserved earthworks located particularly on
the outer side of the ditch. Earthwork ramparts’ presence inside the
rondel or outside the ditches, as well as processes in the origin of
the ditch infillings, are still discussed (Lisa et al., 2013).

The second group of the archaeological features within the re-
gion of interest, where the V-shaped ditches are a typical phe-
nomenon, represent camps of the Roman army. The V-shaped
ditches, the so-called “Spitzgraben” (Fig. 3), are a symptomatic

3

Fig. 1. Typical example of the rondel structure and its ditch infilling; Tésetice-Kyjovice, Southern Moravia.
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Fig. 3. Typical example of the Roman camp structure and its ditch infillings; Pasohldvky, Southern Moravia.

form of the Roman fortification architecture and are regularly
documented in all the types of military installations of the whole
Roman Empire (see Fischer, 2012, 253—259). The specificity of the
objects in our scope dwells in the fact that they represent tempo-
rary military objects in enemy territory. Terminologically, such in-
stallations are called “camps”, in contrast to the stable long-term
types called “forts” and “fortlets”, localized in the Roman envi-
ronment (on terminology see e.g. Webster, 1985; Welfare and
Swan, 1995; Jones, 2011, 2012). This fact has significant influence
on the infilling development in each case, while it is obvious that
the temporary camps, used only for weeks or months, do not
contain evidence of further building activities within their strati-
graphic units. The Roman temporary camps (incorrectly called
“marching camps” in the past) are, beside numerous evidence from
Britain (e. g. Welfare/Swan 1995; Jones, 2011, 2012), known also
from regions inhabited by the Germanic tribes of Slovakia, Lower
Austria, and Moravia. In these regions, they are generally consid-
ered to be evidence of the Roman military activities during the
period of the Marcomannic wars between 172 and 180 AD and are
characterized by the apparent absence of stable build-up areas and
limited archaeological finds. On the subject of the Roman tempo-
rary camp structure, there also exists evidence in the ancient
written sources, whereas the most comprehensively conceived is
the work Gromatici Liber de Munitionibus Castrorum by Hyginus
(for summary of sources see Jones, 2011, 5—12). This military
handbook states clearly that a camp has to be established in vicinity
of a river or water source and requires construction of defensive
ditches and ramparts. Hyginus mentions two types of defensive
ditches, including specified dimensions (Webster, 1985, 172). His
basic description of so-called “fossa fastigata” and “fossa Punica”
with asymmetrical ditch faces states also mentions small channels
in the very bottom of ditches, which might have had served for
drying purposes (compared to the mistaken assumption of moat-
like use; Fischer, 2012, 255; Jones, 1975, 107; Welfare and Swan,
1995, 17). Material extracted during digging of ditches was used
for construction of the core of the rampart (Jones, 1975, 32;
Johnson, 1987, 7—10; Fischer, 2012, 253). Concerning the formation
processes which probably took a place during the origin of the ditch
infilling, Balek and Sedo (1998) suggested various mechanisms
(gradual deposition process or intentional filling; collapse or slip of
rampart into ditch; etc.). More detailed observations acquired

during the terrain research of the complex fortification system of
the central military base located on the hilltop Burgstall at Musov
(Fig. 4), which clearly cannot be considered as a temporary camp
(Komoroczy, 2008, 2009a), established that within the ditch
infillings sedimentary units containing dried bricks regularly
appear, which are reliably associated with the frontal parts of the
rampart structure (e.g. Tejral, 2008; Komordczy, 2008).

The main aim of this paper is to suggest the classification of the
formation processes which took place during the formation of the
ditch infillings, especially the infillings of graben-like ditches. The
classification is based on macroscopic and micromorphologic
observations.

2. Methods

The ditch infillings of six localities (three localities with
Neolithic rondel ditches and three localities with ditches belonging
to the Roman camps) were studied during the last three years on
different occasions. The data interpreted in this paper come from
different geological and hydrological backgrounds, and the original

Fig. 4. Infilling or the Roman camp ditch with the visible typical internal structure of
the coarse grained layer documenting the destroyed body of rampart, Musov (Photo P.
Lisy).
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micromorphological descriptions were already published mainly as
reports or local papers. Archaeological excavations of the TéSetice-
Kyjovice rondel were conducted by Masaryk University; the rondel
structure in Kolin was excavated during the rescue excavations of
the Institute of Archaeology of Academy of Sciences in Prague. The
third Neolithic rondel structure situated in PlotiSté n. L was exca-
vated by the Philosophical Faculty of the University in Hradec
Kralové. Roman ditches situated in Vrable (Slovakia) and Pribice
and MusSov-Neurissen (Southern Moravia) were excavated under
the Institute of Archaeology of Academy of Sciences, Brno, Institute
of Archaeology of Slovak Academy of Sciences Nitra, Austrian
Institute of Archaeology Vienna and Romisch-Germanische Kom-
mission DAI Franfkurt am Main.

Cleaned sections were in all cases sedimentologically described
and documented. The classification of formation processes sug-
gested in this paper is based on 85 samples which were taken at 6
localities with different geological and cultural backgrounds, from
the infillings of graben ditches with different depths. Micromor-
phological samples usually have dimensions of 120 x 70 or
90 x 50 mm, except at Plotisté n. L. I. Five samples come from the
ditch in Tésetice-Kyjovice, 52 samples come from four ditches of
Kolin rondel, and 10 samples of the small format 3 x 4 cm come
from Plotisté nad Labem I. The Roman ditches in MuSov were
studied from two sections, and 5 samples were taken there. The
locality of Pribice was studied from 8 samples taken from four
ditches. At Vrable, two sections were studied, and 5 samples were
taken.

The samples were taken in situ in Kubiena boxes, slowly dried
and impregnated in the Laboratory of Geoarchaeology, Institute of
Geology, Academy of Sciences in Prague. Thin sections of
120 x 70 mm were completed by Julie Boreham in Reach (www.
earthslides.com) and then studied under a binocular and polar-
ising microscope (PPL, XPL and OIL) at magnifications in the range
of 1-400x. Micromorphological description and interpretations
followed mainly Bullock et al. (1985), Stoops (2003), and Stoops
et al. (2010).

3. Site description

3.1. Archaeology and general sedimentological context of rondel
sites Tesetice, Kolin and Plotiste

All the rondel sites are located in relatively close vicinity of the
river network in elevated areas, with good views to the river. The
Tésetice-Kyjovice Neolithic rondel (Fig. 2) is located on the south-
easterly oriented slope in the area of Sutny I, southwest Moravia
(Fig. 1). Sutny I was the most important part of local settlement
activities dated to the older stage of Moravian painted ware culture
(phase Ia). The rondel itself is composed of one concentric ditch
with a diameter of 60 m (Podborsky, 1988). The geological back-
ground is composed of loess with a Bt interstadial soil horizon at a
depth of 3 m. Vilek et al. (2013) recently made the revision of the
ditch infilling and defined two main horizons developed under
different formation processes. The lower part of the infilling shows
macroscopic bedding, composed of a set of layers which are more
or less continuous. The thickness of those layers varies from mm to
tens of centimetres. The upper part of the infilling is composed of a
homogenous dark brown matrix with no visible textural features
pointing to the possible formation processes. The detailed macro-
scopical and micromorphological description was published in Lisa
et al. (2013).

The largest rondel in the Czech Republic (Sumberova, 2012) was
found during construction works in the western part of Kolin city
(Fig. 1). The rondel itself is made of four concentric ditches, the
outer one with a diameter of 210 m, and the inner one with a

diameter of 140 m (Sumberova, 2012). On the basis of the archae-
ological material from its infilling, the rondel is dated to the Late
Neolithic (the later phase of Stroke-Ornamented Pottery culture).
The geological background of this area is composed of loess.
Macroscopically, the infilling of the ditch is quite similar to the
infilling of Tésetice-Kyjovice rondel ditch, i.e. the lower part shows
significant lamination with the thickness of the lighter and darker
horizons varying form mm to tens of cm, while the upper part of
infilling is quite homogenous. The micromorphological observa-
tions were done in all studied ditches and a detailed micromor-
phological description documenting the main features is partly
published in Lisa et al. (2013).

Two-thirds of the rondel structure in Plotisté is located within
the village urban area near Hradec Kralové, on the right terrace of
the Elbe River, approximately 5—7 m above the inundation line. The
rondel structure is composed of three circular ditches, with the
diameter of the outer one of 117 m. The depth of the inner ditch is
240 cm. The rondel structure was dated to the Stroked Pottery
Culture (Kovarnik, 2012, 2014, in press; Kovarnik and Mangel,
2013). The geological background in which the ditches were dug
in is composed of alluvial deposits, but the lowermost part of the
ditch touched in every case the fluvial deposits located below the
alluvium. The sedimentary structure of Plotisté nad Labem I. rondel
does not differ significantly from those documented in TéSetice
Kyjovice and Kolin. There is a significant presence of bedded more
or less continuous horizons of thickness varying in mm and tens of
cm in the lower two-thirds of the rondel. The geological back-
ground of the locality shows thin lamination due to grain size dif-
ferentiations resulting from the alluvial process. Two thirds of the
infilling contained an erosion layer containing quartz pebbles, with
the original provenance in terrace sediments documented below
the ditch. These sediments were excavated during the last phase of
the ditch construction and deposited on the rampart. The fact that
these were observed in the upper part of the recent infilling shows
that the rampart was destroyed a long time after the rondel
abandonment, probably during the phase of the landscape use for
agricultural purposes. The layer of pebble rich aggregate seems to
be redeposited from the other side of the ditch (Kovarnik, 2013).

3.2. Archaeology and general sedimentological context of Roman
fortification ditches Vrable, Pfibice and MuSov Burgstahl

All the studied sites are located in vicinity of the river networks
in strategic positions in the landscape. Compared with the rondel
ditches, those related to the Roman camps are much more shallow
and narrower (except the Vrable site), and the internal structure is
different. A comprehensive archaeological component complex is
situated near Vrable (location Velké Lehemby) in the northern part
of the Danubian Upland (Hrnciarova et al., 2002) on the left bank
terrace of the river Zitava (Fig. 3). The first evidence of the Roman
temporary camps was provided by extensive geophysical pro-
spections in 2009 and 2010. Since 2012, the camps have been
investigated in terrain within the framework of inter-institutional
project cooperation of the Institute of Archaeology of SAS Nitra
and Romisch-Germanische Kommission DAI Frankfurt am Main
(Hiissen et al. in press). The larger of two camps has known di-
mensions of 740 by 400 m and the total extent is estimated as
roughly 30 ha. In the longer eastern side of the camp fortification,
two titulum type gates have been identified. The smaller camp,
located on the edge of terrace of the river Zitava, was fortified by a
double line of ditches. Its known dimensions are 400 by 255 m,
enclosing an estimated area of more than 10 ha. The geological
background consists of loess. The micromorphology samples were
acquired from small-scale trench excavation in the eastern fortifi-
cation line, to the north of the northern gate. The terrain situation
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revealed superposition of two Roman V-shaped ditches with spe-
cific soil structures in their infillings. The infilling of the main ditch
differs from the infillings of Neolithic rondels, in spite of the fact
that the depth and the geological background are comparable. The
continuous thin layers we know from Neolithic rondels are missing.

The three temporary camps of the Roman army discovered in
Pribice in South Moravia (Fig. 3) count amongst those initially
discovered at the beginning of the 1990s, and belong to the best
known military installations of this type in Moravia (Balek et al.,
1994; Balek and Sedo, 1998; Tejral, 1999; Komordczy, 2009a,
2009b; Komoroczy and Vlach, 2010). The camps are located
roughly 8 km to the north of the central fortification of Burgstall at
Musov, on the left bank of the river Jihlava. Two spacious camps
designated as Pribice I (~28 ha) and III (~40 ha) are supplemented
by the small camp Pribice Il (~1 ha), located below the terrace at the
edge of alluvial landscape. Camp I also is present within this area.
Fortification ditches have been investigated through the limited
trench excavations since their discovery (Balek et al., 1994),
although more detailed analyses of fortification ditch infillings have

not been conducted. On the basis of the inter-institutional coop-
eration, selective geophysical prospection of the camps I and II and
consequent small-scale trench excavations were accomplished in
2012 and 2013. An excavated area of the eastern gate of the camp [
provided suitable conditions for micromorphological sampling.
Further excavations aimed to more precisely document the camp II
fortification, inaccessible for geophysical prospection. The geolog-
ical conditions in the excavated gate area consist of fine pebbles of
the Jihlava River terrace.

The third ditch is located in the central part of SE slopes of the
hilltop Burgstall in South Moravia (Figs. 3 and 4). This ditch was
examined within inter-institutional cooperation in 2013. According
to its location and archaeological contexts it seems that the struc-
ture belongs to an unknown course of the fortification system of the
central military base (e.g. Komordczy, 2006, 2008, 2009a,b). Dating
into the frame of the Marcomanniac wars is corroborated also by
archaeological finds from particular sections of the infillings. Sub-
soil of the excavated terrain consisted of fine Cenozoic sandy—clay
sediments of the Carpathian Foredeep altering with strata of river

Fig. 5. Micromorphological documentation of natural processes and processes caused by humans observed within infillings of Neolithic ditches and Roman camp ditches; A —
layers of material composed of subrounded quartz silt alternating with the layers composed of humus rich aggregates documenting natural colluvial processes, Kolin rondel, ditch
3A, lower part (PPL); B — matrix composed of silty material as well as humic aggregates. The quartz grains show weak orientation along the slope which is result of slow natural
colluviation, Tésetice-Kyjovice rondel, central part (XPL); C — rip up clasts composed of clayey aggregates of interglacial soil documenting high energy natural colluviation, Tésetice-
Kyjovice rondel, lower part (PPL); D — soil crusts with positive gradation as a result of naturally caused phases of standing water, Kolin rondel, ditch 1, central part (XPL); E —
material of human-made mudbrick which were used to consolidate the rampart, Roman camp in Musov (PPL); F — mechanically deformed material of calcareous claystones, Roman

camp in Musov, (PPL). The length of the scale is 2 mm.
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cobblestones and pebbles. Besides numerous archaeological finds,
dried bricks (mudbricks) are present in the frontal face of the
above-ground part of the fortification. Certain positions of the ditch
infillings showed evidence of activity of the local Germanic popu-
lation after the Roman withdrawal from the region.

4. Macroscopic and micromorphological observations

4.1. Sedimentological and micromorphological features of rondel
infillings

Rondel infillings show similar trends in the lithological vari-
ability. The uppermost part is usually homogenous and shows signs
of pedogenesis. This part of infilling was deposited intentionally
(mass movement) and the main reason was probably the levelling
of the surface for agriculture. There is a typical lack of primary
sedimentary structures occurring during the mass movement and
the matrix looks quite homogenous except for bioturbation
(Fig. 5A) or postsedimentary textural features, including depletion
zones (Fig. 6F), calcium carbonate accumulations (Fig. 6B), or the
origin of redoximorphic features (Fig. 6D).

|

The lower and central parts of the Neolithic rondel infillings are
commonly composed not only of thin layers, but also of intercalated
massive deposits. These horizons show that the most significant
process which took place in formation of the infillings of rondel
ditches is the natural deposition under the slope. Features related
to the slope processes are visible not only micromorphologically
but also macroscopically as thin layers approximately 1—5 cm thick
or layers with oriented clasts (Fig. 5A,B). Deposition reflecting high
to average energy of sheet wash was documented in the Kolin site
by the presence of rip-up clasts (Fig. 5C). The colour and lithological
(mainly grain size) difference between single layers detected in
lower part of the ditch infilling (Fig. 5A) depends on the type of
material deposited into the ditch. Dark layers are composed of
redeposited A horizon, partly stabilised by vegetation or bio-
turbated in situ (Fig. 6A). The stabilisation is documented not only
by the presence of bioturbation, but also by the appearance of
calcified root cells, carbonate coating, and hypocoating (Fig. 6B).
During relatively quick deposition, due to the disruption of the
surface of source area, loess material from the walls was partly
eroded, and therefore the roundness of soil clasts is due to gravi-
tational movement. On the other hand, the light material detected

Fig. 6. Micromorphological documentation of postdepositional processes observed within infillings of Neolithic ditches and Roman camp ditches; A — bioturbated matrix by
mesofauna, Kolin rondel, ditch 3A, upper part (PPL); B — calcium carbonate coating and hypocoating of void, ditch of Vrable Roman camp, central part (PPL); C — channels with
iluviated clay coating, Plotisté rondel, lower part (XPL); D — ferroximorphic nodule documenting redoximorphic conditions of the upper part of TéSetice-Kyjovice rondel infilling
(PPL); E — platy microstructure documented within the central part of Kolin rondel, ditch 3A, central part (PPL); F — Depleated part of matrix documented in the infilling of Musov

Roman camp (PPL). The length of the scale is 2 mm.
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within this part of the infilling represents the product of degrada-
tion of loess or alluvium walls or earthwork near the ditch due to
rainsplash, lately influenced by seasonal frost action and producing
platy to lenticular microstructure (Fig. 6E). An interesting feature
observed in the Kolin site documenting the mechanical destruction
of once deposited material under calm humid conditions are soil
crusts (Fig. 5D), which are in some cases deposited with negative
grading. This feature may suggest previous cleaning of the ditch
infilling and the presence of the rampart situated close to the ditch
as a source of material. The most significant formation process
detected micromorphologically in the Plotisté site and nearly
missing in the other studied cases was the postdepositional rede-
position of clay material and formation of clay coatings and infill-
ings (Fig. 6C). The source of clay in this case comes from the
background alluvial sediments. Moderately sorted silt contains a
number of channels and vesicles, and the clay coatings in the inner
part composes a porostriated B fabric (Fig. 6C). The intensity of the
clay coating does not vary with the depth of the section and was
probably formed shortly after the deposition of the infilling.

The very bottom of the rondel ditch infilling is usually composed
of bedded colluvium and composed of individual layers predomi-
nantly 1-2 mm thick and quite homogenous in composition. Their
colour depends on the amount of fine-grained organic matter
(humus). In TéSetice, this part of the infilling contained subrounded
clasts of the redeposited B horizon of the Eemian luvisol as rip-up
clasts (Karkanas and Goldberg, 2013) (Fig. 5C). The B horizon of
Eemian Interstadial paleosol is well developed in the background
geology of the ditch and was excavated in the final part of the ditch
construction. This material was probably translocated to the upper
part of the rampart, and therefore was the first to be redeposited to
the infilling of the ditch by high energy rainsplash.

4.2. Sedimentological and micromorphological features of Roman
fortification ditch infillings

The infillings of Roman fortification ditches do not contain the
thin layers and bedding typical for rondel infillings. The layers
recognizable macroscopically within the infilling are not usually
continuous, and the shape suggests that those layers were depos-
ited in different stages from both sides of the ditch. It is usually
possible to recognize 3—4 lithologically different layers which differ
by grain size and colour. Usually the bottom of the ditch is more fine
grained and homogenous, followed by the unsorted, coarse grained
thick layer. This layer has signs of rapid mass movement and may
suggest the erosion of a rampart hardened by coarse grained ma-
terial. The direction of erosion is from the inner to outer part of the
camp. The outer part of the ditch is commonly filled by more fine
grained material eroded from the walls of the ditch. The uppermost
part of the infilling is composed by darker bioturbated arable soil.

No primary structures showing sheet wash deposition were
documented, and the macroscopical shape of the layers suggests
that the main formation process was rapid mass movement
induced by human activity. The typical parts of the observed sed-
iments are aggregates of humus rich particles with subrounded
quartz grains. The humification process was minimal before
deposition. The most common micromorphological feature is bio-
turbation. This is probably indicated by the fact that the infillings
are quite shallow and the groundwater level is usually quite high.
Surprisingly, this feature is usually missing or rare in the lower
parts of the infilling, which suggests that the infilling was rapid.
Another postsedimentary feature which was observed in all sam-
ples of one ditch in Pribice is clay mineral illuviation (Generally
Fig. 6C). Clay accumulations are stipple-speckled. The infilling of
one ditch located in MuSov — Burgstall in the upper part of the
same slope has quite different parameters from the other studied

sites, because the geological background is in this case composed of
calcareous clays of the Carpathian Foredeep. The lower part of the
infilling is composed of rip-up clasts (Fig. 5F) of different shapes
and sizes. This material had to be eroded from the excavated
original background of the ditch and then was probably deposited
into the ditch by mass movement. Some clasts contain partly
decomposed organic matter and show signs of mechanical
arrangement (Fig. 5E). Such features might be interpreted as a relic
of dried mud bricks. In every case, the bioturbation is quite rare, so
the formation process of those layers was probably quite quick and
might be interpreted as mass movement. The uppermost part of the
infilling is rich in bioturbation (Fig. 5A) and also contain signs of
human impact in the form of partly burned matrix and charcoal.
The lack of primary sedimentary features, relatively good sorting of
the sediment, and high degree of bioturbation might suggest slow
deposition by sheet wash followed by pedogenetic processes.

The Vrdble site differs from the other studied sites because of
the different geological background and its depth. Some of the
macro and micro parameters of observed layers are at first glance
more similar to rondel infillings, but the internal structure of the
infilling as a whole is very similar to the other fortification ditches
in this study. The most typical feature of the Vrable site is bio-
turbation, represented by change of fabric or by the presence of
channels. The channels were sometime infilled by very porous
microaggregates of excrement. Besides bioturbation, the second
most significant postsedimentary features are impregnations
(Fig. 6B,D) and depletions (Fig. 6F) which originated due to the
changes in the water regime, soil humidity, and the presence of
plants. Also, temperature which is along with humidity one of the
main factor influencing vegetation cover, had to play a role. Water
saturated sediment rich in carbonate is quite susceptible to changes
of internal structure. The origin of vughy microstructure is probably
caused by the escaping air from the pores (Stoops et al., 2010),
which was partly replaced by carbonate rich solutions. These so-
lutions are reflected by strong hypocoatings (Fig. 6B). The presence
of water in the sediment is also reflected by the origin of different
types of Fe rich nodules (Fig. 6D) (Stoops et al., 2010). Micromor-
phological observation confirmed that the darker layers are
composed of subrounded and rounded clasts of humus rich matrix.
These clasts were described as rip-up clasts (Fig. 5C) in the sense of
Karkanas and Goldberg (2013), the result of high energy deposition.
The humus rich aggregates might have come from turf hardening of
some kind of rampart, which is generally suggested for the struc-
ture of Roman ditches. On the other hand, the humus rich matrix
might have originated in humid conditions with rich vegetation
quite quickly, so the possibility that these rip-up clasts were
derived from newly originated soil cover near the ditch cannot be
ruled out. Important information was also derived from the passage
features which occurred in some samples. Passage features docu-
mented in the infilling originated by macro or mesofauna of the
omnivore or carnivore type, because phosphatic nodules were
observed within the infilling of passages. Also, fragments of humus
rich matrix of the A soil horizon and B horizon of luvisol were
detected. These clasts are probably the relicts of former soil cover
and may be compared with classical krotovinas.

5. Interpretation and discussion

On one hand, it was possible to identify substantial differences
between Neolithic rondel ditch infillings and infillings of ditches
surrounding the Roman camps. On the other hand, there are still
some similarities in the formation processes of infillings which
might be classified visually and in detail by micromorphological
observations. Natural or anthropogenic processes which took place
during the filling history of archaeological objects, especially
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rondels, have not been categorised and systematically classified in
spite of the fact that there are papers discussing the formation
processes in archaeological contexts (Goldberg et al, 1993;
Goldberg and Macphail, 2006; Macphail and Goldberg, 2010;
Leopold et al., 2011; Milek, 2012). Loishandl-Weisz and Peticzka
(2011) noted the processes which might have taken place during
the infilling formation of Neolithic rondels in Steinabrunn.
Karkanas and Goldberg (2013) have tried to summarize the
microscopic features produced by major natural depositional pro-
cesses acting within a cave environment. These processes are
associated mainly with changes in the geomorphic system, climate
and the presence of humans, so the classification of both cave and
archaeological objects might be very similar. According to Davidson
et al. (1992), three main categories of features visible within
archaeological objects can be discerned: those related to the source
of the sediment, those revealing something about the soil forma-
tion processes, and those produced or modified by humans, either
deliberately or accidentally. Analyses of soils and sediments can
also provide data on long-term processes of deposition and erosion
(Renfrew and Bahn, 2000). We propose that the formation pro-
cesses which took the place in the graben-like ditches might be
interpreted as a result of natural deposition, deposition forced by
humans, and by the processes which took the place after the pri-
mary deposition and might be forced naturally or by humans.

5.1. Natural deposition

The most common type of natural deposits identified macro-
scopically as well as micromorphologically within the studied
infillings are slope deposits. Processes were identified in all studied
objects according to the shape and context of sedimentary bodies.
Surprisingly, signs of primary sedimentary processes were identi-
fied only in the case of Neolithic rondel infillings. Miicher et al.
(2010) divided the slope deposits into two main types. The first
one cover slope wash, hill wash or rain wash including soil erosion
on agricultural land, which seem to be the most typical processes
for the lower parts of Neolithic rondels and probably also for the
upper parts of Roman ditches. The second type of slope deposition
pointed out by Miicher et al. (2010) results in mass deposits. This
type includes solifluction, landslides, and debris flow deposits as
well as rock fall, dry grain flow, and avalanching. The natural
landslides were documented in lower and central parts of Neolithic
rondel ditches, while mass movement caused probably by humans
was interpreted commonly for the lower part of the Roman ditch
infillings. Processes of the slope wash type resulted in Neolithic
rondel ditch infillings. Miicher (1974) described the origin of
bedded colluvium developed in loess material. Similar sedimentary
features were described also by Bertran and Texier (1999) and
interpreted as overland flow. As the loess material composes the
background of the studied rondel, features of this type are a char-
acteristic result of natural deposition and correspond to the
described phenomenon. Surprisingly, these features have not been
observed in the Vrable Roman ditch infilling, which is also exca-
vated in loess material. This fact is probably connected with the
method of infilling. While the role of humans in case of Neolithic
rondel ditch infillings is minimal and the source of loess material
might be derived from eroded walls of the ditch as well as from the
nearby rampart (if presented), in the Roman ditch infillings the
lower part of the ditch was filled by the destroyed rampart
deposited intentionally. The possible source of material was
therefore minimalized. The bedded colluvium detected in the
lowermost parts of the Neolithic rondel ditch infillings might be,
according to the field observations (Miicher, 1974), related to the
formation during heavy rainstorms when rill erosion occurred on
fallow arable land, or on arable land partly covered by crops, which

fail to protect the soil from rain splash impact. In deep ditches with
steep slopes, the walls composed of easily erodible loess with
removed vegetation might be the source of such material (Weicz
and Peticzka, 2011; Lisa et al., 2013).

The origin of massive deposits which appear in lower and cen-
tral parts of the Neolithic rondel might be, according to Bertran
et al. (1997), interpreted as overland flow deposits resulting in
lenses with lamination or bedding and evidence of sorting. Those
deposits originated due to vertical or lateral accretion by rapid or
dilute flows (Bertran and Texier, 1999). Karkansas and Golberg
(2013) also divided types of slow deposits depending on the
amount of energy within cave environments. Lower-energy flows
produce less sorted and more crudely bedded microstructures
which correspond to the more massive yellow layers of the studied
rondel ditch infillings. Sometimes, are layers of rondel ditch infill-
ings composed of rounded aggregates with different degrees of
sorting. Miicher et al. (1981) interpreted the appearance of rounded
aggregates as a result of disruption caused by running water over
subsoil horizons, mostly Bt horizons, which are rather stable during
transportation by water. Karkanas and Goldberg (2013) described
this type of deposit as a common phenomenon in cave environ-
ments. Angular to subangular clay clast layers alternating with
finely bedded clays have been accordingly interpreted as the results
of episodic high-flow events. Such features were observed within
the studied sections only rarely, probably also due to the lack of
clayey material typical for rip-up clasts. According to Karkanas and
Goldberg (2010), the lower energy process results in microscopi-
cally stratified deposits with angular clasts characterised by in-
clined preferred orientation to the slope are interpreted as flow of
liquefied sediments (debris flow). These features were observed
commonly in the lowermost part of Tésetice-Kyjovice rondel ditch
infilling and within the infillings of some Roman ditches at MusSov.

Massive yellow or dark layers without internal bedding might
have also originated from slumping, which is a typical result of
mass deposition. According to Karkanas and Goldberg (2013), the
slump deposits have a sharp erosional contact with the underlying
substrate, and some of the aggregates have a more concave
configuration toward the direction of flow. These sediments are in
the case of Neolithic rondel ditch infillings as well as in the case of
infillings of Roman ditches easily interpretable from a macroscopic
point of view, as they form tongue like accumulations. In the
Neolithic rondel ditch infillings, these accumulations are usually
less thick and more bioturbated than in the Roman ditches. Leopold
et al. (2011) call these back-fill sediments.

Another sedimentary process detected only in the infilling of
Neolithic rondel ditches are phases of standing water resulting in
soil crusts. These graded facies are usually between 0.3 and 4 mm
thick, and they are commonly disrupted, which might be caused by
bioturbation or drying and swelling processes after sedimentation.
This might be a good indicator of repeated redeposition of the ditch
infilling (Lisa et al., 2013). These graded facies consisting of repet-
itive fining upward sequences of sand, silt, and clay usually less
than a few millimetres in thickness might be the result of storm
events bringing enough water to form temporary small bodies
(pools) inside the ditch.

5.2. Deposition caused by humans

The deposition caused by humans can be divided according to
two different views. The first one is the explanation of appearance
of material which was influenced by humans, i.e. the appearance of
charred material as charcoal or daub, by appearance of lithics, or by
the appearance of fine grained material obviously mechanically
influenced by humans. Identification of these features was well
described in many papers (Stoops et al., 2010). Surprisingly, the
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amount of artefacts or ecofacts is, in the case of Neolithic rondel
ditch infillings, distinctively low except in the uppermost parts of
infillings. The prevailing anthropogenic material consists of fine
grained charcoal. On the other hand, the infillings of Roman ditches
revealed influence of humans, identified not only as charcoal, but
also abode bricks in case of Musov. These bricks are in some cases
well preserved and visible also macroscopically (Komordczy, 2008;
Tejral, 2008), but in most cases are quite degraded, but still visible
in thin sections (Friesem et al., 2011, 2014). A thin section is a thin
film of the sediment and therefor might catch only the most
common features (Stoops, 2003).

Human influence seems more important in the way the objects
were filled in. A typical feature of the lower part of the infillings of
Roman ditches is the result of mass movement which is macro-
scopically visible as coarse grained lenses with tongue like sharp
edges. The bodies of this material were not influenced by bio-
turbation which indicates that they were deposited quickly,
covered by another material and the vegetation did not have time
to influence them by rooting. This might be explained by the
archaeological context. In the Neolithic ditch infillings, mass
deposition forced by humans is suggested for the uppermost part of
the infilling where the bioturbation is still present. One have to take
into account that the material deposited into the ditch was influ-
enced for a long time by vegetation and therefore is rich in organic
matter, which was the subject of bioturbation even in deeper parts
of the horizon.

5.3. Postdepositional processes

The most typical postdepositional process identified was bio-
turbation. Macroscopic burrows were rare and occurred mainly in
the uppermost part of the infillings. Mesofauna burrows and root
bioturbation were more commonly observed. Mesofauna burrows
are usually filled with softer material than the surrounding matrix
and have loose, heterogeneous and aggregated fabric (Goldberg
and Bar-Yosef, 1998). In the case of the studied rondels, the bio-
turbation is present continually all over the section, but some layers
have distinctly higher bioturbation intensity. Such layers are usu-
ally also rich in fine-grained organic matter. All microorganisms
feed in essence on soil organic matter (Brussaard and Juma, 1996),
so their increased activity is quite obvious there. The presence of
active soil fauna population is often into relationship with the
formation of soil horizons (Davidson et al., 2002). Whole soil ho-
rizons can be bioturbated or completely transformed into fine
grained particles (Kooistra et al., 1990; Schaefer, 2001). The process
of rondel ditch infilling formation as a whole was quite slow, so the
bioturbation by plants and mesofauna was more or less continuous.
In contrast, the bioturbation of the Roman ditches was usually
mainly restricted to the more fine grained material located above
the lenses of coarser material relocated by mass deposition.

Another process connected commonly with root bioturbation and
with relocation of calcium rich solutions is calcium carbonate accu-
mulations and depletions. The types and identification of different
type of calcitic features were described by Durand et al. (2010). Such
features are most common in cases where the background substrate
is composed of loess, i.e. in Kolin and Tésetice rondels and Vrable
Roman ditch, as the presence of carbonate coatings, hypocoatings,
infillings, and accumulations is quite common in loess material,
because calcium carbonate is easily moved by percolating water in
connection with growing vegetation. The root related features are the
most common features in case of Neolithic rondel ditches located in
loess substrate, while the carbonate infillings are the most common
features in Roman ditches located on carbonate claystones. The state
of calcium concentrations depends therefore not only on the for-
mation processes, but mainly on the type of geological background

and the hydrological conditions connected with the location and the
depth of the ditch. Another soluble material which occurs within the
studied horizons is clay. Illuvial clay coating, hypocoating, and
infillings were reported mainly in the Plotisté rondel and also in the
two Roman ditches from Pfibice. Pressure facies or neoformation of
clay has not been identified, and clays come from the background
geology and were deposited by percolating water (Kiithn et al., 2010).
Their appearance depends mainly on the presence of possible source
of clay fractions because the neoformation of clay was not observed,
and on hydrological conditions, because the clay matrix is supposed
to be deposited by percolating water (Kiihn et al., 2010). The third
pedofeature connected with water solutions is the presence of
redoximorphic features. The recognition of different types of
redoximorphic features and their interpretation was described in
many papers and recently summarised by Lindbo et al. (2010). These
features were detected only in Roman ditches and the reason is
probably the proximity to water, i.e. high level of underground water.

One postsedimentary or nearly synsedimentary processes
detected in Neolithic rondel ditch infillings is the development of
horizontal pores. These features are quite rare, but were presented
in brighter as well as in darker horizons and might be probably
interpreted as phases of freezing (Van Vliert-Lanoé, 2010), which
does not have to be necessarily connected with climate change. The
explanation of its possible origin is quite simple. Uncovered soil is
more accessible to frost action and such features might originate
during one or two seasons.

5.4. Interpretation of archaeological context

The fundamental questions of the formation processes are
usually connected with the presence of source of material. On one
hand, the relatively high amount of material excavated during the
ditch construction might be a possible source of material. The
deposition of excavated material from the ditch in the form of some
kind of earthwork or rampart is on the other hand an important
geomorphological feature for the interpretation of the archaeo-
logical context. While the ramparts along the Roman ditches are
already corroborated by written sources (Webster, 1985), for the
Neolithic rondels the presence of ramparts is only suggested on the
base of type of sedimentary infillings or on the base of aerial
archaeology (Kovarnik and Mangel, 2013; Lenneis, 1977,
Modderman, 1983; Némejcova-Pavikovd, 1986; Neugebauer,
1986; Oliva, 2004; Valek et al., 2013; Lisa et al., 2013). The pres-
ence of a possible rampart close to the Neolithic ditches was also in
some cases rejected (Trnka, 1986; Podborsky, 1988). The presence
of human influenced materials (stones, sands, and mudbricks)
implies that the rampart was present in all archaeological struc-
tures discussed in this paper. If the earthworks were not present,
then the question is where the lithologically varied material
transported into the ditch came from. A part of it might have been
eroded from the walls of the ditch and from the surrounding area,
but the absence of a wide source area for soil material suggests the
presence of earthwork which would produce such material.
Approximately the lower two-thirds of the infillings of Neolithic
rondels origin naturally mainly by slope processes with different
intensity, as visible from the textural features and micromorpho-
logical descriptions. The upper parts of Neolithic rondel infillings
are quite homogenous and considerably bioturbated due to the
high amount of humus rich matrix, so the tracking of the original
formation processes is quite difficult. We suggest that the material
came from the surrounding surface and the deposition took place
as a part of landscape levelling for agricultural purposes.

In the Roman ditches the presence of rampart is not discussed,
because the building of this structure is well documented in his-
torical sources (Webster, 1985) and also archaeologically confirmed
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(Komoroczy, 2008; Tejral, 2008). In spite of this fact, the formation
processes detected within the infilling of Roman ditches differ. The
bottom of the ditch is composed in most cases by a homogenous
mass with no internal clast orientation. Leopold et al. (2011)
described similar deposits as backfill deposits, but in this case
due to the geomorphological and archaeological context it is
obvious that these sedimentary bodies were deposited intention-
ally by humans. Moreover, in some cases those sedimentary bodies
contain material which probably hardened the outer layers of the
rampart. Although the upper part of the infilling does not display
any preferred clast orientation, we suggest that it was deposited
naturally, and the possible layering was destroyed by bioturbation.
The question is whether the destruction of the rampart was
intentionally done by Roman Army when withdrawing, or by the
local German population after the camps were abandoned.

6. Conclusions
The results led to the following interpretations:

1. The infillings of Neolithic rondels consist of two main types. The
bedded part of the body composed approximately two-thirds of
the lower infilling, whereas generally massive material
composed the uppermost part of the infilling. There are
macroscopically and micromorphologically visible differences
in these two main types of sedimentary bodies. While the
massive infill within the uppermost part of the infilling was
deposited by human activities, the lower bedded part is mainly
the result of natural processes and geomorphological and cli-
matic conditions. The main formation process was colluvial
deposition of different intensity, but the low energy formation
processes including deposition from standing water took place.
It was also possible to detect strong postsedimentary processes
including bioturbation, clay illuviation, calcium carbonate con-
centrations, or freezing processes.

2. The infillings of Roman ditches differ significantly from the
Neolithic rondel ditches, although the depth and geological
background may be the same. There are thick lenses with sharp
edges and tongue-like shapes at the very bottom of the ditch.
Their bodies do not contain bioturbation features and also may
contain relicts of mudbricks. The material is frequently bio-
turbated and was deposited naturally. The main formation fac-
tor is colluviation. In the Roman ditch infillings phases of
standing water or freezing processes have not been detected,
indicating, that the infilling process was much quicker than for
the Neolithic rondels. Besides bioturbation, the post-
sedimentary processes include also clay illuviation, formation of
calcium carbonate features, and redoximorphic features. The
latter is connected with the geomorphological position, the
depth of the ditch, and the presence of underground water.

3. The rampart located near the ditch was the source of material in
both types of studied structures. In the Neolithic rondels, the
lower parts of the infillings were deposited naturally, and the
rampart served as a source of material for a long time. In the
Roman ditches, the body of the rampart was destroyd and
deposited into the ditches quickly by humans.
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ABSTRACT

Two central European loess/paleosol sequences (MIS 6-2), from central Bohemia (Zeméchy) and southern
Moravia (Dobsice), situated in the important climatic transition zone between the oceanic (Atlantic) and conti-
nental climate regimes, were investigated for rock magnetism, geochemistry, grain size and micromorphology. In
both sites the magnetic profile shows good agreement with the standard model of magnetic enhancement in
paleosols as established in the Chinese loess. The magnetic signal is dominated by the presence of fine-grained
magnetite and maghemite, formed in-situ and controlled by the intensity of soil formation. Magnetic proxies
corresponded to proxies of chemical weathering and leaching intensity such as the Chemical Index of Alteration
(CIA), the Cation Exchange Capacity (CEC) and the Rb/Sr ratio (correlation coefficient r = ~0.6-0.93) during the
whole Lower Weichselian (MIS 5d-5a) and, in general, also during the Pleniglacial (MIS 4-2). Nevertheless, for
the Eemian period (MIS 5e) this relationship was not always valid, either due to weak magnetic enhancement
(at Dobsice) or even weak depletion of the magnetic minerals with soil formation (at Zeméchy). The presented
data demonstrate that magnetic signals can be overprinted more easily than chemical proxies during later diage-
netic events, and are hence not in all cases reliable for deciphering paleoclimate changes during all periods of the
studied time interval. Rock-magnetic, geochemical and micromorphological results suggest drier conditions in
southern Moravia compared to central Bohemia during the Weichselian Glacial, probably due to the more conti-

nental climate in southern Moravia.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Loess/paleosols sequences (LPSs) of the last climate cycle kaleido-
scopically cover wide areas of the European continent and provide a
valuable archive of the Upper Pleistocene paleoenvironment there. Yet,
as indicated by many large scale geographic comparisons (e.g. Kukla
1977; Pye, 1987; Derbyshire et al, 1988; Bronger and Heinkele, 1989;
Pécsi, 1990; Haesaerts and Mestdagh, 2000; Markovic et al., 2008; Jary
and Ciszek, 2013), European LPSs are marked by regional differences

* Corresponding author at: Czech Geological Survey, Klarov 3, Prague 1, 118 00; Czech
Republic. Tel.: +420 731 905 752.
E-mail addresses: johan.hosek@gmail.com (J. HoSek), ulrich.hambach@uni-bayreuth.de
(U. Hambach), lisa@gli.cas.cz (L. Lisd), grygar@iic.cas.cz (T.M. Grygar),
ivan.horacek@natur.cuni.cz (1. Horacek), sascha.meszner@tu-dresden.de (S. Meszner).

http://dx.doi.org/10.1016/j.palae0.2014.11.024
0031-0182/© 2014 Elsevier B.V. All rights reserved.

and pronounced facies variability in their pedosedimentary records
that complicate finer super-regional correlations (Kemp, 2001).
Such complications are especially evident in a transect from sub-
oceanic (Atlantic) regions towards more continental areas, appar-
ently due to the influence of the different climate regimes. Detailed
studies of geographic and environmental variation in regional responses
to general climate trends during the Upper Pleistocene are therefore of
high priority for Quaternary science in Europe. A dense network of
reliably-dated, high-resolution records from different geographic loca-
tions is a basic prerequisite for such spatial analyses (Frechen, 2011;
Muhs, 2013).

For a particular LPS, a detailed history of the paleoenvironmental cir-
cumstances responsible for the pedogenetic and diagenetic processes
(Zhang et al., 2007; Bloemendal et al., 2008) can be reliably reconstruct-
ed using instrumental mineral-magnetic and geochemical analyses
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(Wang et al., 2012). However, in order to reflect the different ways of
mineral-magnetic enhancement in sediments and soils (the Chinese
vs. Alaskan-Siberian scenario), or the post-depositional loss of ferro-
magnetic particles (e.g. Begét et al., 1990; Bogucki et al., 1995;
Vodyanitskii et al., 2007; Liu et al., 2007; Babek et al., 2011; Baumgart
etal, 2013; Buggle et al,, 2013a; Gocke et al., 2014), combining the mag-
netic and geochemical analyses is quite important. Thus the direct pa-
leoclimatic interpretation of the rock-magnetic record can be
corrected and/or improved (Evans and Heller, 2003; Maher et al., 2003).

In European loess research, a large number of studies combining geo-
chemical, rock magnetic and sedimentological approaches have appeared
during the last decade. These provide a relatively dense network of con-
tinuous LPS records that cover the area of north-western Germany, south-
ern and eastern Poland, western Ukraine and the Danube catchment
(e.g., Antoine et al., 2010; Panaiotu et al., 2001; Markovic et al., 2006;
Kravchinsky et al., 2008; Jordanova et al,, 2011; Buggle et al., 2009;
Bokhorst et al., 2009; Fitzsimmons et al., 2012; Fischer et al.,, 2012; Jary
and Ciszek, 2013; Baumgart et al., 2013; Vandenberghe, 2013; Rolf
etal, 2014; Schatz et al,, 2014; Gocke et al., 2014; Ujvari et al., 2014). To-
gether, these studies provide a reliable platform for transregional com-
parisons of climate development during the Upper Pleistocene.

Within the territory of the Czech Republic a range of key loess sites
have been investigated (e.g. Dolni Véstonice, Prague-Sedlec, Kutna
Hora or Cerveny Kopec in Brno). These sites have provided detailed pa-
leoclimatic and pedoecological records based on mollusk and vertebrate
assemblages (LoZek, 1964; Horacek and LoZek, 1988); pollen data
(Urban, 1984); paleopedological analyses (Smolikova, 1982); and
archeological findings (e.g. Klima et al., 1962; Svoboda et al., 1996).
Nevertheless, except from the extensive multi-proxy studies of the pro-
file at Dolni Véstonice (Oches and Banerjee, 1996; Babek et al., 2011;
Fuchs et al., 2013; Antoine et al., 2013; Lisa et al., 2014), and the
multi-parameter magnetic characterization of the profile at Znojmo
(Zhu et al., 2001), representative analytical paleoenvironmental data
are still not available for the vast majority of loess series in the Czech
Republic.

The present paper reports rock magnetic, geochemical, grain size
and micromorphology data for two, until now, poorly-studied Upper
Pleistocene series located in the Bohemian and Moravian parts of the
Czech Republic more than 200 km apart. The study sites are situated
in arelatively dry loess area, in the important transitional zone between
Atlantic and continental macro-climatic settings. Regarding their geo-
graphical location and the methodological approach, this study helps
to fill a gap in European loess research and, furthermore, helps towards
a better understanding of the relationship between loess magnetism,
chemical weathering and pedogenic intensity.

2. Geological settings

Both study sites are located within a dry loess zone, between north
European and Alpine glaciations during glacial periods (Fig. 1). From a
paleopedological point of view, both series conform to the standard suc-
cession of Upper Pleistocene soil development that is characteristic for
this central European zone, as has been established for the area of for-
mer Czechoslovakia (LoZek, 1968; Demek and Kukla, 1969) and Upper
Austria (Fink and Kukla, 1977; Zéller et al, 1994; Frechen, 2011). The
indexing components of the succession, termed pedocomplexes (PK)
by Kukla (1961), reveal specific sequences of paleosols, loess and loess
derivates that form obvious lithostratigraphic units representing partic-
ular stages of climate development. In short, there is a good correlation
between particular lithostratigraphic units of loess sequences (PKs) and
units of the global climatostratigraphic scale (Marine and Oxygen Isoto-
pic Stages — MIS/OIS). In the region under study, this is also well sup-
ported by their numerical dating in many sites throughout central
Europe using different means: luminescence techniques (e.g. Musson
and Wintle, 1994; Zéller et al., 1994; Frechen et al., 1999; Fuchs et al.,
2013); amino-acid racemization chronology (Oches et al., 1996); and

radiocarbon dating (e.g. Klima et al., 1962; Hatté et al.,, 2001; Lang
et al., 2003; Antoine et al., 2013; Kadereit et al., 2013; Ujvari et al.,
2014). The Upper Pleistocene sequence covers the pedocomplexes: PK
IIl (corresponding to MIS 5e), represented usually by a Bt (zone of clay
accumulation in the middle part of a soil) and BC horizons of the Eemian
forest brown soil (parabraunerde, luvisol), and an overlying steppe
chernozem; PK II (corresponding to MIS 5a and 5c) — two horizons of
chernozem separated by colluvial loess sediments (pellet sands sensu
Kukla, 1961) (MIS 5b); and PK I (a pedogenetic unit representing MIS
3), which is typically a weak brownish truncated soil of cambisol type .

The descriptions of soils and sediments of the studied sections are
based on field observations and micromorphological studies. An over-
view scheme of the sections and sampled profiles are shown in Figs. 2
and 3.

2.1. Zeméchy

The Zeméchy-section outcrops in a loess gully situated 30 km north
of Prague, near the Vltava River. Although the site has become a popular
stop of many international field excursions, it has never been studied in
detail. Beyond some basic lithological descriptions published as part of
excursion guides (Tyracek, 1995; Hosek et al,, 2012), or as regional geo-
logical reports (Cilek, 1996; LoZek, 1995), only the magnetic susceptibil-
ity of the Lower Weichselian part was previously measured (Forster
et al,, 1996), and five OSL dates were acquired from the Pleniglacial
part of the sedimentary record (Zander et al., 2000). The gully is a result
of recent erosion; it is 350 m long and 10-15 m wide, incised up to 19 m
into a W-E oriented loess “dune” (greda). The pre-Quaternary geologi-
cal bedrock is composed of weathered carboniferous arkoses. The fluvial
gravels and sands accumulated by the Knoviz stream on the bedrock are
overlaid by sandy loess corresponding to the Saalian (Riss) glacial (MIS
6, unit number Z 15 in Fig. 3).

A reddish-brown prismatic Bt;(2)-horizon and BC horizon of a forest
luvisol (parabraunerde) (layer Z14 in Fig. 3) represents the Eemian In-
terglacial. This horizon, together with brownish pellet sands sensu
Kukla (1961) (Z13) and the overlaying chernozem horizon (Z12), rep-
resents the 170-cm-thick pedocomplex PK III. A thin layer of coarse
sandy loess (Z11) on the surface of PK IIl may be correlated with the
loess marker sensu Kukla (1975). This layer probably represents a
phase of strong storm events and has been reported elsewhere in cen-
tral, western and eastern Europe (Kukla, 1975; Kukla and Cilek, 1996;
Antoine et al.,, 2010; Rousseau et al., 2013). The PK IIl is overlain by a
90-cm-thick layer of pellet sands (sensu Kukla, 1961) (Z10) and an ini-
tial weak brown soil (Z9) developed on colluvial sediment. The 160-cm-
thick PK Il is composed of a lower dark-gray chernozem (Z8) penetrated
by frost wedges and an upper dark to black chernozem (Z6) rich in char-
coal. The chernozem soils are separated by brownish pellet sands (Z7)
with krotovinas in the uppermost part. The top of PK II is covered by a
thin layer of coarse sandy loess (Z5) (marker II) and disturbed by bio-
genic activity. The described pedocomplexes are overlain by a 6-m-
thick accumulation of sandy loess corresponding to the Pleniglacial pe-
riod (Z4, Z2). The PK I pedocomplex (Z3) from the Middle Pleniglacial
(part of MIS 3) is difficult to recognize in the field. It has developed
only as a thin, light-brownish layer with a whitish (Ca) horizon below.
A gravel layer on the surface of the soil horizon suggests erosional
events that may have removed the upper part of the paleosol and, po-
tentially, also some of the overlaying loess. The erosion events probably
occurred during warming phases of the MIS 3 interstadial that en-
hanced the seasonal degradation of the permafrost active layer leading
to solifluction-related deformation and alteration of the thin gley hori-
zon (Z2b) preserved above the interstadial soil. The assumption of in-
tensive erosion is also supported by OSL dating (Zander et al., 2000;
see Fig. 2). Samples for OSL dating, taken at a distance of 110 cm from
the loess above and below the gravel layer (original sample names
ZE14 and ZE15, respectively) suggest a considerable hiatus in relatively
continuous sedimentation (see OSL ages 51 ky and 22.1 ky). Above the
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Fig. 1. Location of sites.

position of PK I, Late Pleniglacial loess has accumulated, showing inter-
calations of several thin gley horizons. The Holocene soil (Z1) is repre-
sented by a thin horizon of dark gray, agriculturally-influenced,
chernozem soil with a Ca horizon.

2.2. Dobsice

The DobsSice section is situated on the north-western edge of the
Pannonian Basin, in the area of surficial contact between the Bohemian
Massif and the Carpathian foredeep (Fig. 1). Besides a malacological
study of selected horizons (LoZek, 1968), so far only a lithological de-
scription, including a micromorphological study, has been published
(Havlicek and Smolikova, 1995). The 15-m-thick loess/paleosol se-
quence has become exposed in the industrial complex of a former brick-
yard. The sequence overlays a Middle Pleistocene terrace of the Dyje
River. The geological bedrock of the area consists of metamorphic
rocks of the Bohemian Massif and of Neogene sediments of the Vienna
Basin (mainly clay and sands). In general, the pedosedimentary record

Zemeéchy (50°13'35"14°1601"; 212 masl)

(&
3[21,0 +/- 1.8kyd

0229 +/- 1,8k

2

depth (m)

g

shows many similarities with the above-described record of Zeméchy.
Markers sensu Kukla (1975) are present (unit numbers D12, D7 in
Fig. 3) covering both PK Il and PK II. The Eemian soil (D14) is developed
as a full mature Bt horizon and BC horizon of a luvisol, which is covered
by a chernozem horizon (D13). Based on micromorphological analysis
(Havlicek and Smolikova, 1995), both soils of the Eemian complex
were found to be genetically independent. In comparison with Zeméchy,
the chernozems of PK II (D8, D11) are more brownish (in soil taxonomy
close to the chernozem/kastanozem transition) and contain higher
amounts of silt. In the pellet sands (D9), separating the chernozems of
PK II, and also in the Pleniglacial loess (D6), the mollusk Chondrula
tridens was identified by LoZek (1968). The Dobsice site mostly differs
from Zeméchy in its development and preservation of the PK I soil
(D5), which corresponds here more to a pararendzina (with cambic fea-
tures). In the underlying loess (D6), numerous krotovinas are present. In
the unit D3, signs of an initial pseudogley process were found. The Holo-
cene soil, similar to that in Zeméchy, is represented by a gray,
anthropogenically-influenced soil (D1).

DobSice (48°5047",16°03'54"; 230 m as.I.)

I d

<f<
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Fig. 2. Lithostratigraphical scheme of the studied sites. *OSL dates (Zander et al., 2000).
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Fig. 3. Magnetic and geochemical proxies of the studied sites together with the lithostratigraphy of the sampled profiles.

3. Methods
3.1. Rock magnetic measurements

Unoriented samples were collected at 3-5 cm intervals from cleaned
profiles. The low frequency magnetic susceptibility (yIf, here referred to
as ) was measured at 0.976 kHz, and high frequency magnetic suscep-
tibility (yhf) at 3.904 kHz, using kappabridges MFK1 and KLY-4 (AGICO,
Brno). The difference between the two measurements gives the
frequency-dependent susceptibility expressed here as a percentage of
xfd: xfd% = (yIf — xhf) / (xIf) x 100. The anhysteretic remanent mag-
netization (ARM) was measured using a LDA-3 demagnetizer with a
peak alternating field of 100 mT and a DC biasing field of 0.5 mT.

Values of saturated isothermal remanent magnetization (SIRM)
were imparted with a MMPM 10 pulse magnetizer using a field of
2.5 T, and back field remanence measurements were made at 200 mT.
The S-ratio was calculated as IRM_0.2 T/IRM 2.5T.

All remanence measurements were made using a JR6-A spinner
magnetometer with a noise level of 0.1 x 1078 A m?.

The temperature-dependence of the susceptibility (TDS, ¥ — T) from
room temperature up to 700 °C and back to room temperature was
measured continuously with a furnace-equipped KLY-3 Kappa-bridge.
The powdered whole-material specimens for both loess and paleosol

were heated and cooled in an argon atmosphere to prevent possible
oxidation.

Frequency dependent susceptibility measurements were carried out
at the laboratory of AGICO, s.r.0. in Brno. Magnetic susceptibility of sam-
ples from the Dolni VE&stonice brickyard (taken in 5 cm intervals) was
acquired using a KLY-2 Kappa-bridge (AGICO, Brno) in the Paleomag-
netic laboratory of Cologne University within the framework of a pro-
ject led by one of us in the mid-1990s. Additional rock magnetic
measurements were carried out at the Laboratory for Palaeo- and
Enviromagnetism of the University of Bayreuth.

3.2. Geochemical and grain size analyses

Element analyses were performed on an X-ray fluorescence (XRF)
spectrometer MiniPal4.0 with an Rh tube, maximal primary X-ray ener-
gy of 30 keV and a Peltier-cooled ED detector. The XRF signals of some
20 elements were determined, but only the results for Ca, Sr, Rb and K
are discussed in this paper.

For selected samples (n = 25 in Z&éméchy; n = 22 in DobSice) conven-
tional silicate analyses after wet decomposition were also carried out. Se-
lected components were used for calculation of the Chemical Index of
Alteration (CIA) and as verification of the accuracy of XRF data. The CIA
was calculated as CIA = [Al,05 / (Al;,03 + Na,0 + Ca0* + Ky0)]
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% 100. CaO*, referring to silicatic Ca (after Nesbitt and Young, 1982), was
obtained by subtracting acid-soluble Ca (in CaCO3) from total Ca content.
The cation exchange capacity (CEC) was determined using a procedure
proposed by Meier and Kahr (1999) for pure clay mineral specimens
and then optimized for sediments and soils (Grygar et al., 2009).
[Cu(trien)]* " solution was obtained from CuSO,-5H,0 (Penta, Czech
Republic) and trien, triethylenetetramine (1,4,7,10-tetraazadekane,
Sigma-Aldrich), and then to the final concentration 0.01 M with potenti-
ometric control of the constant ligand-to-metal ratio.

The solutions were analyzed by Atomic absorption spectroscopy —
AAS (Cu and Mg) and Atomic emission spectroscopy — AES (Ca and
Na). The sample weight for analysis was adjusted depending on its actu-
al Cation Exchange Capacity (CEC) in order to consume about 50% of
[Cu(trien)]* T using the routine described by Grygar et al. (2009).

After removal of carbonate and organic matter by H,0, and HCl re-
spectively, the particle size distribution was measured using a laser
granulometer CILAS 1190 LD that provides a measurement range from
0.04 to 2500 um. For the correlation of magnetic and geochemical pa-
rameters the Pearson's correlation coefficient r was used.

3.3. Micromorphology

Oriented soil samples were taken in small Kubiena boxes (dimen-
sions 3 x 5 cm) from each lithological layer. Upon slow drying followed
by impregnation with resin, thin sections were produced from samples
in the laboratory of the Czech Geological Survey (equivalent to Bullock
et al., 1985; Stoops, 2003). The thin sections were studied under polar-
izing and binocular microscopes in the Institute of Geology ASCR, v. v. i,
in Prague at a magnification of 16-800x and interpreted according to
Stoops et al. (2010).

4. Results and interpretation
4.1. Magnetic properties

4.1.1. Concentration related magnetic parameters

The rock magnetic records correlate well with the lithology and
show many similarities in both sections (Fig. 3). In general, the paleosols
are characterized by an enhancement of the magnetic signal compared
to loess units and pellet sands.

The values of ¥ (in 1077 m® kg™ ') vary from 2.6 to 8.1 in Zemé&chy
(Z) and from 1.2 to 6.4 in Dobsice (D). In Zeméchy, maximum y values
(8.1) occur in the lower chernozem of PKII (layer Z9), whereas in DobSice
these occur in the chernozem of PKIII (6.4, D13). In both sections, mini-
mum values occur in Saalian and Weichselian-Pleniglacial loess
(x about 1-5 in Z; 1-2 in D), chernozems showing higher values of y
than luvisols, where the magnetic enhancement occurs just in the upper
part (Bt-horizon), whereas the underlying BC horizon is characterized
by lower values of y. This is very likely caused by the following process:
in a Bt horizon the precipitation of iron oxides occur and consequently a
higher amount of pedogenetic magnetite in comparison with the BC hori-
zon can be observed (e.g. Rivas et al., 2006; Torrent et al., 2006; Jordanova
et al,, 2013). The y-values of the lower and middle part of luvisols range
between 4 and 5 in Zeméchy and 2 and 6 in DobSice, representing approx-
imately intermediate values between unweathered loess and chernozem
paleosols. Pellet sands have higher  values than loess, probably depend-
ing on the amount of top-soil particles in the reworked sediment. The
pleniglacial parts of the records exhibit continually-decreasing y values
on the way up to the Holocene soil at both sites. The pararendzina of PK
I in Dobsice (D5) show slightly higher values than the over- and under-
lying loess units (D2, 5) and the pseudogley horizon (D3), whereas the
horizon corresponding to the weak brown soil in Zeméchy (Z3) did not
show any differences to the loess itself.

The values of SIRM, ARM and y often represent concentration and
grain size-dependent parameters (Evans and Heller, 2003). SIRM gives
information about the total (ferro-) magnetic mineral concentration

with grain size larger than the superparamagnetic (SP)/single domain
(SD) threshold (~0.02 pm). Unlike y, SIRM is not influenced by the
presence of para- and dia-magnetic minerals such as phyllosilicates, car-
bonates or quartz (Thompson and Oldfield, 1986). xfd indicates the pro-
portion of fine viscous magnetic grains just below the SP/SD boundary
(~0.02 um; Thompson and Oldfield, 1986), while ARM is sensitive to sin-
gle domain (SD, ~0.02-0.06 um) grains of magnetically “soft” minerals
like magnetite and maghemite (Maher et al., 1986). Both grain size frac-
tions are preferably formed during pedogenesis (Heller and Evans, 1995).

Generally, ARM and SIRM values, as well as the yfd, follow the y sig-
nal pattern in both sections. Again, values are uniformly low in loess,
and enhancement can be observed in chernozems and the upper part
of luvisols. Intermediate values are observed in reworked sediments de-
rived from loess and soils. The correlation between y and remanence
parameters (see the highest correlation coefficients between y and
ARM in Table 1) strongly suggests that the magnetic signal of both sec-
tions is mainly controlled by the presence of single domain magnetic
minerals. In contrast to Zeméchy, the DobSice section shows less differ-
ences of yfd-values between pellet sands and chernozems, suggesting a
higher content of SP/SD (pedogenetic) magnetic grains in the sediment.

The plot of xfd and y is shown in Fig. 4. The increasing yfd and y values
follow the model of magnetic enhancement (i.e. the neoformation of ul-
trafine magnetite during pedogenesis) proposed, for example, by Heller
et al. (1993), whereas decreasing y with increasing yfd values point to
magnetic depletion during low-temperature oxidation of magnetite, like-
wise leading to a shift of the magnetic domain assemblage towards SP
domains. in Zeméchy magnetic enhancement was obvious in all hori-
zons; however, in the upper (Pleniglacial) part of Dobsice signs of deple-
tion of primary MD and SD grains relative to SP particles were found,
probably due to the effect of water-logging (initial pseudogley horizons).
Similar processes in the Pleniglacial loess have been observed elsewhere,
for example in Saxony (eastern Germany) (Baumgart et al., 2013) in the
Kraichgau area (western Germany) (Taylor et al., 2014), in Poland, and
Western Ukraine (Nawrocki et al., 1996).

In Zeméchy, much higher absolute amounts of ferrimagnetic min-
erals are present than in DobSice, resulting in higher ARM and SIRM
values (Z: 37.7-227.1 10~ 3 A/m; 4.7-13.9 10~ 3 A/m; D: 9.6-165.2
1073 A/m; 1.2-5.3 10~ A/m). Similarly, xfd is much lower in Dobgice
(~0.3-3.5%) than that in Zeméchy (~1.3-8.8%), suggesting that SP
grains in chernozems of Bohemian sections are more common than in
the equivalent/corresponding Moravian horizons.

4.1.2. Magnetic mineralogy and particle size

The S-ratio is, like the yfd, a concentration-independent proxy indic-
ative of the relative abundance of ferrimagnetic to antiferromagnetic
minerals (Maher, 1986; Wang et al., 2012). Elevated values reflect the
dominance of magnetite (or maghemite), while lower values represent

Table 1
The correlation of magnetic and geochemical parameters.

X ARM  x5q SIRM  Rb/Sr  Rb/K CEC CIA

Dobsice X 099 089 097 0.5 063 063 0.53
ARM  0.99 0.87 0.98 0.58 056 0.62 0.52
Atd 089 0.87 084  0.56 061 056 0.1
SIRM 097 098 0.84 0.62 0.67 0.6 0.5
Rb/Sr 0.5 058 056 0.62 078 089 0.76
Rb/K 063 056 061 0.67 0.78 0.74 0.76
CEC 063 062 056 0.6 0.89 0.74 0.85
CIA 053 052 051 05 0.93 0.76  0.85

Zeméchy 092 07 0.9 0.59 077 0.7 0.49
ARM 092 078 079 057 079 063 048
Xfd 0.7 0.78 0.42 0.78 063 044 048
SIRM 0.9 079 042 0.43 067 079 043
Rb/Sr 059 057 0.78 043 065 065 0.78
Rb/K 077 079 063 0.67 0.65 074 071
CEC 0.7 063 044 079 065 0.74 0.73

CIA 049 048 048 043 0.78 071  0.73
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Fig. 4. Scatter plots of y versus ygp.

increasing contributions from antiferromagnetic minerals, i.e. hematite
or goethite. In both sites the S-ratio ranges between 0.85 and 0.9 in
chernozem soils and in the upper part of luvisols, thus reflecting the
high concentration of ferrimagnetics in the soil horizons. In both sec-
tions, the pleniglacial part of the record typically shows lower values
of the S-ratio (0.62-0.8 in Zeméchy, 0.65-0.75 in DobSice) and a de-
scending trend (more visible in DobSice) mainly in the loess between
PK II and PK I soils. Nevertheless, the relatively uniform values close to
1 through both profiles suggest the dominance of ferrimagnetic

Dolni Véstonice

minerals and little mineralogical variation. This interpretation is sup-
ported by temperature-dependent susceptibility (x-T; Fig. 6).

Typical x-T curves for the lower part of chernozems, the middle part
of luvisols and Pleniglacial loess are shown in Fig. 6. In chernozems, as
well as in loess, there are two major peaks for heating curves around
300 and 510-520 °C, while in luvisols only one peak occurs around
300 °C. The ‘rise’ in the heating curves at about 300 °C possibly indicates
the transition of weakly-magnetic Fe-hydroxides (e.g., lepidocrocite) to
maghemite (Oches and Banerjee, 1996). The increase of susceptibility
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Fig. 5. Correlation of the Dolni V&stonice profile and the studied sections, based on the magnetic susceptibility.

*OSL dates adopted from Fuchs et al. (2013).
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Fig. 6. Temperature dependent magnetic susceptibility of selected horizons. The values
were standardized to a variation between zero and one.

between 250 and 300 °C (found in luvisols and loess) was interpreted
by Liu et al. (2005) as a result of the gradual unblocking of fine-
grained SD particles, which are multidomain (MD) at room temperature.
The susceptibility drop between ~ 300-450 °C (almost absent for loess
samples) has been interpreted as the inversion of maghemite to hema-
tite (Sun et al., 1995; Oches and Banerjee, 1996; Liu et al., 2005). Liu
etal. (2005) suggest that only the fine-grained pedogenic particles can ef-
ficiently be converted to hematite between 300 and 400 °C during
heating. The rapid increase of susceptibility within the temperature in-
terval of 450-520 °C (absent for luvisols) shows the formation of a new
ferromagnetic mineral. This observation can be caused by the reduction
of low susceptibility hematite to high susceptibility magnetite in an
oxygen-free environment (Hunt et al.,, 1995). The sharp loss of suscep-
tibility of all samples above 520 °C indicates the presence of magnetite,
with its Curie point of 585 °C, being apparently a major magnetic min-
eral of the loess/paleosol sequences. A Curie temperature of about
580-585 °C can be observed in all samples. Unlike the warming curves,

the cooling curves (not shown here) are dominated by newly-formed
magnetite at ~500-400 °C.

In the luvisol of Zeméchy, we found a minor peak of susceptibility at
120 °Cand a sharp loss between 120 and 180 °C, which may indicate the
presence of goethite with a Curie temperature of around 120 °C (Liu
etal., 2012).

In general, y-T experiments suggest magnetite and maghemite en-
hancement of chernozem horizons as well as partially of pellet sands,
while in the middle part of luvisols the enhancement only occurred to
a limited extent — and by maghemite rather than magnetite formation.
The higher concentrations of hematite in chernozems than in brown
soils, and the presence of goethite in brown soils, is in accordance
with previous results obtained by diffuse reflectance spectroscopy mea-
sured in Dolni Véstonice (Babek et al., 2011).

Because the SIRM values had no contribution from SP grains, the low
values of ARM/SIRM suggest a higher proportion of soft MD or SD mag-
netic grains, while high values correspond to the presence of stable sin-
gle domain (SSD) magnetic grains (Evans and Heller, 2003). In
Zeméchy, the course of ARM/SIRM with depth suggests the presence
of SSD magnetic grains mainly in the upper part of the chernozems,
whereas in luvisols, pellet sands and loess horizons larger grains domi-
nated. This is in accordance with the results of the ¥-T measurements.
In Dobsice, however, the differences between paleosols and loess hori-
zons are not very pronounced; the generally higher amount of SSD
grains having been induced by the colluvial sediments. Hence, one al-
most continuous increase of magnetic parameters can be observed
throughout the whole Lower Weichselian. In the Pleniglacial loess (in-
cluding the weak interstadial soils), a stagnant trend is apparent at
both sites. The ARM/y ratio has been used to investigate the relative
contributions of SP and SD grains to the bulk signal (e.g. Zeeden et al.,
2010). In general, this record follows the pattern of fd, proving the con-
tributions of SP/SD grains to the magnetic signal.

The analyses presented above show that the samples contain mainly
ferrimagnetic minerals (magnetite and maghemite) and partially anti-
ferromagnetic minerals (goethite, hematite). The chernozem soil hori-
zons are characterized by more fine-grained ferrimagnetic minerals in
contrast to loess and luvisols. All these characteristics are, in general,
consistent with previous studies of loess/paleosols sequences situated
in central Europe (Oches and Banerjee, 1996; Forster et al., 1996; Zhu
et al,, 2001) and neighboring areas (Siitt6, Hungary — Rolf et al., 2014;
Lower Austria — Hambach, 2010).

4.2. Chronology of studied sections

The trends of y with stratigraphy for both investigated sites corre-
spond well to the litho-/pedo-stratigraphical and magnetic susceptibil-
ity record obtained from the Dolni Véstonice (DV) brickyard (Fig.5). We
employed the magnetic susceptibility data from DV as a tool to transfer
the numerical ages (Fuchs et al,, 2013) from DV to the sections under in-
vestigation (Fig. 5). For the Pleniglacial part of the record in Zeméchy,
OSL dates by Zander et al. (2000) (Fig. 2) were also used to constrain
the chronology. As a result, we obtained a composite chronology of all
sections, based on OSL and correlation of the y signals, which was cor-
roborated by direct correlation of the Rb/Sr-weathering index to the
global 5'80 record on its time scale (Lisiecki and Raymo, 2005).

4.3. Results of geochemical investigations

The results of geochemical analyses are summarized in Fig. 3. During
chemical weathering, dissolved ions are transported through the se-
quences with percolating rainwater, depending mainly on their solubil-
ity and ability to be retained by clay (Perel'man, 1977). The weathering
process can be divided into the early Ca and Sr removal stage, the inter-
mediate K removal stage and the last Si removal stage (Nesbitt et al.,
1980). Therefore, simple ratios of mobile (such as Sr and Ca) to relative-
ly stable (such as Rb, Ti, and K) elements are used. This approach has
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been widely adopted as an appropriate measure for the degree of chem-
ical weathering and leaching intensity in sediments (Gallet et al., 1996;
Nesbitt et al., 1996; Chen et al., 1999; Ding et al., 2001; Muhs et al., 2001;
Bokhorst et al., 2009). For the evaluation of the weathering intensity of
the silicate component, we used the Chemical Index of Alteration (CIA)
(Nesbitt et al., 1980). The interpretation syllogism of the geochemical
results is included.

The Rb/Sr ratio of both sections shows maximum values in luvisols
and chernozems, being only slightly increased in Middle Pleniglacial
weak soils (PK I) and with minimum values in loess. In DobSice, much
less pronounced peaks in the chernozems of PK Il occurs compared to
Zeméchy. In both sections, a moderate/good correlation was found be-
tween Rb/Sr and magnetic parameters (Table 1); however, this did
not hold for the luvisol horizons (see Table 1). Rb is usually enriched
in K-rich minerals such as muscovite, biotite, K-feldspar and K-rich
micas and illite. Furthermore, this element is unaffected by sediment
diagenesis and by precipitation and concentrations of Fe and Mn oxi-
hydroxides. It is strongly retained in the weathering zone due to its ad-
sorption or exchange onto clay minerals (Nesbitt et al., 1980). Rubidium
fixation in soils is a tracer of the transformation process affecting the 2:1
clay minerals in the acid brown earth-pod's (Herbauts, 1982)
weathering sequence: kaolinite, illite, chlorite, vermiculite and smectite.
Unlike Rb, Sr is a mobile element bound in Ca-feldspars and primary
carbonates; it is easily soluble during leaching and chemical weathering
processes. Because Rb is bounded to the clay particles, the resulting ratio
is grain-size dependent. Nevertheless the clay in the LPS is mostly a
product of the pedogenesis and weathering of the primary (silty) mate-
rial and hence the Rb/Sr ratio is a sound indicator of loess chemical
weathering (Gallet et al., 1996; Chen et al., 1999; Bloemendal et al.,
2008; Babek et al., 2011). It also seems to be a valuable indicator of
the Late Glacial paleoenvironmental changes in a lake catchment, as
was proved by analysis of non-calcareous lake sediments in Southern
Bohemia (Ho3ek et al.,, 2014).

Unlike the Rb/Sr ratio, Rb/K shows lower values in the luvisols in
both sites, whereas in the upper parts of the profiles the ratio increases
again in paleosols and decreases in loess, clearly independent of the di-
lution by carbonates. This behavior indicates secondary clay enrich-
ment, because Rb substitutes for K in K-feldspars and mica and
becomes enriched during weathering, whereas K is more mobile and
preferentially leached under moderate/strong chemical weathering
(Nesbitt et al., 1980; Zech et al., 2008). The variability of K in the inves-
tigated profiles is in agreement with the various correlations between
CEC and the elemental signatures that are discussed below. Further, a
surprisingly high correlation coefficient between the Rb/K ratio and
xfd was found throughout the profiles (see Table 1), suggesting that
SD/SP magnetic grain enhancement/depletion in the sediment and
soils throughout the profiles, and potassium mobility, may be both driv-
en by related processes.

The highest Sr/Ca ratio is found in the interglacial luvisols in both
sections. In Zeméchy, an increase of this ratio also occurs in the lower
part of the PK Il chernozems, whereas these events are not present in
Dobsice. Slightly higher values of the ratio are recorded in the PK I
soils of both sites. Ca, as well as Sr, is mainly present in primary carbon-
ates and in relatively soluble carbonate minerals and is hence depleted
in the weathering zone (Gallet et al., 1996; Bloemendal et al., 2008).
Nevertheless, due to its size, Ca is adsorbed less strongly to clay struc-
tures than Sr, and more Ca reprecipitates as secondary carbonates rela-
tive to Sr. The vegetation may also play a role in the retention of Ca from
wash-out, as the biogenic coefficient of Ca is much higher (0.17) than of
Sr (0.06) (Perel'man, 1977). The ratio of Sr/Ca primarily reflects carbon-
ate dissolution and hence mostly increases with increased leaching in-
tensity, during more humid conditions (Bloemendal et al., 2008;
Bokhorst et al., 2009). The low correlation between the CIA with Sr/Ca
(Pearson correlation coefficient r = 0.2 and 0.4, data not shown in
Table 1) in both sites suggests that carbonate dissolution was not neces-
sarily accompanied by silicate and feldspar weathering. At Zeméchy, a

strong negative correlation (r = — 0.78) was found between the Sr/Ca
ratio and ARM in soil horizons, suggesting that the leaching process
also affected fine-grained (0.02-0.06 um) magnetic particles.

The Chemical Index of Alteration (CIA) gives information about feld-
spar weathering by relating Al, which is enriched in weathering resi-
dues, to Na, Ca and K. Na and K are assumed to be removed from a soil
profile in the course of plagioclase and K-feldspar weathering (Nesbitt
and Young, 1982). In recent years, this proxy has been relatively fre-
quently used as a suitable tool for the quantitative expression of chem-
ical weathering in loess (e.g. Chen et al., 1999; Buggle et al., 2008; Ujvari
et al,, 2008). The index is referred to as an “Na type” of weathering,
whereas the above-described Rb/Sr ratio is considered as a “Sr-type”
weathering index (Buggle et al., 2011).

4.4, Cation exchange capacity (CEC)

During the chemical weathering of loess, there occurs an ion ex-
change and transformation of clay minerals. The [Cu(trien)]* " ion is se-
lectively adsorbed to expandable clay minerals. Increased CEC values
obtained by [Cu(trien)]?> ™ can thus be mainly attributed to a higher con-
centration of the most common expandable clay structure, i.e. smectite
(Grygar et al., 2009; Babek et al., 2011). Expandable clay minerals are
characterized by the presence of loosely-bound cations and layers of
water-bearing, polarized, organic molecules between the structural
sheets. This type of structure is thus typical for more humid environ-
ments and their relatively low presence in the sediment suggests that
conditions in these sections were most likely arid (and acidic), as they
have been largely depleted or at least altered. Illite-type clays are
formed under high pH conditions, mostly from weathering of K- and
Al-rich minerals such as muscovite and feldspar. The illite/smectite
ratio in the loess series thus provides a promising proxy strongly related
to soil humidity and its seasonality (Li et al., 2007; Varga et al., 2011;
Ujvari et al., 2014)

Although CEC has rarely been used for loess/paleosol sequences, sev-
eral studies have suggested that CEC can be correlated with other indi-
cators of weathering intensity related to precipitation, indicators such as
magnetic susceptibility, diffuse reflectance spectroscopy and element
ratios of Rb, Ca and Sr (Maher, 1998; Bokhorst et al., 2009; Babek
etal, 2011).

At both sites, the CEC follows the proxies of weathering/pedogenesis
intensity; elevated values (interpreted as higher amounts of smectite)
coincide with soils, and the highest values correspond with luvisol hori-
zons, for which the most intensive chemical weathering can be expect-
ed. In Dobsice, in comparison with Zeméchy, lower values are recorded
in chernozems of PK II, especially in the upper one. The middle
Pleniglacial soils (PK1) of both sites shows relatively high values, where-
as in the overlying loess a gradual decrease occurs. CEC was positively
correlated with the Rb/K ratio (r = 0.74), which can indicate the con-
version of illite to expandable clay minerals (a process accompanied
by a partial loss of K™ ions) and this suggests the presence of K in mus-
covite and feldspar. The highest correlation between CEC and magnetic
parameters was found in the case of y and SIRM.

4.5. Grain-size analyses

Fig. 7 shows selected grain size distribution parameters of the sedi-
ment. Both sites are characterized by a higher content of the clay fraction
(<4 pm) in soil horizons (~20%) compared to pellet sands and loess
(~10%). The highest enrichment of clay is recorded in the upper parts
of the luvisol (Bt horizons) and the overlaying chernozem (PK III) in
both sites. A relatively high clay content is also recorded in the middle
Pleniglacial part (PK I) of both sites. In general, the amount of clay in
the sediment shows a similar pattern to that of the magnetic susceptibil-
ity record and proxies of chemical weathering such as Rb/Sr and Rb/K ra-
tios (see Fig. 3), probably due to the pedogenic modification that has
changed the grain size composition of the non-quartz component of
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the original dust. This is in accordance with the correlation between clay-
ey humic soil horizons, magnetic susceptibility or organic carbon content
that has been observed in Upper Pleistocene soil complexes from many
European sites (e.g. Antoine et al., 1999, 2009, 2013).

The silt fraction (4-63 pm) dominate throughout both profiles (~60-
90%). Maxima are typical for upper Pleniglacial loess (above PK I). The
sand concentration (>63 pum) ranges from ~1-30%; higher amounts of
sand are typical for colluvial sediments (pellet sands) and the upper
Pleniglacial loess, as well as for marker horizons (marker I). In general,
the amount of sand in Zeméchy is higher than in DobSice, probably
due to a nearby outcrop of carboniferous arkoses, whereas At DobsSice
sand originates from Pleistocene fluvial terraces of the Dyje River.

4.6. Micromorphology

Micromorphological features of the main horizons are summarized
in Table 2, the characteristics reflecting the local soil and environmental
development. While the horizon representing the interglacial luvisol is
preserved only by the Bt horizon, with the A horizon missing, the
chernozem-like pedo-horizons are characterized by well-developed hu-
mified A horizons. During the development of chernozem-type soils, the
accumulation of organic matter by humification is the dominant pedo-
genetic process. For luvisols, besides the strong in-situ weathering, the
main pedogenetic process is the translocation of clays down the section.
Thus the characteristic feature of such soils is the clay-enriched Bt hori-
zon. The thickness of such horizons usually reflects the intensity and/or
temporal duration of the pedogenetic processes. Higher humidity and/or
water-logging might be causes for the pedogenetical processes connect-
ed with gley formation. Pronounced differences between the sections
were found in some horizons, especially in the Lower Weichselian part
of profiles (PK II); however, in this respect DobSice differed from
Zeméchy by having a markedly lower level of polygenesis. Secondary
redoximorphic features (pseudogley processes) are here present just

in the horizon of PK I (D3). Dobsice is also interesting from a pedo-
zoological point of view because, besides the activity of earthworms
(Lumbricidae) occurring throughout, the activity of Enchytraeidae
(potworms) occurred, or even dominated (D10), in all the paleosols in-
cluding the pararendzina of PK I.

5. Discussion

5.1. Rock-magnetic and geochemical results and their predictive value as
paleoclimate indicators

The rock-magnetic investigation results (Fig. 3) suggest that the
magnetic signal at both sites is mostly influenced by fine-grained (SP
and SD) magnetite and partially also by maghemite. These components
are typically formed during loess weathering and pedogenesis in a rela-
tively warm and humid climate with a pronounced dry season (Fontes
and Weed, 1991; Maher, 1998; van Velzen and Dekkers, 1999;
Oldfield, 2007; Torrent et al., 2006; Zhang et al., 2007; Buggle et al.,
2013a).

The good correlation between magnetic and geochemical proxies
through the Weichselian parts of the studied profiles (Fig. 3) suggests
that fine-grained magnetite/maghemite formation was accompanied
by a more intensive weathering of minerogenic components, and a
higher element mobility and clay mineral (trans)formation. For exam-
ple, the formation of magnetic grains close to the SP/SD boundary
(ARM/ yx) clearly correlated with the feldspar weathering and conse-
quently with potassium mobility (Rb/K ratio, CEC). This is probably be-
cause, similar to that in pedogenetic bacteria activity, K mobility in soils
and sediments (and its availability and diffuse flux for plant uptake) is
strongly influenced by soil moisture (Zeng and Brown, 2000). On the
other hand, the dissolution and leaching of Sr-rich carbonate minerals
(Rb/Sr ratio) did not show such a direct link to magnetic enhancement.
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Table 2
Micromorphological characterization of the significant lithological horizons.

Layer Micromorphological features

Interpretation

Dobsice

D3 Crack microstructure, sandy loam, crystalitic B fabric, decomposed organic matter — rare, bioturbation,

CaCOs; coating — rare, FeOH nodules (pseudogley concretions).

D5 Granular to crack microstructure, sandy loam, crystalitic B fabric, CaCO5 coating and infillings, Mn coating

and nodules

D8 Spongy to granular microstructure, sandy loam, crystalitic B fabric, decomposed organic matter,

bioturbation, CaCOs coating and infillings, excrements, phytoliths.

D9 Subangular blocky microstructure, sandy loam, crystalitic B fabric, humous concentratios — aggregates,

CaCOs coating and infilling.

D10  Spongy to granular microstructure, sandy loam, crystalitic B fabric, decomposed organic matter, partly

Weakly developed pseudogley (PK )

Weakly developed pararendzina with A and CaCO3 horizon
(PK1)

Upper chernozem (A and CaCOshor) of PK I

Loess/reworked loess

Lower calcareous chernozem (A and CaCOshor) of PK 11

decomposed wood fragments, bioturbation, CaCO3 and Mn coating and infillings, excrements.

D12 Subangular blocky microstructure, crystalitic B fabric, sandy loam (quartz and feldspar, fragments of

Marker loess sensu Kukla (1975)

granite and quartzite up to 2 mm,; obvious positive gradation), CaCO3 and Mn coating and infillings.

D14  Spongy to granular microstructure, sandy loam, porostriatic B fabric, partly decomposed wood fragments,

Luvisol (Parabraunerde) (Bt and CaCOs horizon) of PK III

charcoal, bioturbation, CaCO5; and Mn coating and infillings, humic concretions — common, excrements.

Zeméchy

Z3 Spongy microstructure, enaulic related distribution, 30% micro and mesovoids, vughs and compound

Weak brown soil (PK I)

packing voids, moderately sorted silt, crystallitic B fabric, light brown matrix, very fine grained black

opaque decomposed organic matter (up to 10%), FeOH nodules present (up to 3%).

Z8 Inter grain vesicular pore microstructure, enaulic related distribution, 30-50% micro and mesovoids, vughs Lower chernozem of PK II
and compound packing voids, moderately sorted silt, crystalitic B fabric, dark brown, fine grained black

opaque decomposed organic matter (up to 30-50%),

Z11  Channel microstructure, enaulicrelated distribution, 50% micro and mesovoids, channels, vughs and compound marker loess sensu Kukla (1975)
packing voids, moderately sorted silt, crystallitic B fabric, brown, fine grained black opaque decomposed organic
matter (up to 10%), charcoal fragments, three phases of calcium carbonate pedofeatures origin: 1.) crystallic
pseudomorphoses of root cells due to bioturbation; 2.) hypocoating of channels; 3.) infillings of channels by

crystallitic carbonates.

Z14  Intergrain channel microstructure, enaulic related distribution, 30% micro and mesovoids, channels and

Luvisol (Parabraunerde) (Bt and CaCOs horizon) of PK III

vughs, moderately sorted silt to fine sand, porostriatic B fabric, light brown to orange, very fine grained

black opaque decomposed organic matter (up to 30%).

On the contrary, the strong carbonate dissolution may have lead to the
loss of fine-grained magnetic particles during the leaching processes.

In contrast to the interstadial chernozem soils, interglacial
luvisols showed lower values of magnetic concentration-dependent
parameters, as well as weaker magnetite/maghemite enhancement
as shown by the x-T measurements (Fig. 6). This is in contrast to
the LPSs from the Pannonian Basin, where a strong magnetic en-
hancement also occurred within the lower part of the paleosol-
complex (S1) corresponding to the Last Interglacial, and where mag-
netic concentrations were more than twice as high than that for the
loess horizons (Markovic et al., 2008, 2009; Buggle et al., 2013a). In
both sites the Interstadial soils of PK I also exhibited a pronounced
maxima of CEC and clay content, and a minima of calcite concentra-
tion, that are clear signs of a relatively intensive pedogenesis. How-
ever, in the case of Zeméchy, the PK I horizon was not detected by
its magnetic measurements (see Fig. 3).

For the last interglacial in central Europe, the malacological, palyno-
logical and pedological data generally indicated more humid and warm-
er conditions (even compared to the Holocene). This favorable climate
was replaced during the Lower Weichselian by rather cold and arid con-
ditions with three interstadial oscillations characterized by a warmer,
but still relatively dry, climate (LoZek, 1964; Smolikova, 1982; Urban,
1984; Caspers and Freund, 2001). The clear discrepancy between
these statements and the above-mentioned surveyed rock magnetic re-
cord suggests a non-linear relationship of magnetic parameters with cli-
matic change. This finding should constitute a point of special interest
and is further discussed here in more detail.

The influence of climate on a magnetic signal (particularly the mag-
netic susceptibility) in LPSs and modern soils has already been exten-
sively discussed in many studies (e.g. Heller et al., 1993; Maher et al.,
2003; Liu et al, 2007; Buggle et al., 2013a). Nevertheless, the relation-
ships between the state of magnetic variables and the course of the
Pleistocene climate are far from being interpreted as linear (Han et al.,

1996). This means that some climate changes, clearly documented by
well understood proxies - such as pedological or geochemical indicators
(Liu et al., 1995; Guo et al,, 2001) and malacology (Rousseau and Wu,
1997) - are not necessarily reflected by expected changes in the mag-
netic susceptibility.

The above-mentioned magnetic enhancement of the studied se-
quences is mostly the influence of pedogenetic processes (i.e. a China
scenario). Thus, it could be expected that the non-linearity of the record
with climatic (pedogenetic) development has been probably caused by
a post-sedimentary loss of the magnetic signal. We suggest two main
reasons for the observed bias between the predicted paleoclimatic de-
velopment and the recorded magnetic parameters:

(1) Erosion of the humic Ah horizon in the case of PK III
According to the micromorphological studies (see Table 2), the
luvisol and overlaying chernozem (PK III) are genetically-
independent soils at both sites (proved by the absence of
braunlehm plasma in the chernozem horizons). In the case of
Zeméchy, they are separated by a thin layer of colluvial sedi-
ments (Figs. 2 and 3). These colluvial and/or aeolian sediments
are typically present in the PK Il of many sites. This documents
the higher erosion rate immediately after the climate deteriora-
tion at the end of the interglacial. In the case of Zeméchy, the col-
luvial layer (Z13) contains a small amount (up to 3%) of weak
decomposed organic detritus, which might represent the rest of
the reworked humic topsoil. Rock-magnetic studies of the Holo-
cene luvisol from the loess area (e.g. Jordanova et al., 2013;
Huang et al., 2011) suggest a high concentration of pedogenetic
ferrimagnets, as in the humic Ah horizon and in the upper part
of the Bt horizon, whereas middle and lower parts of the Bt hori-
zon show significant lower magnetic enhancement. In contrast,
geochemical parameters (such as CEC or the ratio of immobile/
mobile elements) yield relatively comparable values in both the
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Bt and Ah horizons (Duan et al., 2002). Having an Ah horizon
missing would therefore be more relevant for an interpretation
based on magnetic rather than geochemical proxies.

Leaching and transformation of ferrimagnets in the Bt horizon
As mentioned above, an increase of percolating water could have
a major impact on the concentration of ultrafine magnetic parti-
cles. Direct leaching can influence magnetic particles, mostly
fine-grained, as is suggested by the negative correlation between
ARM and the Sr/Ca ratio. Another reason for the x decrease could
be excessive moisture during the Interglacial (as supported by
geochemical proxies) that could have caused a transformation
of magnetite/maghemite into goethite/limonite (Liu et al.,
2007, 2012). This interpretation is supported by the occurrence
of goethite in the luvisol as proven by -T measurements.

—
\]
—

The proxies of chemical weathering (particularly Rb/Sr ratio, CIA and
CEC) of the studied profiles (Fig. 3) show the highest values in intergla-
cial soil and they are also enriched in the interstadial paleosol layers rel-
ative to the loess (including the PK 1 soil in Zeméchy which did not even
register in the magnetic signal at all, probably due to the erosion of
the upper part of the soil horizon, enriched by magnetic minerals —
similar to that in the interglacial luvisols). The Rb/Sr ratio and CIA
have been used to reflect paleoclimate changes in the loess of
north-central China (Chen et al., 1999; Ding et al., 2001), the Danube
region (Buggle et al., 2011; Bokhorst et al., 2009; Varga et al., 2011;
Ujvari et al., 2014) and Germany (Fischer et al., 2012) — in terms of
their systematic variations in loess/paleosol sequences. Further-
more, in the Bohemian and Moravian loess/paleosol sequences
these proxies reveal in an exemplary way the degree of chemical
weathering and reflect the general course of climate development
of the Upper Pleistocene — as is apparent through the correlation
with deep sea oxygen isotopic records indicating the global climate
changes (Lisiecki and Raymo, 2005; Fig. 8).

Despite the correlation between the Rb/Sr ratio and the global ben-
thic 6'80 record being based on a visual comparison, we have several
reasons to consider this correlation a reliable one: many lines of evi-
dence indicate that the pedocomplexes PK IIl and PK II can be assigned
to marine oxygen isotope stages MIS 5e-5a and PK I to MIS 3 (e.g.
Kukla, 1975; Musson and Wintle, 1994; Zéller et al., 1994; Forster
et al,, 1996; Frechen et al., 1999; Fuchs et al., 2013). The well-
determined pedostratigraphy of the last climatic cycle was mostly
established based on detailed studies of the profile Dolni Véstonice
(DV) brickyard and thus the successful correlation of the y and litho-
pedostratigraphical records of DV with the studied sections (Fig. 5)
have allowed us to compare the obtained proxy records with the global
climatic scale. This kind of correlation is supported by OSL dates adopted
from DV which in turn can be correlated unambiguously to the sections
under study. Yet, it is to be remembered that, in general, an accurate
synchronization of land and ocean records and reliable stratigraphic cor-
relation between them is still an unresolved task for several reasons.
This also applied to LPSs, where the sedimentary record is often incom-
plete (as discussed above) and the absolute chronology, based on the
OSL dating, is uncertain to often ~5-10 ky. Moreover, as suggested by
studies comparing biological and geochemical proxy-records of well-
dated varved lake sediments or speleothems with benthic and Green-
land §'80, synchronity often cannot be proven, and these records may
not be exactly synchronous (e.g. Sinchez-Goni et al., 1999; Shackleton
et al,, 2003; Drysdale et al., 2007; Boch et al,, 2011).

In this study we used a simplistic explanation for the correlation be-
tween peaks and troughs of the Rb/Sr ratio on one hand and the global
benthic 680 record on the other hand: benthic foraminiferal marine
680 records are directly linked to deep sea water temperature and to
global ice volume. Such records may be used as a proxy for the water
content of the atmosphere and consequently also for the mainly precip-
itation controlled climatic humidity on continents. The humidity, in

turn, controls weathering and soil formation and therefore the geo-
chemical and magnetic proxies seems to be generally in-phase with
the 6'80 records. This assumption has been the basis for a number of
studies which have demonstrated a close correspondence of magnetic
and geochemical variations within LPSs to signatures of past global cli-
matic change derived from oceanic benthic 6'%0 records (e.g. Heller
and Liu, 1984; Kukla, 1975; Kukla et al., 1988; Bloemendal et al., 1995;
Chen et al., 1997; Heslop et al., 2000; Yang et al., 2004; Buggle et al.,
2009; Basarin et al.,, 2014).

5.2. Paleoenvironmental implications and paleogeographic context

The rock-magnetic and geochemical records (Fig. 3) visually divide
both studied sequences into two parts: (1) the lower parts (correspond-
ing to MIS 5), with higher values and fluctuations; and (2) the upper
part (interpreted as MIS 4-2), characterized by their lower values and
a trend of further decreases towards the top of the sequences. The re-
cords reflect the main features of climate development and allow us to
correlate these individual profiles.

Sea surface temperature reconstruction for the North Atlantic
(Imbrie et al., 1992) or globally benthic 6'80 records (Lisiecki and
Raymo, 2005; see also Fig. 8), and also proxy data from Greenland
(North Greenland Ice Core Project (NGRIP) Members, 2004), indicates
that the beginning of the Weichselian (MIS 5d-a) was on average not
dramatically cooler than the Eemian interglacial (MIS 5e). However,
this period was characterized by large-amplitude oscillations and with
the abrupt appearance of rather drier conditions, which is also widely
suggested by the regional biological evidence (LoZek, 1964; Woillard,
1978; Urban, 1984; Behre, 1989; Guiot, 1990; Kiihl et al., 2007) and geo-
chemical and sedimentological records (Caspers and Freund, 2001;
Sirocko et al., 2005; Rousseau et al., 2006; Drysdale et al., 2007) from
the land. In Europe, climate desiccation was most pronounced in conti-
nental areas, whereas the region influenced by the Atlantic was consid-
erably wetter (Kiihl et al., 2007). This is also reflected in the (paleo)
pedological evidence: the east central European soils generally indicate
somewhat drier and therefore less favorable conditions for leaching
than more westerly areas (Haesaerts and Mestdagh, 2000). Along a
transect from northwestern Europe towards the east and south-east,
redoximorphic features and pseudogley characteristics in soils
(known, for example, from Gleyic Chernozems and Gleyic or Stagnic
Phaeozems) decrease and vanish in the Pannonian Basin. Typical steppe
chernozem/kastanozem soils become predominant (Eckmeier et al.,
2007; Markovic et al., 2008; Gozhik et al., 2013).

Our studied LPSs are situated in eastern central Europe in a transi-
tional area of high value for reconstructing past regional atmospheric
conditions and their interaction with North Atlantic/continental climate
systems (e.g. Kukla, 1977; Rousseau et al., 2013).

In this respect, the situation in the Central Bohemian section
Zeméchy shows aspects of the Atlantic part of Europe more clearly
than the South Moravian Dobsice section situated on the northwestern
edge of the Pannonian Basin. The Pannonian Basin is marked in the
Upper Pleistocene by continuous dry continental climate conditions,
under the effects of a temperate sub-Mediterranean climatic influence
(Stimegi and Krolopp, 2002).

The differences in the proxy records between the two sites can be
clearly linked to geographical differences influencing chemical
weathering processes. For example, whereas in Zeméchy all interstadial
soils show (from the micromorphological point of view) quite pro-
nounced pseudogley features and recalcification processes, in DobSice
these features are only very weakly developed (see Table 2). Regarding
the rock-magnetic and geochemical results, the most pronounced differ-
ences were found in the lower Weichselian parts of the pedosedimentary
records.

Alower Sr/Caratio, as well as almost featureless variations of Rb/Sr or
CEC in the PK II of Dobsice, indicates weaker pedogenic carbonate disso-
lution and feldspar weathering, as well as weaker formation/
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Fig. 8. Correlation of the Rb/Sr ratios from Dobgice and Zeméchy to the 5'%0 record from the deep sea (LR04; Lisiecki and Raymo, 2005). OSL dates (color boxes) adopted from Fig. 4.

transformation of clay minerals in the Moravian section compared to the
Bohemian (Fig. 3). A stronger leaching process in Zeméchy is also sup-
ported by lower concentrations of Ca and Sr, indicating a considerable
higher variability of these elements, a leaching of upper soil layers, and
the formation of Ca-enriched horizons. In total, the relative concentra-
tions of fine grained ferromagnets (yfd, ARM) are markedly higher in
Zeméchy than in Dobsice, suggesting that pedogenic processes were
more intense and/or bacterial production of magnetite (and/or
maghemite) was higher. An increase in moisture has been found to be
the key factor for stronger magnetic enhancement of many LPSs, as
long as the soils are not affected by water-logging (e.g. Buggle et al.,
2013a).

Regarding the geographical location of the studied sections, we sug-
gest that the pronounced differences in chemical weathering and mag-
netic enhancement of the pedosedimentary sequences may be caused
by differences in the amount of percolating water, which may be repre-
sentative of the precipitation. Drier conditions during the Pleistocene, or
at least a different seasonality with a pronounced dry season in the
Pannonian Basin compared to other European regions, are widely sup-
ported by geochemical, pedological and biological approaches (Allen
et al,, 1999; Buggle et al., 2009, 2013b; Bokhorst et al., 2009; Zech
et al,, 2013; Ujvari et al,, 2014).

Our findings suggest that the transitional zone between the two cli-
mate regions, or the two different modes, of the Upper Pleistocene cli-
mate in central Europe could be quite narrow. Yet, to confirm this
hypothesis, further data - in a transect from sites towards the Atlantic

Ocean and further into the continental area - are required, either
confirming or challenging the presented findings.

6. Conclusions

Loess/paleosols sequences from central Bohemia and south Moravia
(eastern-central Europe) provide a suitable archive for a detailed study
of the Upper Pleistocene paleoenvironmental changes in a transition
zone between the oceanic and continental climate regimes. Using a
multi-proxy approach combining sedimentological, rock-magnetic,
geochemical and micromorphological methods — we demonstrate that:

(i) The stratigraphy of the studied sections conforms well to the
general pattern of the Upper Pleistocene loess/paleosol succes-
sions in the relatively dry loess of central Europe. This is demon-
strated by the correlation of the magnetic susceptibility record
with the well-investigated section at Dolni Véstonice.

(ii) The magnetic signal of the studied sediments is dominated
by the presence of fine grained (SP/SD) magnetite, and par-
tially maghemite. The origin of these minerals in soils and
loess is probably mainly pedogenetic. This is in accordance
with the “China scenario” model of magnetic enhancement
by pedogenesis.

Compared to chernozems, the distribution of magnetic minerals
throughout the interglacial (MIS 5e) luvisol (para-brown soil)
and interstadial (MIS 3) cambisol is nonlinear, probably due to

(iii
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the erosion of the Ah horizons and later leaching of fine-grained
magnetic grains. Rock-magnetic properties are thus not always a
reliable proxy for deciphering paleoclimatic changes in the study
area for the complete last climate cycle.

By contrast, proxies of chemical weathering - such as Rb/Sr ratio,
CIA or CEC - reflect the main pattern of climate development
through the whole Upper Pleistocene surprisingly well and
they promise to provide a suitable correlation tool on the
super-regional, or even hemispheric, scale.

(iv) The multi-proxy study reported in this paper revealed well-
pronounced interegional differences in the leaching intensity of
the loess/paleosols sequences. This suggests more humid condi-
tions in central Bohemia than in south Moravia during the Upper
Pleistocene, most probably due to the Moravian site's position
close to the Pannonian Basin, where drier conditions during the
Pleistocene predominated (in comparison to areas more to the
north and west that are more exposed to the North Atlantic
Ocean).
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Alluvial deposits within the Sabaloka Gorge and the Sixth Cataract, the Nile River, Sudan, represent a set
of deposits with a high lithological variability. This is due to the geomorphology and short-time and

intensive flood events resulting in aggradation and erosion of the alluvial zone. Human maintenance of
the alluvial zone also plays a role. Therefore, these sediments seem to be ideal for a methodological case
study to show how the lithological facies differ depending on the sedimentary dynamics of the river.
Non-magnetic proxies together with TOC values depend on magnetic properties characterized by
magnetic susceptibility and its frequency dependence.

© 2011 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Fluvial sedimentation and erosion in the Nile River Valley is,
according to Butzer and Hansen (1968), Williams and Adamson
(1982), and Garzanti et al. (2006), driven mainly by flood
hydrology and sediment yield of the major headwater catchments
which are strongly influenced by Holocene climate changes
(Woodward et al., 2001). The sediment source of the Nile River
alluvium is usually detected by heavy mineral suites (Butzer and
Hansen, 1968; Foucault and Stanley, 1989; Mahmoud and
Hamdan, 2002), but recently, new methodologies, such as Sr
isotopic measurements (Krom et al., 1999, 2002; Talbot et al., 2000;
Weldeab et al., 2002; Stanley et al., 2003), Nd isotopic measure-
ments (Freydier et al., 2001; Weldeab et al., 2002; Scrivner et al.,
2004; Padoan et al., 2009), and stable carbon and oxygen isotopic
measurements (Williams et al., 2000) have also been applied.
Measurements of magnetic susceptibility, a widely used method for
the assessment of environmental history and human impact on
alluvial plains (Oldfield et al., 1979; Foster et al., 1998; Jordanova
et al., 2003; Grygar et al., 2010), has been applied to the Nile
alluvial record only rarely (El Fattah and Frihy, 1988).
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cilek@gli.cas.cz (V. Cilek), sukova.lenka@gmail.com (L. Sukova).
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Most of the work done on the Nile alluvial sediments has
concentrated on the Egyptian part of the river. In spite of the fact
that one of the first geomorphological and sedimentological works
on the Nile River in Sudan was published in 1968 (Berry and
Whiteman, 1968), the sedimentological record in the recent Holo-
cene floodplain and the long-term behavior of the Sudanese
Saharan Nile are still imperfectly known (Williams et al., 2000,
2010; Woodward et al., 2001).

Authigenic formations of new ferromagnetic minerals in soils,
most frequently magnetite, maghemite or greigite, often lead to the
enhancement of soil magnetism. As Evans and Heller (2003)
pointed out, it should be kept in mind that these strongly
magnetic minerals carry only a minor proportion of iron available
in soils. With respect to magnetic enhancement, there are several
possibilities how the magnetic signal can be influenced. The
following five major processes are currently believed to be
responsible (Dearing et al., 1996; Evans and Heller, 2003): 1.) The
enhancement of magnetic susceptibility signal can be influenced by
detrital input provided from the atmospheric fallout of fossil fuel-
burning, metallurgical industries and cement factories. After
landing, the particles penetrate into the soil profile and accumulate
mostly in the uppermost fermentation and humic subhorizons. In
this case, magnetic susceptibility will show very little frequency
dependence because of the large particle size (Evans and Heller,
2003). 2.) Natural fires or crop burning may cause thermal trans-
formation of magnetic minerals (Kletetschka and Banerjee, 1995).
Fires affect the topmost soil layers and the degree of magnetic
enhancement is highly variable. 3.) Inorganic in situ formation of
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ultrafine-grained magnetite was described mainly for the envi-
ronment with changing soil moisture and aeration in climate
sequences. 4.) The enhancement of magnetic susceptibility in soils
is also commonly interpreted as a presence of soil microorganisms
which produce very small superparamagnetic minerals (Fassbinder
et al.,, 1990). However, their low population densities in modern
topsoils do not seem to provide a substantial contribution to the
enhancement of magnetic susceptibility in soils. Frequency-
dependent magnetic susceptibility, which is very sensitive to the
presence of superparamagnetic grains, may be a useful tool for
determining the relative amount of microorganic contribution to
the magnetic enhancement of soils. 5.) The weathering of iron-
bearing minerals during soil wetting and drying cycles, that is,
a change in pedoenvironmental factors such as temperature, soil
water activity, pH, organic matter content, and release rate of iron,
may produce Fe?* solutions that are oxidized and favored by the
presence of organic matter form ferrihydrite when critical
concentrations are achieved (Evans and Heller, 2003). The reduc-
tion of ferrihydrite in high Eh conditions under the short-lived
periods of anaerobicity in well drained soils can be followed by
the so-called fermentation when iron-reducing bacteria produce
soluble Fe?* ions in soils (Schwertmann, 1988). A partial dehydra-
tion and reduction of ferrihydrite to magnetite will finally take
place in the presence of excess Fe?* giving rise to the enhancement
of soil magnetic properties (Evans and Heller, 2003).

Considering the last mentioned possible reason for magnetic
susceptibility enhancement, the total amount of organic carbon
(TOC) has to be taken into account. The organic carbon content and
grain-size distribution may serve as proxies for, e.g., the intensity of
pedogenesis, weathering and palaeowind strength. The possible
correlation of magnetic susceptibility with TOC was used by Schatz
et al. (in press) and Brachfeld and Banerjee (2000). Organic matter

SuD-C

is one of the most important soil components because it influences
the physical and chemical properties of soils far out of proportion to
the small quantities present. The TOC generally provides informa-
tion about the amount of organic matter in a sample. Furthermore,
organic matter supplies energy and body-building constituents for
most of the microorganisms (Brady, 1990).

The aim of this paper is to introduce the highly variable sedi-
mentological record of the Holocene alluvial plain of the Nile River
within the Sabaloka Gorge and near the Sixth Cataract in Sudan
(Fig. 1), and to show how such high lithological variability can be
correlated with the variation in magnetic properties and other
factors, such as lithology, micromorphology, grain-size distribution,
or the amount of total organic carbon (TOC).

2. Sampling and geological setting

In 2009, the Czech Institute of Egyptology, Charles University in
Prague, and the Institute of Geology, Academy of Sciences of the
Czech Republic, carried out geoarchaeological research within the
area of Sabaloka and the Sixth Nile Cataract in Sudan (Fig. 1). The
objective of this research was to attain a better understanding of
the history of the Nile, climatic changes in the Holocene, and their
impact both on the landscape and the human society. One of the
main tasks of the geoarchaeological research was to study the
sedimentary record of the Nile alluvial zone.

The areaincluded in this study covers approximately 25 km of the
Nile River banks within the Sabaloka Gorge and near the Sixth
Cataract (Fig. 1). The present surface of the alluvial plain within the
gorge lies generally 5 m above the water level. To date, no sedi-
mentological studies concerning the Holocene alluvial plain within
the Sabaloka Gorge have been reported. The background geology
is represented by the so-called Sabaloka Igneous Complex.

Fig. 1. Location of study area in the context of North Africa together with the location of the studied sections within the Sabaloka Gorge and near the Sixth Cataract. Source: Google

Earth 2010.



L. Lisa et al. / Quaternary International 266 (2012) 25—33

It represents one of the best exposed granitic complexes in Sudan,
and has been dated to the Proterozoic or early Paleozoic. The granite
complex is overlain by volcanic rocks and circumscribed by
a polygonal zone of ring-fracturing. The fracture system was
intruded by a ring dyke of porphyritic microgranite and — at about
the same time — mica granite with associated tin—tungsten miner-
alization was injected into the subsided block (Almond, 1979, 1980).

During the investigation, three, approximately 5-m-high
sections (Sections B—D; Fig. 2) were excavated into the exposed
banks of the Nile River. These sections were described from the
viewpoint of sedimentology and sampled for magnetic, geochem-
ical and grain-size studies at intervals of 10 cm or less when
significant lithological or grain-size change occurred. In order to
confirm or exclude any possible pedogenic processes, magnetic
susceptibility values were correlated with grain-size analyses and
the total amount of organic carbon (TOC), and, finally, compared
with the results of micromorphological analyses. Additional
samples were taken for dating purposes.

3. Methodology

Magnetic susceptibility was measured using an Agico MFK1-FA
Kappabridge at two different operating frequencies, fi =976 Hz and
f3 = 15 616 Hz; amplitude of AC field was 200 A/m, peak value.
Using this instrument, the variation in the frequency dependence
on the order of 1% is well reproducible and the measurements can
be interpreted in terms of magnetic granulometry even in weakly
magnetic materials (Hrouda and Pokorny, in press). Unconsolidated
samples were measured in plastic bags; measured susceptibility
was normalized by the mass of each sample and expressed as mass
susceptibility [m?/kg].

Frequency-dependent magnetic susceptibility, App, is characterized
by the following commonly accepted parameter (Dearing et al., 1996):

App = 100 x <7\f1 - 7\f3> / Ag1[%]
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where A¢; and Ag3 are susceptibilities at frequency f; (976 Hz) and
frequency f3 (15 616 Hz), respectively.

Additional magnetic parameters were measured for each of
facies divided on the base of micromorphology. S-parameter is the
absolute value of backfield IRM (bIRM) divided by SIRM, which is
a dimensionless quantity between 0 and 1. This parameter was
calculated for two backfields 100 mT and 300mt. ARM/SIRM ratio is
a dimensionless quantity as well. HIRM value was calculated as
SIRM value minus absolute value of bIRM(300). Units of this
parameter are A/m. Those additional parameters were measured in
Paleomagnetic laboratory GLI AS CR, v. v. i. in Pruhonice, Prague.

Grain-size distribution was measured using the Mastersizer
laser granulometer, and five grain-size categories were distin-
guished: 0.1-2 mm (sand); 0.05—0.1 mm (fine sand); 0.01-0.05
(silt); 0.05—0.002 mm (very fine silt); <0.002 (clay). The depen-
dence between magnetic susceptibility, frequency-dependent
susceptibility, and grain-size was calculated by means of corre-
spondence analysis.

Total carbon (TC) concentrations (in weight percent) were
obtained for subsamples of dry sediment of known weight (~0.5 g)
using a PRISMACS analyzer, which combusts the sample in an
electric arc at the presence of oxygen and quantifies the carbon
dioxide produced to give percentages of total carbon and total
sulfur. A further subsample of sediment was fired at 500 °C for 24 h
to remove organic carbon, and the carbon content was then
determined using a Leco analyzer to obtain total inorganic carbon
(TIC) concentrations (in weight percent). The total organic carbon
(TOC) content (in weight percent) was determined from the
difference between the total carbon and total inorganic carbon
concentrations.

Lithologically different strata were sampled into small Kubiena
boxes (5 x 3 cm) for the purpose of microstratigraphical studies.
Altogether 50 micromorphological samples were taken. The aim
was to determine the material composition, its microstructure,
the presence of redeposited or in situ pedogenic features, and the
amount of pores and their relation to the surrounding matrix.
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The samples were dried, impregnated in vacuum, and then thin
sectioned. The soil thin sections were studied using a polarizing
microscope. The interpretations followed the papers of Stoops
(2003), Stoops et al. (2010) and Bullock et al. (1985).

4. Results
4.1. Litho- and pedostratigraphy

The lithological and pedostratigraphic description employs lith-
ological and pedogenic criteria, magnetic susceptibility and
frequency-dependent susceptibility variations, grain-size distribu-
tion, and TOC values (Table 1). Chosen magnetic proxies were also
controlled by additional magnetic properties including ARM, IRM,
SIRM, S-ratio (100), S-ratio(300), HIRM and the ratio ARM/SIRM
measured of every facies type divided on the base of micromorpho-
logical observations (Table 2). The descriptions of the three studied
sections are presented in Fig. 2. Generally, the lithology is similar
throughout the study area, although the position of soils or organic
matter accumulations varies. The lithological and pedostratigraphic
descriptions of the studied sections together with the grain-size
distributions of different facies (Table 1) show a high variability.

The first of the sections, Section B (Fig. 2), contains macroscopi-
cally homogeneous sandy loams below the depth of 180 cm. This
part of the section differs mainly by the presence of well expressed
sedimentary structures (bedding) at depths of 180—220 cm, 270 cm,
290—300 cm, and 310—330 cm. Gleying is well expressed at the
depth of 330—430 cm. The upper parts of Section B show a much
higher variability including clearly expressed buried soils at a depth
of 120—152 cm and recent soil at a depth of 0—30 cm. The humus-
rich intervals may represent Nile mud or redeposited A horizons of
newly developed anthropogenic soils. They are macroscopically
preserved at depths of 30—50 cm, 50—52 c¢cm, 60—70 ¢cm, 70—80 cm,
91—89 cm, and 170—180 cm. The charcoal concentrations are best
expressed at a depth of 70 cm under the surface.

The second of the sections, Section C (Fig. 2), shows much higher
lithological variability. The clearly developed buried or recent A

Table 1

horizons of soils are missing. The very base of the section,
approximately below the depth of 440 cm, is composed of loam
with one sandy interval at a depth of 500 cm and two humus-rich
intervals at depths of 440—445 cm and 468—470 cm. This loamy
part of the section is overlain, at a depth of 370—440 cm, by sandy
loam with visibly preserved lenses rich in partly decomposed
organic matter. The same lithological situation is preserved at
a depth of 0—95 cm under the surface. The rest of the lithological
record is composed of sandy loam with structures typical for ripples
and interrupted by intervals of humus-rich material at depths of
95—112 cm, 148—152 cm, 155—165 cm, 190—200 cm, 272—285 cm,
and 296—300 cm, which may represent redeposited Nile mud or
anthropogenically developed A horizon. Such an interval at a depth
of 155—165 cm contains desiccation cracks up to 5 cm wide and up
to 10 cm deep.

The third of the studied sections, Section D (Fig. 2), shows
a relatively high variability as well. Sandy loams with preserved
partly decomposed organic layers constitute the most common
sedimentological features and are well expressed mainly at depths
of 195—350 cm, 380—390 cm, 470—480 cm, and 510—560 cm.
Sandy intervals are well expressed at depths of 350—380 cm and
480—510 cm. The rest of the lithological record is composed of
sandy loam with structures typical for ripples and interrupted by
intervals of humus-rich material at depths of 100—130 cm,
190—194 cm, and 410—450 cm, which can represent redeposited
Nile mud or anthropogenically developed A horizon. Such an
interval at a depth of 410—420 cm contains desiccation cracks up to
5 cm wide and up to 10 cm deep. Well expressed A horizon of soil
lies on the surface at a depth of 0—20 cm. The loamy interval below,
at a depth of 20—45, is rich in charcoal.

4.2. Micromorphology

Based on the distinctive micromorphological characteristics,
nine different facies types marked as xA—xI were distinguished.
Table 1 provides a summary of the identified facies types together
with the typical values of magnetic susceptibility, frequency-

Basic facies types of the Nile River alluvial deposits. The indexes used are: App — magnetic susceptibility, A — frequency-dependent magnetic susceptibility, F1 to F5 — grain-size
fractions (F1 — 0.1-2 mm; F2 — 0.01-0.05 mm; F3 — 0.05—0.1; F4 — 0.01—0.002 mm; F5 — <0.002 mm), TOC — total amount of organic carbon.

Faciestype  Distinctive Micromorphological characteristics Changes in measured values
XA Nile mud in situ - platy microstructure of laminated loam, prevailing voids are plates and A — average or decrease
material has close porphyric related distribution. Presence of humus and decomposed organic matter. App — increase
TOC — increase
xB Secondarily redeposited nile mud - granular to inter-grain microaggregate microstructure of redeposited A — average or increase
humus-rich loam, single packing voids and compound packing voids, granular structural type, presence of charcoal, = Agp — average or increase
decomposed and partly decomposed organic matter. TOC — average or increase
xC Antropogenically influenced horizon of nile mud—intergrain microaggregate and subangular blocky A — average
microstructure of sandy loam, compound packing voids and vesicles, porphyric related distribution, App — increase
partly decomposed organic matter, charcoal, carbonate concentration with microcharcoal, bioturbation. TOC — increase
xD Ripples composed of heavy minerals and organic matter - layers of opaque mineral concentrations Different behavior according to
and layers of clay to sandy loam with positive gradation and the diffuse enhancement of humic material. the prevailing type of material in
Platy and inter-grain microaggregate microstructure, plates, porphyric related distribution, chambers, the measured sample
rare charcoal and partly decomposed organic matter. (eg. Section C depth 250 like XA;
Section C depth 270 like xG;
Section D depth 320 like xF)
XE Fluvial sands - sands and sandy loam rich in opaque minerals, simple packing voids, and vesicles, mono-related A—average or decrease
distribution with rare flakes of partly decomposed organic matter and rare presence of opaque mineral lenses. Arp — average or decrease
TOC — decrease
xF Fluvial sands rich in heavy minerals - sands and sandy loam rich of opaque minerals, simple packing voids, A — average or increase
and vesicles, mono-related distribution with abundant presence of opaque mineral lenses and rare App — average or increase
flanks of partly decomposed organic matter. TOC — decrease
xG Fluvial sands rich in organic matter - platy and microaggregate microstructure of sandy loam, A — average
with porphyric related distribution, plates, and horizontally oriented flakes of partly decomposed organic matter. Arp —average or decrease
TOC — average or increase
xI Accumulation of organic matter and charcoal -accumulations of charred and non—charred non—decomposed A — decrease

and partly decomposed organic matter, mono-distribution, single grain microstructure of sandy material.

App — average or increase
TOC — increase
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Table 2

Values of magnetic proxies measured for facies types divided on the base of micromorphology: S-parameter is absolute value of backfield IRM (bIRM) divided by SIRM, which is
dimensionless quantity within interval 0 and 1. This parameter was calculated for two backfields 100 mT and 300mt. ARM/SIRM ratio is dimensionless quantity as well. HIRM
value was calculated as SIRM value minus absolute value of bIRM(300). Units of this parameter are A/m.

A Arp ARM IRM SIRM S-ratio(100) S-ratio(300) HIRM ARM/SIRM
XA 7.86 x 10* 3.19 1.37 31.19 143.28 0.83 0.98 223 0.009
xB 6.57 x 10* 4.04 1.28 2477 121.94 0.79 0.94 6.56 0.010
xC 499 x 10* 478 1.20 18.74 8223 0.78 0.99 0.59 0.014
xD 8.09 x 10* 3.23 1.32 33.88 143.88 0.77 0.94 7.46 0.009
XE 572 x 10* 3.19 131 27.16 114.47 0.79 0.98 1.94 0.011
xE 6.68 x 10* 3.01 1.00 2477 116.11 0.79 0.96 447 0.008
XG 473 x 10* 3.07 1.02 19.85 94.47 0.78 0.98 1.49 0.010
xI 448 x 10 428 0.64 13.11 71.94 0.84 0.99 0.14 0.008

dependent magnetic susceptibility and amount of total organic
carbon. The photographic documentation of the different facies
types is presented in Fig. 3. Generally, two main types of material
were observed. They differ mainly in the grain-size composition
and abundance of fine-grained humic material. Within these two
types of material, individual facies were distinguished, differing in
the presence of charcoal, carbonate concentration, intensity of
bioturbation, or the presence of oxidation and reduction features
(xA, xB, xC and xI), or in the presence of partly decomposed organic
matter accumulations or the accumulations of opaque minerals
(XD, XE, XF, XG and xH).

4.3. Magnetic susceptibility and frequency-dependent susceptibility

Most of the magnetic susceptibility values (all three sampled
sections taken together) vary between 3.5 and 8.5 x 10~% m®/kg.
There are no significant differences in magnetic susceptibility
values among the three sampled sections, suggesting no or little
lateral variability in lithology. Magnetic susceptibility depends on
the grain-size of the studied sediments. Using the principal
component (PCA-R-MODE) analysis, good correlations were
determined among silt, very fine sand and magnetic susceptibility
(Fig. 4). Very strong links exist among the frequency-dependent

TR
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Fig. 3. Microphotographic documentation of the different facies types with the most distinctive micromorphological features.
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Fig. 4. Results of the principal component (PCA-R-MODE) analysis for Sections B—D.
When the arrows meet at a sharp angle, the variables are well correlated; when the
arrows meet at more or less right angle, the variables are independent of each other.
When the arrows form angles of 180°, the variables are negatively correlated. The
length of the arrows is proportional to the degree of variability of the illustrated
variables; 50.27 of variability is explained by the axis x and 23.34 of variability is
explained by the axis B.

magnetic susceptibility, very fine clay and the values of organic
carbon. On the other side, the non-magnetic proxies, i.e. TOC and
very fine clay together with sands, do not correlate with the values
of magnetic susceptibility; this implies that material of such grain-
size possess relatively low magnetic susceptibility (Fig. 4).Coarse-
grained sands are mainly composed of diamagnetic minerals such
as quartz; their increased presence in a sample decreases the bulk
magnetic susceptibility. Fine-grained clays, due to their low depo-
sitional energy, do not contain as high proportion of heavy and/or
magnetic minerals as slightly coarser silts; as a result, they possess
relatively lower susceptibility values.

Most of the values of the frequency-dependent susceptibility
range between 2 and 6%. These values are relatively low, suggesting
only a little contribution of superparamagnetic grains to magnetic
susceptibility. There are no significant differences in the frequency-
dependent susceptibility among the three sampled sections. It
seems that the frequency-dependent susceptibility depends on the
grain-size of the studied sediments with finer-grained fractions
(clay and silts) which show elevated values (Fig. 4). Samples with
a significant amount of sand fraction show relatively low values of
frequency-dependent susceptibility. There is a slight negative
correlation between magnetic susceptibility and its frequency
dependence; the high-susceptibility samples are less frequency-
dependent compared to the low-susceptibility samples (Fig. 2).

4.4. Additional magnetic parameters

The results of the additional magnetic proxy measurements
correspond to the interpretations based on sedimenthological and
micromorphological interpretations. Facies types xB, xD and xF
show not only presence of magnetite, but also presence of hematite
and goethite (minerals with high coercivity) while the facies types
XA, xC, XE, xF, XG and xI show the appearance of low coercivity
minerals, i.e. magnetite and maghemite. The enhancement of very
fine-grained minerals is visible in the case of faciesfacies types XA,
xB, xC, XD and xE, while the other facies types show the coarser

magnetic fractions. The proportion between magnetite and hema-
tite is higher mainly in the case of facies types xA and xI, but as visible
from the parameter S ratio (300) the most evident signal is given by
the presence of magnetite, which is according to the parameters S
ratio (100) and ARM/SIRM probably of single-domain type.

4.5. Grain-size distribution and TOC

The grain-size distribution almost continuously covers all grain-
size categories (Fig. 2). This method allows interpretation of the
sedimentary dynamics in cases where the material seemed to be
macroscopically quite homogeneous. Organic matter was not
excluded before the measurement, so the results reflect not only
the presence of a coarser fraction, but also the presence of organic
matter flakes. It is difficult to mechanically separate fractions with
and without organic flakes because a chemical removal of organic
matter would also remove very fine humic material which repre-
sents an important fraction in some lithological facies. The
proportion of organic flakes was therefore determined
microscopically.

Generally, humic-rich intervals are more clayey or loamy (Figs. 2
and 4), whereas there is a high variability between the amount of
organic matter and sand-sized fraction. There seems to be a trend of
the positive grading of the fraction below 0.002 mm at depths
0f430—400 cm, 350—270 cm, and 80—0 cm in the case of Section B,
and at a depth of 440—300 cm in the case of Section C. This grading
reflects sedimentation within a single event, so the section with
less variability (Section B) reflects, at the same time, a small
number of single events.

The highest amounts of total organic carbon are connected with
the macroscopically humus-rich darker intervals and the presence
of charcoal or partly decomposed organic matter. Within Section B
(Fig. 2), the highest value of TOC is up to 2 percent at a depth of
50 cm. The average proportion of TOC lithologically connected with
humic-rich intervals is about 1%. Surprisingly, the macroscopically
described horizon A of the buried soil at a depth of 120—150 cm
shows the TOC proportion below 0.2%, i.e., the same as the average
TOC of sandy loam or sand without macroscopic evidence of
decomposed organic matter or humic material. The average TOC
proportion in intervals macroscopically rich in partly decomposed
organic matter is about 0.8%. In some cases, as in the case of
enhanced TOC values in sandy loam at a depth of 420 cm, the
presence of high organic content was detected only on a chemical
basis. The variability of TOC within Section C (Fig. 2) reflects the
lithological variability. Macroscopically humic-rich intervals are
reflected by the enhancement of TOC to up to 2% at a depth of
110 cm; generally, the TOC average of 1% within these intervals is
the same as in Section B. Also, as in Section B, the average TOC
proportion in intervals macroscopically rich in partly decomposed
organic matter is about 0.8% and the average TOC proportion in
sandy loam without macroscopic evidence of decomposed organic
matter or humic material is less than 0.2%. The highest TOC
proportion of 2.8% was documented at the base of Section D (Fig. 2).
From the viewpoint of lithology, this enhancement is connected
with the presence of partly decomposed organic matter or with
charcoal. Charcoal, much like organic matter, is relatively light and
its accumulation can correspond with erosional processes at the
beginning of the flooding event. As in the case of Sections B and C,
the highest amount of TOC lithologically connected with humic-
rich and charcoal intervals is 2% (at a depth of 450 cm). The
average TOC value of intervals lithologically connected with partly
decomposed organic matter (except the material below the depth
of 510 cm) is about 0.8%. Horizon A of the recent soil has the TOC
value of up to 1%. Generally, the value of TOC in Section D is the
lowest one of all the compared sections.
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Fig. 5. Cross plot diagram of Magnetic susceptibility and silt fraction and for the
frequency-dependent magnetic susceptibility and the clay fraction.

5. Discussion

5.1. Magnetic susceptibility and grain-size distribution as proxies
for depositional energy

The grain-size of alluvial deposits reflects the depositional
energy (Brown, 1997). While the coarse fraction, composed mainly
of the most abundant diamagnetic mineral quartz, needs a relatively
strong depositional energy and forms mainly levee structures along
river banks, the finer grain-size fraction allows less depositional
energy and such deposits form more distal parts of the alluvial plain
(Bridge, 2003; Charlton, 2008). The situation within the Sabaloka
Gorge is even more complicated, because in some parts the river
channel is very narrow, while in others parts it widens to more than
2 km. The lithological variability was characterized from the view-
point of sedimentology, micromorphology, TOC, magnetic suscep-
tibility (A) and frequency-dependent magnetic susceptibility (Agp)
by the erection of facies types xA—xI. How and why these types differ
in various depositional environments is a question of depositional
energy and human influence.

The coarse fraction is usually composed of quartz, but a special
type of sedimentation (similar to beach sands) occurs in some
cases. These sediments (xD facies type) are rich in heavy opaque
and magnetic minerals which can influence the enhancement of
(R). Therefore, the elevated proportions of coarse-grained fraction
may correspond to low magnetic susceptibility due to the prevail-
ing quartz (xE facies type) or abundance of flakes of organic matter
(xG or xI facies types). In contrast, high magnetic susceptibility of

relatively coarse material can occur due to the concentration of
magnetic minerals within the heavy fraction (xF facies type). As
visible from Figs. 4 and 5, the magnetic susceptibility is dependent
mainly on the presence of silt fraction, while the frequency-
dependent magnetic susceptibility vary according the presence of
clay fractions. The concentrations of heavy minerals can be iden-
tified macroscopically as black opaque mineral accumulations.
Therefore, the facies types xD, XE, XF and XG can be interpreted as
high-energy depositional environments. In spite of the fact facies
type xI was included in the above mentioned characteristics of
high-energy environment, the organic matter is light enough to be
carried and accumulated by low-energy water.

5.2. Correlation between the TOC and depositional energy

A positive correlation was found between the frequency-
dependent magnetic susceptibility and the values of total organic
carbon (Fig. 4). The total organic carbon is preserved usually as
a part of very fine-grained humic matrix within the suspended
load, but also as partly decomposed organic matter and charcoal
included in relatively coarse fraction, as visible from micromor-
phological descriptions (Table 1) and field observations. As long as
very fine-grained material of suspended load experiences rather
upward-directed turbulent motions than the combination of
downward-directed turbulent motions and gravitational settling, it
will remain in suspension (Bridge, 2003). The timing of the depo-
sition is the final part of the flooding event, and the most suitable
parts of the alluvial plain are the morphologically predisposed
lateral embayments. Such morphological features act as natural
traps for the so-called lag deposits (Charlton, 2008). All three
sections described in this paper are located at such positions within
the landscape.

In some of the documented situations, the TOC values positively
correlated with the coarser fraction (Figs. 2 and 4). These situations
are microscopically visible as organic flakes but are sometimes well
visible also macroscopically (Fig. 6). Such features are composed of
partly decomposed organic matter as well as by charcoal. It seems
that the timing of the deposition is the beginning of the flooding
event, when the organic matter or charcoal resting on the surface of
an antropogenically maintained alluvial plain become redeposited.
Charcoal concentrations can be found on the surface of the alluvial
plain as a result of the so-called “slash and burnt” management
used in a pasture type of management (Abusuwar, 2007; El Tayeb,
2010). The grasses are annually burned to produce fresh new
pasture. The accumulations stay undisturbed until the next high
flooding event (Fig. 7).

Fig. 6. Origin of structural features within the suspended load macroscopically
observed after the flood event.
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Fig. 7. Textural features composed of microcharcoal, documenting the initial phases of
the flooding event.

5.3. Deposition and redeposition of the Nile mud and agricultural
processes

The fine fraction in the Sabaloka alluvial sediments, usually
composed of silt and clay, occurs mostly in the form of thin inter-
vals (max. 10 cm) of darker material. This material is the product of
suspended load sedimentation which occurs at the end of flooding
event, and its provenance from the area of Blue Nile sources can be
expected. This suspended load is material derived from the fields,
as can be presently observed. Three main facies types (xA—xC) were
distinguished in this type of fine-grained material. Facies type xA
corresponds to the primary deposited suspended load. Once this
material is exposed to oxygen and heat, it starts to dry and shrink
(Fig. 5). These post-depositional processes lead to the formation of
platy microstructure with prevailing void plates. The high amount
of partly decomposed organic matter and humus expressed by
a high amount of TOC occurs as a natural part of material deposited
from the source areas. Magnetic susceptibility of such material is
usually quite low, while the frequency-dependent susceptibility
shows a visible enhancement.

When fluvial erosion influences previously deposited sus-
pended load, flakes of the dried mud will be deposited further
downstream. The depositional energy must be higher because the
material is much coarser. The erosion of once dried and shrunk mud
is higher when agriculturally maintained or destructed, for
example, by trampling. This facies type was marked as xB. Erosion
and depositional processes lead to the origin of granular to inter-
grain microaggregate microstructure with single packing and
compound packing voids. Facies type xB is usually rich in charcoal
because redeposition usually takes place some time after the
primary deposition, and because of the human presence. Magnetic
susceptibility and frequency-dependent magnetic susceptibility of
such a material are usually moderate or slightly enhanced due to
the mixing with coarser diamagnetic material during redeposition.

Once types XA or xB are anthropogenically influenced, the
internal microstructure changes into an inter-grain microaggregate
and subangular blocky microstructure with compound packing
voids and vesicles and with porphyritic-like distribution. The
material is bioturbated and rich in partly decomposed or decom-
posed organic matter, charcoal or microcharcoal. It is also rich in
carbonate due to fertility maintenance and plant growing.
Magnetic susceptibility of such material is moderate and the
frequency-dependent magnetic susceptibility is enhanced due to
the fertility maintenance (burning of organic matter) and bacterial
processes during the pedogenesis.

6. Conclusions

Sediments of the alluvial zone within the Sabaloka Gorge, the
Sixth Cataract, in Sudan were described and subdivided into nine
facies types according to their magnetic properties, grain-size
distribution, and the amount of organic carbon. The observed
lithological alternations reflect changes in energy of the deposi-
tional environment and are also influenced by human activities.

Generally, the high-energy depositional environment is repre-
sented by coarse fractions. Magnetic susceptibility enhancement
depends mainly on the presence of silt fraction and the heavy
mineral accumulations, which are macroscopically visible in lenses
of opaque minerals. Frequency-dependent susceptibility is
moderate or low in high-energy environment and its enhancement
depends mainly on the appearance of clay fractions. The amount of
total organic carbon varies and depends on the presence of pres-
ence of flakes of partly decomposed organic matter.

The low depositional energy of suspended load environment is
represented by intervals of darker silts and clays. Magnetic
susceptibility is usually moderate or low, while the frequency-
dependent magnetic susceptibility is elevated. The total amount
of organic carbon is also high and reflects the presence of organic
matter in different stages of decomposition. Three facies types were
distinguished within the low-energy depositional environment.
The first one, marked as xA and composed of very fine-grained,
laminated silt material, represents suspended load as a sedimen-
tological record of the final phases of the flooding event. Once it is
exposed to oxygen and heat, it starts to dry and shrink. When
agriculturally maintained, the material is enriched in charcoal and
becomes liable to erosion. This material is then redeposited by
water further downstream (the second facies type marked as xB) or
buried as a subfossil agriculturally influenced horizon A (the third
facies type marked as xC).

The high depositional energy of the bedload environment is
represented by five additional facies types (XE, xF, XG and xI facies
types), which differ from one another in their structural features or
in the presence or absence of some component, such as heavy
mineral accumulations, charcoal or partly decomposed organic
matter.
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The floodplain of the Morava River in StraZnické Pomoravi, south-east Moravia, Czech Republic contains a
very valuable record of regional environmental change, which goes back to several thousand years. Its
interpretation has been limited by poor stratigraphic correlation and dating of the sediments. We present a
geochemical solution to this challenge. We studied 8 outcrops of floodplain deposits from 4 localities along a
6 km long part of the current meander belt of the Morava River in StraZnické Pomoravi using geochemical
proxy analyses, magnetic susceptibility measurements, '“C dating of wood remnants, and sediment
micromorphology. The proxy methods are based on elemental analysis (EDXRF) and analysis of the cation
exchange capacity of clay minerals; granulometric analyses provided the basis for lithological and facies
assignment of the sediments. Our geochemical and mineralogical interpretations have further been tested by
microstratigraphically studying the optical properties of the fine fraction. Horizons older than about 3 centuries
were 4C dated using wood remnants and the age of deposits from the last century was determined on the base of
several proxies reflecting their industrial contamination by heavy metals and magnetic particles. The mean
depositional rate over the period from about 1000 to about 1900 AD ranged from 0.2 to 0.6 mmy~ !, depending
on the sedimentary facies. The coeval lithological change in the majority of the studied sections indicated a
change of the meander belt structure at between ~1200 AD and ~1600 AD probably as a consequence of changes
of channel structure. The alluvial deposition in the 20th century was strongly affected by the river regulation.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction development is a very dynamic and complex process that requires

great care to be taken in the interpretation of overbank deposit

Floodplain deposits are invaluable archives of Holocene fluvial
activity (e.g., Macklin et al., 2006; Macklin and Lewin, 2008). The
sediments may also contain information about regional environmen-
tal changes in countries which have undergone substantial change of
land use and industrial development (e.g., Swennen and Van der
Sluys, 2002; Lang et al., 2003; Vanniére et al., 2003; de Moor et al.,
2008). Both the quality and quantity of river-transported solid
material can reflect the history of agriculture, anthropogenic adjust-
ments to changing the river dynamics, evidence of chemical pollution,
and other aspects of land-human interactions. However, floodplain

* Corresponding author.
E-mail address: grygar@iic.cas.cz (T. Grygar).

0341-8162/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.catena.2009.09.005

sequences (Lewin and Macklin, 2003; Macklin and Lewin, 2008). In
many European countries there is lack of continuous environmental
sedimentary records such as natural lakes covering the historical and
prehistoric periods and documentary archives older than five hundred
years are very scattered. The understanding of how to interpret river
dynamics has improved in recent years, enabling the production of
estimates of river activity extending back several millennia (Macklin
et al., 2005, 2006; Starkel et al., 2006; Thorndycraft and Benito, 2006;
Hoffmann et al., 2008) allowing workers to identify large, regional,
continental, or perhaps global environmental changes in fluvial
activity in the multi-millennial time scale. On shorter time- and
spatial scales, some local (regional, episodic) changes in the flood-
plains of rivers with smaller watersheds and alluvial plains have been
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successfully linked to well documented anthropogenic activities
(Lang and Nolte, 1999; Swennen and Van der Sluys, 2002; Vanniére
et al., 2003; de Moor et al., 2008; Notebaert et al., 2009). Larger
watersheds has some retention capacity for transport of the materials
eroded due to the land use via colluvia and smaller tributaries to the
trunk river floodplains that was discussed by Lang et al. (2003),
Rommens et al. (2006), Kalicki et al. (2008), and Hoffmann et al.
(2009).

The majority of large, naturally meandering rivers in the Czech
Republic have been straightened and/or channelized and their
floodplains narrowed by flood barriers. Several parts of the Morava
River, one of the most important rivers in the Czech Republic from
both geographical and historical points of view, have apparently been
less affected, one such area is Straznické Pomoravi (Kadlec et al.,
2009). The floodplain in that area has been covered by several metres
of fine grained deposits since the end of the Last Glacial Maximum
(Havlicek, 1991, pp. 319-341; Havlicek and Smolikova, 1994; Kadlec
et al., 2009). The rapid aggradation of the Morava River in the last
millennium was assumed by several previous researchers to be
connected to changes in land use (e.g., Prudi¢, 1978). Similarly the
dramatic increase in loam deposits on floodplains, where mostly or
only peat deposits were formed during the Middle Holocene, has been
reported for many European rivers, where catchments were mostly
deforested and changed to arable fields (e.g., de Moor et al., 2008;
Notebaert et al.,, 2009; Hoffmann et al,, 2009). We have recently
started re-examining the floodplain deposits of the lower course of
the Morava River and found that its character in a part of StraZnické
Pomoravi underwent substantial changes during the last millennium
(Kadlec et al., 2009).

The aim of this work is to establish a set of quantitative geochemical
laboratory methods which would allow routine analysis of sediments at
a sufficient sampling density to facilitate their correlation, and deliver
interpretations in conventional lithological and sedimentological terms.
These tools should enable floodplain scale correlations, which offer the
best approach to the description of the fluvial architecture as
demonstrated in numerous successful case studies (Lang and Nolte,
1999; de Moor et al., 2008; Notebaert et al., 2009). We employed cation
exchange capacity obtained by [Cu(trien)]*" complex (Meier and Kahr,
1999; Grygar et al., 2005, 2009), X-ray fluorescence element analysis
and magnetic susceptibility measurements. To interpret these proxy
results, we cross-correlated them with outputs of conventional, more
demanding methods such as particle size analysis, micromorphological
study of processes within the fine grain matrix of the studied material,
and ICP elemental analysis performed on samples from selected
sections. The interpretation of the results is also based on '“C dating of
wood fragments. The sedimentological analysis, dating, and correlation
are used to estimate the mean depositional rate (aggradation plus
lateral accretion) over the last millennium.

2. Methods and material studied
2.1. Studied area

Straznické Pomoravi is one of the last meandering reaches of the
Morava River, which is not channelized, however, it is not free of
significant modern human impact. The river upstream from Straz-
nické Pomoravi was straightened, the cross section modified, and the
river banks stabilized. These alterations caused a downstream
response leading to changes in channel hydraulics and morphology.
The Morava River channel has gradually become more deeply incised
into the alluvial sediments, the banks have become destabilized and
the channel has widened. The changes in the course of the river
channel are apparent from Fig. 1. Additionally, in the 1930's flood
defences were constructed along the Morava River and its tributaries,
limiting the area available for overbank flooding to about 20% of the
original floodplain (Fig. 1). Historical maps show an anabranching

channel pattern within the area while currently a single channel is
active. Parallel channels in the vicinity of StraZnice and Petrov are
depicted in several maps from 17th to 19th centuries. The former
channel pattern is evident from the map of Moravia compiled in 1665
(Blaeu, 1665) and the maps of the 1st Austrian Military Survey of 1764~
1768 and 1780-1783. Side channels called Morawka (Moravka) and
Weschka Arm (Vésky) are also recorded on the map from the 2nd
Austrian Military Survey (1841). During the 20th century, Moravka and
Vésky were both channelized and used as waterway (the Bat'a Channel)
and to drain local streams (including the Velicka, Vésky, and Radéjovka
creeks). Other very substantial artificial modifications to the river
morphology in the study area were the construction of flood defences
and channel straightening and consequent abandonment of meander
loops in two places within the study area during the 1930's (Fig. 1).

The map of the 2nd Austrian Military Survey (1841) indicates that
the floodplain was dominated by meadows and forests during the first
half of the 19th century. Currently the floodplain is mostly forested
and a smaller area covered by arable land. The current forests are
mostly composed of alder (Alnus glutinosa), willows (Salix sp.), ash
tree (Fraxinus excelsior), and oak (Quercus robur), but introduced (not
domestic) planted species are common in the current river banks,
such as poplars (P. canadensis, cross-breed P. canadensis x P. nigra),
maple Acer negundo = Negundo aceroides, ash tree F. angustifolia, and
walnut Juglans nigra.

Our observation after several years of fieldwork is that the lateral
movement of the concave banks of meanders in the largest meanders
is up to 0.5 to 1 m per year. This is derived from the rate at which
previous sampling sites have been removed by lateral erosion.

2.2. Sampling and sample pretreatment

Floodplain sediments were sampled from sections in natural
outcrops of the Morava River banks during the seasonal minimum
flows. In many places the rate of lateral erosion in the meander loops is
about 1 m per year and so after each large seasonal flood relatively fresh
deposits are exposed. The outer 0.5 to 1 m of sediment was removed
before sampling. Sediments from more distal parts of river channel were
retrieved by Auger corers with a diameter of 2 or 3 cm (Ejikelkamp, the
Netherlands). Sediments were sampled as cubes with 3 cm edge at 5 or
10 cmintervals, i.e. in a discontinuous manner. Samples were left to dry
in an ambient atmosphere. Very gently crushed material was used for
the size distribution analysis, clay mineral identification and magnetic
susceptibility measurement. Powders obtained by manual grinding in
an agate mortar were subjected to geochemical analyses. Micromor-
phological samples were taken from macroscopically identified litho-
logical layers using small Kubiena boxes.

2.3. Clay mineral identification

Samples for identification of clay mineral composition (clay
fraction, <2 pm) were obtained by a conventional sedimentation
method (Tanner and Jackson, 1948). Oriented specimens for XRD
were prepared by pipette method. Approximately 2 ml of suspension
was dropped by pipette on the glass slide and air dried. The oriented
specimens were analysed air-dried and after overnight saturation
with ethylene glycol vapour at 60 °C. Then a part of the suspension
was removed and left to evaporate at 40-50 °C and subjected to CEC
analysis (discussed below). The clay fraction was analyzed by X-ray
diffraction using a Philips X'Pert system (PANalytical, the Nether-
lands) with CuKo1l radiation. Clay mineral identification was
performed using the NEWMOD code (Reynolds, 1985). Relative
changes in illite-smectite concentration within the clay fraction
were estimated by determining the relative areas of the basal
diffraction lines in oriented specimens, estimated by their deconvolu-
tion to pseudo-Voigt components using the Peak Fitting Module in
Origin7.0 (OriginLab, Northampton, MA, USA).
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Table 1
List of studied sections.

Locality =~ Sections Former land use Number of  Other analyses
(land cover) 14C dates
Bridge to M215 19th century: forest 1 MS, ICP/MS
Bzenec 1950's: orchard
Since 1960's: forest
M7 19th century: forest 3 (taken
1950's: orchard from Kadlec
Since 1960's: forest et al., 2009)

M127 19th century: forest no
1950's: arable land
Since 1980's: forest
19th century to 1960's: no

MS, particle size
fractionation,
micromorphology
Meadow M134

below forest
Sand 1980's: arable land
Depot 1990's: shrubs
M249 19th century to 1960's: no MS, ICP/MS
forest
1980's: arable land
1990's: shrubs
Old Piles M110 19th and 20th century: 4 MS, ICP/MS,
alterations between particle size
meadow and arable land distribution
(3 changes of land cover) function

Jasenova M107 19th century: forest 1 MS
1950's: arable land
Since 1980's: forest
M108 19th century: forest 1
1950's: arable land

Since 1980's: forest

Only 'C date points from the last millennium relevant to this study are listed. CEC and
EDXRF analyses were performed for all sections; other performed analyses are listed in
the last column.

2.4. Micromorphology of sediments

Samples were taken into small Kubiena boxes, slowly dried,
impregnated by a polymer resin, proceeded into thin sections and
then studied according to Bullock and Murphy (1983). A record was
made of the microfabric types, structural and porosity features,
natural inclusions, anthropogenic inclusions and pedofeatures (Mac-
phail and Cruise, 2001, pp. 241-267).

2.5. Quantitative analysis of expandable clay minerals (CEC)

The cation exchange capacity (CEC) was determined using a
procedure proposed by Meier and Kahr (1999) for pure clay mineral
specimens and recently tested for sediments and soils (Grygar et al.,
2009). [Cu(trien)]** solution was obtained from CuSO,4-5H,0 (Penta,
Czech Republic) and trien, triethylenetetramine (1,4,7,10-tetraazade-
kane, Sigma-Aldrich), to the final concentration 0.01 M with a
potentiometric control of the constant ligand-to-metal ratio (Grygar
et al., 2009). A fine dry powder (100-500 mg) was placed in a 50 ml
beaker, wetted and then suspended by stirring in 5 mL of distilled water;
then 5mL 0.01 M Cu-trien solution was added, and the suspension
stirred for a further 5 min using a magnetic stirrer. The suspension was
then filtered into a 50 mL flask and the solid washed with several
aliquots of distilled water, and the final volume of the filtrate made to
50 mL. The solutions were analyzed by AAS (Cu and Mg) and AES (Ca
and Na). The sample weight for analysis was adjusted depending on its
actual CEC to consume about 50% of [Cu(trien)]*™ using the routine
described by Grygar et al. (2009).

2.6. Magnetic susceptibility (MS)

MS of samples from 5 sections was measured using Kappabridge
KLY-2 (Agico Brno) operating with magnetic field intensity of 300 A/m
and frequency of 920 Hz. Raw data were recalculated to mass-specific
MS expressed in m>/kg, the mass of each sample was 20 to 50 g.

2.7. Particle size fractionation

Particle size fractionation was performed using sedimentation
method ISO 11277:1998.

2.8. Particle size distribution function (PSDF)

Particle size distribution was established using a Malvern
Mastersizer 2000. Samples of air dried and roughly crushed sediments
were gently disaggregated and dispersed in de-ionized water. Organic
matter was removed by addition of hydrogen peroxide accompanied
by gentle warming at 40 °C until effervescence stopped. The
supernatant was removed after centrifugation and the sample rinsed
with two changes of deionised water. Samples were then re-
homogenised in a minimum of water using a whirlymixer and then
sub-sampled for particle size analysis. Two sub-samples were taken
from each sample and analysed sequentially, the graphs presented are
the mean of the two measurements.

2.9. ICP/MS including Pb isotopic analysis

The sediments were mineralized (dry ashed) in a Linn (Germany)
programmable furnace at final temperature 450 °C. The residues were
subsequently dampened with deionized water, dissolved in HF and
HClO4 and evaporated (twice), then the residue was dissolved in
diluted nitric acid and the solutions transferred to volumetric flasks.
The metal contents were determined using inductively coupled
plasma mass spectrometry (ICP/MS, X Series 2, ThermoScientific).
The Pb isotopic composition (ratios 2°°Pb/2°’Pb and 2°®Pb/2%Pb) was
measured by diluting the solutions to a concentration of <20 pg/L,
and a correction for mass bias was performed using SRM 981
(Common Lead, NIST, USA). The detailed instrument parameters are
given elsewhere (Ettler et al., 2004). Mean r.s.d. of the 2°Pb/2°’Pb and
208p, 206ph ratio analyses was 0.2%.

2.10. X-ray fluorescence analysis (EDXRF)

The analysis was performed with a PANalytical MiniPal4.0
spectrometer with Peltier-cooled silicon drift energy dispersive
detector. The ground samples were analyzed after pouring into
measuring cells with a mylar foil bottom. Al and Si were analyzed
under He flow, the ratio of their raw signals was used for correlations.
The signals of Al, Cu, Pb, Ti, and Zn were calibrated using the results
derived from the analysis of a series of sediments by ICP/MS.

2.11. Xylotomy analysis

Identification of the woods remains was carried out using an
episcopic microscope. Fragments were broken manually to expose
transverse, tangential-longitudinal and radial-longitudinal sections.
Taxonomic determinations were made using published works on
wood anatomy (Jacquiot et al., 1973; Schweingruber, 1990).

Fig. 1. The development of the channel network of the Morava River in StrdZnické Pomoravi according to historical and current maps (2nd Austrian Military Survey, 1841; 3rd
Austrian Military Survey, 1876; Topographical Map of the Czechoslovak Army, 1953-1955; Topographical maps of the Czech Republic, 2006-2007) and the actual channel network

and flood defence system. The current area of the city of StraZnice is plot in all maps.
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Fig. 2. Map of the Morava River catchment (map at top) with the StraZnické Pomoravi area (black rectangle) with the position of studied sections. Legend: 1 current and 2 abandoned
channels within the maximal area of the floodplain (altitude below ~165 m.a.s.l.), 3 eolian sand body, 4 Late and Middle Pleistocene alluvial fans, 5 towns, 6 positions and labels of

studied sections.

2.12. "C dating

Large fragments of wood (trunks, branches) were processed
according to the routine procedure entailing Acid/Alkali/Acid pretreat-
ment, combustion and benzene synthesis (Gupta and Polach 1985). The
resulting benzene was measured by a low-background liquid scintillation
spectrometer (Quantulus 1220). For calibration, the International
Standard Certified Reference Material for Contemporary C-14, Oxalic
Acid NIST SRM 4990C was used (Schneider 1995). For a background
correction, commercially available benzene (Sigma-Aldrich, cat. No.
154628-1 L, benzene, 99 + %, A.C.S., spectrophotometric grade) was used.
The resulting conventional radiocarbon age and its uncertainty were
converted to an interval of calibrated age utilizing IntCal04 calibration
curve for terrestrial samples (Curie, 1995; Reimer et al., 2004).

Dating of small charcoal chips was performed by AMS in Poznah
Radiocarbon Laboratory (Poland) and calibrated using the OxCal program.

3. Results

3.1. Lithological, facial and micromorphological description of studied
sections

The list of sections included in this study together with methods
used to their analyses is shown in Table 1 and their positions are
depicted in Fig. 2. Floodplain deposits in the study area are moderately

to poorly sorted mixtures of components from fine clay to coarse sand
(Figs. 3 and 4). The coarse to fine ratio (C/F) strongly varies according
to the chosen coarse limit. Generally, when the lower coarse limit is
taken as 100 um, the C/F ratio varies between 1:5 and 3:1.
Sedimentary facies were defined using terminology developed by
Cojan and Renard (1999, pp. 322-333), Bridge (2003, pp. 260-295),
and Houben (2007) on the basis of field observations, sedimentolog-
ical, pedological and micromorphological evaluation, and laboratory
analyses. The list of facies (Table 2) was obtained by comparison of
several sections and an “iterative” evaluation of laboratory analyses
using individual approach recommended by Houben (2007) to each
studied reach.

From the sequences observed in outcrops (concave banks of
meanders) during minimal river flows and material retrieved by the
Auger corer farther from the river channel, we focused on fine
overbank deposits consisting mostly of clay, silt, and minor fine sand
fractions. We avoided horizons containing mostly sandy material
through most of their thickness, i.e., we did not systematically study
the infill of abandoned channels and deposits on former point bars.
The fine-grained overbank sedimentary sequences, up to a thickness
of 5 m, lay mostly on early Holocene peat layers (Kadlec et al., 2009)
or on channel or point bar deposits older than about several thousand
years (e.g., in M127 section, Fig. 3).

The lithological development of the fine overbank deposits in
studied area is typical for meandering rivers (Bridge, 2003). The facies
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Fig. 3. Characteristics of section M127 with particle size distribution. A: results of particle size fractionation. B: section description, 1 dark brown A horizon (ploughed), 2 light brown
soil with coarse polyedric structure, 3 light grey layer with about 1 mm black nodules and about 1 cm rusty stains, 4 grey gleyed layer with up to 0.5 cm rusty stains, 5 grey sand layer
with massive grey silty lenses and fossil wood fragments. C: '4C dates of three wood fragments. D: CEC values. E: particle size distribution functions in selected depths.

assignment is supported by the size distribution analyses of sections
M127 (Fig. 3) and M110 (Fig. 4). The sedimentary sequence observed
in section M127 commences with the fining-upward sandy fill of an
abandoned channel or point bar. These coarse sand deposits are
overlain by massive sands intercalated with silty layers. The central
part of section M127 as well as many other studied sedimentary
sequences, is 1-3 m thick and consists mostly of silty—clayey material
with <20% fine sand and < 10% medium and coarse sand, we consider
this to reflect distal or proximal floodplain deposition (the further
discrimination is given below). This sedimentary unit always displays
signs of gleying with rhizoconcretions and centimetre-sized Fe oxide
stains, mostly along desiccation cracks, and it usually has a coarse
angular structure. Macromorphologically these stains are Fe,Mn-
oxide segregations and hypocoatings. Along these segregations and
channels with hypocoatings, depletion features are visible represent-
ing the fact that solutions rich in Fe and Mn were transported quite
short distances, i.e. on millimetre scale. No dusty or clayey void
coatings were observed. Material in this horizon usually has a massive
to channel microstructure and a C/F ratio, with the threshold set at
50 um, varying from 1:1 to 1:2. The upper 1.4 m thick layer of the
M127 section has a coarser grain size, dominated by coarse silt and
fine sand and with the sum of medium and fine sand totalling about
40%. A C/F ratio of 3:1, with the threshold limit of 200 um, represents
more sandy and unsorted material, but this horizon also contains
material with a C/F ratio of 1:1 using a threshold of 50 um. Samples
dominated by coarse-silt to fine-sand fractions can be assigned to the
transition from proximal floodplain to levee deposits. Material of this
horizon is micromorphologically characterised by the presence of
increased bioturbation by roots, redeposited soil fabric fragments, the
presence of Fe,Mn-oxides' as well as depletion features. Importantly,
there is no visible clay redeposition and segregation as a channel
coating. The uppermost parts of sedimentary sequences commonly
contain 10-30 cm thick layers covering the buried A horizons perhaps

related to agricultural activities. Typical features are bioturbation, the
presence of decomposed organic matter, fragments of roots, charcoal,
redeposited Fe,Mn-oxide nodules and soil fabric fragments.

The finest grained deposits are assigned to the distal floodplain
(backswamp) facies. These are best documented in the central part of
section M110. The particle size distribution function of the finest
deposits in this section displays the highest proportion of clay-sized
material (Fig. 4).

Wood fragments suitable to '“C dating comprised parts of trunks
or branches of ash tree or oak. Tree roots were excluded from dating.
The wood fragments most commonly occur in the top of clayey layers,
in the fining upward abandoned channel deposits, and rather
exceptionally in the distal floodplain facies. Charcoal samples are
mostly found in deposits with a prevailing fine fraction. The more
porous, silty proximal floodplain and sandy levee deposits are usually
very poor in fossil wood fragments and charcoal, probably because of
oxidative degradation or removal by floods, this substantially hinders
their dating and correlation and became a motivation for our
chemostratigraphic correlation approach. While “C dating of the
lower parts of the overbank fines can be used to achieve correlation,
proxies of industrial anthropogenic pollution were used in their upper
parts.

3.2. Geochemical proxy analyses and magnetic susceptibility

Several analytical methods were used to aid interpretation of the
large sample series and to increase the number of correlatable sections.
To interpret and validate the so obtained proxies, we compared them
with the results of well established quantitative methods and performed
a regression analysis, which is summarized in Table 3. The most
significant correlation is that between CEC and % clay fraction.
Correlation of the EDXRF signal of Al/Si and EDXRF signal of Rb with
the percentage of the clay fraction are also highly significant.
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top and rhizoconcretions and their pseudomorphs at bottom, 3 mostly anoxic, plastic, unsorted grey sediment with substantial sand component. B: the position of wood fragments

with their age obtained by '“C dating. C: CEC log of the section. D: particle.

Preparation and analysis by ICP/MS of a selection of samples enabled the
production of calibration lines for lead, titanium and zinc using the
EDXRF. We used EDXRF for the majority of measurements because it
offers the advantage (over ICP-MS) of a simple, rapid drying and
grinding pre-treatment.

The depth of industrially polluted deposits is readily identified
from the depth profiles of aluminium-normalised Pb and Zn
concentrations, Pb isotopic analysis, and magnetic susceptibility
(MS) measurements, as can be seen for 3 sections in Fig. 5. Cu
depth profiles (not shown) are very similar to those of Pb and Zn.
Heavy metal concentrations were normalized to Al, because it is
considered an immobile lithogenic element which is not expected to
be anthropogenically affected (Al was also used for the normalization,
e.g., by Desenfant et al., 2004; Ettler et al., 2006; and Pasternack and

Brown, 2006). The Pb isotopic composition is a very useful tracer of
modern industrial pollution (e.g., Novak et al., 2003; Ettler et al.,
2004), because common lithogenic Pb in central Europe has a lower
abundance of the lighter Pb isotopes, particularly 2°°Pb than Pb from
coal burning and leaded gasoline. Komarek et al. (2008) gave typical
206ph,297ph values about 1.19-1.22 for Central European natural Pb,
1.18-1.20 for Pb from coal combustion, and 1.12-1.16 for European
leaded gasoline. In M215, M219, and M249, 2°Pb/?°’Pb ratios of
contaminated sediments were 0.189 (0=0.002), 1.191 (0=0.001),
and 0.188 (0=0.002), respectively, while the underlying unpolluted
sediment in these three sections had mean 2°°Pb/?°’Pb values 1.200
(0=0.003). Although the change is not dramatic, it is statistically
significant. 2°°Pb/2’Pb and 2°8Pb/2°°Pb ratios are linearly dependent
in the studied sediments.

Table 2
Facies description used in this work and “adjusted” for the deposits of the actual studied site.
Facies Spatial position Lithology Structure CEC
Channel sands Bottom parts of profiles, occasionally Coarse sand, sometimes with fine gravel Non-laminated, sometimes with gravel layers <0.02
within proximal floodplain deposits
Deposits of point Usually on channel sands Sand layers, silt layers Usually laminated (cm to dm scale) <0.05
bars
Distal floodplain Upward fining of underlying channel Comparable percentages of Non-laminated, coarse prismatic soil structures >0.12
sediments sands or point bar deposits clay and silt fractions
Proximal floodplain Upward coarsening of underlying Silt fraction larger than clay fraction, Non-laminated, occasional layers or inclusions 0.08-0.12
sediments distal floodplain deposits minor fine sand of fine sand (mm or cm scale), coarse polyedric
soil structure
Levee deposits Topmost layers in outcrops of the Mainly silt and fine sand fractions Usually alterations of silt and thin sand layers, 0.04-0.07

current banks

fine polyedric soil structure

CEC values in mmol [Cu(trien)?*] given as mean values for the given facies.
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Table 3
Correlations used to interpret and calibrate geochemical proxies.

Proxy (method) Correlation/calibration analysis

Sections used to correlation

Regression coefficient r
(number of experimental points)

Proxy interpretation

CEC (Cu[trien]**) Percentage of fraction below 2 um M127
Al/Si ratio of signals (EDXRF) Percentage of fraction below 2 um M127
Rb signal (EDXRF) Percentage of fraction below 2 um M127
Ti signal (EDXRF) Percentage of fraction 2-50 pm M127
Al signal (EDXRF) Al content (ICP/MS) M215, M249
Ti signal (EDXRF) Ti content by ICP/MS M215, M110,
Zn signal (EDXRF) Zn content (ICP/MS) M215, M110,
Cu signal (EDXRF) Cu content (ICP/MS) M215, M110,
Pb signal (EDXRF) Pb content (ICP/MS) M215, M249

0.9318 Clay fraction percentage
(46)
0.8575 Clay fraction percentage
(46)
0.8319 Clay fraction percentage
(46)
0.8071 Silt fraction percentage
(43)
0.8647 Al percentage
(87)
M249 0.8941 Ti percentage
(144)
M249 0.9297 Zn percentage
(144)
M249 0.7485 Cu percentage
(143)
0.8166 Pb percentage
(87)

There is also a minor increase in Pb concentration and a change in
the Pb isotopic composition in the Morava River floodplain deposits
preceding the major “step” at the top of this minor, and presumably
earlier variation is indicated by grey arrows in Fig. 5. It could be caused
by a downward movement of Pb ions (Hudson-Edwards et al., 1998;
Fernandez et al., 2008) or indicate minor Pb contamination preceding
the significant (industrial) increase.

3.3. Proxies based on cation exchange capacity

Cation exchange capacity (CEC) of expandable clay minerals in the
sediments was determined by [Cu(trien)]>* method (Meier and Kahr,
1999), which has recently been successfully tested and used in the
analysis of the floodplain deposits (Kadlec et al., 2009; Grygar et al.,
2009). To interpret the CEC value of the samples in conventional
sedimentological terms, we performed detailed mineralogical and
granulometric analyses of selected sediment samples. We separated
the clay fractions in 11 samples from the M127 section and subjected
them to conventional XRD phase identification and CEC determina-
tion, producing a specific CEC of the clay fraction (Table 4). XRD of the
clay fraction showed that disordered (RO) mixed-layer illite-smectite
(with about 50% expandable layers) is the major component, while
illite and kaolinite are present at smaller concentrations (Table 4).
Depth changes in the % basal diffraction of illite~smectite and CEC of
the clay are negligible, showing that the mineralogical composition of
the clay fraction is independent of the depth (or age of the sediments).
This evaluation is in agreement with the observation that CEC can be
used to determine the percentage of clay present using linear
regression (Table 3). The regression line of that dependence (with
statistically insignificant constant) is:

%clay fraction (< 2um) = 0.6628CEC; ” =086
where CEC is the consumption of [Cu(trien)]** in mmol/g.
Another parameter derived from determination of the cation
exchange capacity is the Mg/Ca ratio of the exchangeable/soluble
fraction. We have already described a very specific Mg/Ca depth
profile common in the floodplain deposits in StraZnické Pomoravi
(Kadlec et al. 2009, Grygar et al. 2009). Similar depth profiles were
obtained in the sections described in this paper (Figs. 6 and 7). We
evaluated the correlation of the Mg/Ca ratio with CEC (clay fraction
content) and the sample depth, comparing the upper 350 cm of
8 sections. Mg/Ca ratio was statistically weakly dependent on CEC
(r=0.4702, 349 points) but it was statistically significantly depen-

dent on the sample depth (r=0.7945, 349 points). The Mg/Ca ratio is
hence not primarily derived from sediment lithology, but it is
somehow related to the “history” of the sediments.

The general trend found in sedimentary sections is that the Mg/Ca
ratio decreases from values around ~0.2 at depths of about 250-350 cm
to 0.10-0.15 at the uppermost 50-100 cm, as shown, for example, in
Figs. 6 and 7. In agreement with our previous reports (Kadlec et al.,
2009; Grygar et al., 2009) we consider the Mg/Ca ratio in the
exchangeable/soluble fraction to be very efficient in inter-correlation
of the individual sections of floodplain deposits (Fig. 7, panel B).

To exclude some spatial bias in the Mg/Ca ratio of floodplain
deposits, we analyzed sediments along a 180 m long transect (M234;
Fig. 2) which covers the top layers of a point bar, covered by sparse
willows and herbs, through shrubs dominated by Acer negundo and
Salix sp., to the edge of a Fraxinus sp. forest at the level of floodplain
(total height difference of about 4 m). We found that the Mg/Ca ratio
in the top soil layers (Fig. 6) is not dependent on the distance of the
site from the channel, because all Mg/Ca values in the top layer of the
M234 transect were in the interval 0.09 to 0.15, i.e. within the same
range as the top sediments collected from river banks. Additionally, a
similar depth trend in the Mg/Ca ratio as in the sections was also
found in cores drilled several hundred metres away from the river
channel, i.e., outside the range of levee deposits (as demonstrated by
core M129 in Fig. 6).

The mean Mg/Ca ratio of water derived from the Morava River (3
samples) is 0.25; this is similar to Mg/Ca ratio of ~0.2, typical for
samples in sections of river banks at greater depths. It is also possible
that the higher Mg/Ca ratios found in the older (deeper) sediments
are due to their slow cation exchange with groundwater derived from
the Morava River. If this was the case, the Mg/Ca increase with depth
would indicate longer residence of the deeper material in the
floodplain.

3.4. Facies description using geochemical proxies

As shown in Table 3, CEC, Rb abundance and the ratio of Al/Si
signals from the EDXRF are useful proxies for the abundance of clay
fraction material in the sediments. The Si signal of EDXRF is best
correlated with the coarse sand fraction (0.25-2 mm), i.e. coarse
quartz grains. Variation in the grain size distribution within all studied
sections can hence be tracked by the results of geochemical analyses
with a high sampling density.

Depth changes in CEC can be used as a sensitive indicator of sand
intercalations, which cause sharp minima in CEC/depth profiles (see
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Table 4
Percentage and characteristics of clay fraction of floodplain deposits from section M127.

Depth Sedimentary % clay fraction % basal diffraction CEC®

[cm]  facies (<2 pm) ? of illite-smectite ® [meq/100 g]

10 Proximal floodplain/ 13 83 0.205
levee sediments

30 Proximal floodplain/ 14 81 0.212
levee sediments

70 Proximal floodplain/ 16 90 0.214
levee sediments

110 Sandy intercalation 13 90 0.219

150 Distal/proximal 31 93 0.212
floodplain sediments

190 Distal/proximal 30 92 0.232
floodplain sediments

230 Distal/proximal 32 94 0.251
floodplain sediments

270 Distal floodplain 31 95 0.263
sediments

330 Distal floodplain 29 95 0.250
sediments

360  Abandoned channel 20 95 0.251
sediments

440 Abandoned channel 15 94 0.202
sediments

@ Obtained by size fractionation according to ISO 11277:1998.

b Analysis of clay fraction separated according to Tanner and Jackson (1948), the area
of basal diffraction of illite-smectite (diffraction maximum d between 13.6 and 14.7 A)
to sum of the areas of basal diffractions of illite—smectites plus micas plus kaolinite.

€ CEC in mmol [Cu(trien)]>* obtained with the clay fraction (<2 um) separated
according to Tanner and Jackson (1948).

also in Kadlec et al,, 2009), but CEC also visualizes stepwise
lithological changes development (gradation) within the units of
fine overbank floodplain deposits. CEC maxima within units inter-
preted as distal or proximal floodplain deposits correspond to maxima
of clay (<5pm) and fine silt (<20pm) fractions, while simple
increases in the coarseness of the silt fraction in upward coarsening
sequences of distal to proximal floodplain deposits is identified by a
decrease in CEC values (Figs. 3 and 4).

A combination of the lithological description and appearance of
the sediments with their CEC makes it possible to propose a facies
assignment (Table 2). Sediments with a high proportion of clay grade
material, considered to be distal floodplain sediments (e.g., in the
middle of the section M110), have CEC values higher than about
0.13 mmol [Cu(trien)]**/g, and in some exceptional cases the CEC of
the finest sediments is up to 0.16 mmol [Cu(trien)]*/g. The
sediments with approximately equal proportions of clay and fine silt
fractions, and minor percentage of fine sand, are considered to be
proximal floodplain sediments, and have CEC values in the range
about 0.08-0.12 mmol [Cu(trien)]>*/g. Sediments with CEC values
<0.07 always have a significant or even a dominant proportion of
coarse silt and/or sand and are considered to be proximal floodplain
sediments intercalated with some levee deposits. Levee deposits, the
coarsest uppermost sediments, have a CEC of about 0.05 mmol [Cu
(trien)]*™/g. This sediment sorting, dependent on the distance of the
point of deposition from the channel, is typical for floodplains, where
the finest particles are deposited over the entire flooded area, while
coarser fraction is preferentially settled out closer to the channel
(Bridge, 2003). The above described interpretation of the CEC values
in the terms of facies is only valid for this particular site in the Morava
River floodplain, for which it was “calibrated” by the conventional
methods discussed above.

3.5. Lateral stability of the sections

In some localities (such as Bridge to Bzenec) the lateral stability of
facies is good at a hundred-metre scale (Fig. 7), while in others (e.g., such
as Old Piles) a few metres deep and about 10 m wide palaeochannels are
found in the outcrops in close proximity to continuous outcrops of
overbank fines. The lateral continuity of outcrops is important to ensure
that the chosen sections are representative prior to extending
chemostratigraphic correlation and 'C dating to other sections. The
sections shown in Fig. 7 are a few hundred metres apart; section M219 is
the furthest upstream, M7 is 200 m downstream of M219 and M127
~400 m downstream of M219 (Fig. 2).

The chemostratigraphic correlation lines for the Bridge to Bzenec
location are identified by grey areas in Fig. 7. The topmost layers of the
section M127 are thinner, as would be expected from correlation lines
1,2, and 3, which correspond to industrially polluted layers, the Mg/Ca
ratio change, and upward coarsening, respectively. The variable
thickness of the industrially polluted layer is probably due to different
land use (land cover) in these sections (Table 1). The silt fraction
minimum (line 5, clay fraction maximum, distal floodplain sedimen-
tation) within section M127 is at a correspondingly shallower depth.
The thickness of proximal to distal floodplain deposits (sediments
between lines 3 and 4) is similar in all three sections, implying a similar
depositional rate for this unit. The facies development at depths
greater than that indicated by line 4 is very different; either the
development within the three sections was different due to a different
channel position before the Middle Ages, or there is a depositional
hiatus in the bottom part of at least two of the three studied sections.
The poorer correlation of older deposits is a common consequence of
the aggradation dynamics of a meandering river.

3.6. Correlation of sections along the studied meander belt

The lithological development recorded in the eight studied
sections can be approximately correlated in their central and
upper parts, covering in 3-4m the last 500-1200 years. This
correlation is based on the genetic relationship between the studied
sections, which seem to belong to a single meander belt. The
location of all studied sections along a single river channel is also
apparent from the available maps as discussed above. The timing of
the beginning of the coarsening upwards fillings of the abandoned
channels (at the base of the sequences of overbank fines) cannot be
correlated, because available data are scattered from about 5 to 2 ky
BP. The correlation of sedimentation in the sections studied is shown
in Fig. 8. Five sections from three localities are displayed, in each of
them at least one 'C date of wood fragments or charcoals was
determined, which, together with the date point, of approximately
1900 AD derived from the start of the industrially polluted layer —
produced five age-depth models.

There are three periods indicated in the sections by grey areas,
where some major changes of depositional facies occurred. These
changes in individual sections do not always display the same pattern,
but they are notably coincident. The start of gradual upward coarsening
at ~1200 AD in sections M215, M7, M110, and M107 could indicate the
beginning of the gradual approach of the river channel towards these
sites. The sediments deposited at ~1600 AD are unusually coarse in the
studied sections, and these sediments only briefly fined upward in
sections M107 and M110. The final coarsening after 1900 AD is
probably due to a combination of the floodplain narrowing due to the
construction of flood defences and also an artefact of the substantial
accumulation of levee deposits in the studied sections.

Fig. 5. Proxies of industrial pollution in three studied sections. Pb/Al and Zn/Al ratios and Pb isotopic composition obtained by ICP/MS. MS (the right panels) is mass-specific magnetic
susceptibility. Grey rectangles indicate industrially polluted top sediments. Grey arrows point to possible increase in Pb concentration and changed isotopic composition before the

major change of these parameters.



transect M234
0 core M129
5 10
10 _ 0
15 g =
Ezn 3
%25 30 50
30
35 40
-_— i 0.00 0.05 0.10 0.15 0.20 100
Mg/Ca
000 005 0.10 0.15 0.20 000 005 010 015 020
Mg/Ca Mg/Ca
-—-— 0.00 005 0.10 0.15 0.20 g 150
000 005 010 0.5 020 Mg.'Ca 9O,
Mg/Ca =
a
7]
i 0.00 005 0.10 0.15 020 [a)
@ Mg/Ca
p 200
C
(0]
L
[&]
L
g 250
= - floodplain level
> [ 5m
300
I T T T 1
20m 0.00 0.05 0.10 0.15 0.20
P
Mg/Ca

Fig. 6. Mg/Ca in the transect M234 (superficial sampling from the point bar level to the floodplain level) and core M129 (about 200 m far from the river channel). Bar plots show Mg/Ca dependence on the sampling depth.

911

121-901 (010Z) 08 PuaIv) / [0 32 ADSAID L



T. Grygar et al. / Catena 80 (2010) 106-121 117
A C
s 3
M215 0.157 .
z M215 "y
— & L
E L & o010] - g -
< 83 na
= 1= i n
g i 1040-1211AD g™,
£
0 100 200 300 400 500 600 O'Uco 100 200 300 400 500 600
0.201 -
&) M7
- 5 0.15- . L _./
1 [~ I‘#
S, O E 010 L W
S S8 | osfla
a : 005 wMwmes 1033 1208 AD 53154902 BC
- r . . . . = 0.00 T T T T T
0 100 200 300 400 500 0 100 el 300, Qeod 500
. 0.15]
_ M127 =
5 S ool M2z et 20042557 BC
3 g = o l
> o y
& % oos-"'rlui'-"'i! '..\ —
£
I T T T T T ~ 0.00 T T T '.. T
0 100 200 300 400 500 0 100 200 300 400 500
Depth [cm] Depth [cm]
B D
5 M215
0.20 . "Walll .
gyt (./ L]
™1 —
% 0.16 I_-'# \ 3
n - =
0129 o M215 <
_,'U"d- [
0.08-1 T T T T T 1 T T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
020 __,....-.-.—h'.""'""""_
[ ] —_
g 0.16-] '..' F
1 = M7 <
o1zl A M =
L
0.08+%—— T T T T 0 100 200 300 400 500
0 100 200 300 400 500
0.201 224
| o o ”..\fl | "
© . L | \ = M127
8 0.164 P / . -
4 ™I M l’\ T,
= 1 - <
0120w g8 . B
11/ M127
n
008 T T T T T T a2 T * T ¥ T L T 4 T
0 100 200 300 400 500 0 100 200 300 400 500 600
Depth [ecm] Depth [cm]

Fig. 7. Lateral stability of three sections in the locality “Bridge to Bzenec” using several chemostratigraphic and lithologic markers. A: the depth of industrially polluted sediments (Pb/
Al ratio by EDXRF). B: the inflex point of Mg/Ca ratio in exchangeable/soluble fraction. C: CEC values with selected '“C dates of wood fragments and charcoals. D: Ti/Al minimum, a
proxy of silt minimum content (finest sediments of distal floodplain).



118 T. Grygar et al. / Catena 80 (2010) 106-121

2000« M107 M108 M110 M7 M215 o
Fd [
b E— -;‘1' {___\ L
" —" [ g . y
1800 - . ! iy ; : - 1800
o "~ >'
;. ':- & '
=" ] ~ L]
1600 e < i - 1600
7 T
" : I .\.
=) ] ] < ¥ LN 5
< 1400 - . -, L1400 <
= g .\'\_ = E" =
3 -8 ’ : | %
| |
< 120047 > . k1200 <
- i — N
4 L] — s
} -~ 4
1000 - ; {1000
T .
) L
800 - 800
0.08 0.12 016  0.08 0.12 0.05 0.10 0.15 0.05 0.10 0.08 0.12
CEC CEC CEC CEC CEC

[mmol Cutrien)*/g] [mmol Cutrien)”ig]

[mmol Cu(trien)"/g)

[mmol Cultrien)/g) [mmol Cuftrien)"/g)

Fig. 8. The depth profiles of CEC in the sections with age models. Three synchronous lithological changes are indicated by grey areas.

4. Discussion

4.1. Use of proxy analyses to facilitate sediment description
and correlation

In the studied floodplain deposits we found that CEC values can be
used as a proxy for the percentage of clay fraction, which in turn can
be used in the assignment of sediment facies. Micromorphological
study confirmed that clay horizons or more clayey areas were due to
primary sedimentation and that clay redeposition caused by pedoge-
netic processes is only microscopic (at millimetre scale). If the use of
CEClogs is combined with visual sediment examination, it can be used
as a substitute for more demanding size fractionation or analysis and
allows rapid comparison of data from numerous sections. EDXRF and
CEC needs only sample homogenization and grinding, the former
method is non-destructive and the latter has sample consumption of
up to 0.5 g; each analysis takes several minutes of laboratory work if
large sample numbers are routinely processed. The efficiency and low
sample consumption are very useful features in checking the lateral
stability of the sediments in the studied sites by enabling high density
sampling of more sections. Subjective visual evaluation of sediment
lithology in the field is seriously hindered by the highly variable
degree of gleying, variable development of soil structure, and medium
to poor sorting of the overbank fines. The quantitative output of the
proxy methods offers a possibility to objectively identify gradation
within each sediment subunit (facies).

As shown by the depth profiles in the majority of the studied
sections, the Mg/Ca ratio of the exchangeable/soluble fraction has an
additional control be it the age of the material deposition, or the time
period over which the sediment was subjected to local pedogenesis in
the floodplain, or equilibration with groundwater. Our current

Table 5
Interpolated dates of bottom of Pb polluted layer in selected sections.
Section Age model Locality Depth of Pb Interpolated
(number of 14C polluted layer date
dating points) [cm]
S1 3 (taken from Bridge to 30 1910
Kadlec et al., 2009) Bzenec
M110 3 0Old Piles 40 1890
M108 1 Jasenova 30 1940

knowledge is insufficient to discriminate between these hypotheses,
but this fact is not essential for correlation purposes. In the sections
with a reliable age model, the inflex of the Mg/Ca gradient is centred
between 50 cm and 150 cm depth, or in 18th century AD (the letter
assignment has a much better consistency). Interpretation of this
gradient will be the subject of our further study.

4.2. Chemostratigraphy based on industrial pollution

We had expected individual heavy metals and magnetic particles to
display different depth profiles because of their use in different
anthropogenic applications (such as corrosion inhibitors, pigments).
However, on examination, the individual proxies of the industrial
pollution are strongly correlated, i.e. the sharp changes of MS and Zn
concentration occurred at practically the same depths in a given section
(Fig. 5). The significant increase in Pb concentration and the major
change in its isotopic composition also coincide with an increase in MS
and Zn levels. This co-variance is in agreement with the results obtained
in several previous European studies: in a small watershed of the Arc
River in southern France, polluted by fly ash, linked contamination by
magnetic particles, Pb and Zn was found by Desenfant et al. (2004).
Likewise, a correlation between Cu, Zn, and MS results in riverbed
sediments was reported in the Vitava River (Moldau River) in the
western part of Czech Republic by Knab et al. (2006).

The estimated age of the industrially polluted deposits in the
studied area (grey areas in Fig. 5) can be based on the interpolation of
14C dates, an assumption of a recent deposition of the topmost
sediments, and relatively a stable mean depositional rate at the mea-
sured section. The last assumption causes the exclusion of sections
with thick sandy intercalations in proximal floodplain deposits and/or
thick levee deposits on their top. Measured sections meeting the
criteria for the interpolation are summarized in Table 5. The mean of
the three listed interpolated dates for the lower boundary of the
polluted layer is 1910 AD.

Anthropogenic pollution of the topmost floodplain deposits in the
study area is probably related to coal combustion and perhaps other
industrial processes in the Morava River watershed and, as such, the
scheme is generally valid for the Czech Republic (Novak et al., 2003).
The recording of elevated concentrations of heavy metals related to
the industrial pollution is commonly noted in study of sediment
archives (e.g., Swennen and Van der Sluys, 2002; Novak et al., 2003;
Ettler et al., 2004; 2006; Pasternack and Brown, 2006). The reliable
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Table 6
Mean depositional rates of fine overbank deposits in the studied area.

14C age BP Calendar age Depositional rate [cm-y~ '] Sediment character
(time interval)

M107, 90 cm 1900 0.26 (1140-1900) Mostly clayey, distal floodplain
M 107, 280 cm 8062 901 +81 1012 - 1268 (94)
M107-280, Poz-29491 815+30 1169 - 1269 (95)
M108, 35 cm 1900 0.55 (1535-1900) Mostly silty, proximal floodplain
M 108, 210-260 cm, 8063 389+ 80 1408 - 1661 (95)
M110, 40 cm 1900 0.42 (1570-1900) Upward coarsening, silty, proximal
M110, 178 cm, 8057 273481 1446 - 1696 (70), floodplain deposits to levee

1725 - 1814 (17),

1917 - 1952 (6)
220 cm, 8066 205+80 1515 - 1598 (11%),

1617 - 1953 (84%)

DATUM NOT USED
250 cm, 8065 672482 1213 - 1426 (95) 0.20 (720-1320) Clayey, distal floodplain sediments
370 cm, 8064 1343 +83 556 - 884 (95%)
M215, 90 cm 1900 0.24 (1126-1900) Upward coarsening from silty to sandy
M215-290, Poz-29494 900 + 30 1040-1211 (95)
M7 taken from Kadlec 0.36 (1123-1900) Upward coarsening silty, proximal

et al,, 2009 floodplain to levee

The depositional rate of the deposits from the last century was not evaluated because of a highly variable proportion of levee deposits in the top of the sections.

identification of the depth profiles of the pollutants may be limited by
the weathering of the original contaminant particles and the
mobilization of their ions (Hudson-Edwards et al., 1998). This
chemical mobilization may be very important in the case of metal
sulphide contaminations from historical mining, which considerably
decreases pH during their oxidative weathering, and consequently
highly mobile free ions are formed (Hudson-Edwards et al., 1998).
This is probably not the case in the study area where there are no
nearby sources of pollution due to historical or current mining or
metal smelting and the pollution probably originates from more
remote, global sources. Swennen and Van der Sluys (2002) are rather
optimistic with respect to the post-depositional stability of industrial
polluted fluvial deposits. The outcrops in StraZnické Pomoravi do not
bear signs of systematic translocations of soil particles (illimeriza-
tion), however, special attention must be paid to the levee deposits
and sandy intercalations wherever they are present in the top layers
and where metal contamination is observed. The downward particle
transport through permeable, coarse sediments in sandy or gravelly
river alluvia was observed, e.g., by Cieszewski et al. (2008). Ploughing
and bioturbation are also responsible for some downward transport of
the atmospherically derived contaminants (Fernandez et al., 2008).
The effects blurring the actual lower boundary of the industrial
pollution in the measured sections could be responsible for about a
decimetre-scale inaccuracy, which is not a significant problem in the
studied sections where the depth of industrially polluted layers
ranges from 0.3 to 1 m. In spite of all these uncertainties, the lack of
reliable dating techniques for the last 100 y makes the industrial
pollution an invaluable chemostratigraphic tool for the studied
sections.

The pollution of the Morava River watershed by the fallout of fly
ash from coal combustion is one possible explanation for the almost
step-like growth of heavy metals' and magnetic particles' concentra-
tions observed in sections at the depth of 30 to 100 cm in river banks
(Fig. 5). The increase of the magnetic susceptibility signal has
previously been attributed to the redeposition of less weathered soil
material from intensified agricultural activities since the 1950's
(Kadlec et al., 2009). The coincidence of its growth with the growth
of heavy metal concentration and Pb isotopic composition can also
imply another explanation, such as the contamination of the
sediments by fly ash from coal combustion. Such an association of
magnetic carriers and heavy metals was experimentally demonstrat-

ed in case studies in the Czech Republic by Kapicka et al. (1999) and
France (Desenfant et al., 2004).

The sharp changes in Pb concentration and isotopic composition
observed in the Morava River floodplain sequences closely resemble
the observation in sediments of Lake Constance in Switzerland where
these signatures started to change around 1900 AD, a pattern that was
again attributed to the coal combustion (Kober et al., 1999). Similarly
in the Czech Republic, coal combustion was the most important
source of atmospheric lead; the first steep growth of coal mining,
associated with modern industrialization of Czech lands started at
~1900 and a second growth peak of coal mining followed in the 1950's
(Novak et al., 2003). Previously we assigned the change in Pb isotopic
signature in the floodplain deposits in StraZnické Pomoravi exclu-
sively to the introduction of leaded gasoline (Kadlec et al., 2009). It is,
however, not easy to distinguish the influences of leaded gasoline and
coal combustion only from Pb isotopic signatures (Komarek et al.,
2008).

4.3. The depositional rates in current floodplain in StrdZnické Pomoravi

The depositional rate (aggradation plus lateral accretion) is a very
important factor describing the floodplain when an anthropogenic
influence is suspected to affect the behaviour of a river or floodplain.
In many recent studies, a reported increase of aggradation rates in
floodplains has been assigned to an intensification of land use,
especially deforestation and ploughing. Such a straightforward
relationship seems justified for small watersheds, especially where
colluviation and enhanced direct localized erosion can be relevant
(e.g., de Moor et al., 2008), but it may be oversimplified in the
floodplains of rivers with a large watershed, where the transport of
the material from soil erosion to the floodplains of the trunk rivers is
delayed in temporal sinks in the higher order valleys (e.g., Lang et al.,
2003; Kalicki et al., 2008).

Calculation of the mean depositional rate in StraZznické Pomoravi is
hindered by two facts. Firstly, the deposition rate of the topmost
sediments in the studied area was probably affected by past changes
in land use, flood defence building in StrdZnické Pomoravi, and
channelization of the river upstream during the 20th century.
Evaluation of the depositional rate during the last century would
require a much more detailed study than is the scope of this paper.
The second limitation is the lack of the recent dating points caused by
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the equivocality of the radiocarbon calibration curve between 1620
and 1955 AD. The latter problem is partly solved by using the proxies
of the industrial pollution, which indicate the sediments deposited
after ~1900 AD.

The mean depositional rates in Table 6 were calculated by linear
regression using the age of 1900 AD of the bottom of the industrially
polluted sediments and *C date points from the deeper parts of the
sections. A facies control on the mean depositional rate is quite clear: the
lowest deposition rates (0.2 to 03 cm y~!) are typical for distal
floodplain sediments (middle, mostly clay (lower part of section M110,
mean CEC 0.12 mmol [Cu(trien)[**/g) or upward coarsening clayey
sediments grading from distal to proximal floodplain deposits (central
parts of sections M7, M107, and M215). The sedimentation rates in
section M108 and the upper part of section M110, both with much
coarser sediments of proximal floodplain to levee deposits (CEC~0.09 m-
mol [Cu(trien)[**/g) was 0.55 and 042cm y~ ', respectively. This
dependence should be taken into account when mean aggradation rate of
floodplains is to be evaluated from large sets of depth-age profiles.

In our previous study (Kadlec et al., 2009) we found a pronounced
change in the nature of the sediment, centred on the 16th century,
where a shift from more clayey deposits, assigned here to distal
floodplain sediments, to more silty deposits, assigned here to proximal
floodplain deposits occurred. The current results (Figs. 3, 4, and 8)
confirm that substantial lithological (facial) changes occurred in that
period in the floodplain part under investigation. The current age
model now permits the identification of three simultaneous changes in
depositional conditions in four sections from three localities (Fig. 8):
one at ~1200 AD, another at ~1600 AD, and the last at ~1900 AD.

The sediment coarsening at ~1600 AD in sections M7 and M110
indicated in Fig. 8 is within the uncertainty of the sediment dating
coincident with the sediment coarsening during the 16th century, as
reported previously (Kadlec et al., 2009), where one more locality was
also included (downstream from sections M107 and M108). For at
least the last two centuries all these sections belonged to the same
river branch (meander belt). The simultaneous coarsening of the
sediments in several sections from that branch allows proposing a
hypothesis that the proportion of water flowing through this branch
was enhanced in ~1600 AD at the expense of the branch which passed
through the vicinity of StraZnice and Petrov (Figs. 1 and 2). This is the
most straightforward interpretation reflecting the knowledge on the
dynamics of floodplain of meandering and aggrading rivers (Bridge,
2003). To discriminate between such a facies change and an assumed
general change in the nature of the sediments, as assumed previously
(Kadlec et al., 2009), further analyses will be needed to focus on
sections and cores from other areas of the Morava River floodplain,
including localities downstream from the current sites and also
sections and cores from parts of the river floodplain currently
separated from the active river branch by flood defences. This paper
presents and verifies tools and approaches suitable for such studies.

5. Conclusions

Geochemical proxies are very useful tools for the study of
sedimentary sequences comprised of aggrading meandering rivers
due to their ease of generation. The proxy methods were “calibrated”
using conventional analytical methods that allowed their interpreta-
tion in lithological terms and permit the facies assignment to the
sediments. The chemostratigraphic correlation of floodplain horizons
with a heavy metal contamination helps to overcome two problems
when describing sediment sequences from the last century: firstly by
providing a date point of the onset of massive industrial pollution
(~1900 AD) into the interval of equivocality of the radiocarbon
calibration curve, and secondly by permitting identification of the top
layers most affected by river regulations and land use changes in the
20th century. The results of the study produced estimates of mean
depositional rates in StraZnické Pomoravi between ~1000 and

~1900 AD in several localities; the actual sedimentation rates depend
on the actual depositional facies.
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Garnet composition within Late Pleistocene (Weichselian) loess and loess-like deposits was studied in 13 samples of sediment heavy
mineral fractions from Moravia and Silesia (Czech Republic). Four areas differing in garnet chemistry were identified, and some regional
trends in garnet composition changes were documented. The data obtained support the generally accepted conclusion of prevailing west-
erly winds during Weichselian loess deposition. Metamorphic rocks of the Bohemian Massif together with contributions from igneous
(mainly granitic) and sedimentary rocks were indicated as a source for the Weichselian loess and loess-like deposits studied. Local differ-
ences in garnet composition depend on the basement source rocks, on prevailing wind direction, on regional geomorphology and on
transport distance.
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INTRODUCTION

The wide compositional range of garnets, leads to their
common use as provenance indicators. However, even though
their major element chemistry has been known since 1985
(Morton, 1985), they have been very rarely used as provenance
indicators for loessic sediments. There are two main reasons
why garnet composition is not often used in Quaternary prove-
nance studies. Firstly, the data are inhomogeneous and sec-
ondly, sufficient data from provenance source rocks are com-
monly absent. We demonstrate here that in cases where prove-
nance data are not available, garnet chemistry can be still used
as proxies for acolian sedimentary process. Moravian and
Silesian Weichselian loess and loess-like deposits were chosen
for this study.

GEOLOGICAL SETTINGS

Loess and loess-like deposits cover more than 20% of the
Quaternary surface area in Moravia and Silesia (Fig. 1). Most
of these accumulations were deposited during the latest Pleisto-

cene (Late Weichselian, M IS 2) glacial phase (Frechen et al.,
1999). The average thickness of the youngest Weichselian
loess is about 1 to 1.5 m. Garnet-rich loess material was used
for provenance studies and also for the study of garnet redistri-
bution across the landscape. The differences between typical
South Moravian loess s.s. and North Moravian loess-like de-
posits are in the transparency of the material that reflects car-
bonate content (Pelisek, 1949), the different altitudes at which
they are found, and different sources (Lisa et al., 2005).

Weichselian loess and loess-like deposits in Moravia and
Silesia area have been much studied. Detailed sedimentary
classifications for local areas were published by Ambroz
(1947) and Pelisek (1949), stratigraphical studies were pub-
lished by Musil and Valoch (1956), Lozek (1958), Kukla
(1961) and Havli¢ek and Smolikova (1993), provenance stud-
ies by Kvitkova and Burianek (2002), Lisa (2004), Lisa et al.
(2005) and Lisa and Uher (2006). Palacoclimate studies of the
Moravian loess were published by Adamova and Havlicek
(1997), Frechen et al. (1999), Cilek (2001) and by Adamova et
al. (2002). However, none of these papers deal with the prob-
lem of garnet redistribution.

The most complete source, regarding the garnet chemical
composition within the area studied, is by Copjakové et al.
(2005). Some other regional publications (Fediukova et al.,
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Fig. 1. The distribution of Quaternary, mainly aeolian sediments in Moravia and Silesia and their geological
basement, Eastern part of the Czech Republic; location of samples discussed in this paper

1985, Batik and Fediukova, 1992, Nehyba and Burianek, 2004
and Medaris et al., 2005) are used as comparisons in this study.

METHODS

Samples were collected from Weichselian loess sections
that have been described by many authors (Macoun et al.,
1965; Havlicek, 1985; Havlicek and Smolikova, 1993;
Adamova and Havlicek, 1995, 1997). In total, 13 sites were se-
lected for detailed garnet analysis (Osoblaha, Skrochovice,
Lestina, Stemberk, Hranice, Kokory, Boskovice, Skalicka,
Ivanovice, Modfice, Ofechov, Horni Dunajovice and Dolni
Véstonice, Fig. 1).

The most commonly used size fraction in palacogeographi-
cal provenance studies within Moravia, 0.063-0.125 mm, was
subjected to the standard procedure of heavy mineral separa-
tion in heavy liquid — tetrabromethane of D = 2.96 g/em’
(Mange and Mauer, 1992; Mange and Wright 2007). Most of
the samples were garnet-rich, so further separation was not
necessary. The samples were impregnated with resin and pol-
ished. The polished samples were then analysed using a
Cameca SX-100 electron microprobe analyser at the Institute of
Geological Sciences (Masaryk University, Brno). The follow-
ing analytical conditions were used: wavelength-dispersion
mode with a beam diameter of 4-5 um with an accelerating po-
tential of 15 kV and a sample current of 20 nA. A counting time
of 20 s was used for all elements. The following standards were
used (K, X-ray lines): wollastonite (Si, Ca), albite (Na), chro-

mite (Cr), ALO; (Al), MgO (Mg), Fe,O; (Fe), metallic Mn
(Mn) and TiO, (Ti). Garnet grains separated from the same
fraction and mounted on adhesive carbon tape and studied by
the same microprobe analyzer were used for micro-
morphological interpretation. A minimum of three analyses
were made, but no zoning was found.

RESULTS

HEAVY MINERAL DISTRIBUTION

The heavy mineral composition is shown in Table 1. Gar-
nets are very abundant in detrital heavy minerals in the fraction
studied (0.063—0.250 mm). Their contents range from 5.3% at
Ofechov in the south to 44.3% Stemberk in the north. There is
no systematic trend in garnet abundance across the area stud-
ied, but there is a decrease in garnet from west to east in the
south of the area studied and an increase in garnet from west to
east in the central and northern parts. A variable proportionality
exists between garnet and hornblende quantities (Table 1). The
results of the heavy mineral provenance studies have previ-
ously been published by Lisa et al. (2005).

MAJOR ELEMENT CHEMISTRY OF GARNETS

The garnet chemistry is typified by the predominance of
an almandine (Alm) component (Table 2). No pronounced
zoning was observed. The garnet with Alm >50% constitutes
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Table 1

The concentrations of prevailing non-opaque minerals (%) in the heavy mineral fraction

Locality Amp | Grt | Zm St Tur Rt Ep Ky | Mnz | Ap other
Osoblaha 9.0 | 34.0 | 16.7 | 20.0 3.6 6.7 0.0 | 5.0 0.2 33 1.5 Ttn
Skrochovice 6.6 | 38.4 7.7 | 174 | 154 | 103 0.0 | 4.1 0.1 0.0 0.0
Hranice 8.0 | 29.3 | 31.0 0.0 8.0 8.0 93] 13 0.1 0.0 5.0 Cpx
Lestina 59.7 | 24.0 1.9 0.7 0.3 2.5 40| 0.9 0.3 3.4 2.3 Sil, Ttn
Stemberk 224 | 443 4.5 5.0 9.0 1.5 | 10.1 | 3.0 0.2 0.0 0.0
Kokory 57.8 | 20.3 1.8 1.2 1.2 2.5 39| 12 0.3 3.8 6.0  Sil, Ttn, Cpx
Boskovice 62.5 | 19.7 3.9 0.5 1.8 0.3 251 05 0.2 2.1 6.0 Sil, Ttn
Skalicka 47.7 | 242 2.9 0.0 5.6 0.0 6.0 | 0.0 1.2 1.2 0.0
Modfice 38.6 | 383 1.8 1.8 1.2 25| 166 | 3.8 2.2 1.9 0.0
H. Dunajovice | 60.2 | 23.0 1.9 0.9 0.3 2.5 1.7 | 0.9 0.3 3.4 0.0
D. Véstonice 61.2 | 209 3.0 0.7 1.8 0.7 23| 14 0.2 2.0 5.8 Sil, Ttn
Ivanovice 31.8 | 28.8 | 13.0 3.8 5.0 2.5 64 | 13 0.1 5.0 23 Cpx
Ofechov 49.5 53 | 159 3.9 4.6 | 11.3 2.0 | 4.0 0.6 1.4 1.5 Cpx

Amp — amphibole, Grt — garnet, Zrn — zircon, St — staurolite, Tur — tourmaline, Rt — rutile, Ep — epidote, Ky —
kyanite, Mnz — monazite, Ap — apatite, Ttn — titanite, Sil — sillimanite, Cpx — Ca clinopyroxene; abbreviations after

Kretz (1983)

89%, although groups of garnets can be recognized in which
Mg, Mn or Ca components show some differences or anoma-
lies in source provenance rocks. Microchemical analyses of
selected detrital garnets from each area are shown in Table 2.
Significant differences were found between localities for dif-
ferent parts of Moravia and Silesia. Towards the east, the
amount of grossular (Grs) component decreases (Table 2).
Another, more significant decrease in this component is a
function of latitude in eastern Moravia and Silesia. Towards
the south, the Grs component decreases. Another latitude-de-
pendent difference is visible in the western part of Moravia
and Silesia (Fig. 2; Table 2). This region is dominated by
almandine-rich garnets with variable pyrope (Prp) and
spessartine (Sps) components (Table 2). Moravia and Silesia
can be divided into four main areas according to such differ-
ences: Al, A2, A3 and Bl (see Figs. 2 and 3). Diagrams of re-
lations between Mg/Mn and Ca are demonstrated in Figure 2.
These data for garnet distribution in loess of the area studied
are shown in four scatter diagrams of Mg/Mn vs. Ca (Fig. 2).
The first three areas are typified by loess deposits overlying
crystalline complexes or surrounded by such complexes. The
next two areas have a sedimentary rock basement and a varia-
tion of in Grs-rich component garnets can be seen between
these two groups. An obvious decrease in the Grs-rich com-
ponent is visible towards the SE of Moravia. Variations in
garnet chemical composition are also visible from north to
south. Loess deposits from the southern part of the area stud-
ied are typified by a high Mg/Mn ratio (>20; Fig. 3).

MICROMORPHOLOGY OF DETRITAL GARNETS

Garnet grains from the samples studied display typical fea-
tures of aeolian transport (Fig. 4). This is in contrast with the

quartz grains that are more commonly used for
micromorphological study (cf., Smalley and Cabrera, 1970;
Lisa, 2004; Kenig, 2006, 2008; Hladil ef al., 2008). The garnet
grains have a subangular to angular outline, with high to me-
dium relief. There is a noticeable presence of imbricated
blocks, large breakage blocks, edge abrasion, and different
types of ridges, pits and typical aeolian V-shaped pits or ar-
rows. Most grains are affected by chemical dissolution as docu-
mented by solution pits or silica precipitation. Detrital garnets
are nearly always found in the form of irregular chips (Fig. 4).

DISCUSSION

The ratio between garnet and hornblende quantities re-
flects the geological setting of the study area (Lisa et al., 2005;
Lisa and Uher, 2006). Westerly-lying magmatic and meta-
morphic Moldanubian rocks, mainly orthogneisses, amphibo-
lites, paragneisses, peridotites, eclogites and granulites (Misaf
et al., 1983; Fiala et al., 1995) produce large amounts of
hornblende, garnet and variable amounts of stable heavy min-
erals such as epidote, apatite or zircon. Towards the east, sedi-
mentary successions of Devonian and Lower Carboniferous
age start to appear together with Tertiary deposits of the
Carpathian Foredeep. These are connected with large
amounts of garnets and other more stable minerals, typical of
older strata (Copjakova et al., 2005). Hornblendes are com-
pensated for a more stable mineral — garnet (Table 1). This
situation reflects the fact that the studied mineral fraction of
loess and loess-like deposits in the conditions of Central Eu-
rope (0.063—0.250 mm) were transported at very short dis-
tances (Cilek, 2001), mostly about 50 kilometres (Lisa, 2004).
Transport was dominantly from the west to the east (Cilek,
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Table 2

Typical chemical analyses of garnets from the loess and loess-like localities studied in Moravia and Silesia,

Eastern part of the Czech Republic

Ivanovice/2 | Ivanovice/3 | Ofechov/4 Otechov/5 | Boskovice/2 | Boskovice/8 Lestina/3 Lestina/5
Si0, 38.94 38.05 38.98 38.17 37.54 37.36 37.09 37.35
TiO, 0.22 0.23 0.22 0.37 0.19 0.21 0.33 0.30
ALO; 21.73 21.60 21.70 21.37 20.79 19.89 20.58 20.60
Fe,05 0.00 0.00 0.10 0.00 0.65 0.86 0.89 0.66
FeO 29.42 31.26 25.82 31.04 30.94 21.03 28.04 27.81
MnO 0.67 0.77 0.43 0.38 1.06 16.26 0.56 0.24
MgO 8.43 6.42 9.30 3.74 2.45 2.35 2.60 2.87
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.88 1.47 2.76 5.47 6.89 2.01 9.24 9.18
Total 100.29 99.8 99.31 100.54 100.52 99.97 99.33 99.02
Based on 12 oxygens and with Fe?*/Fe* calculated assuming full site occupancy
Si 3.009 2.990 3.007 3.003 2.990 3.025 2.972 2.990
AlY 0.000 0.010 0.000 0.000 0.010 0.000 0.028 0.010
T-site 3.009 3.000 3.007 3.003 3.000 3.025 3.000 3.000
AlY! 1.979 1.993 1.974 1.983 1.945 1.903 1.920 1.973
Ti 0.013 0.014 0.013 0.022 0.011 0.013 0.020 0.018
Fe** 0.000 0.000 0.006 0.000 0.039 0.052 0.054 0.040
B-site 1.992 2.007 1.993 2.005 1.995 1.968 1.994 2.031
Fe** 1.901 2.063 1.666 2.053 2.061 1.424 1.879 1.862
Mn 0.044 0.051 0.028 0.025 0.072 1.115 0.038 0.016
Mg 0.971 0.752 1.070 0.439 0.291 0.284 0.311 0.342
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.073 0.124 0.228 0.461 0.588 0.174 0.793 0.787
A-site 2.989 2.990 2.992 2.978 3.012 2.997 3.021 3.007
Alm 63.4 69.0 55.3 68.9 68.2 46.2 61.8 61.5
Adr 0.0 0.0 0.3 0.0 2.0 2.7 2.7 2.0
Grs 2.5 4.1 7.4 15.5 17.7 33 23.8 24.5
Prp 32.7 25.2 36.0 14.8 9.7 9.7 10.4 11.5
Sps 1.5 1.7 0.9 0.9 2.4 38.1 13 0.5

Alm — almandine, Adr — andradite , Grs — grossular, Prp — pyrope, Sps — spessartine; T-site means tetrahedral crystallo-
graphic sites in garnet structure, dodecahedral A-site is usually occupied by divalent cations, octahedral B-site is usually occu-

pied by trivalent cations

2001; Adamova et al., 2002; Lisa et al., 2005) and correspond
to contemporary wind directions.

The nature of the geological basement determine overall
mineral assemblages as well as garnet compositions. By exam-
ining the differences between different geological units it is
possible to observe patterns of garnet redistribution within the
Moravian and Silesian loess and loess-like deposits and divide
them into four main areas named Al, A2, A3 and B1 as de-
scribed above (Fig. 2). It seems that this redistribution depends

not only on the rock basement lithology, but alVSO on selection of
garnet types during aeolian transport (cf., Copjakova et al.,
2005). Aerodynamic and diagenetic effects can be minimized
by determining the proportion of stable minerals with similar
densities. The index values that best reflect the provenance
characteristics (Morton and Hallsworth, 1994) are ATi= 100 x
apatite count/(apatite + tourmaline), GZi = 100 X garnet
count/(garnet + zircone); RuZi = 100 X rutile count/(rutile +
zircone) and Mzi = 100 X count monazite/(monazite + zircone).
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Fig. 2. Diagrams of Mg/Mn vs. Ca together with a ternary diagram; this portion
is within the loess localities studied from Moravia and Silesia. It is possible
to see groups with different garnet chemical compositions

Differences can be found and A1 + B1 groups should be sepa-
rated from A2 + A3 groups using these indices (Fig. 3). These
data support the results published by Lisa et al. (2005).

Loess and loess-like deposits with more common
almandine-rich garnets are typical mainly of metapelites of the

Moravian Nappe (Batik and Fediukové, 1992), paragneisses of
the Zabieh Crystalline Unit (Copjakova et al., 2005) and meta-
morphic rocks of the Silesicum (Fediukova et al., 1985).
Low-grossular pyrope-almandine garnets are present in felsic
granulites (Copjakova et al., 2005) and pyrope-rich garnets are
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typical for peridotites from the Moldanubian Zone
(Medaris et al., 2005). This N-S line primarily cov-
ers the main mass of westerly-lying loess and
loess-like source rocks. The metamorphic prove-
nance source as a significant part of loess and
loess-like deposit material was supported by zircon
typology studies (Lisa and Uher, 2006). All sites of
loess and loess-like deposits surrounding this line
contain variable amounts of garnet with a Grs com-
ponent (Table 2).

Towards the east, in the provenance area charac-
terized by Tertiary deposits of the Carpathian
Foredeep, the amount of Grs-rich garnets rapidly
decreases. This is the main trend in loess garnet dis-
tribution. This trend could possibly be explained by
the fact that the loess material was transported only
a limited distance. This explanation fits with the ae-
olian transport distance results published for this
area which are based on radioactivity measurements
and abundances of quartz microstructures (Lisa,
2004; Lisa et al., 2005). A second explanation for
the decreasing amount of Grs-rich garnets towards
the east is the changing rock provenance. This is
supported by the fact that the garnet geochemical
composition of Tertiary deposits from South
Moravia is sufficiently variable (Nehyba and
Burianek, 2004); however, garnet grains with a
grossular component are very rare in this area.
Copjakova et al. (2005) found the same results in
the case of Lower Carboniferous Culm strata, where
the Grs component is also very rare.

The second trend found in Moravian and
Silesian loess and loess-like deposits are the
changes in vertical garnet chemical distribution.
Garnets with Mg/Mn >20 are present. These types
of garnet reflect the presence of different source
rocks in the provenance area. Significant differ-
ences were found between the Al, A2 and Bl
groups. The heavy mineral compositions are very
similar for groups Al and Bl (Fig. 3), as both
groups contain garnets with an Mg/Mn ratio of over
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30. The only difference between these two groups is the ab-
sence of a Grs component in the Al group. The heavy mineral
A2 group differs from the A1 and B1 groups in its composition
and also garnet grains from the A2 group differ Mg/Mn ratio,
which are not higher than 30. The area A3 contains garnet
grains with an Mg/Mn ratio of up to 51.

Areas marked as A1 and A2 have a very similar Ca versus
Mg/Mn distribution. Garnets in both areas contain a Grs com-
ponent and have variable amounts of Prp and Grs components.
The presumed provenance for these two areas can be seen in
rocks lying in southern and central Moravia. The provenance
area for southern Moravian loess is probably represented by
Moldanubian gneisses, paragneises and migmatites. This mix-
ture of rocks is rich in pyrope and partly also in a spessartine
component (Copjakova et al., 2005). The presence of the Grs
component is disputable, because some types of rocks are de-
pleted in this component while it is present in others. Source
rocks of Central Moravian loess may be represented by the
Svratka Zone metapelites, which are mostly rich in Fe with rel-
atively low Mg (unpublished analyses of Novak and
Copjakova in: Copjakova et al., 2005). The area described as
A3 probably reflects a source in rocks of the Silesicum.
Fediukova et al. (1985) distinguished almandine-rich garnets
for the Silesicum, but also with variable proportions of Sps and
Prp components. Moreover, the same author described
Grs-Sps-Alm types of garnets from the Silesicum, originating
under conditions of retrograde metamorphism. The widest gar-
net distribution range (see diagram of Ca versus Mg/Mn,
Fig. 2) is observed, which reflects a sufficiently wide variabil-
ity in Silesian garnet chemistry as well as in their source rocks.

Detrital garnets, derived by acolian process from the source
rocks, are mechanically changed into fragments and chips (see
Fig. 4). Usually, all grains show some degree of corrosion, but
this chemical process is not very marked. There is no evident
correlation between the presence of microstructures and the
composition of garnets. Copjakova et al. (2005) found the
same results in the case of Lower Carboniferous Culm garnets.
According to that paper, a low degree of alteration may be sug-
gested by the simultaneous presence of less stable apatite and
epidote in heavy mineral assemblages. In the case of loess and
loess-like deposits, no significant differences exist in the de-

gree of garnet corrosion between the sites (Fig. 4). This is prob-
ably the result of a very recent mechanical erosion and the ab-
sence of time for more prominent corrosion processes. It is in-
teresting that the quartz grains from the same samples do not
show microstructures that clearly document aeolian transport
(Lisa, 2004). The reason for this fact is probably the difference
in hardness between quartz and garnet (the hardness of garnet
varies from 6.5 to 7.5 while quartz has a hardness of 7). Garnet
is shown to be the more informative mineral as regards aeolian
transport in this respect.

CONCLUSIONS

The following main conclusions were derived from the data
obtained:

1. The use of garnet geochemistry is a new tool for the study
of loess deposits and the type of acolian mineral redistribution.

2. Four different areas in Moravia and Silesia were distin-
guished based on garnet chemical compositions. These areas
reflect different sources of loess material. The aeolian transport
distance is recognizable where the almandine component is
subdued by other Grs, Prp or Sps components. Such cases are
documented by the presence or absence of garnets of anoma-
lous chemical composition.

3. A prevailing westerly wind direction and a short trans-
port distance are best documented in the western part of the
study area by the presence of Alm—Prp garnets deflated from
Moldanubian metamorphic rocks (especially granulites).

4. The outline (shape, morphology, habitus) of detrital gar-
nets is mostly subangular to angular and reflects acolian trans-
port more clearly than do quartz grains of the same grain-size
category.
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exploit the North European Plain, and a possibility to distinguish the importance of the weather and
climate for their subsistence practises. Loess accumulations that have covered the best preserved open
air Palaeolithic sites in Central Europe display the climatic record covering at least 30,000 years. The
sedimentological, microstratigraphical and geochemical record of three studied Upper Palaeolithic loess
sites show significant changes, documenting increased precipitation towards the north. A progressive
coarsening of the loess deposits during the Upper Pleniglacial, contrasting with the progressive fining
toward the North European glaciation was detected. This methodological approach explains more pre-
cisely the context of formation processes connected also with human activity within the corridor be-
tween the North European Plain and the Danube Basin, through which a wide range of organisms,
including humans and their prey species, were channelled.

© 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Upper Palaeolithic sites located along a transect between the
Danube region, Moravian valleys, and the North European Plain
offer unique insights into an early episode of modern human
adaptations to the landscape (Otte, 1981; Svoboda et al., 2002;
Oliva, 2005, 2007; Lisa et al,, 2013). The system of Moravian
valleys, oriented mainly N—S or NE—SW (Czudek, 1997), provides
a valuable archaeological trap for two reasons. First, it constitutes
wide river valleys between transcontinental mountain ranges
through which a wide range of organisms, including humans and
their prey species, were channelled: this has always been the
principal access route to the North European Plain from the
Danube Basin (Skutil, 1955; Valoch, 1979; Svoboda et al., 2002;
Trinkaus and Svoboda, 2006). Second, it is also a trap for wind-
blown sediments flowing preferentially from the W or NW, SW to
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1040-6182/$ — see front matter © 2013 Elsevier Ltd and INQUA. All rights reserved.
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the E or NE, SE (Lisa, 2004; Lisa and Uher, 2006; Lisa et al., 2009)
that have accumulated to considerable depths around many a
hilly protuberance in that landscape. It is these deep accumula-
tions of loess that have covered the best preserved open air
Palaeolithic sites in Europe (Svoboda et al., 2002). The litholog-
ical record of those localities was described mainly in the case of
the famous Dolni Véstonice old brickyard section (Klima et al,,
1962; Babek et al, 2011; Antoine et al., 2013), but the
geochemical and micromorphological record of other localities
situated more northerly in Moravia was less studied. Instru-
mental sedimentological analyses can bring valuable information
about environmental conditions which Palaeolithic hunters had
to accept in hunting large mammals. The main question
addressed in this paper is, therefore: is it possible to distinguish
any significant lithological or geochemical differences between
three of the most important Upper Palaeolithic regions within
Moravia and use the interpretations of those differences to
discuss climatic changes of Middle and Upper Pleniglacial and
the reasons which enabled humans to exploit the North Euro-
pean Plain, and subsequently even colder regions?
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2. Geographical and sedimentological background

Three key localities for Moravian Upper Palaeolithic history are
used in this study. The localities are typical for long term temporary
Gravettian occupation (Nyvltova Fisakova, 2013) and are situated
along a transect between South Moravia (Dolni Véstonice), Central
Moravia within Moravian Gate (Predmosti), and North—East
Moravia (Hostalkovice locality near Petikovice). The imaginary
section connecting those three localities provides information
about the different sedimentological records preserved, and the
differences of environmental conditions which Palaeolithic hunters
had to accept in hunting large mammals.

The Last Glacial loess formation within the area of Central
Europe was strongly influenced by its geographical position be-
tween two glaciers. In that time Moravia and Silesia were situated
in the narrowest part of the non-glaciated area and became very
important for loess formation as well as for the fauna (Lozek, 1968;
Horacek and Lozek, 1988), flora (Frenzel, 1968) and human migra-
tions (Svoboda et al., 2002).

2.1. Dolni Veéstonice II (DV II)

This section was excavated in the context of the archaeological
research of the Gravettian site during the 2005 season. The studied
section is located in anthropogenic terraces on the slope above the
famous Dolni Véstonice — old brickyard section. The 4.2 m thick
profile DV II covers the Gravettian cultural layer and the Upper
Pleniglacial sedimentary record correlated with the upper part of
the old brickyard section. The section in the old brickyard repre-
sents the most prominent loess section accessible today in Central
Europe and, therefore, enormous numbers of different research
efforts were made there (Klima et al., 1962; Demek and Kukla, 1969;
Haesaerts and Mestdagh, 2000; Fuchs et al., 2012; Antoine et al.,
2013). Approximately 18 m of loess, loess like deposits, and pale-
osols cover a relatively complete Last climatic cycle and display
warming, cooling, and wetting trends. The loess was in this case
derived mainly from frost shattered and weathered magmatic and
metamorphic rocks situated to the west, deposited as eluvial de-
posits or as river alluvium (Lisa, 2004; Lisa and Uher, 2006; Lisa
et al, 2009), and calcareous Miocene deposits (Adamova,
Havlicek, 1998). The provenance during the last glacial period did
not change (Lisa et al., 2009) and the grain size differences depend
mostly on the wind speed or post-depositional weathering.

2.2. Predmosti

Close to the town of Prerov, and to the southern entrance to the
Moravian Gate, a series of loess deposits has been extensively
excavated. A rescue excavation in the last century produced a
considerable body of data relating to various Palaeolithic episodes,
mainly of Gravettian Age (Svoboda et al., 1994). Predmosti is located
at the southern entrance of the Moravian Gate, one of the most
important passing points of prehistoric routes in Central Europe
(Svoboda et al., 1994). Originally two limestone formations, at
Skalka in the south and Hradisko in the north, emerged from the
Neogene and Quaternary deposits. Both of them have nearly dis-
appeared due to limestone exploitation. Several mineral spring
sources are known close to the site, which formed travertine de-
posits (Kovanda, 1971). One, with a constant temperature of 12 °C
was located directly at the foot of the former Skalka hill (Svoboda
et al., 1994). The cultural content of this locality has been classi-
fied as Gravettian or Pavlovian with a hypothetical Aurignacian
horizon below. The Gravettian was dated approximately to 26—
27 ka (Svoboda et al., 1994).

2.3. Hostdlkovice

Hostélkovice is situated in Northern Moravia in the Ostrava
region. This locality is 1.5 km from Petikovice, famous for the
Venus finding (Svoboda, 2004). Unfortunately, Petfkovice could
not be included in this research because of technical problems.
Hostalkovice, nevertheless, offers the similar stratigraphy
(Folprecht, 1934; Neruda and Nerudova, 2000) and its location was
suitable for our research. The site was excavated in 1992 by P.
Neruda (Neruda and Nerudova, 2000). This site lies beyond the
Moravian Gate at the opening of the North European Plain. It has
also a significant history of archaeological investigation, allowing
us to target location of an approximately 1.6 deep test pit to
capture the layer with Gravettian artefacts.

3. Methodology
3.1. Micromorphology

Microstratigraphical study, micromorphology in archaeological
context, was applied in all three localities. In total, 53 samples for
thin sections were taken. A micromorphological approach covers
descriptive microstratigraphical analyses (Bullock et al., 1985)
including microfabric types, structural and porosity features, natural
inclusions, anthropogenic inclusions, and pedofeatures (Macphail
and Cruise, 2001). Such application of soil micromorphology to
archaeology was introduced mainly by Goldberg (1983) and latelyis
well established in the literature (French, 2003; Goldberg and
Macphail, 2006). Samples were taken in Kubiena boxes (9 x 5 cm),
slowly dried, impregnated by a polymer resin, processed into thin
sections and then studied according to Bullock et al. (1985) and
Stoops (2003). A record was made of the microfabric types, struc-
tural and porosity features, natural inclusions, anthropogenic in-
clusions and pedofeatures (Macphail and Cruise, 2001).

3.2. Geochemistry — quantitative analysis of expandable clay
minerals (CEC)

The cation exchange capacity (CEC) was determined using a
procedure proposed by Meier and Kahr (1999) for pure clay mineral
specimens and then optimised for sediments and soils (Grygar
et al, 2009). [Cu(trien)]** solution was obtained from
CuSO4-5H,0 (Penta, Czech Republic) and trien, triethylenetetr-
amine (1,4,7,10-tetraazadekane, Sigma—Aldrich), to the final con-
centration 0.01 M with a potentiometric control of the constant
ligand-to-metal ratio (Grygar et al., 2009). A fine dry powder (100—
500 mg) was placed in a 50 mL beaker, wetted and then suspended
by stirring in 5 mL of distilled water; then 5 mL 0.01 M Cu-trien
solution was added, and the suspension stirred for a further
5 min using a magnetic stirrer. The suspension was then filtered
into a 50 mL flask and the solid washed with several aliquots of
distilled water, and the final volume of the filtrate made to 50 mL.
The solutions were analyzed by AAS (Cu and Mg) and AES (Ca and
Na). The sample weight for analysis was adjusted depending on its
actual CEC to consume about 50% of [Cu(trien)]?" using the routine
described by Grygar et al. (2009).

3.3. Bulk magnetic susceptibility (MS)

Unoriented samples were collected at 5 cm intervals from
cleaned profiles. Low frequency magnetic susceptibility (¢lf) was
measured at 0.976 kHz and high frequency magnetic susceptibility
(xhf), at 3.904 kHz, using a MFK1 kappabridge (AGICO, Brno). The
difference between the two measurements gives the frequency
dependent susceptibility, expressed here as a percentage of xfd
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(xfd% = (yIf — xhf)/xIf x 100). This parameter is widely used to
determine the concentration of magnetic particles close to super-
paramagnetic (SP)/stable single domain (SSD) boundary (Liu et al.,
2005). This grain size fraction is proposed to have formed during
pedogenesis (Evans and Heller, 2003; Dearing et al., 1996).

3.4. Particle size distribution function (PSDF)

Samples for particle size distribution were collected at 5 cm
intervals from cleaned profiles from all three studied section
(Figs. 2 and 3). Particle-size analysis (PSA) is a measurement of the
size distribution of individual particles in a soil sample (Gee and
Bauder, 1986). Particle size distribution was established using a
Malvern Mastersizer 2000. Samples of air dried and roughly
crushed sediments were gently disaggregated and dispersed in de-
ionized water. Organic matter was removed by addition of
hydrogen peroxide accompanied by gentle warming at 40 °C until
effervescence stopped. The supernatant was removed after
centrifugation and the sample rinsed with two changes of deion-
ised water. The samples were then re-homogenised in a minimum
of water using a whirly mixer and then sub-sampled for particle
size analysis. Two sub-samples were taken from each sample and
analysed sequentially, and the graphs presented are the mean of
the two measurements.

3.5. OSL dating

DV II section was sampled in two positions. DV2/1 comes from
the depth of 435 cm and corresponds to the base of cultural layer
mixed with soil material. DV2/2 comes from the depth of 265 cm
and corresponds to the position directly above gley IL. layer (Fig. 2).
Three locations were sampled at Hostalkovice. HB 13 came from
160 cm depth at the very base of the section on the contact between

redeposited terrace sediments and redeposited loess-like sedi-
ments. THV2 came from a depth of 65 cm where some of the ar-
tefacts occurred. THV1 came from 35 cm depth, on the contact
between E soil horizon and the loess-like sediment below (Fig. 2).
Predmosti was not sampled due to the technical problems during
the fieldwork organisation.

Samples were dated by OSL in the Laboratory of Mineralogy and
Petrology (Luminescence Research Group), Department of Geology
and Soil Science, Ghent University in Belgium. by applying the SAR-
OSL protocol to sand-sized (63—90 um) quartz. This fraction was
extracted from the inner material of the sampling tubes using
conventional sample preparation procedures (HCl, H,O, sieving,
heavy liquids, and HF). OSL measurements were performed using
an automated Risg TL/OSL-DA-12 reader. The equivalent dose (De)
was determined using the single-aliquot regenerative-dose (SAR)
protocol as described by Murray and Wintle (2000, 2003). Low-
level high-resolution gamma-ray spectrometry was used for the
determination of the natural dose rate. The annual dose was
calculated from the present-day radionuclide activities using the
conversion factors of Adamiec and Aitken (1998). An internal dose
rate of 0.013 + 0.003 Gy ka~! was assumed (Vandenberghe et al.,
2008). Both the beta and gamma contributions were corrected for
the effect of moisture by generally accepted procedures.

4. Results
4.1. Stratigraphy

4.1.1. Southern Dolni Veéstonice section

The lithostratigraphy was examined in a 4.2 m high freshly
cleaned vertical section (Fig. 2) containing several horizons with
different contexts, coded as DV II. Generally, the profile is mainly
composed of fine grained loess and loess-like sediments which

90

Fig. 1. Location of studied sites.
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Fig. 2. The sedimentological description of loess sections Dolni Véstonice, Predmosti and Hostalkovice together with the main geochemical, magnetic and grain size proxies.

were post-depositionally influenced by changing climatic condi-
tions. There is a dark brown horizon of re-deposited laminated soil,
probably of Cambisol type (40 cm) found in the very bottom, fol-
lowed by the complex of thin loess layers (approximately 15 cm
each), and one darker layer (10 cm), described as Gravettian
occupational layer (10 cm) with the macroscopic presence of
charcoal and fine freezing and thawing laminae (less than 1 cm) in
the loess layers below and above. The loess deposition grades into
two lighter horizons (17 and 10 cm) divided by a loess horizon
(10 cm). Those horizons were interpreted as gley horizons. The part
of the section above is composed by loessic material with a group of

slightly browner horizons (1-5 cm). The section is ended by a dark
brown aggraded Chernozem-type Holocene soil horizon.

4.1.2. Intermediate Predmosti u Prerova section

In contrast to the cultural layer excavated in the DV I sections, in
which burnt charcoal is a conspicuous hearth component, burnt
mammoth bones predominate here, suggestive of a difference in
resource availability between the sites (Beresford-Jones et al.,
2010). However, another, microcharcoal containing layer was
micromorphologically confirmed the cultural layer. The lithological
section of Pfedmosti (Fig. 2) contained a dark brown horizon of re-
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deposited arctic soil in the very bottom followed by a thick cultural
layer containing mammoth bones and burned bones together with
charcoal and loess-like sediment intercalations (Fig. 2). There is
evidently slight re-deposition by gelifluction. This layer is overlain
by loess deposits with a number of features typical of frost action,
including frost wedges and other micromorphologically detected
features. Three thin gley horizons were present. The upper part of
the section continues with monotonous loess deposition contain-
ing thin darker layers containing decomposed organic matter. The
section is capped by a Holocene Cambisol.

4.1.3. Northern Hostdlkovice near Petikovice loess like sedimentary
section

Approximately 1.5 m thick sedimentary cover (Fig. 2) lies on the
ridge between Petikovice and Hostalkovice. The geological back-
ground of Hostélkovice section is composed of re-deposited terrace

deposits. Colluviated loess-like deposits include approximately
30 cm of the section. Gravettian artefacts are distributed mainly on
the contact of terrace deposits and loess-like sediments (Fig. 2)
(Neruda and Nerudova, 2000), but occasionally were detected
within loess-like sediments above. Loess-like deposits contain
small frost edges filled by clays as a record of boreal illuviation. The
section is capped by a Holocene Luvisol, lately degraded into
Pseudogley.

4.2. Microstratigraphy and micromorphology

4.2.1. Dolni Vestonice

The base of the section is composed of re-deposited interstadial
soil of the boreal to arctic brown soil type with ferric oxide nodules
(Fig. 4C), interpreted as the consequence of relatively humid con-
ditions causing erosion and reduction processes. This soil can be

Fig. 4. Typical micromorphogical features from Dolni Véstonice site: A — loess s.s.; B — initial soil horizon with visible brunification, location above Gley II.; C — redeposited arctic
brown soil on the base of section with, visible FeOH nodules due to the gleying; D — Gley Il with leaching, but without FeOH features typical of gleying; E — horizontal pores
documenting phases of freezing and thawing, location above the cultural layer; F — charcoal distributed widely within the cultural layer. This layer also contains redeposited arctic
brown soil material.
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interpreted as an early stage cambisol. Gelifluction features are
connected mainly with the cultural layer (Fig. 4F), which show a
continuing relatively cold and humid environment. Freezing —
thawing features (Fig. 4E) above the cultural layer indicate frost
heaving, related to the development of ice lenses as the conse-
quence of cold and relatively humid conditions. Those features are
not very common, in contrast to Pfredmosti and Hostalkovice. Two
horizons of the frost gley surprisingly do not contain ferric oxide
(Fig. 4D) nodules. The absence of freezing — thawing features to-
ward the Holocene layer is probably the result of a cold and dry
LGM environment. The slightly darker horizons differ from pure
loess (Fig. 4A) by initial brunification (Fig. 4B). The presence of
darker horizons (Fig. 4) within this part of the section is therefore
the result of transitory periods of increased humidity and initial
stages of pedogenic weathering.

4.2.2. Predmosti

Re-deposited interstadial soil of the boreal to arctic brown soil
type at the base (Fig. 5A) has ferric oxide nodules formed under
relatively humid conditions causing erosion and reduction pro-
cesses. A thick cultural layer with bioturbation (Fig. 5B) indicates
stable humid conditions. The cultural layer contains frequently
fragments of burned bones (Fig. 5B), but little or no charcoal. A layer
which contains microcharcoal was micromorphologically identi-
fied above the first cultural layer. The presence of freezing and
thawing structures (Fig. 5C) above the cultural layer is the result of
persistent cold and relatively humid conditions. The presence of
frost wedges (without flat bottoms) and gleying above (Fig. 5D) is
the result of cold, humid conditions and probably also an initial
stage of permafrost. Continuing freezing and thawing features to-
ward the Holocene horizon with thin horizons containing

Fig. 5. Typical micromorphological features from Pfedmosti and Hostélkovice sections: A — redeposited arctic brown soil at the base of Predmosti section containing nodules of
FeOH; B — cultural layer with burned and unburned bones from Piedmosti; C — horizontal pores documenting phases of freezing and thawing, location above the cultural layer in
Predmosti and appearance of such features within all rest of section; D — Gley horizon with FeOH nodules from Pfedmosti; E — horizontal pores documenting phases of freezing and
thawing (Hostalkovice). Those pores were secondary during Holocene pedogenesis, iluviated by clays; F — Luvic horizon from locality Hostalkovice.
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decomposed organic matter and initial stages of brunification is the
consequence of a cold and relatively wet LGM environment with
short stages of increased humidity.

4.2.3. Hostdlkovice

Terrace sediments on the base of the section are partly distrib-
uted within the loess-like deposits, overlain by unsorted sediment.
This record is the result of gelifluction. The presence of ferric hy-
droxide nodules and gleying is the consequence of a wet environ-
ment responsible for erosion and reduction processes, probably
under permafrost conditions. The Gravettian artefacts are more or
less incorporated into the re-deposited terrace and loess-like sed-
iments above, probably the result of post-sedimentary cry-
oturbation. Freezing and thawing features (Fig. 5E) up to the
Holocene soil and within the cultural layer can be attributed to
persistent cold and relatively humid LGM conditions. Those fea-
tures are infilled by clay illuviation as a consequence of Holocene
pedogenic processes. Desiccation cracks 50 cm below the surface
(Fig. 2) are the result of extremely cold and dry conditions. Boreal
clay illuviation is the result of the Bolling climate. The sediment was
lately influenced by Holocene illimerisation (Fig. 5F).

4.3. Frequency dependent magnetic susceptibility

The values of yfd are basically a concentration-dependent
parameter. It depends on the grain-size and amount of magnetic
materials present in the sediment, indicating the proportion of fine
viscous grains close to the SP/SD boundary (~0.02 pm) in the total
(Thompson and Oldfield, 1986). This grain size fraction formed
during pedogenesis (Evans and Heller, 2003). xfd vary considerably
within the studied localities (Fig. 2), but the trends in Dolni
Véstonice and Predmosti are more or less similar. The highest
values were detected within the horizon with re-deposited inter-
stadial arctic brown soil (Cambisol) and within Holocene soil cover,
whereas the loess typically has lower values (Fig. 2). Pfedmosti
shows a relatively increasing trend of values, in comparison with
the consistency at Dolni Véstonice. In the case of Dolni Véstonice,
higher values were obtained also within horizons with initial soil
horizons. In the case of Hostilkovice, the highest values were
detected within the Holocene Luvisol. The record of the
Hostalkovice section shows high variability with slightly increasing
trend toward the Holocene soil (Fig. 2).

4.4. Geochemistry

The geochemical record of the profiles shows numerous simi-
larities and is influenced by lithology (Fig. 2). Cation Exchange
Capacity (CEC) of Dolni Véstonice shows a relatively stable trend
with microfluctuation, except for enhancement within the lower
part of the section, where re-deposited interstadial soil and cultural
layer were identified. Increased values were found in the loess with
initial pedogenesis, and a slightly increased trend is visible in the
upper part of the profile (Fig. 2).

The profile in Pfedmosti shows a similar trend of CEC to Dolni
Véstonice. The elevated values are visible mainly within the lower
part of the section where the relicts of interstadial soil were
detected. In the middle part of the profile with gley and loess ho-
rizons, a stable trend is apparent with slighter higher values in gley
horizons. In the upper loess above the gley III increasing trend of
values up to the Holocene soil is apparent.

In Hostalkovice, the highest CEC values were detected within
the base of the section where the weathered sandy loam with
carbonate pebbles was detected. A sharp decrease of those values
follows the appearance of pure loess-like deposits with the arte-
facts. The percentage content of Na shows a slightly declining trend

in the lower part of the profile in Dolni Véstonice, whereas in
Predmosti a slightly increasing trend in the whole profile is visible.
Mg and Ca contents of the DV profile show the same increasing
trend up to the layer of loess with initial pedogenesis. Above this
layer, Ca increases whereas Mg begins to decrease to the top of the
profile. Ca and Mg content of the Predmosti show slightly
increasing trends with relative stagnation in the upper part, above
the gley III. In general, contents of Ca and Mg show the highest
variations within the gley horizons and initial soil formations above
those horizons in both sections. MgO/CaO ratio shows a gradual
decrease in both profiles, but in the case of Predmosti this trend is
less apparent. For the Hostalkovice profile, the great difference in
elements concentration between the lower and upper part is
typical. Ca and Na contents are lowest in the horizon with weath-
ered sandy loam and high in loess-like sediment, whereas the Mg
content shows the opposite trend.

Another sharp decrease of measured components is visible
within E and A horizons of the Holocene Luvisol. The contents of
organic matter within the sections have more or less the same
trend: the most obvious is the enhancement of organic matter
within the interstadial brown soil of Dolni Véstonice and Predmosti
as well as within the Holocene soil formation in all three localities.
For Hostalkovic, a stable trend is typical, with a slight increase
below the Holocene soil.

4.5. Grain size

Grain size measurements show the same significant trend in all
three studied localities. Toward the Holocene layer significant
coarsening of sand fraction is obvious (Figs. 2 and 3), while toward
the north there is a fining trend. Dolni Véstonice section has
probably the best preserved long-time depositional record, and
consequently the deposits have much more fine composition than
in other studied localities (Figs. 2 and 3). It is also possible to see a
connection between the appearance of darker, more humid layers
and the contemporary increase of clay fraction (depth about 1.2,
1.8—2.2 and between 3 and 4 m). In the case of Pfedmosti and
Hostélkovice this connection was not found. Predmosti and
Hostalkovice sections display much coarser deposits and the trend
of coarsening is visible not only toward the Holocene but also to-
ward the north, toward the edge of the North European glaciation.
Predmosti section has a visible enhancement of sand fraction
within 1.0—1.5 m where the cultural layer was detected. In the case
of Hostalkovice, there is a visible enhancement of clay at the
expense of silt in the upper part of the section due to the Holocene
pedogenic processes (Figs. 2 and 3).

4.6. Dating

A sufficient amount of pure quartz grains could be extracted
from all samples. The quartz extracts showed satisfactory lumi-
nescence characteristics in terms of brightness (clearly distin-
guishable from background), OSL decay (dominated by the fast
component), recycling ratio (consistent with unity), recuperation
(generally less than 1% of the sensitivity corrected natural OSL
signal) and dose recovery (a known dose given to a bleached
sample prior to any heating can be accurately measured). These
characteristics suggest that the samples are well-suited for optical
dating. Sample GLL-091927 behaved differently from the other
samples, however, in that a poor dose recovery was achieved using
a preheat for 10 s at 240 °C; a lower preheat (200 °C) was required
to achieve a good dose recovery. The ages are consistent with the
stratigraphic position of the samples. Based on the observed spread
in D, (large aliquots), the date for sample GLL-081901 is not thought
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to be an accurate sedimentation age. This sample may be affected
by postdepositional mixing and/or incomplete resetting.

4.6.1. Luminescence characteristics and De-determination

Fig. 1 shows a representative luminescence decay and growth
curve for sample GLL-081902. The luminescence signal decays
rapidly with stimulation time (Fig. 1, inset); this is characteristic for
quartz dominated by the fast component. The dose—response curve
can be approximated satisfactorily by the sum of a single saturating
exponential and a linear component. Fig. 1 also illustrates the
generally good behaviour of the samples in the SAR protocol; the
recycling ratios are close to unity (indicating that sensitivity
changes occurring throughout the measurement procedure are
accurately corrected for) and the growth curves pass close to the
origin (demonstrating that recuperation is negligible).

Fig. 2 summarises the dose recovery data. Within analytical
uncertainty, the measured dose does not differ from the given dose
by more than 5% (Fig. 2A); the average recovered to given dose ratio
for the five samples is 1.01 + 0.02. Fig. 2B shows the corresponding
values for the recycling ratio and recuperation; the average values
are 0.98 4+ 0.01 and 0.05 4 0.01%, respectively. For each sample, at
least 18 replicate measurements of D, were made. Values were
accepted if recuperation did not exceed 5% of the corrected natural
OSL signal and if the recycling or depletion ratio did not deviate by
more than 10% from unity. The average D,’s (+1 standard error) are
summarised in Table 1.

Table 1

(Lozek, 1953, 1964; Kukla, 1975; Frechen et al., 1999; Antoine et al.,
2013). The Middle Pleniglacial in Europe is marked by the appear-
ance of brown soil complexes as Stillfried-B from Lower Austria
(Haesaerts et al, 2003), Vytachiv soil complex of Ukraine
(Gerasimenko, 2006), the Grdselberger and Lohne Boden in Ger-
many (Frechen, 1999; Antoine et al, 2009) the Saint-Acheul-
Villiers-Adam soil complex in Northern France (Antoine et al.,
2003), and Les Vaux soil in Belgium (Haesaerts, 1985). The soil
development in this case corresponds to warmer and more humid
conditions and it is widely associated with the Hengelo and
Denekamp insterstadials. Those periods were interrupted mainly
by the phases of erosion, and thus the sedimentary record is usually
very fragmented. In Moravia the three interstadials of the Middle
Pleniglacial are supposed to be preserved as the PKI pedo-complex
described by Klima (1969) and dated at ~30—35 ka, and by the
Bohunice soil (Valoch, 1976) dated at ~45—50 ka (Richter et al.,
2009). Antoine et al. (2013) mentioned erosion processes result-
ing from warming phases of one of those interstadials that
enhanced the seasonal degradation of the permafrost active layer
leading to solifluxion-related deformation and alteration of the gley
horizon preserved above the re-deposited interstadial soil.

Two sections included in our research, Dolni Véstonice and
Predmosti, contain re-deposited arctic brown soil (Cambisol),
which corresponds to one or more of those interstadials. In both
cases, the soil sediment was re-deposited and contains ferric oxide
nodules indicating the presence of water and buried organic matter

Radionuclide concentrations used for dose rate evaluation, estimates of past water content (F*W), calculated dose rates, equivalent doses (D), optical ages, and random (a;),
systematic (gsys) and total (o) uncertainties. The uncertainties mentioned with the D, and dosimetry data are random,; all uncertainties represent 1.

234Th ZZGRa ZIOPb 232Th

40 K

Sample Sample Depth Fw Total dose rate D, (Gy) Age 0y  Osys  Otor

(field code) (GLLcode) (cm) (Bqkg™') (Bqkeg!) (Bqkg™') (Bqkg™') (Bgqke™') (%) (Gy ka™") (ka) (%) (%) % (k)
THV1 081901 35 42 +3 45 + 1 39+1 495 +03 573+4 24+ 6 295+ 0.02 15+£2 gy 53 99 98 140 0.7
THV2 081902 65 36 +£2 48 + 1 42 4+ 2 52.7+£05 60045 25+ 6 3.03+0.03 77 £ 2 18y 26 23 102 105 3
HB13 091927 160 36 +3 43 + 1 40 + 2 477 +04 521 +5 21+5 2.81+0.03 141+ 4 24y 50 33 9.1 97 5
DV2/2 091902 265 36 +£2 43 + 1 39+1 52 +1 559 +5 23 +6 2.86+0.02 92+ 617y 32 6.1 98 115 4
DV2/1 091901 435 454+ 3 49 + 1 41 4+ 2 57 +1 482 +£5 23 +6 2.78 £0.02 115 +£5 15 41 42 99 107 4

Radionuclide concentrations used for dose rate evaluation, estimates of past water content (F*W), calculated dose rates, equivalent doses (D,), optical ages, and random (a;),
systematic (osys) and total (o) uncertainties. The uncertainties mentioned with the D, and dosimetry data are random; all uncertainties represent 1.

4.6.2. Dose rate determination
The radionuclide activity concentrations and calculated total
dose rates are given in Table 1.

4.6.3. Optical ages

Table 1 summarises all analytical results, and shows the calcu-
lated optical ages. The present-day dose rate was assumed to have
prevailed throughout the entire period of burial. Uncertainties on
the luminescence ages were calculated following the error assess-
ment system proposed by Aitken and Alldred (1972) and Aitken
(1976). All sources of systematic uncertainty were as quantified
by Vandenberghe et al. (2004; see also Vandenberghe, 2004).

For most samples, the systematic uncertainty is dominant in the
overall uncertainty on the ages and varies between ~9 and 10% (1
sigma). For sample GLL-081901, both the random and systematic
uncertainty are ~ 10%.

5. Discussion

5.1. Sedimentary and micromorphological record of Middle
Pleniglacial (MIS3) and Upper Pleniglacial (MIS 2) in Moravia

The environmental record of the Middle and Upper Pleniglacial
in Moravia was studied in detail mainly in context of loess deposits

(Fig. 4). Berendorf-Jones et al. (2011) described this horizon as an
Interstadial A Cambisol horizon with the weak B-horizon above and
covered by redeposited reworked palaeosol loam. However,
micromorphological study did not confirm preservation of the in
situ A horizon. A similar situation appeared in case of Pfedmosti
locality. The weak interstadial soil horizon was eroded and rede-
posited. The interstadial soil was not preserved at Hostalkovice.
This finding corresponds to the results of the excavations of Neruda
and Nerudova (2000). This type of paleosol is not known from this
area, probably because of strong erosion and fragmentation of the
sediment record and also because the environment of Northern
Moravia and Lower Silesia was probably generally much colder
than Central and Southern Moravia. Due to the fragmentation of
sedimentary record of the Hostalkovice section, it is quite difficult
to use it for geochemical comparison with the sedimentary record
preserved in central and southern Moravia. The first OSL data from
Ostrava region concerning this context estimated the base of the
section at 50 ka, which indicates that the arctic soil did not develop
here or was removed by erosion.

Typical cultural layers containing charcoal or burned bones
were described only in Dolni Véstonice and Predmosti, while in
Hostalkovice only the accumulations of artefacts were detected. 14C
data recently published by Berensdorf-Jones et al. (2011) from the
DV I show a wide range between 25.570 and 28.850 ka uncal. After



34 L. Lisd et al. / Quaternary International 351 (2014) 25—37

calibration, this fits the date from the cultural layer by OSL dating,
32 ka. The artefact accumulation from Hostalkovice was dated as
26 ka, which make the finding a little bit older than the findings
from nearby Petikovice (Svoboda, 2008).

The tundra gley horizons preserved above the soil sediments of
the Middle Pleniglacial were described in Dolni Véstonice (Klima
et al., 1962; Antoine et al., 2013) and interpreted as cold humid
episodes of the Middle and Upper Pleinglacial. In the old Véstonice
brickyard, Antoine et al. (2013) have recently described one gley
horizon connected with the Middle Pleniglacial which underwent
strong solifluction process due to one of the humid interstadial
phases of the Middle Pleniglacial (frost creep). The solifluction
resulted in thin, discontinuous undulated iron oxide bands
throughout the unit, and two gley horizons connected with the
Upper Pleniglacial. The section situated above the old brickyard
displays only two gley horizons which are in situ and have no ferric
oxide nodules or accumulations. The third gley horizon was prob-
ably redeposited together with the paleosol, which would explain
redoximorphic features founded within this redeposited horizon.
Such an interpretation would also fit to the findings of Antoine et al.
(2013) from the old brickyard. It is quite possible that those ferric
oxide accumulations described by Antoine et al. (2013) were
formed mainly due to the specific geomorphologic position in the
landscape. Berensdorf-Jones et al. (2011) described from this sec-
tion only lenses of gley above the cultural layer and gleyic features
from the cultural layer, but not from redeposited soil below. Our
OSL date sampled in the uppermost part of the upper gley horizon
was estimated as 32 ka. That position in the old brickyard was in
contrast to the date by Fuchs et al. (2012) at 21.7 ka.

One or more gley horizons together with frost features including
frost wedges were also mentioned by Zebera et al. (1955) and lately
by Svoboda et al. (1994) in Predmosti with no further details of
interpretation. Demek and Svoboda (2008) described strong
leaching and the presence of frost wedges in Petrkovice. In the
same publication, Svoboda (2008) partly rejected Demek and
Svoboda’s interpretation, and interpreted those wedges as the
result of Holocene pedogenesis. According to our OSL data, the
infilling of the frost wedges is estimated at 5.3 ka, but the infilling
could be much younger than the development of the wedges.

According to Antoine et al. (2013) the transition from Middle
Pleniglacial gley horizons to the Upper Pleniglacial loess in Dolni
Véstonice is abrupt and marked by a drastic increase in sedimen-
tation rate due to a return of cold and arid conditions. In the studied
sections, this phase of the sedimentary record is quite homogenous
and the cold and arid conditions are recorded by the increased
number of frost features, which are much more evident in
Predmosti and Hostalkovice. In the case of Véstonice and
Predmosti, the sedimentary record of wind deposition is inter-
rupted by thin layers of organic-matter rich layers corresponding to
short phases of increased humidity. Toward the north there is an
evident decrease of the mass of sediment, which could correspond
to the increased wind intensity due to the geomorphology and
position much closer to the North European glaciation that did not
allow aeolian material deposition.

5.2. The interpretation of geochemical, magnetic and grain size
proxies of studied sections in context of Middle and Upper
Pleniglacial

The profiles from Dolni Véstonice and Predmosti are much more
suitable for detailed correlation and paleoenvironmental inter-
pretation from proxy analyses than is Hostalkovice. The reason is a
fragmentation of the sedimentary record and weaker pedogenesis
in the case of Hostalkovice, where the paleoenvironmental record

was mainly inferred from micromorphological and sedimentolog-
ical approaches.

Grain size records of Dolni Véstonice and Predmosti show
similar features. Above the interstadial soils, the silt fraction
continuously decreases, whereas the sand fraction of the sediment
shows an increasing trend. Based on the interval of a higher sand
input it is possible to correlate these profiles (Fig. 3). Several cycles
can be seen, each being characterised by an abrupt increase of the
sand component, followed by a short-term decrease. In these sites
strong colluvial or water transport has not been noted. Therefore,
these variations can be entirely attributed to the input of aeolian
sand associated with climatic deterioration, increase of wind in-
tensity and higher accumulation rate during MIS 2. Grain-size an-
alyses from both sites are generally in accordance with previous
measurements from the Upper Weichselian part of the old brick-
yard profile in Dolni Véstonice (Shi et al., 2003; Antoine et al., 2013).
Inputs of coarse aeolian material during the Upper Pleniglacial
were also reported and correlated within several sites from sub-
Atlantic region to the western Ukraine (Antoine et al., 2009;
Bokhorst et al., 2010; Rousseau et al., 2011) as well as in China Loess
Plateau (Nugteren et al., 2004). These events were correlated with a
dust median in NGRIP record and associated to Heinrich events
H3—H1 (Antoine et al., 2009). While a gradual coarsening trend is a
significant feature in Dolni Véstonice, in the upper part of
Predmosti this trend is not so apparent. That can be a signal of
lower wind intensity in the final phase of the Upper Pleniglacial in
the Central Moravia in comparison with South Moravia. A distinctly
higher percentage of sand in the sediment of Dolni Véstonice as
compared with Pfedmosti indicates lower energy of wind transport
during Upper Pleniglacial in Central Moravia. Evident fining of the
grain composition toward to the north is also visible (Fig. 3),
together with the progressive reduction of the thickness of the
deposited material. The fining trend probably reflects the changing
provenance (Lisa, 2004; Lisa and Uher, 2006; Lisa et al., 2009)
especially the possible appearance of glacial deposits (Lisa, 2004)
toward the north. The geomorphology and the lack of westerly
situated wide valleys with thick alluvial plain also play a role.

Higher values of frequency dependent magnetic susceptibility
suggest the presence of ultra-fine grained (pedogenetic) magnetite
or maghemite (Worn, 1998; Liu et al., 2005). In Dolni Véstonice and
Predmosti, slightly higher values were found in the horizons with
initial pedogenesis (and gley horizons) and significant high values
in redeposited brown soil horizons. The magnetic enhancement is
probably caused by increased activity of soil bacteria during the
Middle Pleniglacial and climatically favourable periods (micro-
interstadials) of the Upper Pleniglacial. Good correlation of the
frequency-dependent magnetic susceptibility with the organic
content was found in both sections. That denotes a connection
between vegetation development (humid climate?) and the in-
tensity of pedogenesis. In contrast, weak magnetic signal of pure
loess accumulation indicates colder (and drier) condition and
minimal pedogenetic processes. With regard to relatively narrow
provenance source of the Moravian loess during Upper Pleistocene
(Lisa, 2004), changes in the chemical composition in the profiles
could relate to postdepositional processes.

Continuously decreasing Mg—Ca ratio (expressed here as MgO/
Ca0) in the pedo-sedimentary record could be caused by gradual
decline of precipitation in the study area during MIS 2. Mg and Ca
are present in primary carbonates, abundant in the loess deposits.
Free Mg content can be enhanced by weathering of pyroxene,
amphibole, and biotite, and Ca mainly from Ca-feldspar. Mg is
retained much more strongly on clay than Ca, due to the large
difference in atomic diameter (Perel’'mman, 1977). A higher amount
of percolating rainwater therefore leads to stronger leaching of Ca
relative to Mg and increasing of Mg/Ca ratio (Mg0/Ca0) (Bokhorst
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et al., 2009). Both elements are also taken up by plants, although Ca
is much more important with a biogenic coefficient of 0.17, versus
0.02 for Mg (Perel’'man, 1977). The ratio could be, therefore, also
influenced by the density of the vegetation cover. In comparison
with the decreasing trend in Dolni Véstonice, Pfredmosti shows a
slightly increasing MgO/CaO trend, suggesting wetter conditions in
Central Moravia during MIS 2.

During chemical weathering of loess, ion exchange and layers
transformation of clay minerals occurs, that leads to modified of
their structure and clay neoformation. The [Cu(trien)]** ion is
rather selective to expandable clay minerals, and thus increased
CEC values are most likely attributable to a higher concentration of
the most common expandable clay minerals, i.e. smectite struc-
tures, whereas lower concentrations indicate increased presence of
the weak expandable clay mineral, i.e. illite (Babek et al., 2011). The
structure of expanded clay minerals is typical for more humid en-
vironments, and its low amount in the sediment suggests that
conditions were likely arid (and acidic) and they has been largely
depleted or least altered. The smectite/illite ratio in the loess series
can be used as a proxy for humidity. Even if CEC has rarely been
used for loess/paleosols sequences, several studies suggest CEC can
be correlated with other indicators of weathering intensity related
to precipitation such as magnetic susceptibility, diffuse reflectance
spectroscopy and element ratios of Rb, Ca and Sr (Maher, 1998;
Bokhorst et al., 2008; Babek et al., 2011). In DV and Predmosti, that
is suggested by an apparent relationship of CEC with MgO/CaO ratio
and magnetic susceptibility that denotes a connection of weath-
ering intensity with pedogenesis and amount of precipitation.

In general, the sedimentological, magnetic and geochemical
results from all sections show significant climatic deterioration in
Upper Pleniglacial by comparison with Upper Middle Pleniglacial
conditions. That is recorded as gradual increasing wind intensity
and a relative decline of precipitation. Nevertheless, in comparison
with Dolni Véstonice, the proxy record from Predmosti suggests
relatively more favorable climatic conditions.

5.3. Gravettian migrations during the Middle and Upper
Pleniglacial within Moravian valleys

One of the goals set at the beginning of this paper was to discuss
reasons which enabled humans during the Upper Pleniglacial to
exploit the North European Plain, and subsequently even colder
regions. One of the possible explanations is the presence of the
water in the cold, and subsequently very dry glacial landscape (Lisa
etal., 2013). Humidity seems to be the most important factor for the
presence of vegetation, and subsequently animals and humans. The
most important factors limiting the presence of human camps in
the landscape is the presence of tectonically predisposed wide
open valleys with the river network and with the close proximity of
narrowing in the landscape. Oliva (2007) and Svoboda et al. (2003)
discuss the importance of the presence of a river network. During
the Glacial period, braided rivers (French et al., 2007) resulting from
appreciable sediment load, rapid and large variations in discharge,
and erosion formed the fluvial landscape of the Paleolithic in
Central Europe. The alluvial zone differed from the recent one quite
significantly. The presence of water in the landscape raised the
temperature below rivers and along the margins, which resulted in
further melting of permafrost along the banks and distinct bank
morphology. Tectonic activity often brings water to the surface as
course and springs. Deep water circulations were probably alsi
active during the LGM.

Another important factor is the precipitation, which was
probably distributed differently within the Moravian landscape. As
visible from the sedimentological micromorphological and the
geochemical record, Central and Northern Moravia was during the

Middle and Upper Pleniglacial more humid than Southern Mora-
via. This fact can be connected with the more hilly geomorphology
(Czudek, 1997), but also with the shorter distance from the North
European glaciation. The proposed movement to the more cold,
but subsequently also more humid regions in the transect from
the Danube to the North European Plains can be compared with
the movement to the Carpathians valleys as described by Svoboda
(2001). Those valleys were described as warmer refugia (Musil,
2003), but the key factor was possibly the presence of humidity.
Together with the possible presence of permafrost, such areas
were much more suitable for the vegetation growth than the drier
south. Rich vegetation growing over permafrost, because the
permafrost layer catches the humidity, are known from recent
arctic areas (Beilman, 2001; Payette et al., 2004). The presence of
water connected with growing vegetation is one of the limiting
factors of mammoth migrations (Groning and Saller, 1998), and
therefore also the Ilimiting factor for Gravettian hunters’
migrations.

6. Conclusions

Studied loess sites from Northern, Southern and Central Moravia
provide a suitable archive for detailed study of the palae-
oenvironmental changes during Upper Paleolithic period. Using a
multi-proxy approach combining micromorphological, sedimen-
tological, rock-magnetic, and geochemical methods, we have
demonstrated that:

1. The sedimentary record within the studied transect differs, the
amount of deposited or preserved sedimentary record de-
creases toward the north.

2. The most evident difference in micromorphological record is
the increasing presence of freezing and thawing features to-
ward the north. The strong postsedimentary influence at
Hostalkovice precluded detailed study.

3. The particle grain distribution record of three studied Upper
Palaeolithic loess sites show a progressive coarsening of the
loess deposits during the Upper Pleniglacial. A progressive
fining is visible toward the North European glaciation.

4, The geochemical record of the studied sections shows
numerous similarities and is influenced by lithology. Cation
Exchange Capacity (CEC) of Dolni Véstonice shows a relatively
stable trend with microfluctuations except for enhancement
within the lower part of the section, where the re-deposited
interstadial soil and cultural layer were identified. Increased
values were found in the loess with initial pedogenesis, and a
slightly increased trend is visible in the upper part of the pro-
file. The profile in Predmosti shows a similar trend.
Hostalkovice section displayed the highest CEC values within
the base, due to the weathered sandy loam with carbonate
pebbles. A sharp decrease of those values follows the appear-
ance of pure loess-like deposits with the artefacts.

5. New OSL Ages were determined for Dolni Véstonice, and the
first OSL dating for Hostalkovice. In Dolni Véstonice the age of
the cultural layer was estimated to 41 ka and the age of the gley
layer to 32 ka. Hostalkovice, the age of the base of the section
was estimated to 50 ka, the position of artefact findings 26 ka,
and the infilling of frost edges 5.3 ka. OSL dating for Dolni
Véstonice and Hostalkovice brought slightly older dates than
expected.

6. The reason that humans could exploit the North European Plain
and even colder regions could have been the presence of water
in the cold and arid glacial landscape. According to sedimen-
tological and geochemical records, the more northerly regions
were more humid than the regions to the south.
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Comprehensive geomorphological and sedimentological analyses confirmed three phases of Wiirm glaciation
in the surroundings of Prasilské Lake and Staré Jimka, in the Bohemian Forest (Sumava Mountains). Glaciations
were affected by a steep east-facing slope, by plateaus on the adjacent ridges and by local geological conditions.
A small valley glacier (about 2 km long and 50 m thick) occurred during the first phase. In the second phase, a
glacier-rock glacier developed, probably based on remnants of the valley glacier. During the last phase glacial
activity was divided into Stara Jimka and the stepped cirque of Prasilské Lake. A further shallow (~3 m deep)
lake in Stara Jimka was dammed by slope movements after deglaciation (~ 14 cal. ka BP) and survived until
~4 cal. ka BP. The Late Pleistocene chronology of the Bohemian Forest seems to be related more closely to the
Alps than to northern Europe. In the mid-mountains of central Europe, Pleistocene glaciation decreases

Keywords:
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Sumava significantly eastward, because of increasing continentality. The presence of plateaus (deflation areas), around
Sedimentology 1300 m altitude, across the approach of westerly winds was important for the development of glaciers in the
Chronology Bohemian Forest. The termination of glaciation before the Younger Dryas is specific to the Bohemian Forest in

comparison with the Vosges and KrkonoSe Mountains.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Although much attention has been paid to glaciations in Europe (e.g.,
Ehlers and Gibbard, 2004a,b), some areas remain little known. The Czech
part of the Bohemian Forest (in Czech, the Sumava) is an example of such
omission, where research was difficult because of proximity to the former
‘Iron Curtain’ border. The position of the Bohemian Forest between
previously glaciated regions — Scandinavia and the Alps in a latitudinal
direction, and the Vosges and Western Carpathians in a longitudinal
direction — is important for the chronological correlations presented here.

Two basic concepts for the Pleistocene glaciation of the Bohemian
Forest have been postulated. Bayberg (1886) and Preihdusser (1934)
assumed an extensive glaciation (an ice cap on the Sumavské Plateau
with outlets filling the valleys of the bigger rivers, e.g. the Vydra and
Otava). On the contrary, Rathsburg (1928) argued that glaciers were
located in cirques with tongues only overlapping the sills. The second
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0169-555X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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hypothesis was supported by later research on the Czech side of the
Bohemian Forest (Sumava) (Votypka, 1979; Mentlik, 2002, 2005, 2006;
Vocadlova and Kfizek, 2005). On the Bavarian side of the Bohemian
Forest, however, evidence of a valley glacier up to 3 km long was found
in the Arber area (Pfaffl, 1998; Raab and Vélkel, 2003; Reuther, 2007)
and the presence of glaciers up to 7 km long was postulated by Hauner
(1980) for the Rachel-Lusen area.

Papers dealing with the glaciation of the Czech part of the Sumava
or Bohemian Forest are outdated (Kunsky, 1933; Votypka 1979) or
partial (Mentlik, 2002, 2005, 2006; Vocadlova and KfiZek, 2005). Our paper
presents the first comprehensive study of a previously glaciated area
(the surroundings of Prasilské Lake) in the Sumava using detailed
research with dating techniques and a multi-technique and multidis-
ciplinary approach.

This study presents the extent, character and chronology of
glaciations. Our results demonstrate a greater diversity of glacial
forms than has been mentioned previously (Votypka, 1979; Raab and
Volkel, 2003) and the former presence of an extra post-glacial lake
(Stara Jimka).

2. Regional setting

Two glacial cirques creating a step-like system are the predom-
inant erosional glacial forms on the east flank of Polednik Mountain
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(1315 masl), 3.5 km south of Prasily village (Fig. 1). Prasilské Lake
(49° 04’ N.,°13° 24’ E.) lies in the well-developed, almost semicircular
lower cirque (length 411 m; width 386 m; height of the headwall
141 m) at altitude 1079 m (Fig. 1). The cirque aspect is almost east
(azimuth of the median axis: 88°). The second, shallower, more open
cirque lies about 25 m higher (length 364 m; width 502 m; height of
the headwall 119 m). The plateaus on the adjacent ridges (area
170000 m?) (Fig. 1) were important as deflation source areas aiding
development of the glaciers (Steffanova and Mentlik, 2007).

Stara Jimka is a 1015-m long and ~70-m wide depression lying
~800 m SSE of the lake, located between the wall and the linear steep
slope (~35°) with a predominant eastward aspect (Fig. 1).

The geological conditions are summarized in the 1:50000 geological
maps of Pelc and Sebesta (1994). Although crystalline rocks such as
gneiss, migmatite, and quartzite are predominant, relatively small
granite areas are morphologically significant (particularly two zones
above the lake) (Fig. 2).

3. Materials and methods

Detailed geomorphological mapping by means of elementary
forms of relief formed the basis for our multidisciplinary research.
Elementary forms are geomorphic primitives delimited by disconti-
nuity of altitude or its derivatives, and characterized by internal
uniformity of altitude or some of its derivatives (Minar and Evans,
2008). Mapping of elementary forms was used for two reasons:

(i) elementary forms have strong morphogenetic significance:
their properties and discontinuities should be genetically inter-
pretable (Minar and Evans, 2008); and
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(ii) their systematic mapping and analysis leads to a holistic under-
standing of the area of interest (Minar and Evans, 2008) and is a
good base for multidisciplinary research.

Investigation of landform genesis and chronology involved multi-
disciplinary research using sedimentological methods, pollen analysis
and relative and absolute dating. Geophysical profiling was used for
detection of the internal structure of the landforms and thickness of
the sediment.

To distinguish textural groups of sediment, particle size was analyzed
in the laboratory of the Department of Physical Geography and
Geoecology at the University of Ostrava, Czech Republic. The samples
were sieved down from 10000 to 0.001 pm and the data obtained were
entered into a “Gradistat” spreadsheet (Blott and Pye, 2001).

Three methods were used to investigate the origin of the sediments:
analysis of particle morphology (shape and roundness), analysis of clast
macrofabrics (Benn and Evans, 1998; Hubbard and Glasser, 2005) and
analysis of features on the surfaces of quartz grains by SEM (exoscopy).

For analysis of particle morphology the direction and dip as well as
the size of the a-, b- and c-axes were measured for each particle.
Roundness was classified visually according to Powers' (1953) scale.

Measurements of the axes were plotted on a “tri-plot” spread-
sheet (Graham and Midgley, 2000); C49 (shape) and RA (roundness)
indexes were calculated (Benn and Ballantyne, 1994; Harris et al.,
2004). Finally, results were plotted on the RA/C49 diagram (Benn and
Ballantyne, 1994). This approach was used to discriminate different
sedimentological facies and environments (Hambrey and Ehrmann,
2004). Data from the surroundings of near Laka Lake (Mentlik, 2005)
were also included, for the sake of completeness (better distinguish-
ing of facies and environments).

Accumulation
glacial
forms

£h

L ] —-— —
1 : Location of the map on Fig. 3. r

a1 Location of the map on Fig. 6.

Fig. 1. Location of the area of interest in its European context; morphometric features of the cirque system on the left.
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Fig. 2. Geological conditions and their relation with morphology of the lower cirque.

Clast macrofabrics were analyzed with a two-dimensional rose
diagram and a three-dimensional contour data diagram. GEOrient 9.2
software (Holcombe, 2005) was used to create the diagrams and for
consequent statistical analysis.

Samples for exoscopy observations were wet-sieved (fraction 0.25-
0.50 mm) and the calcium carbonates, iron staining, and adhering
particles were removed by boiling for 20 min in 10% hydrochloric acid
and stannous chloride solution. 30 to 50 grains were then picked
randomly, mounted on double-sided graphite adhesive (which is fixed
on aluminum specimen stubs), and gold coated for viewing by scanning
electronic microscopy (SEM) (Krinsley and Doornkamp, 1973).

Samples were taken within the study area firstly from sites where
the genesis of the forms was obvious (debris flows, eluvium, and
glacial deposits). They were used as standards for subsequent research
and statistically interpreted in histograms (according to Helland et al.,
1997; Fuller and Murray, 2002; Mahaney, 2002). Subsequently, the
samples with uncertain origin were compared with the standards. This
process is necessary for use of SEM in an area where glacial transport
distances are short, implying that confusion with grains from different
processes (colluvial and fluvial) is likely.

The samples for pollen analysis (sampling interval of 5 cm) were
treated by the usual laboratory methods applied for the separation of
Quaternary sporomorphs (Erdtman, 1954; Overbeck, 1958; Faegri,
1964). Pollen grains of trees and shrubs, herbs, and spores of ferns and
other microfossils were identified and counted in each sample.
Identification was based on keys and pollen atlases (Reille, 1992,
1995, 1998) and the Czech Geological Survey's pollen reference
collection deposited in Prague. Spores of Bryophyta and selected Fungi
as well as some Rhizopoda, Rotatoria, Tardigrada, etc. were also
identified and counted on the pollen slides. Special attention was
paid to coccal green algae. The sediments were stratigraphically
classified after Firbas (1952). The pollen diagram is presented as a
percentage pollen diagram, produced with the PC program POLPAL
(Walanus and Nalepka, 1999). Pollen percentage was based on the
total sum of AP + NAP = 100% (AP = trees and shrubs, NAP = herbs).

The counts of microfossils of other plants and animals were also
related to this sum.

Two approaches were used for dating the landforms: relative (position
of glacial landforms, Schmidt hammer test, and analysis of roughness of
rock surfaces) and absolute (conventional and AMS '“C dating).

It was expected that forms more distant from the source of
glaciation would be older (Hubbard and Glasser, 2005). This relative
age expectation was tested by measurement of intact rock strength
(IRS) with a Schmidt hammer (Mathews and Shakesby, 1984; Goudie,
2006), and by analysis of rock surface roughness (Mentlik, 2006).

Two approaches to use of a Schmidt hammer were employed. First,
larger datasets (n>60) were generated using the approach published
by Hubbard and Glasser (2005). But the number of measurements was
limited by the quantity of appropriate blocks on each form. Thus, a
second approach, demanding a smaller number of blocks (Evans et al.,
1999), was used simultaneously. The specific Ry,.x value was calculated
for each landform: methodological details are given in Mentlik (2006).
Using both methods allows comparison of two independent views of the
relative age of the landforms, and permits dating of landforms with too
few suitable boulders for the first method.

Parts of a core taken in Stara Jimka were dated by conventional and
AMS radiocarbon dating, in the laboratory of Gliwice Absolute Dating
Methods Centre (GADAM), Institute of Physics, Silesian University of
Technology, Poland.

Electrical resistivity tomography (ERT), a technique of geophysical
sounding, was used for identification of the subsurface structure
of glacial landform complexes, as in Otto and Sass (2006). The ERT
technique (together with ground-penetrating radar and seismic
refraction) seems to be appropriate for determining the depth and
internal structure of a form (Schrott and Sass, 2008). The Wenner array,
a technique suitable for identification of horizontal structures (Schrott
and Sass, 2008), was used preferentially (besides the Wenner-
Schlumberger and the Dipol-Dipol arrays).

The parameters of fissure surfaces were measured on 89 outcrops,
for determination of structural predisposition of glacial erosional forms.
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4. Results
4.1. Connection of geological condition and glacial activity

The following geological features (and their combination) are
important factors for development of the step-like cirques (Fig. 2):

(i) fissures of crystalline rock depending on gneissic schistosity
with predominant direction NW-SE — determining develop-
ment of the southern part of the lower cirque and the northern
rim of the higher cirque (Fig. 2);

(ii) fissures of granites with predominant directions 120-130° and
20-50°, determining development of the northern part of the
lower cirque (Fig. 2); and

(iii) the boundary between crystalline rocks and granites running
across the lower cirque, a structural weakness crucial for its
development (Fig. 2).

In comparison, the homogenous geological conditions of the gneiss
slope above Stara Jimka were unfavourable for development of a
glacial cirque, and a linear slope developed there.

4.2. Chronology of glaciation in the Prdsilské Lake area

Three main phases of glaciation were distinguished by geomorpho-
logical mapping in the Prasilské Lake area (arranged from the oldest and
most extensive to the youngest and smallest): the small valley glacier,
the combined glacier-rock glacier, and the cirque phase.
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4.2.1. The small valley glacier phase

Three types of glacial landforms of this phase were found (1. on
Fig. 3): remnants of terminal and lateral frontal moraines, and a block
field.

The remnants of the terminal moraine have two spatially
connected parts, which are separated by the stream of Jezerni Brook.
A 5 m high step created by granite blocks is presented on the left side
while a degraded moraine wall exists on the right side (Fig. 3). The
step lies partly on the slope and has probably been remodelled by
gravitational processes, while the degraded moraine wall occurs on
the flat bottom of the valley and is better preserved. However, its level
of preservation is significantly poorer than that of the moraines of the
younger cirque phase. It is continued southward by a degraded lateral
moraine preserving as a step with sporadic erratics. The farthermost
position of the terminal moraine shows a maximum glacier length of
~2060 m.

The upper moraine (Fig. 3; photo on the left) is created by granite
boulders and blocks (frequently more than 4 m long). These stones are
erratics that were transported from the granite parts of the cirque onto
the schist bedrock. The form was classified as a remnant of an upper
moraine — due to the unrounded shape of the blocks, continuous
character of the accumulation and its position behind remnants of
the frontal moraine. These geomorphological evidence (remnants
of the lateral moraine on the east side of the valley, and the block field
of the upper moraine at the rim of the cirque, representing the margin
of the glacier) were used to reconstruct the width (~760 m), thickness
(~54 m) and surface inclination (~6°) of the former glacier (in the
cross profile) (Fig. 4). The inclination of the cross profile can indicate
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Fig. 3. Landforms and selected documentary materials in the surroundings of Prasilské Lake (location on Fig. 1).
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Fig. 4. Reconstruction of thickness and inclination of the former surface of the glacier — small valley glacier phase (location on Fig. 3).

an important source of ice from the cirques area, though the glacier
probably filled the whole valley head.

The sediment of this glaciation was classified as a unimodal, ex-
tremely poorly sorted, gravelly muddy sand. The hypothesis that the
sediments were deposited by a glacier was supported by orientation of
macrofabric (22.5% of clasts in one 10°) sector — stronger than in the
other sedimentological environments (between 10.7% and 13.7% per
sector; apart from 21.2% for the front of the lobe of the glacier-rock
glacier; see Fig. 3). Additionally, the main macrofabric directions point to
the cirque area (main source of the ice), such that accordance between
directions of the main macrofabric and ice flow is evident (Fig. 3).

In comparison with sediments of the other phases, the following
facts also support the suggestion of longer glacial transport:

(i) the values of clast shape (C49 36%) and roundness (RA 30%) are
lower (Fig. 5); and

(ii) significant striation was found on clasts, but was absent in
sediments of the other phases.

SEM could not be used to analyze this phase because of high
incrustation on the surfaces of quartz grains. This does, however,
support a relatively longer time since deposition.

Due to lack of natural exposures, incorporation of older sediments
and landforms into these forms cannot be ruled out, even though the
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Fig. 5. Results of analysis of clast shapes and roundness from the surroundings of
Prasilské and Laka lakes.

spatial connectivity of the forms suggests development during a single
glacial event.

4.2.2. The glacier-rock glacier phase

Forms connected with phase II. are morphologically significant and
consistent, creating a lobe ~1500 m long: elongate below the steep
east-facing slope, 200-300 m wide and ~12 m high (Figs. 3 and 6).
The lobe begins in front of the lake, it is superimposed on the southern
part of the granite block field and it declines at the end of Stara Jimka,
near the valley head (Fig. 6).

According to results of geophysical investigation the morphology
and internal structure of the lobe are similar in front of the cirques and
in Stard Jimka (Fig. 7). The form is distinctively delimited at the
bottom (the sediment thickness is about 20 m, decreasing away from
the cirques and the steep slope above Stard Jimka) (Fig. 7). The lobe
and the moraine walls (that in front of Stard Jimka and the outer
moraine wall of the lower cirque) create unity suggesting compres-
sion of previously created sediments of the lobe by later glacial
advance (Fig. 7; Geophysical profiles 1 and 3).

The lobe is cut by a stream ravine (~12 m deep and ~280 m long)
running from Stara Jimka (Fig. 3, and photo on the right of Fig. 6),
creating a useful exposure of sediments on its left bank. Three hy-
potheses for the origin of this lobe-shaped form, from the results
of geomorphological analysis, were tested by sedimentological
methods:

(i) repeated spreading of glaciers creating a “continuum” of frontal
moraines, suggesting predominantly glacial origin;

(ii) occurrence of a “periglacial rock glacier” (also known as talus-
derived or protalus rock glacier: Benn and Evans, 1998), sug-
gesting a predominantly colluvial origin; and

(iii) activity of a glacier-rock glacier combination (Johnson, 1980;
Whalley and Martin, 1992; Benn and Evans, 1998), suggesting a
mixture of colluvial and glacial sediments.

Two samples were taken for analysis of particle morphology and
clast macrofabrics from the very front part and the middle part (30 m
from the head of the ravine) of the lobe. Both samples were taken 5 m
above the bottom (Fig. 6). The sediment characteristics can be described
as trimodal (middle gravel 29.5%, fine sand 9.3% and clay 20.9%) very
poorly sorted muddy sandy gravel, and bimodal (31.5% medium gravel
and 9.2% clay) extremely poorly sorted gravelly muddy sand.

Greater orientation of macrofabrics in the front part of the lobe
(23% in one sector, standard deviation 1.3 and circular dispersion
2.02) indicates glacial origin of the sediment (these characteristics
were similar to the sample from the small valley glacier phase)
(Fig. 3). Significantly lower roundness (RA 64.7%) and different shapes
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Fig. 6. Landforms and selected documentary materials in the surroundings of Stara Jimka (location on Fig. 1).

(C40 59%) suggest shorter transport than in sediment of the small
valley glacier phase (Fig. 5).

The orientation of macrofabrics from the second sample was lower
(12.2% in one sector, standard deviation 1.4 and circular dispersion
32.77) while the roundness and shape of clasts were similar (RA 56%
and C4o 45%) (Fig. 5). This is consistent with different origins for the
front part (glacial) and the middle part (colluvial).

To collect further evidence for the origin of the lobe, the left
bank of the ravine was sampled in a 3 by 5 grid. Micromorphological
structures on the quartz grain surfaces were observed by SEM, and
probable origin at a particular place was postulated (Fig. 8). The set of
features typical for glacial transport were remarkably well-developed
in all samples at the very front part of the lobe — e.g. small (78%) and
large (56%) conchoidal fracture, straight (67%) and arcuate (67%)
steps, and edge abrasion (61%). Characteristics suggesting longer
weathering were not significant (e.g., chemical V-shaped pits 0%,
limited silica precipitation 17%, and extensive silica precipitation 5%)
(Fig. 8).

Samples from the middle and end parts of the lobe, however,
suggest colluvial and/or glacial sediment transported for a short
distance (Fig. 8). Mechanical features typical of glacial transport were
relatively limited — e.g. small (8%) and large (8%) conchoidal
fractures, straight (28%) and arcuate (16%) steps, and edge abrasion
(20%) were found on few grains. Nevertheless, features suggesting
longer weathering without remodelling by glacial transport (typical
for eluvium or sediment from short — 100-200 m — debris flows)
were found — e.g. chemical V-shaped pits (13%), limited (28%) and
extensive (52%) silica precipitation. Grains with combinations of these

features were classified as glacial sediment transported for a short
distance.

These results accord with the third postulated hypothesis,
suggesting a glacier-rock glacier origin for the lobe and eliminating
wholly gravitational or wholly glacial origins.

4.2.3. The cirque phase

Two further accumulation forms developed when the glacier of
phase IIl. occurred in the cirques, and remnants of a glacier survived
shaded by the slope in the Stara Jimka area:

(i) two end moraines in front of Prasilské Lake (Fig. 3). The outer

moraine, terminal for this phase, is up to 12 m high. It is
southeast of the lake and has an asymmetrical position in
relation to the lower cirque (Fig. 3). Thus, development by
activity of a step-like cirque system is suggested for three
reasons: asymmetrical position of the outer moraine wall
towards the lower cirque suggests mass coming from the upper
cirque; there are no morphologically significant moraines in
front of the higher cirque; and on current relief (from DEM
analysis) all mass flows from the bottom of the upper cirque
into the lower.
The shape of the inner (recessional) moraine (damming the
current lake) accords with the sill of the lower cirque. We infer
that this moraine developed when the quantity of snow
deflated from the plateau decreased, and the activity of the
(step-like) cirque glacier system terminated (glacial activity
was restricted to the lower cirque).
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Fig. 7. Geophysical (ERT) profiles in the surroundings of Prasilské Lake (location on Fig. 3) and Stara Jimka (location on Fig. 6).
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(according to Bull, 1978; Helland et al., 1997; Fuller and Murray, 2002).

(ii) 770 m long wall lying below the linear part of the slope in front
of Stara Jimka (Fig. 6).

The wall narrows from north (~220 m) to south (~160 m wide).
All of the proximal side has a similar inclination (~20°) but the distal
slope is gentle in the north (~11°) and steeper in the south (~19°)
(Fig. 7; Geophysical profiles 2 and 3).

From the geophysical results, the original lobe of glacier-rock glacier
sediment was compressed by a later glacier forming the walls (Fig. 7;
Geophysical profiles 2 and 3). This oscillation probably corresponded with
the lower cirque wall development (1. — earlier oscillation). Consequently,
remnant ice prevailed in the central part of Stara Jimka and material
coming from the slope accumulated in front of this ice created a partly
separated wall (this wall is not significant morphologically now because
of a peatbog flattening the relief — Fig. 7; Geophysical profile 2).

The sediment of this accumulation was classified as polymodal
(medium gravel 14.2%, 9.5% fine sand, 10% very fine sand and 16.7%
clay) extremely poorly sorted, muddy sandy gravel. No particular
orientation of clasts was found (10.7% in a sector, standard deviation
1.9, and circular dispersion 15.67) (Fig. 6). Roundness (RA 81%) and

shape (C4046.9%) indicate a very short transport. These characteristics
are similar to those of glacio-colluvial sediments from the middle part
of the glacier rock-glacier phase lobe (Fig. 5). SEM analysis, however,
points to glacial modification of the sediment (significant glacial
features include small 76% and large 30% conchoidal fractures, straight
58% and arcuate 37% steps, and edge abrasion 57%).

Very low sorting, orientation and shaping of the clasts combined
with the glacial features on the surface of the quartz grains imply a
combination of glacial and colluvial processes.

Stara Jimka is divided into three main parts (Fig. 6):

(A) shallow (max. 1 m deep) frontal part in the north;

(B) ~5m deep part where a core was taken (Fig. 9), showing no
significant human influence; and

(C) <5 m deep artificially dammed part — a reservoir (used for
floating logs) — the sediments were possibly removed during
clearing of the reservoir.

The boundary between parts A and B is created by a natural dam
(~70 m wide and ~50m long). This is complemented by a
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4.40

455m 10470 silty, dark grey
BP

480 |- silty, light grey sediment

520 ==

The samples were dated in the laboratory of Gliwice Absolute Dating
Methods Centre (GADAM), Institute of Physics, Silesian University of
Technology, Poland.

Fig. 9. Core profile and results of radiocarbon dating — the filled lake in Stard Jimka (location on Figs. 6 and 7 — Geophysical profile 2).

semicircular scarp on the adjacent east-facing slope, which probably
presents a root area of slope deformation. According to radiocarbon
dating and pollen analysis, the depression was dammed directly after
deglaciation and before 14 cal. ka BP (Figs. 9 and 10; Table 1).

The former existence of a lake is confirmed by the presence of aquatic
organisms (Isoétes and algae) in the core (Fig. 10), and of Late Glacial
lake sediment in both the core (Fig. 9) and ERT sounding (Fig. 7).

4.3. Relative dating of landforms

The proposal of three phases of glaciation was supported by the
Schmidt hammer results (Fig. 11). This test was applied north of
Prasilské Lake, where boulders of granite cover all glacial landforms.
Relative dating confirmed the graded sequence of the phases — the
older (small valley glacier phase) was the most extensive, while the
youngest was connected with the cirques or with the east-facing
linear slope (Fig. 11). Within each mapped landform the weathering
of boulders was similar: Coefficients of Variation (Fig. 11) were <15%.
However, there are two exceptions. Higher coefficients were found
firstly in deposits of the oldest glaciation, and secondly on boulders
covering the headwall (Fig. 3). Weathering over a long time period
possibly caused differences between boulders of the oldest phase (the
weathering probably exceeded the range of sensitivity of the Schmidt
hammer test). Conversely, variation between relatively older and
younger boulders on the headwall suggests continuous activity of
rock falling during the Holocene.

5. Interpretation and discussion

Three phases of glaciation (Table 1) were reconstructed in the
surroundings of Prasilské Lake and Stard Jimka. The remnants of the
most extensive glaciation suggest the former existence of a small valley
glacier filling the head of the valley. The distribution of geomorpholog-
ical forms and the surface inclination of the reconstructed glacier
confirm a connection between the glacier, the steep east-facing slope
and the deflation plateau (Steffanova and Mentlik, 2007). The
approximate altitude of deflation plateaus in the Sumava Mountains
was ~1200-1300 m asl (the average altitude of the highest points of the
headwalls of six Sumava glacial cirques was 1285 m). Snow was
deflated from the plateau, accumulated to leeward, and further
transported by snow avalanches. Such connection between the plateau

and the cirques implies predominant westerly winds when the glaciers
developed, and supports the conclusions of Renssen et al. (2007) that
west or northwest winds were dominant in Central Europe during the
Weischselian Late Pleniglacial.

We suggest that glacier development followed the build-up of a snow
cap on the plateau ~ 1300 m asl, providing a source for enhanced snow
deflation as described by Nesje and Dahl (1992) for western Norway.

If we compare the calculated size of former glaciers from the
surroundings of Prasilské Lake and Kleiner Arbersee (Raab and Vélkel,
2003) (Table 2), length, and width are similar but the thickness of the
Prasilské Lake glacier was only half of that at Kleiner Arbersee. This is
probably due to the lower altitude of deflation plateaus on adjacent
ridges (less than 100 m) and also the lower relative height of the
headwall in the Prasilské Lake area (Table 2).

Conversely, longer former glaciers (up to 7 km) were suggested by
Hauner (1980) for the eastern part of the Bavarian Forest (Rachel-
Lusen area) with valleys heading south. More favourable conditions
for glaciers there might come from the larger and higher (more than
1300 m) deflation plateaus. However, this difference remains as an
issue for future research.

The second glacier-rock glacier phase (Table 1) is represented by
the elongated lobe-shaped form below the steep slope facing east. The
glacial front part and the colluvio-glacial body support the hypothesis
of glacier-rock glacier origin. The development of glacier-rock
glaciers has been described also from other mountain areas (Whalley
and Martin, 1992). For the Présilské Lake area, the development can
be summarized as follows:

(i) after retreat of the small valley glacier, remnants of glacier ice

were preserved in the shadow of the steep slope facing east;

(ii) debris from the slope fell on the glacier remnants and the weight
of this sediment reactivated glacier flow; while the front part was
moving, producing glacial features in the frontal deposit, debris
was falling on the rest of the form leading to the colluvio-glacial
features which predominate in the middle part; and

(iii) flow velocity reduced and finally stopped due to thinning and
ablation of the ice.

This concept suggests a direct connection between first two phases,
as remnants of the reduced glacier provided a basis for the glacier
rock-glacier phase.
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Fig. 10. Results of pollen analysis of the filled lake in Stara Jimka (location on Figs. 6 and 7 — Geophysical profile 2).



Table 1

P. Mentlik et al. / Geomorphology 117 (2010) 181-194

Summary of landscape development in the surroundings of Prasilské Lake.

191

Phase of landscape
development

Prasilské Lake area
(cal. '“C BP)

Type of glacial activity in the
Prasilské Lake area

The Alps (Preusser, 2004; Ivy-Osch et al., 2008)

(cal.'C BP)

North Atlantic region
(Bjork et al., 1998)

Small valley glacier phase

Glacier-rock glacier phase

Cirque phase

Paraglacial phase sensu stricto

Periglacial processes

Recent geomorphological
processes

?

Before 14 ka

~14 ka

~14-10ka

~10 ka-present

Specific valley glacier (connected
with the steep and high east-facing
slope and deflation plateaus)
Glacier-rock glacier activity
connected with the steep east-
facing slope

Step-like cirque system activity;
Glacier in Stard Jimka

Cirque glacier (glacier activity only
in the lower cirque); remnants of
ice in Stara Jimka

Unloading of slope: slope
movements damming the lake in
Stara Jimka

Shrubs —higher activity of rock
falling, gelifluctin

Occurrence of forest (Fagus, Picea,
and Abies) and recent

Oldest Dryas

Bolling/Allered

Younger Dryas

LGM

before 18-19 ka

Phase of early Late 18-17 ka

Glacial ice decay
Gschnitz

Clavadel or Daun

Egesen

16-17 ka

Before 14.7 ka

12.9-14.7 ka

>12.9 ka

Holocene

GS-2¢  21000-18500

GS-2b  18500-16500

GS-2a  16500-15000
Gl-1  15000-13000
GS1 13000-11500

geomorphological conditions
(fluvial activity, rockfall etc.)

These Bohemian Forest landforms have generally been interpreted
as glacial rather than periglacial (Kunsky, 1933; Raab and Volkel,
2003; Vocadlova and KfiZek, 2005). Absence of rock glaciers and
related forms in the Bohemian Forest and in the whole Czech Massif
seems to be very unlikely — rock glacier sediments were observed
only in the Kru$né Hory Mountains (RuZickova et al., 2001) and the
Hruby Jesenik (Czudek, 1997). This is unexpected, in comparison with
other European regions (Harrison et al., 2008).

The final cirque phase (Table 1) was probably connected with a
cooler and/or wetter climate and/or strong wind activity favouring
snow accumulation in the cirques. Both cirques and Stard Jimka
contained ice at the start of this phase, but finally glaciation was
limited to the lower cirque.

80— @—@ R...values: according to Evans et al. (1999)
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Fig. 11. Results of Schmidt hammer test in the surroundings of Prasilské Lake
(v=Coefficient of Variation; s = standard deviation).

According to the radiocarbon dating and pollen analysis (Figs. 9
and 10), the development of geomorphological conditions in the Late
Glacial and Holocene may be summarized as follows:

(i) the end of glaciation before ~ 14 cal. ka BP: the area was ice free
before the Younger Dryas. This accords with the conclusions
of Raab and Voélkel (2003) from the surroundings of Kleiner
Arbersee and of PraZikova et al. (2006) from Plesné Lake:
the deglaciation of that area is dated at 14.6cal. ka BP. But the
lack of glacial activity in the Younger Dryas distinguishes the
Bohemian Forest from some other middle-mountain areas in
Central Europe — the Vosges (Mercier and Jeser, 2004) and the
KrkonoSe Mountains (Mercier et al., 2000; Bourlés et al., 2004);
instability of slopes connected with higher activity of mass
movements occurred in a paraglacial phase after deglaciation. A
landslide occurred around 14 cal. ka BP and a lake (~ 3 m deep)
was dammed in Stara Jimka;

cold conditions, documented by aquatic psychrophile algae
(Pediastrum boryanum var. longicorne and P. integrum), persist
in the profile until ~ 10 cal. ka BP (Fig. 10) — implying peri-
glacial conditions in the shaded areas of the headwall and the
cirques. Higher activity of slope mass movements (rockfall and
sliding) predominated until development of forest around
10 cal. ka BP stabilized the slopes. This event was connected
with lower abundance of Betula nana, Juniperus, and Salix
(probably shrubs growing around the lake) (Jankovska, 2006)
and Helianthemum (growing on the free rock surfaces of the
headwalls). Conditions in the Bohemian Forest were signifi-
cantly milder than in the KrkonoSe (Mercier et al., 2000;
Bourlés et al., 2004) and even Vosges where permanent ice
cover seems to have disappeared around 6 ka (Mercier and
Jeser, 2004, p. 117).

(iv) The lake was infilled ~4 cal. ka BP, when aquatic organisms

(e.g., Isoétes and various aquatic algae) disappeared (Fig. 10).

(ii

a2

(iii

=

Comparison of our results with the conclusions of other work on
the glaciation of the Bohemian Forest is problematic because authors
have used different methods for evaluating the numbers of glacial
readvances (Table 3). Some authors described the quantity of
moraines (e.g. the four moraine walls of Raab and Vélkel (2003)),
while others tried to reconstruct phases of glaciation. Authors using
the second approach included moraine walls and other (e.g., step-
like) landforms. We prefer this second approach, considering both the
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Table 2

Comparison of opinions about former glaciers in areas of selected glacial lakes in the Bohemian Forest.

Area Maximal  Maximal.  Maximal Lower extension of  Authors Altitude of adjacent ~ Highest point in the
length width thickness  glacier deflation plateau cirque surroundings

Surroundings of Kleiner Arbersee 2600 m 800 m 115m 830-880 m asl Raab and Volkel (2003) ~1300 m 1456 m asl

Surroundings of Prasilské Lake 2060 m 760 m 51 m 1025 This work ~1200 m 1315 masl

number and the character of glacial landforms in reconstructing the
glacial history of the area. According to our results (Table 3), between
two and four glacial phases (stadials) occurred in the Bohemian Forest
during the last cold period (Wiirm/Weichselian).

Data on glaciation of the Bohemian Forest can provide connections
between European stratigraphical systems in longitudinal directions,
with northern Europe and the Alps (Table 1), in terms of:

(i) at least two periods of glacial activity (cold), with the older
period being more extensive;

(ii) in a more temperate period between these two the glacier
retreated and the glacier-rock glacier developed;

(iii) 32.44-9.4 ka BP (IRSLage) is a maximum age for glaciation in the
Bavarian Forest (Raab and Vélkel, 2003). This supports the idea
that the most extensive Weichselian glaciation probably oc-
curred in MIS 2, as in the Alps (between 21-24 ka BP: Preusser,
2004) and the Vosges (Mercier and Jeser, 2004); and

(iv) glaciation in the Bohemian Forest finished before the Belling/
Allergd and occurred in conditions colder and/or more humid
than in the Younger Dryas, when the cirques were ice free
(Raab and Volkel, 2003; Prazakova et al., 2006).

We also compared our results and the data from the Alps (Preusser,
2004 and Ivy-Osch et al., 2008) and northern Europe (Bjork et al.,
1998) (Table 1). The small valley glacier phase can be correlated with
the Last Glacial Maximum in the Alps (before 18-19 ka), MIS 2 and
stage GS2a in northern Europe. The glacier-rock glacier phase can be
correlated with Late Glacial decay in the Alps (17-18 ka BP) and stage
GS2b in north Europe (Table 1). Two colder glacial oscillations
occurred in the Prasilské Lake area (documented by two moraine
walls in the cirque) between the LGM and Belling/Allergd (stage G1-1
in the north Europe). The first one might correspond with the Gschnitz
cold phase in the Alps (16-17 ka BP) (Preusser, 2004) and the second
one with Clavadel or Daun phases (dated before 14.7 ka in the Alps).
This cold period was not significantly distinct in northern Europe
(Bjork et al., 1998). Thus we suppose that the glacial chronology of the
Sumava Mountains relates to climatic conditions similar to glaciations
in the Alps (which are closer than southern Norway).

In a latitudinal direction, it is possible to distinguish a significant
eastward decrease in intensity of glaciation in European Hercynian
massifs during the last cold period. Valley glaciers (more than 40 km long
on the western side and 15 km on the eastern side) occurred in the

Table 3
Comparison of ideas on glacial sequences in surroundings of selected glacial lakes in the
Bohemian Forest.

Area Character of glaciation, morphology, and age Authors

Pfaffl (1998)

North cirque of 4 moraine walls; Wiirm
Grosse Rachel

Grosse Arbersee 4 moraine walls; Wiirm

Kleiner Arbersee 4 moraine walls; Wiirm

Pfaffl (1998)
Raab and Volkel
(2003)

Plesné Lake Basal accumulation (probably cryogenic), Votypka (1979)
frontal and passive moraine; 2 phases
Cerné Lake At least 3 generations of moraine walls Vocadlova and

KfiZek (2005)
This work
Mentlik (2005)

Prasilské Lake
Laka Lake

3 phases of glaciations
3 moraine walls (2 phases of glaciations)

Vosges (Mercier and Jeser, 2004), a small ice cap in the Schwarzwald, and
repeated glaciations despite relatively low altitude (Brocken 1142 m asl)
in the Harz (Fiebig et al., 2004). In contrast, cirque glaciers and small
valley glaciers (lengths up to 3 km) existed in the Sumava, connected
with ridges with altitudes ~1200-1300 m. Finally, small cirque-shaped
forms (Mala and Velka Kotlina valleys) existed below ridges with
altitudes ~1400 m in the Hruby Jesenik (Czudek, 1997, 2005) farther
east. The difference between sizes of glaciers in the Czech part of the
Bohemian Forest (valleys facing north) and in the German part (valleys
facing south), where Hauner (1980) described valley glaciers with
lengths up to 7 km, remains as a question for future research.

A glacial origin has also been proposed for the cirque-shaped form
below Klinovec Mountain. (1244 m asl, in the Krusné Hory Mountains),
however Kral (1968) argued that it is a remnant of a large rockfall.
Similarly, the extensive moraine system described by PeliSek (1953)
below Smrk Mountain (1276 m asl) in the Moravskoslezské Beskydy is
more likely a remnant of extensive debris flow activity in the Late
Pleistocene and Holocene (Panek et al., 2009). As glaciers required summit
altitudes of ~1200-1300 m asl in the Bohemian Forest, it is probable that
lower mountains such as the Krusné Hory did not have sufficient altitude
for development of glaciers, whereas drier conditions associated with
greater continentality in the eastern Czech mountain ranges (the
Moravskoslezské Beskydy) were insufficient for development of glaciers.

Glacial forms in the Bohemian Forest have been investigated by
geophysical methods for the first time. As well as the ~20 m thick layer
of sediment connected with the glacial landforms, a thick layer (more
than 70 m) of unconsolidated sediment was found by the ERT method.
The slope above Stara Jimka, and the headwall of the lower cirque, fall
very steeply below this material. We hypothesize that the valley is
filled by sediment, which may be connected with older glaciations,
and we are able to see only the upper parts of the erosional forms at
present: further work on these sediments is required.

6. Conclusions

(i) The development of erosional glacial forms in the Prasilské
Lake area is significantly influenced by a combination of
geological conditions (fissures of granites, foliation of crystal-
line schists, and bedrock boundaries);

(ii) geomorphological methods show the presence of small valley
glaciers (up to ~2 km long) in the Czech part of the Bohemian
Forest at the LGM, followed by cirque glaciers in two stadials
possibly correlated with the Gschnitz and Clavadel or Daun
cold phases in the Alps. The exact timing, however, must be
established by absolute dating. Our results suggest close
climatic relations of the Bohemian Forest with the Alps rather
than with northern Europe;

(iii) the termination of glaciation before the Younger Dryas in the
Bohemian Forest contrasts with that in the Vosges and Krkonose
Mountains;

(iv) in comparison with other previously glaciated areas in central
Europe a significant differentiation of glacial landforms was
found in the surroundings of Prasilské Lake. Apart from moraine
walls, the presence of a glacier-rock glacier combination and of
glacio-colluvial formations was determined. Such forms may
have been omitted or misinterpreted in similar areas in the
Bohemian Forest and Czech Massif;
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(v) a shallow (~3 m deep) lake existed in Stara Jimka from 14 to
4 cal. ka BP. The lake was dammed by slope movements in a
paraglacial phase after deglaciation;

(vi) comparison with results from the other middle-mountain areas
in the Czech Massif suggests dependence of glaciation on
altitude (~1200-1300 m) and confirms the eastward decline of
humidity and thus of glaciation; and
although the thickness of glacial sediments belonging to the last
glaciation had been identified as ~20 m, preliminary geophys-
ical results suggest an infill more than 70 m thick at the head of
the valley, connected with glacial activity. If confirmed, that
would indicate much longer and more complicated develop-
ment of the landscape in the Quaternary than has previously
been established from surface evidence.

(vii
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1. Uvod

Nezpevnéné sedimenty jsou tvoreny premisténym a usazenym materidlem,
ktery vznikl rozpadem hornin. Prostor mezi jednotlivymi zrny neni vyplnén
tmelem, na rozdil od zpevnénych sedimenti (Kukal 1986). Nezpevnéné se-
dimenty lze rozlisit podle genetického typu, tedy jejich ptivodu a podminek
vzniku. Zéakladni genetické skupiny kvartérnich sedimentt vyskytujicich se
na uzemi Ceska jsou: fluvialni, ledovcové, eolické, svahové, jezerni a jeskynni
(Ruzickova a kol. 2003). Smyslem jejich zkoumani je poznani vyvoje a zmén
fyzickogeografickych podminek v ¢ase. Jednim z hlavnich tkold geomorfologie
je uréeni geneze reliéfu, coz lze v nékterych pripadech odvodit ze znalosti cha-
rakteristik materialu, ktery je tvori. Jednou z metod, ktera umoznuje odpo-
védét na otazky geneze sedimentt a tedy i tvaru jimi tvorenych, je exoskopie
neboli studium povrchovych textur na kfemenych zrnech (Margolis, Krinsley
1971; Fitzpatrick, Summerson 1971; Halley, Krinsley 1974; Le Ribault 1975;
Cremer, Legigan 1989; Mahaney 2002). Tato metoda ma potencial, aby byla
v budoucnosti vice pouZivana v geomorfologickém vyzkumu. Jednim z cila
élanku je predstavit tuto metodu, jeji moznosti a zejména etablovat ¢eskou
terminologii, ktera do dnesni doby bud neexistuje anebo neni diky dilé¢im stu-
diim ujednocena. Dalsim cilem je na vzorovych prikladech (morény z udoli
Labe; mury, povodnovych sedimenti a deluvia z udoli Bilého Labe a eolického
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sedimentu z prazského Klarova) demonstrovat, do jaké miry lze exoskopickou
metodou odlisit sedimenty rtizné geneze.

2. Povrch klastickych zrn

Metodu exoskopické analyzy uvedl v roce 1935 André Cailleux pod ndzvem
morfoskopie pisku. Princip metody spociva ve studiu kiremennych zrn, ktera
béhem transportu prodélala signifikantni zmény na svém povrchu. Typ flui-
da, rychlost a délka transportu urcuje mnozstvi vzniklych texturnich prvka
a zaroven interpretovatelnost procest, jimiz kifemenna zrna béhem transpor-
tu prosla (Le Ribault 2003a). Povrch kfemennych zrn je pozorovan pod bin-
okularnim a nasledné elektronovym mikroskopem pii vicendsobném zvétseni.
Idealni velikostni frakce zrn pro tuto analyzu je 300 az 500 um, protoZe na
zrnech této velikosti se nejlépe projevuji mechanické i chemické vlivy (Le Ri-
bault 1975; Censier, Tourenq 1986; Cremer, Legigan 1989), jejichz procentual-
ni zastoupeni u jemnozrnnych sedimentd neni zcela jasné (Lisa 2004).

Na povrchu zrn se setkavame se znaky mechanického nebo chemického ptvo-
du. Lze rozlisit stupen lesklosti (leskly az matny) a skulpturni znaky (ryhovani,
poskrabani, narazova deprese, vtisky aj.). Matny povrch kiemennych zrn pis-
¢ité frakce byva vétsinou spojovan s eolickymi pochody, leskly vznika nejéastéji
dlouhym transportem ve vodnim prostiedi ek, nebo vyvojem v motrském pro-
stiredi. V poustnich podminkéach je leskly povrch vysvétlovan tenkym povlakem
poustniho laku chemogenniho ptavodu (Petranek 1963, Le Ribault 2003b).

3. Mikrotextury podle geneze

Geneze sedimentt urcovand metodou exoskopie odvisi od vyskytu charak-
teristickych mikrotextur (viz tab. 1, obr. 1-5) ¢i jejich soubort na povrchu zrn
(sensu Le Ribault 1975). Jedna se o takové mirkotextury, které vznikly pii zveé-
travani, transportu a sedimentaci materialu a jejichz procentualni zastoupeni
vétsinou neprevysuje 60 % (Mahaney, Stewart, Kalm 2001). V ramci jednoho
prostfedi mohou byt kfemenna zrna ovlivnéna nékolika geneticky odliSnymi
procesy (Alkaseeva 2005), avsak nejzietelnéjsi tvary na kiremennych zrnech
jsou vétsinou takové, které vznikly béhem posledniho transportu. Kromé pro-
cesu ktery se podilel na poslednim typu transportu dokaze exoskopie odhalit
na jediném zrnu az 8 epizod vyvoje (Le Ribault 1975).

Vztahy mezi eluvidlnimi, fluvidlnimi a eolickymi prvky se méni se zménami
klimatickych podminek. V1iv procest na mikroreliéf zrna zavisi také na trvani
transportu a energii transportniho média. Intenzita chemické transformace
povrchu kifemennych zrn je zavisla na dobé pisobeni chemickych procest, kli-
matu, texture sedimentd, velikosti zrn minerald a na pozici v piadnim profilu
a v reliéfu (Alkaseeva 2005). P¥i zkoumani vzorku je tieba mit na zteteli, ze
zrna ruznych genetickych typd mohla byt béhem svého transportu smichana
(Mahaney, Kalm 2000).
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Obr. 1 — Nejcastéjsi
tvary vyskytujici se
na povrchu zrna:

f — paralelni ryhy,

g — V-jamky, i — rovné
brazdy, 1 — kfemiéité
skryvky. Vzorek
eolického sedimentu;
Praha-Klarov.

Obr. 2 — Nejcastéjsi
tvary vyskytujici se
na povrchu zrna:

a — lasturnaty lom,
d — puklinové plochy,
h — srpkovité tvary,

i —rovné brazdy,

j — obloukové brazdy,
k — prilnavé ¢astice.
Vzorek sedimentu
mury; udoli Bilého
Labe, Krkonose.

Obr. 3 — Nejcastéjsi
tvary vyskytujici se

na povrchu zrna:

e — klikaté hrbitky,

1 - kfemicité skryvky,
m — kiemiéity povlak.
Vzorek fluvialniho
sedimentu; tdoli
Bilého Labe, Krkonose.



Obr. 4 — Nejcastéjsi
tvary vyskytujici se

na povrchu zrna:

b — rovné stupné,

¢ — obloukové stupné,
k — prilnavé éastice.
Vzorek deluvia; dadoli
Bilého Labe, KrkonosSe.

Obr. 5 — Nejcastéjsi
tvary vyskytujici se
na povrchu zrna:

a — lasturnaty lom,

¢ — obloukové stupné.
Vzorek glacialniho
sedimentu; Labské
udoli, Krkonoge.
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3.1. Eolické sedimenty

Tato geneticka trida sedimentd je pro exoskopicky popis nejvhodnéjsi. Eolic-
ka zrna maji zpravidla nizky, dobie zaobleny reliéf (Mahaney, Stewart, Kalm
2001), jsou matna (Le Ribault 2003b) a 1épe zaoblena nez fluvidlni zrna (Lin-
dé, Mycielska-Dowgialto 1980). Stupen zaobleni klesa (zrna jsou nepravidel-
néjsi) s jejich rostouci velikosti, coZ je zptisobeno pravdépodobné tim, Ze klesa
i jejich hybnost (Mahaney 2002).

Mikrotextury pozorované na eolickych piseénych zrnech jsou Stépné platky,
brazdy priblizné 0,5-10 pym velké, prodlouzené prohlubné (Mahaney 2002),
srpkovité tvary, V-jamky, misovité jamky, prilnavé ¢astice (Lindé, Mycielska-
-Dowgialto 1980), teckovani (Lisa 2004), kiemicity povlak (Le Ribault 2003b).
Naopak linearni paralelni lomy a lasturnaté lomy se vyskytuji jen miniméalné
(Mahaney, Stewart, Kalm 2001).

Neékteré z impaktnich tvara jsou nalézany pouze na vétsich piseénych zr-
nech. Tyto tvary jsou kirehké a obvykle byly odstranény béhem eolické abraze
a chemického zvétravani (v horkych poustnich oblastech muize poustni rosa,
ktera je nasycena COs, proniknout az do hloubky 2—-3 cm; Mahaney 2002). Nej-
markantnéj$im znakem jsou srpkovité tvary, které jsou tim vice uhlazeny, ¢im
jsou star§i. Eolickymi procesy vznikaji na kifemennych zrnech také V-jamky
a misovité jamky.

3.2. Glacidalni sedimenty

Na subglacidlnich zrnech vznikaji tvary zptsobené drcenim ve vlhkém
prostiedi, ale kifemicité srazeniny se vyskytuji jen vzacné. Tato zrna byvaji
nejvice nachylna k poruseni na svych hranach a rozich, zatimco plochy jsou
zasazeny méné (Halley, Krinsley 1974). Co se tyka piskd, predpoklada se, Ze
na téchto zrnech se nalézaji pouze zdédéné texturni znaky (napt. pokud se
zrna v ledovci navzdjem nedotykala kvili jejich mensimu mnozstvi), protoze
zvétravanim se zrna pouze uvolnila a dale byla jen pasivné transportovana
na povrchu ledovce (Mahaney, Stewart, Kalm 2001). Vétsina téchto zrn ma
vysokou sféricitu a ostrohrannost. Typické jsou pro né stépné vlocky a prilna-
vé Castice, ale pozorovany byly také obloukové stupné a linearni i obloukové
brazdy (Halley, Krinsley 1974).

7 exoskopického pohledu jsou glacigenni zrna ostrohrannd, nenesou znam-
ky uhlazeni ani zaobleni, pokud nedoslo k chemickému nebo mechanickému
pretvoreni, a jejich povrch muze byt jak matny, tak leskly (Le Ribault 2003b).
Reliéf zrn je proménlivé hladky (Fitzpatrick, Summerson 1971) az drsny (Le
Ribault 2003b) a relativné vysoky, zvlasté oproti zrnium pobiezniho a eolic-
kého prostiedi (Krinsley, Doornkamp 1973). Na povrchu glacigennich zrn je
mozné nalézt nejvyssi pocet mikrotextur ve srovnani se zrny, na ktera pusobily
jiné geomorfologické procesy (Mahaney 2002). Zatimco na zrnech eolického
a fluvialniho prostiedi existuji podobné mélké, lasturnaté a linearni paralelni
lomy, jejich hranaté tvary, hluboké zasazeni do povrchu zrn a ¢asté usmérnéni
je jedineénym znakem pro zrna glacigenniho ptavodu (Mahaney, Kalm 2000).
Zrna vlecena na bazi ledovce jsou vSak pravdépodobné méné ostrohranna
a texturovana nez céastice pohybujici se s ledovecem na jeho povrchu ¢i uvnitr
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(Dowdeswell 1982). To samé plati pro zrna glacimarinniho ptavodu (Strand,
Passchier, Nési 2003). VSeobecné je mezi englacialnimi a supraglacialnimi
zrny jen malo rozpoznatelny rozdil (Halley, Krinsley 1974).

Na stupen poskozeni zrn ma také vliv mocnost ledovce, kterym jsou zrna
unasena, a délka jejich transportu. U ledoved o mocnosti mezi 200-800 m
(horské ledovce) je vyskyt lomu a poruch na povrchu zrna mensi (20-30 % zrn
ve vzorku), zatimco u kontinentdlnich ledovct (mocnost vétsi nez 1000 m) je
vétsi. Postupné zvySovani mocnosti ledovce tedy zpisobuje vétsi stupen po-
Skozovani kfemennych zrn. Vznikaji ¢astéji paralelni hrbitky, lasturnaty lom,
obloukové stupné, srpkovité tvary a hluboké brazdy a povrch zrn je znacné
ostrohranny. Stupen poskozeni zalezi také na pozici vici ledovei (od nejmensi-
ho stupné poskozeni po nejvyssi to jsou zrna supraglacialni, englacidlni a ba-
zalni) a zda-li ma ledovec chladnou (suchou) nebo teplou (vlhkou) bazi, kde
u suché baze prevazuje kiehky smyk a u vlhké baze plasticky az plasticko-
-kirehky smyk (Mahaney, Andres 1991; Mahaney 1995).

Za reprezentativni mikrotextury pro glacialni transport jsou povazovany
lasturnaty lom, linearni subparalelni lomy, rovné a obloukové stupné a hlu-
boké brazdy, tvary vzniklé drcenim a tlakovym rozpousténim, paralelni ryhy
a hrbitky, prilnavé castice a stépné vlocky. Vyskytovat se mohou také srpkovi-
té tvary, Stépné platky, V-jamky a kiemicité povlaky. Pro vétsi zrna je typicky
lasturnaty lom, zatimco pro mal4 zrna to jsou $tépné platky a puklinové plochy
podél nékterych lasturnatych lomta. Pokud byla zrna vystavena drceni, potom
je u nich vétsi variabilita ve velikosti a rozsahu lasturnatych lomt a stépnych
platkd, nez by bylo normalni u nezvétralych zrn (Krinsley, Doornkamp 1973;
Mahaney, Vortisch, Julig 1988). Dale se na vétsiné glacialné transformova-
nych zrn bézné vyskytuji linearni paralelni lomy, prilnavé ¢astice a V-jamky.
V-jamky mohou vznikat kolizemi ve vodnim prostiedi, ale jejich velky rozmér
(50 um) ukazuje spiSe na glacialni transport (fluvioglacidlni zrna jich maji
vice) (Mahaney, Kalm 2000).

Z chemickych mirkotextur charakteristickych pro glacidlni sedimenty to
jsou tvary vzniklé vysrazenim, jako napt. vyleptané orientované jamky a tec-
kovani.

3.3. Fluvidlni sedimenty

V dusledku vodniho transportu se povrch zrn zaobluje a reliéf je relativ-
né nizky (Helland, Huang, Diffendal 1997; Mahaney, Stewart, Kalm 2001),
pri¢emz vodni toky s nizkou kinetickou energii znatelné nepretvareji povrch
transportovanych zrn. Ta se tak podobaji vice tillim (Mahaney 2002). Malo
obrousena zrna se také nachazeji v chranénych mistech toku (Censier, Tou-
renq 1986). 5

Znamkami vodniho transportu jsou V-jamky. Cim vyssi energie toku, tim
vy$si frekvence vyskytu mikrotextur. V systémech hornich toku jsou vysoké
rychlosti a V-jamky a rizné impakty se stavaji vyrazné velkymi a frekventova-
nymi (Mahaney 2002). Mezi dalsi impaktni tvary patii napt. misovité jamky
(Clocchiatti, Le Ribault, Rodrigo 1978) a mechanické ryhy (Cater 1984, Lisa
2004). Ve vodnim prostiedi o vysoké energii je kifemicity povlak na nechrané-
nych ¢astech zrn slabé az silné obrousen (Cremer, Legigan 1989). Pri stiedni
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energii toku jsou impaktni tvary zahlazovany (Le Ribault 1975; Censier, Tou-
renq 1986). V oblasti dolniho toku rek se mohou vyskytovat zrna jinych gene-
tickych typt, napr. glacigenniho apod., ktera sem byla dopravena z hornich
¢asti povodi. V tomto prostiedi o nizké energii se tvoii kiemicité srazeniny,
orientované vyleptané jamky, narusty kiremennych krystali (Cremer, Legigan
1989) a také drobné impaktni tvary vzniklé tfenim mezi zrny. Ohlazen4, lesk-
14 zrna maji silné zhlazené hrany, zatimco mista v dutinach jsou silné zkorodo-
vana (Censier, Tourenq 1986). Chybi zde brazdy a stupné (Mahaney, Stewart,
Kalm 2001).

3.4. Svahové sedimenty

Zkoumani mikroreliéfu kifemennych zrn svahovych sedimentti metodou
exoskopie je nejméné probadanou oblasti. Rychlost pohybi je velmi variabilni
(od milimetrt za rok po nékolik stovek metri za sekundu) a podle toho se také
odviji vyskyt mikrotextur (Mahaney 2002). Z dostupnych dat se zda, Ze zvét-
ravani podlozi prili§ neovliviiuje povrch zrn (Mahaney 2002).

Na zrnech byly pozorovany mikrotextury, které nebyly v jinych prostredich
zatim zaznamenany. Jedn4 se o hluboké paralelni brazdy s kratkymi rozestu-
py a radialni brazdy. Mimo jiné se hojné objevuji puklinové plochy a , mikro-
fraktury®, které je mozné povazovat za charakteristické (Mahaney 2002). Du-
lezitym znakem je také vyskyt mechanické abraze hran, kterym se svahové
sedimenty lisi od eluvia.

3.5. Jezerni sedimenty

Rybniky a jezera predstavuji prostiedi o nizké kinetické energii fluida, kte-
ré unasi a zejména uklada zrna, jeZ proto nejsou promichavana a prili§ po-
rusovana, ale jsou pokryta jilem (Le Ribault 2003b). Zrna si zanechavaji na
svém povrchu tvary, které se utvorily béhem predeslého transportu k jezeru.
Na povrchu zrn lezicich ve vodé se vsak mohou utvaret kiemicité srazeniny
a povlaky (Mathur, Mishra, Singh 2009).

4. Metodika

Kopanymi sondami byly ziskany sedimenty z vybranych geneticky rtzno-
rodych skupin tvara, tj. z glacigennich, fluvidlnich, svahovych a eolickych
(tab. 2). Byla snaha provést odbér na relativné malé plose s obdobnymi geo-
logickymi a fyzickogeografickymi podminkami i s podobnou historii vyvoje
reliéfu. Vyjimku tvoii jen eolické sedimenty, které se v Krkonosich nenacha-
zeji a pro jejichz odbér byla vybrana poloha eolickych sedimentt na prazském
Klaroveé.

Zrna kazdého ze studovanych vzorku byla rozdélena plavenim na velikost-
ni frakei 250-500 pum. Jednotlivé vzorky byly dale vyvateny v koncentrované
HCI, promyty destilovanou vodou a vysuSeny. Z takto pripraveného vzorku
bylo pod binokuldrnim mikroskopem vybrano 50 kifemennych zrn, ktera byla
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Tab. 2 — Charakteristika odebranych vzorka

Geneticky typ sedimentu/ Struéna charakteristika tvaru a odbérového mista
Misto odbéru

Moréna / Labské udoli, Lokalita (50°44'53,6" s. §., 15°37'24,9" v. d.) se nachazi

Krkonose v nadmorské vysce 828 m na pravém okraji idolniho dna
Labe. Sedimenty pochézeji z ptirozeného odkryvu 8 metru
vysoké profiznuté ¢elni wiirmské morény, kterou popsal jiz
Vitasek (1923). Na zédkladé studia sedimentt v Labském
dole (Engel a kol. 2005) se podarilo zjistit, Ze jiz na konci
MIS 3 nebyl ledovec pritomen v karu Labského dolu (Engel

a kol. 2010).
Mura / Udoli Bilého Odbérova lokalita (50°44'13,7" s. §., 15°39'27,8" v. d., 1110 m
Labe, Krkonose n. m.) se nachazi v dolni éasti k severu orientovaného

levého svahu udoli Bilého Labe. Zde byl materidl odebran
z bo¢niho valu mury (vzniklé v roce 1994) nad turistickym
chodnikem vedoucim na Bilou louku.

Fluvialni sediment / Fluvidlni sediment byl odebran (50°44'53,6" s. §.,

Udoli Bilého Labe, 15°37'24,9" v. d., 857 m n. m.) z povodnovych akumulaci
Krkonose nachézejicich se uvnit# koryta a vzniklych v roce 2006.
Deluvium / Udol{ Deluvidlni sedimenty byly odebrany z jamy po vyvratu
Bilého Labe, Krkonose v dolni ¢asti pravého tidolniho svahu (sklon 20°) Dolu

Bilého Labe (50°46'8,4" s. §., 15°37'9,1" v. d.). Lokalita se
nachdzi 5 metra nad turovni sou¢asného dna.

Eolicky sediment / Eolické sedimenty byly odebrany z vychodné orientovaného
Praha-Kldrov svahu vltavského tdoli na prazském Klarové (50°5'34,0"
s. §., 14°24'33,8" v. d.), kde se dochovaly jejich zbytky
v podobé zavéji eolik (Kovanda et al. 2001) na letenském
souvrstvi (Chlupac¢ 1999).

néasledné pripevnéna na uhlikovou pasku a pozlacena a vyfotografovana pod
elektronovym mikroskopem Cameca SX 100.

Pro zhodnoceni vysledkt exoskopie jsou pouzivany statistické testy (napr.
Mahaney 2002). Jednim ze zakladnich prostiedkt sumarizovani dat o mikro-
texturach je zakreslovani histogramu nebo sloupcovych graft, které znazornuji
frekvenci vyskytu jednotlivych mikrotextur na kazdém zrné. Jednou z metod,
jak analyzovat sloupcové grafy souctt (rozdéleni frekvenci vyskytu) pozorova-
nych mikrotextur na sedimentarnich zrnech, je kvantifikace podobnych a od-
lisnych znakd mezi porovnavanymi vzorky. Pro porovnani podobnosti zrn byl
pouZzit koeficient vzdalenosti d (sensu Mahaney 2002):

D
d; :\/Z(xik —x;)°
k=1

kde d; je koeficient vzdalenosti mezi dvéma prostredimi (i, j), mérenymi na
dvojicich hodnot frekvence vyskytu kazdého znaku x ze dvou srovnavanych vzor-
k1 (prostiedi). Pofadi srovnavanych znakt zacind k£ = 1 (prvni dvojice) a kon¢i
k = p (posledni dvojice). Cim je hodnota d mens§i, tim jsou si zrna podobnéjsi.
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5. Vysledky

Za referencni vzorky byly vybrany sedimenty pochézejici z geomorfologic-
kych tvart znamé geneze (viz tab. 2): moréna v udoli Labe, mura v ddoli Bilé-
ho Labe, povodriové sedimenty a deluvium z ddoli Bilého Labe a eolicky sedi-
ment z prazského Klarova.

Fluvialni sedimenty se vyznacovaly nizsi éetnosti vyskytu mikrotextur ve
srovnani s jinymi typy sedimentt, ¢imz je 1ze snadno odliSit od ostatnich stu-
znaky fluvidlnich zrn se ukazaly kiemicité srazeniny a povlaky, které vznikaji
ve vlhkém nebo vodnim prostiedi, a to v zavislosti na energii toku. Opracova-
nost zrn rostla s délkou transportu. Lasturnaty lom, §tépné platky a brazdy
se vyskytovaly minimalné.

Pro eolickym zpusobem transportovana zrna se ukazal typicky vyskyt V-ja-
mek a misovitych jamek, nepravidelnych prohlubni a dalsich impaktnich tva-
ra (obr. 6). Cetnost vyskytu V-jamek a misovitych jamek byla ve studovanych
vzorcich 50 %. Tyto mikrotextury mély ovSem nizs$i procentualni zastoupenti,
neZ obloukové stupné, brazdy a abraze hran.

Zrna glacialnich sedimentt byla charakteristicka vysokou cetnosti lastur-
natého lomu, rovnych i zaoblenych stupnu a brazd, paralelnich ryh a puklino-
vych ploch (obr. 6). S niz§im procentualnim vyskytem jsou vyznacéné $tépné
platky (> 40 %) a prilnavé éastice (> 50 %).

Zrna svahovych sedimentt véetné mury pokryvaji nejvice stupnovité textu-
ry, lasturnaty lom a brazdy. Ve srovnani s ostatnimi zrny je vyraznéjsi abraze
hran a vyskytuji se klikaté hibitky. Reliéf zrn svahové akumulace je vysoky
a poloostrohranny, obcas s teckovanim, u mury je stfedni a ostrohranny, navic
obsahuje kiremicité srazeniny.

Z hlediska vyhodnoceni koeficientti vzdalenosti d (sensu Mahaney 2002)
mezi zrny jednotlivych studovanych genetickych skupin sedimentu (tab. 3),

Tab. 3 — Koeficienty vzdalenosti d (Mahaney 2002) mezi studovanymi vzorky

Vzorky Fluvialni Moréna Svahovy Mura Eolicky
sediment Labe sediment sediment

Fluvialni sediment 0,00

Labsk4d moréna 1,38 0,00

Svahovy sediment 1,40 0,80 0,00

Mura 1,24 1,13 1,00 0,00

Eolicky sediment 1,31 0,93 0,89 1,05 0,00

Obr. 6 (na str. 71) — Grafy cetnosti mikrotextur jednotlivych genetickych typd sedimentd
(Labska moréna, eolické sedimenty, svahové sedimenty — deluvium, murové sedimenty, flu-
vialni sedimenty). 1 — ostrohranné zrno, 2 — poloostrohranné zrno, 3 — polozaoblené zrno,
4 — zaoblené zrno, 5 — nizky reliéf, 6 — stredni reliéf, 7 — vysoky reliéf, 8 — maly lasturnaty
lom, 9 — velky lasturnaty lom, 10 — rovné stupné, 11 — obloukové stupné, 12 — velké puklinové
plochy, 13 — paralelni ryhy, 14 — abraze hran, 15 — V-jamky, 16 — misovité jamky, 17 — rovné
brazdy, 18 — obloukové brazdy, 19 — klikaté hibitky, 20 — nepravidelné prohlubné, 21 — §tép-
né platky, 22 — teckovani, 23 — orientované vyleptané jamky, 24 — prilnavé ¢astice, 25 — ome-
zené kiemicité srazeniny, 26 — rozsahlé kiemicité srazeniny, 27 — narusty krystald.
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1ze konstatovat, ze nejvyssi odliSnost od ostatnich vykazuji zrna fluvialnich
sedimentti (primérna hodnota d je 1,333). Nasleduji zrna mury (primérna
hodnota d je 1,105), morény (pramérna hodnota d je 1,06), eolickych sedi-
mentt (prumérna hodnota d je 1,045) a svahovin (prumérna hodnota d je
1,023), které maji nejvyssi praimérnou podobnost s ostatnimi studovanymi
zrny. Vabec nejvyssi vzajemnou odli$nost vykazuji zrna fluvidlnich sedimen-
ta a svahovin. Naopak nejblize k sobé maji zrna svahovin a labské morény
(tab. 3).

6. Diskuse

S pomoci exoskopie se ze skenovanych vzorka podatilo nejspolehlivéji odli-
§it fluvidlni sedimenty, které maji na rozdil od ostatnich studovanych vzorka
v morfologii zrn svahovych a morénovych sedimenti, kde je potieba vénovat
vyS$§i pozornost ¢etnostem a kombinacim charakteristickych mikrotextur. Né-
které genetické typy sedimenta jiz byly popsany v literatuie (Krinsley, Doorn-
kamp 1973 a Mahaney 2002), dle které se dalo oéekavat, Ze eolicka a fluvialni
zrna se budou charakterem svého povrchu vice odliSovat od glacidlnich se-
dimentd. Zatim v8ak v literatuie uvedené charakteristiky nejdou do velkych
detailti. Na zakladé popisu v literatute tedy nelze interpretovat jemné rozdily
v charakteru zrn patiicim odliSnym geomorfologickym tvartm se stejnou ge-
nezi. Ukazalo se, Ze sedimenty, které byly prepracovany gravita¢nimi procesy,
nelze snadno odlisit od glacidlnich sedimentt, protoze mnoho tvart vyvinu-
tych na kfemennych zrnech obou typt sedimenti jsou stejné.

Fluvialni zrna se obecné vyznacuji kiremicitymi povlaky (Le Ribault 1975),
V-jamkami (Mahaney 2002) a misovitymi jamkami (Clocchiatti, Le Ribault,
Rodrigo 1978), popt. narusty kiemene (Cremer, Legigan 1989). Vzorek flu-
vialniho sedimentu je svymi charakteristikami pomérné vzdéalen vSem ostat-
nim studovanym vzorkim. Na zdkladé koeficientu vzdalenosti je nejpodob-
zrn, nez zacala byt unasena vodou. V pripadé zkoumanych fluvialnich zrn byly
charakteristické kiemicité srazeniny (zejména v podobé kiemicitych globuli
a skryvek v rozsahlejsi podobé), avsak ve srovnani s ostatnimi studovanymi
vzorky sedimentt byl absolutni vyskyt tohoto znaku pomérné maly. To mohlo
byt zpisobeno vysokou energii toku v jeho horni éasti, kde dochézi k obruso-
vani kremicitych povlaku, jak popsali Cremer, Legigan (1989). Také éetnost
vyskytu V-jamek a misovitych jamek nebyla pi#ilis vysoka, zvlasté ve srovnani
s glacialnimi a gravitaénimi sedimenty. Popisovana nizka frekvence vyskytu
V-jamek a misovitych jamek je v rozporu s tim, co uvadi Le Ribault (1975) pro
systémy hornich tokd s vysokymi rychlostmi. Vzhledem k poloze odebraného
vzorku nelze oéekavat ani dlouhy transport, béhem kterého by byla zrna vice
opracovana. Stupnovité tvary spiSe naznacuji, Ze materidl je jeSté pomérné
mlady a mohlo jit o odnesené ¢astice ze svaht, pop#. morén.

Podobnost zrn svahovych sedimentd a morén vyjadrena koeficientem d
muZe byt zpisobena tim, Ze byl morénovy material ptivodné (pred transpor-
tem ledovcem, ktery vSak nebyl velky) deluviem ¢i jinym sedimentem, ktery
vznikl gravitaénimi pochody. Pro zrna studovanych svahovych sedimentu je
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charakteristicka abraze hran, vyskyt brazd a puklinovych ploch. U vzorku de-
luvia je abraze hran velmi ¢etna (u 80 % zrn), avsak na zrnech neni vyrazna
kvali minimalnimu transportu. Vyskyt dalSich mikrotextur také potvrzuje
charakteristiku tohoto genetického typu sedimentu, ktery prozatim nebyl v li-
terature prili§ zkoumdan (zminuje se o ném pouze Mahaney 2002), totéz plati
i pro mury. Vyrazny je vysoky reliéf povrchu zrn deluvii, nizky reliéf se v tom-
to vzorku nenachézel viibec. Pfi¢inou je miniméalni transport deluvia od doby,
kdy byl uvolnén od horniny. Tomu nasvédcuje i ostrohrannost zrn ve vzorku.

Zrna morény se obecné vyznacuji vyskytem Stépnych platka a prilnavych
éastic na svém povrchu (Krinsley, Doornkamp 1973; Halley, Krinsley 1974 aj.).
Stejné je tomu i na zkoumanych zrnech morény Labe. Tyto znaky se pro né sta-
vaji charakteristické zvlasté po srovnani s ostatnimi vzorky z jinych prostiedi.
Charakteristické pro zrna labské morény jsou také paralelni ryhy a puklinové
plochy. Dalsi znaky rovnéz odpovidaji obecnym popistim povrchi zrn morén,
tj. vyskyt lasturnatych lom1, stupnia a brazd (Whalley, Krinsley 1974 a Maha-
ney, Vaikmae, Vares 1991 vykladaji genezi téchto mirkotextur odliSnym zpu-
sobem), ackoli frekvence vyskytu lasturnatych lomu je v tomto pripadé vyssi
u deluvia. Dtivodem tohoto jevu miuze byt mrazové zvétravani, které se podili
na formovani zdejsich skalnich vychozi, coz 1ze dokladovat vznikem cetnych
novych ulomku, které se pod vychozy nachézeji po jarni a zimni sez6né.

Mura je z pohledu geneze rovnéz tvorena svahovymi sedimenty, avsak vy-
znamnou roli pfi jejich pohybu hraje voda, ktera, aby doslo k pohybu, musi
nasytit deluvium. To ma za nasledek, Ze abraze hran kifemennych zrn neni tak
vyrazna jako u deluvia. Zrna mury jsou nejméné podobna vzorku fluvialnich
sedimentd. Ackoli béhem vzniku tohoto tvaru pusobila voda, jeji vliv byl vel-
mi kratky na to, aby se vytvorily charakteristické znaky pro vodni prostiedi.
O pusobeni vody vypovida pouze pomérné velky vyskyt omezenych kiemici-
tych srazenin na povrchu zrn vzorku, které se pravdépodobné utvarely bé-
hem osychani jejich povrchu. V literatuie zminky o exoskopii zrn mur, jakoZto
samostatného genetického typu, nejsou. Charakteristickymi mikrotexturami
pro zkoumany vzorek byly lasturnaté lomy, stupnovité textury, abraze hran,
V-jamky a obloukové brazdy. Zaroven bylo pro tato zrna piiznaéné malé opra-
covani zrn.

Eolicky sediment je dle vysledkt koeficientu d podobny deluviu a moréné
Labe. Eolicka zrna jsou charakteristicka vyskytem S$tépnych platkd, nepra-
videlnych prohlubni a impaktnich tvart, jako jsou V-jamky a misovité jamky
(Lindé, Mycielska-Dowgialto 1980; Mahaney 2002 aj.). Zrna zkoumaného vzor-
ku eolickych sedimenta vykazuji cetnéjsi vyskyt jinych znaki, napt. stupnovi-
té textury a brazdy, drobné lasturnaté lomy a abraze hran, které jsou charak-
teristické spiSe pro gravitaéni pohyby. Po srovnani s ostatnimi vzorky se vSak
jevi vysoka frekvence vyskytu i u V-jamek a misovitych jamek (cca 50 %), kte-
ré jsou povazovany za charakteristické mikrotextury eolickych sedimentd. Dle
Mahaneyho (2002) pro eolické sedimenty typické stépné platky a nepravidelné
prohlubné se vSak ve zkoumaném vzorku jako charakteristické neprojevily,
jelikoz ve vysokych c¢etnostech se vyskytuji také na kiremennych zrnech studo-
vanych glacigennich sedimenti, svahovych sedimentd a mur ($tépné platky)
a fluvialnich sedimenti (nepravidelné prohlubné).
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7. Zavér

Uvedend metoda exoskopie povrchu kiemennych zrn umoznuje stanovit
zpusob transportu, a tedy i genezi sedimentu, respektive daného tvaru, kte-
ry je jim budovan. U vzorkt pochézejicich z velmi podobného prostredi vsak
nemuseji byt vysledky zcela jasné a je zapotiebi pouzit vice vzorka. Také je
nutné znat samotné prostiedi, kde byl vzorek odebran, véetné jeho okoli, aby
byly procesy formujici povrch zrn spravné piirazeny jednotlivym genetickym
skupinam.

Pro rozliseni genetickych typa sedimentd nelze vidy presné urcit sadu vy-
skytujicich se mikrotextur, spise 1ze hovorit o urcitych frekvencich vyskytu,
pri kterych by se znak stal charakteristickym. Tyto frekvence vyskytu by vSak
nebyly pro vSechny znaky stejné. Dulezitou roli pro frekvenci vyskytu pied-
stavuje rychlost transportu v prostiedi. Lasturnaty lom vznika nap#. vétsinou
po prudkych narazech a odlomeni ¢astice od castice vétsi, coz muze nastat
v kterémkoli prostiedi, ale také muze vzniknout mrazovym zvétravanim. Tyto
narazy jsou ale ve fluvialnim prostiedi tlumeny, charakteristicka je tedy spise
nepritomnost lasturnatého lomu pro fluvialni sedimenty. Tilly jsou charakte-
ristické naopak velmi vysokou Cetnosti lasturnatého lomu, coz znamena, zZe
tento znak se u nich vyskytuje alespon ze cca 70 %. U jinych znaku vSak staéi
mensi procentudlni podil vyskytu k tomu, aby byly oznaéeny za charakteristic-
ké. Zdaleka ne vzdy lze ale vysledovat toto priblizné hraniéni procento a je po-
treba pocitat s polohou, s probihajicimi procesy v prostredi, ze kterého vzorky
pochéazi, a nalezenymi mikrotexturami. Musime napf. uvazovat nad tim, zda
sediment byl donesen z vyssich poloh a jaké procesy probihaly v téchto vyssich
polohéach, protoZe zrno nese na svém povrchu v rizné zachovalosti i ty tvary,
které byly utvoreny v predeslych prostiedich. Podobné i Mahaney (2002) a Le
Ribault (1975) upozorniuji na to, Ze zrna si nesou mikrotextury z diivéjsich
prostiedi. Ze znalosti prostfedi (napf. sklonitosti terénu) jsme schopni odhad-
nout, v jakych rychlostech zdejsi procesy probihaji — v exoskopii nap#. V-jamky,
srpkovité textury a misovité jamky (Le Ribault 1975) vypovidaji o rychlostech
média, kterym je sediment unasen — a tim lépe pochopit vysledky exoskopie
a urcit, kde je priblizna hranice vysokého a nizkého vyskytu jednotlivych mi-
krotextur.

Kremenna zrna glacigennich sedimentd jsou charakteristicka vyskytem
lasturnatych lomu (éi $tépnych platka, které jsou typicky vyvinuté na men-
§ich zrnech), stupnovitych tvard, puklinovymi plochami a pfilnavymi ¢asti-
cemi. Eolické sedimenty jsou charakteristické vyskytem V-jamek, misovitych
jamek a vys$Sim zaoblenim zrn. Pro deluvium jsou typické lasturnaté lomy,
stupnovité tvary, brazdy a zejména abraze hran. Kfemenn4 zrna murovych
sedimenti byla charakteristicka lasturnatymi lomy, stupnovitymi tvary, braz-
dami a kfemicitymi srazeninami. Fluvialni sedimenty maji oproti ostatnim
vzorktim celkové nizkou cCetnost mikrotextur a typicky je pro né nizky reliéf
s vyS8i zaoblenosti zrn a kiemicité srazeniny, zvlasté kiremicité povlaky.

74



Literatura:

AALKASEEVA, V. A. (2005): Micromorphology of Quartz Grains Surface as Indicator of
Glacial Sedimentation Conditions: Evidence from the Protva River Basin. Lithology and
Mineral Resources, 40, ¢. 5, s. 420-428.

CATER, J. M. (1984): An application of scanning electron microscopy of quartz sand surface
textures to the environmental diagnosis of Neogene carbonate sediments, Finestrat Ba-
sin, south-east Spain. Sedimentology, 31, ¢. 5, s. 717-731.

CENSIER, C., TOURENQ), J. (1986): Mise en évidence d’'une extension occidentale des grés
de Carnot (République Centrafricane) par analyses sédimentologiques comparées de
gisements alluvionnaires diamantiféres. Géodynamique, 1, ¢. 1, s. 21-32.

CHLUPAC, I. (1999): Vychazky za geologickou minulosti Prahy a okoli. Academia, Praha,
280 s.

CLOCCHIATTI, R., LE RIBAULT, L., RODRIGO, L. A. (1978): Endoscopie et exoscopie
de grains de quartz des formations du pliocéne et du quaternaire de La Paz (Bolivie).
Cahiers O.R.S.T.0.M., série Géologie, 10, ¢. 1, s. 127-143.

CREMER, M., LEGIGAN, P. (1989): Morphology and Surface Texture of Quartz Grains from
ODP site 645, Baffin Bay. Proceedings of the Ocean Drilling Program, Scientific Results,
105, s. 21-28.

DOWDESWELL, J. A. (1982): Scanning electron micrographs of quartz sand grains from
cold environments examined using Fourier shape analysis. Journal of Sedimentary Pe-
trology, 52, ¢. 4, s. 1315-1323.

ENGEL, Z., TREML V., KRIZEK M., JANKOVSKA V. (2005): Lateglacial/Holocene sedi-
mentary record from the Labe source area, the Krkonose Mts. AUC-Geographica, XXXIX,
¢.1,s. 73-88.

ENGEL, Z., NYVLT, D., KRIZEK, M., TREML, V., JANKOVSKA, V., LISA, L. (2010): Sedi-
mentary evidence of landscape and climate history since the end of MIS 3 in the Krkonose
Mountains, Czech Republic. Quaternary Science Review, 30, s. 1-15. doi:10.1016/
j-physletb.2003.10.071

FITZPATRICK, K. T., SUMMERSON, C. H. (1971): Some observations on electrone micro-
graphs of quartz sand grains. The Ohio Journal of Science, 71, ¢. 2, s. 106-117.

HELLAND, P. E., HUANG, P. H., DIFFENDAL, R. F. (1997): SEM Analysis of Quartz Sand
Grain Surface Textures Indicates Alluvial/Colluvial Origin of the Quaternary “Glacial”
Boulder Clays at Huangshan (Yellow Mountain), East-Central China. Quaternary Re-
search, 48, s. 177-186.

KOVAN DA J et al. (2001): Neziva pfiroda Prahy. Academia, Cesky geologicky tstav, Praha,
215 s.

KRALIK, F., SEKYRA, J. (1969): Geomorfologicky prehled Krkonos. In: Fanta, J. et al. P¥i-
roda Krkonosského narodniho parku. SZN, Praha, s. 59-87.

KRINSLEY, D. H.,, DOORNKAMP, J. C. (1973): Atlas of quartz sand surface textures. Cam-
bridge, Cambridge University, 91 s.

KUKAL, Z. (1986): Zaklady sedimentologie. Academia, Praha, 466 s.

LE RIBAULT, L. (1975): Application de I’exoscopie des quartz a quelques échantillons
prélevés en Manche orentale. Philosophical Transacations of the Royal Society of London.
Series A, s. 279-288.

LE RIBAULT, L. (2003a): LLR et le G5: Exoscopie — Définition scientifique. http:/www.
leribault.com/exo_definitionscientifique.php, cit. 2007-07-23.

LE RIBAULT, L. (2003b): LLR et le G5: Balade sur un grain de sable. http://www.loic-le-
ribault.ch/exo_balademicroscopique_p01.php.

LINDE, K., MYCIELSKA-DOWGIALLO, E. (1980): Some experlmentally produced micro-
textures on grain surfaces of quartz sand Geografiska Annaler A, 62, ¢. 3—4, s. 171-184.

LISA L. (2004): Exoscopy of Moravian eolian sediments. Bulletin of Geosc1ences 79, ¢. 3,
S. 177—182

MAHANEY, W. C. (1995): Pleistocene and Holocene glacier thickness, transport histories and
dynamics inferred from SEM microtextures on quartz particles. Boreas, 24, s. 293-304.

MAHANEY, W. C. (2002): Atlas of sand grain surface textures and application. Oxford Uni-
versity Press, New York, 237 s.

75



MAHANEY, W. C., ANDRES, W. (1991): Glacially crushed quartz grains in loess as indica-
tors of long-distance transport from major European ice centers during the Pleistocene.
Boreas, 20, s. 231-239.

MAHANEY, W. C., CLARIDGE, G., CAMPBELL, I. (1996): Microtextures on quartz grains in
tills from Antactica. Palaeogeography, Palaeoclimatology, Palaeoecology, 121, s. 89-103.

MAHANEY, W. C., KALM, V. (2000): Comparative scanning electron microscopy study of
oriented till blocks, glacial grains and Devonian sands in Estonia and Latvia. Boreas,
29, s. 35-51.

MAHANEY, W. C., STEWART, A., KALM, V. (2001): Quantification of SEM microtextures
useful in sedimentary environmental discrimination. Boreas, 30, s. 165-171.

MAHANEY, W. C., VAIKMAE, R., VARES, K. (1991): Scanning electron microscopy of quartz
grains in supraglacial debris, Adishy Glacier, Caucasus Mountains, USSR. Boreas. 20,
s. 395-404.

MAHANEY, W. C., VORTISCH, W., JULIG, P. (1988): Relative differences between glacially
crushed quartz transported by mountain and continental ice — some examples from North
America and East Africa. American Journal of Science, 288, s. 810-826.

MARGOLIS, S. V., KRINSLEY, H. (1971): Submicroscopic frosting on aeolian and subaque-
our quartz sand grains. Bull. Geol. Soc. Am. B2, s. 3395-3406.

MATHUR, A. K., MISHRA, V. P.,, SINGH, J. (2009): Study of quartz grain surface texture
by electron microscopy — a tool in evaluating palaeoglacial sediments in Uttarakhand.
Current science, 96, ¢. 10, s. 1377-1382.

MELLOR, A. (1986) Textural and Scanning Electrone Microscope Observations of Some
Arctic-Alpine Soils Developed in Weichselian and Neoglacial Till Deposits in Southern
Norway. Arctic and Alpine Research, 18, ¢. 3, s. 327-336.

PETRANEK dJ. (1963): Usazené horniny: Jejich slozeni, vznik a loziska. Nakladatelstvi
CSAV Praha 720 s.

RUZICKOVA E. RUZICKA M., ZEMAN, A., KADLEC, J. (2003): Kvartérni klastické sedi-
menty Ceske repubhky Ceska geologlcka sluzba Praha 160 s.

STRAND, K., PASSCHIER, S., NASI, J. (2003): Imphcatlon of quartz grain microtextures
for onset Eocene/Oligocene glaciation in Prydz Bay, ODP Site 1166, Antarctica. Palaeogeo-
graphy, Palaeoclimatology, Palaeoecology, 198, s. 101-111.

VITASEK F. (1923): O starych ledovcich na Krkonosich. Geografie (Sbornik CSZ) 29, ¢. 4,
s. 196-199.

WHALLEY, W. B. (1982): A preliminary scanning electron microscope study of quartz
grains from a dirt band in the Tuto ice tunnel, Northwest Greenland. Arctic and Alpine
Research, 14, ¢. 4, s. 355-360.

WHALLEY, W. B., KRINSLEY, D. H. (1974): A scanning electron microscope study of surface
textures of quartz grains from glacial environments. Sedimentology, 21, s. 87-105.

WILSON, P. (1978): A scanning electron microscope examination of quartz grain surface
textures from the weathered Millstone Grit (carboniferous) of the Southern Pennines,
England: A preliminary report. In: Scanning Electron Microscopy in the Study of Sedi-
ments. Univ. East Anglia, Norwich, s. 307-318.

Summary

APPLICABILITY OF QUARTZ GRAINS SURFACE ANALYSIS TO THE STUDY OF
THE GENESIS OF UNLITHIFIED SEDIMENTS

Unconsolidated sediments are formed from redeposited and sedimented material, origi-
nating from broken rocks. No cement is involved, in contrast with consolidated sediments
(Kukal 1986). We distinguish certain genetic types of loose sediments, which give evidence
regarding their origin and the conditions of their formation.

There are several basic genetic groups of quaternary sediments that occur in Czechia:
fluvial, glacial, eolian, gravitational and lacustrine. Research of these types of sediments
aids in explaining the evolution and change of physical-geographic conditions over time.

One of the aims of geomorphology is to determine the origin of a relief. In some cases
this can be deduced from relief material knowledge. Exoscopy is a method used to determine
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sediment origin based on an understanding of microscopic surface textures on quartz sand
grains (Margolis, Krinsley 1971; Fitzpatrick, Summerson 1971; Whalley, Krinsley 1974; Le
Ribault 1975; Cremer, Legigan 1989; Mahaney 2002). We assume that this method will be
used more frequently in Czech and Slovak geomorphological work, in the future. Therefore,
one of the objectives of this article is to introduce this method and its potential and to
establish Czech terminology that either does not exist or is inconsistent. The secondary
objective of the article is to illustrate the extent, to which it is possible to distinguish differ-
ent sediment origins using exoscopy.

Reference samples were chosen from geomorphological landforms of known origin (see
Table 2): a moraine in the Labsky Dul Valley, a debris flow in the Dual Bilého Labe Valley,
flood accumulation and deluvium from a slope in the Dul Bilého Labe Valley in the Krkonose
Mountains and eolian sediment from Klarov in Prague.

The exoscopy method determines sediments’ movements and thus their origin as well as
the origin of landforms built by these sediments. However, results of samples originating
from a very similar environment may not be sufficiently clear. Consequently, it is necessary
to use multiple samples of a given landform. To ensure that processes forming the surface
of grains are correctly assigned to genetic groups, it is also important to know the environ-
ment, from which a sample was taken.

Results suggest that it is not always possible to define an appropriate set of occurring
microtextures in order to determine the genetic groups of sediments. Microtextures are
characterized by certain occurrence frequencies. These frequencies are different for each
microtexture and, so far, no frequencies have been set. Velocity of movement in different
environmental conditions plays an important role in the frequencies.

Nonetheless, it is not always possible to observe the approximate characteristic percent-
ages of occurrence in microtextures and it is important to consider connections between
sediments and their location, ongoing processes in the local environment and the enumera-
tion of observed microtextures. For example, one must consider the possibility that a sedi-
ment might have been moved from higher positions in the terrain and the processes that
were occurring in those higher positions. Mahaney (2002) and Le Ribault (1975) also point
out that the grains might have microtextures from previous environments.

With a knowledge of slope inclination, we are able to estimate the velocities of local geomor-
phological processes; for example V-shaped pits, crescent-shaped features and dish-shaped
breakage concavities provide evidence concerning the velocity of transport medium (Le Ribault
1975). This can lead to a better understanding of exoscopy results and aid in establishing the
approximate boundaries of the high and low occurrence of single microtextures.

Conchoidal fractures (or upturned plates on smaller grains), step forms, fracture faces and
adhering particles are typical microstructures in quartz grains from glacigenous sediments.
The occurrence of V-shaped pits, dish-shaped breakage concavities and a rather subrounded
to rounded grain profile are typical for eolian sediments. Conchoidal fractures, step forms,
grooves and especially edge abrasion are typical for deluvium sediments. The sample of de-
bris flow sediment was characterized by the occurrence of conchoidal fractures, step forms,
grooves and silica precipitation. Fluvial sediments generally have the lowest occurrence
percentage of all microtextures in comparison with other samples and their characteristic
forms are silica precipitations, especially silica pellicle and low relief with lower outline.

Fig. 1 — Most frequent forms present on surfaces of quartz grains: f— parallel striations,
g — V-shaped pits, i — straight grooves, 1 — silica capping. A sample of eolian sedi-
ment; Prague-Klarov.

Fig. 2 — Most frequent forms present on surfaces of quartz grains: a — conchoidal fracture,
d — fracture faces, h — crescent-shaped features, i — straight grooves, j — curved
grooves, k — adhering particles. A sample of debris flow sediment; Dl Bilého Labe
Valley, Krkonose Mountains.

Fig. 3 — Most frequent forms present on surfaces of quartz grains: e — meandring ridges,
1 — silica capping, m — silica pellicle. A sample of fluvial sediment; Dul Bilého Labe
Valley, Krkonose Mountains.

Fig. 4 — Most frequent forms present on surfaces of quartz grains: b — straight steps, c- arcu-
ate steps, k — adhering particles. A sample of deluvium; Dul Bilého Labe Valley,
Krkonose Mountains.
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Fig. 5 — Most frequent forms present on surfaces of quartz grains: a — conchoidal fracture,

¢ — arc-steps. A sample of glacigenous sediment; Labsky Dul Valley, Krkonose
Mountains.

Fig. 6 — Graphs showing the frequencies of microtextures in the studied genetic types of sedi-

ments (moraine, eolian sediments, colluvium, debris flow, flood /fluvial/ sediments).
1 — angular outline, 2 — subangular outline, 3 — subrounded outline, 4 — rounded
outline, 5 — low relief, 6 — medium relief, 7 — high relief, 8 — small conchoidal frac-
ture, 9 — large conchoidal fracture, 10 — straight steps, 11 — arcuate steps, 12 —large
fracture faces, 13 — parallel striations, 14 — edge abrasion, 15 — V-shaped pits, 16 —
dish shaped concavities, 17 — straight grooves, 18 — curved grooves, 19 — meandring
ridges, 20 — irregular depressions, 21 — upturned plates, 22 — pitting, 23 — oriented
etched pits, 24 — adhering particles, 25 — limited silica precipitation, 26 — extensive
silica precipitation, 27 — quartz crystal overgrowths.
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Abstract This study presents a palacoenvironmental reconstruction of an oxbow
wetland covering the past 11,500 years. The origin of the oxbow lake and develop-
ment of the floodplain wetland and changes of the surrounding vegetation are
reconstructed using palacobotanical analyses, radiocarbon dating, detailed sediment
stratigraphy and micromorphology of samples taken from a former palacomeander of
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the river Elbe in the Czech Republic. The sedimentary record of the section Chrast
was chosen due to its exceptional position within the area of former oxbow lakes.
Using a multi-proxy approach, we investigated how this environment reflected
climatic changes during the Holocene. Our results show that the Chrast section
covers the Late-Glacial to the Middle Holocene period, which is climatically very
unstable and characterized by extensive vegetation and sedimentological changes.
The macrofossil record provides detailed evidence of Allered vegetation. The sedi-
mentological record reflects changes in fluvial activity (meandering-braided transition
in the channel pattern) during Late-Glacial/Holocene and postsedimentological
changes (occurrence of a doplerite layer) in the middle Holocene. We follow three
independent lines of interpretation: (a) a local autogenic environmental-succession
process, (b) a regional process driven by climate change, and (c) the role of stochastic
and indeterministic processes.

Keywords Floodplain deposits - Macrofossils - Micromorphology - Oxbow wetland -
Pollen analysis - Random events - Succession

Introduction

Mire ecosystems can store a wealth of information about past ecological conditions
and offer potential clues for understanding the character, strength and periodicity of
past climate changes (e.g., Frenzel 1983; Engstrom and Wright 1984). This is
because mire vegetation often accumulates organic material year after year. To
properly understand and correctly interpret the palacobotanical record, three condi-
tions must be met: (1) production and accumulation of organic matter must be
greater than the rate of its decay; (2) the accumulation of organic matter should
happen without interruption; (3) diagnostically essential features of plants must be
preserved well.

It is well-documented that these requirements are satisfied in the case of peat or lake
sediments, where disintegration or redeposition is minimal, which can lead to the
appearance of regularly laminated sediments in lakes (e.g., Saarnisto 1986; Hajdas
et al. 1993; Tinner and Lotter 2001; Litt et al. 2001). The palacoecological record in
floodplain fluvial sediments, however, significantly differs from lake or peat sedi-
ments because of many disturbances and the influence of stochastic, allochtonous
processes.

It is generally accepted that rivers represent geomorphic entities that are highly
sensitive to environmental change, but it is ever more recognized that the fluvial
response is extremely complex, with considerable spatiotemporal variability (Knox
1983; Tornqvist 2007). The development of any floodplain is based on a dynamic
interaction between water, land and biota under the pressure of climatic changes (Mol
et al. 2000; Makaske 2001; Vandenberghe 2003; Herget et al. 2007). The floodplain
consists of contrasting types of abiotic habitats and vegetation communities that form
a complicated pattern, changing spatially over time. The impacts of various climatic,
hydrological and biotic conditions, such as dynamics of the water stream, sedimen-
tary processes, successional vegetation stages, disturbance events, animal and human
activities, alternate on a scale of years to hundreds of years. Unfortunately, little
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palacobotanical work has been done on floodplains, because the alluvial environ-
ment is exceptionally heterogeneous, even though they are generally an attractive
source for the preservation of the palacobotanical and sedimentological records. The
traditional concept of basin filling suggests the following phases that can be found
as layers within the section under study: (a) bedrock material forming the bottom of
a flowing river; (b) the early phase of sedimentation possibly with short-lived water
and waterfront plants after the emergence of an oxbow lake; (c) the middle phase of
sedimentation, which is optimal for littoral species of the lake environment, espe-
cially perennial clonal graminoids; (d) the terminal phase of terrestralization with
land species including evergreen tree species (Ritchie 1995; Btizova 1998).
Tornqvist (2007), for example, reports that climate changes are reflected in rivers
through (1) the discharge regime, (2) changes in the channel pattern (fluvial
activity); and (3) changes in the longitudinal profile through aggradation or degra-
dation (incision).

In this paper, we focus on interpreting the palacoenvironmental record of the
Chrast section (the river Elbe floodplain, Czech Republic). This section records
complex sedimentation sequences including abrupt changes in lithology, disturbance
events and post-sedimentation processes. During our research, we decided to apply a
multi-proxy approach that combines several methods to provide complexity and to
compile a detailed reconstruction of the past environment and processes. Our study
includes not only a standard pollen analysis but also a macrofossils analysis (Birks
and Birks 2000), a charcoal analysis, and geomorphological, sedimentological
(Bridge 2003), microstratigraphical (MacCarthy et al. 1998; Stoops 2003; Budek
2010) and geochemical approaches. This enables us to reconstruct an oxbow wetland
with local vegetation, trace long-term succession, consider regional landscape pat-
terns and describe sedimentological events from the past 11,500 years. We suggest
three independent lines of interpretation, separately focusing on (1) local autogenic
environmental-succession processes, (2) a regional process driven by climate change,
(3) and the role of stochastic and indeterministic processes.

Study Region

The study area lies along the upper section of the river Elbe, a major watercourse in
Central Europe. After the first ten kilometers of its course in the Giant Mountains
piedmont, the river falls into a lowland formed by alkaline Mesozoic marine deposits
(Czech Cretaceous Basin) mostly covered by acidic Tertiary/Quaternary riverine
gravels (Fig. 1). Though the siliceous gravel deposits are nutrient-poor, the floodplain
is richer because of the solution percolating from the bedrock. The stratigraphy of the
surrounding Pleistocene gravel terraces was studied mainly by Balatka and Sladek
(1962) and Zebera (1956). Their interpretation is difficult because of the loess cover
and relatively plain relief. Razickova and Zeman (1994) and Kalicki (2006) described
the Holocene alluvial deposits in the study area. Bfizova (1998), Dreslerova et al.
(2004) and Pokorny (2005) described the Holocene environmental reconstruction
based on pollen data from nearby sites Chrast, Kozly and Tisice.

For now, the studied site near the village of Chrast is the only palacomeander
found by the Elbe in the Czech Republic. Its sedimentological record covers the end
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Fig. 1 The location of the section Chrast

of the Last Glacial period and the Holocene. The locality is 1.5 km north of the
village of Vsetaty (50°15' N; 14°35" E) in a low river terrace, about 2 km from the
current river course and 5 m above its present-day water level (Fig. 1). Cornfields
prevail in the surrounding landscape, but semi-natural habitats such as dry pine-oak
forest or alluvial wetlands river Elbe are locally present near the present day
floodplain of the river Elbe. A narrow strip of the former Late Glacial oxbow is
covered by ruderal vegetation on drained soil, now under the influence of
fertilization of surrounding intensively exploited arable fields. The present-day
annual average temperature in the region is 8.7°C, and the annual precipitation is
527 mm (Culek 1996).

Methods

Trench Chrast was excavated to expose a stratigraphic section. The location for this
trench was chosen after the completion of a large field survey and detailed screening
of the locality using digital maps. The former oxbow lake was identified based on
vegetation cues visible in aircraft imagery. The profile was sampled from a 2 x 2 m,
2.85 m deep pit. Samples were taken into steel boxes (10 x 10 X 50 cm). Every 3 cm
of the lithological record (or more if sandy layers were present) were sampled for the
pollen and geochemical analyses, and samples for macrofossil and charcoal analyses
were taken every 10 cm of the section. Lithologically different parts of the section
(Fig. 2) were sampled into small Kubiena boxes for micromorphological study. The
profile was divided into zones based on lithology (zones marked CHO—CH6 for the
entire section). In the pollen analysis, alternative zoning (zones marked 1-3) was
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Fig. 2 The section Chrast and its geochemical properties and processes. Description of zones: CHI1 —
Accumulation of organic matter is reflected in increased amount of Fe, S, LOI, P and Mg, while MS and
carbonates are low; CH2 — Carbonate precipitation is reflected in increased amount of Ca and Mg; CH3 —
FeOH precipitation is reflected mainly by the increased amounts of Fe and slightly increased amounts of
MS; CH4 — Magnetic susceptibility reflects predominantly the supply of exogenic very fine grained
material, it means clay minerals deposited from suspension; CHS — Increased amounts of LOIL, S and Fe
in the facie macroscopically free of FeOH or organic matter reflects the presence of bacterial producing
pyrite nodules; CH6 — Most of the traced geochemical and magnetic elements except S and Fe show
increased values in the depth of 70 and 90 cm below the surface. This reflects the process of slow oxidation
(burning) when P coming from organic matter is fixed into carbonates and CaPO4 originates

made using a cluster analysis (Conslink) implemented within the program POLPAL
(Nalepka and Walanus 2003).

Radiocarbon dating was performed following the '*C AMS method in the
radiocarbon laboratory in Poznan. The pine trunk was dated using the conventional
“C method in the radiocarbon laboratory of the Nuclear Physics Institute of the
Academy of Science of the Czech Republic (hereafter AS CR) in Prague. All of the
five radiocarbon dates acquired were calibrated using the program OxCal 4.1. (Bronk
Ramsey 2009). The chronostratigraphic division of the Late Glacial and Holocene
used in the article follows Walker et al. (1999), and chronological boundaries also
consider Bjorck et al. (1998). A micromorphological approach was taken to answer
the question of the Last Glacial and Holocene transition. Small 3 X 4 cm blocks were
sampled from the lithological record between 68 and 173 cm below the surface (9
samples). The samples were dried in situ, impregnated with resin and thin sectioned
in the laboratory of the Institute of Geology AS CR in Prague and followed by the
standard description (Bullock et al. 1985; Stoops 2003).

Chemical analyses cover mainly ICP EOS (inductively coupled plasma/emission
optical spectroscopy) analyses of main macroelements. The acid leachable fraction of
macroelements was measured for each of the lithologically distinct horizons. Each
sample (0.5—1 g) was precisely weighed together with 20 ml of a 20 % solution of
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aqueous hydrochloric acid (ultrapure, Merck) in a beaker covered with watch glass.
After the completion of the reaction, the content was left to stand overnight. The
remaining solid material was filtered through a piece of filter paper (blue strip) and
thoroughly washed with water. Finally, the volume was increased to 100 ml in a
volumetric flask. The chemical analyses were performed using the ICP EOS tech-
nique on an Intrepid DUO spectrometer (ThermoFisher) at the Institute of Geology
AS CR in Prague. The macroelement (Ca, Fe, K, Mg, Mn, Na, P, S) concentrations were
measured under standard experimental conditions recommended by the manufacturer
using dual plasma view and 2.5 ml/min sample intake. For the calibration, mixed
standard solutions were prepared combining commercial 1,000 ppm solutions of single
elements in 2 % nitric acid solution. Calcium concentrations are independent of red-ox
conditions and do not reflect the amount of oxygen/reducing activity in the mother
solution.

Organic matter was measured by a LOI analysis (550°C) according to Heiri et al.
(2001) and Holliday (2004). The temperature used for drying was 105°C, and the
length of combustion was 3 hours.

Magnetic susceptibility was measured using a kappabridge KLY-4 device at the
Laboratory of Paleomagnetism of the Institute of Geology AS CR in Prtihonice.

Pollen analyses were performed using the standard acetolysis method using HCI
and HF (Moore et al. 1991). Pollen grains were distinguished using pollen keys
(Reille 1995, 1998; Beug 2004). The pollen sum in each sample was at least 500
grains. The pollen diagram was plotted in the POLPAL program for Windows
(Nalepka and Walanus 2003) including the numerical analyses (Rarefraction,
Conslink, PCA) for the visualization and the interpretation of pollen data. Pollen
grains were divided into a regional group of terrestrial (Fig. 3) and a local group
(Fig. 4) of wetland taxa.

Samples for macrofossil analyses (varying between 350-360 ml) were soaked
in water and, when necessary, boiled with 5 % KOH. The extraction of plant
macrofossils from the sediments followed standard flotation and wet-sieving
procedures (Wasylikowa 1986; Pearshall 1989; Jackomet and Kreuz 1999), using
a 0.25 mm sieve. Botanical macrofossils were picked out from the recovered
fraction and scanned using a stereo-microscope (the magnification 8—56x). Iden-
tification was carried out by consulting seed and fruit atlases (Beijerinck 1947,
Katz et al. 1965; Schermann 1967; Berggren 1969; Cappers et al. 2006;
Velichkevich and Zastawniak 2006) and by comparing samples with recent
reference material stored at the Department of Botany, Charles University in
Prague.

Antracological and xylotomy analyses of charcoal and wood remains were
performed only on fragments from the largest fraction (>2 mm). The identification
of charcoal fragments, carried out using an episcopic microscope, was done with an
interactive identification key (Heiss 2000) in addition to standard references
(Schweingruber 1990). The quantitative and qualitative data obtained from plant
macrofossils and charcoal identification are presented in a macrofossils diagram
(Fig. 5) plotted using the POLPAL program for Windows (Nalepka and Walanus
2003).

Lithological zones CHO and CH6 were not analyzed due to insufficient preserva-
tion of the palacobotanical record.
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Results
Radiocarbon Dating

The results of radiocarbon dating are presented in Table 1. Dates (Table 1) from
the base of the section (11,450+60 BP; 11,523+120 BP) correspond with the
Allered/Belling interstadial, the date 11,010+60 BP corresponds with the transition
from Allered to the Younger Dryas, while the date 10,750+60 BP corresponds with
the beginning of the Younger Dryas. A fragment of charcoal of Fraxinus excelsior
recovered from the depth of 105-110 cm was dated to the Middle Holocene (6,510
+40 BP; Middle Atlantic).

Lithology and Micromorphology

Six main lithological zones (CHI-CH6) of the Chrast section (Table 2; Fig. 2)
were described on the basis of sedimentological and microstratigraphical ob-
servations. Micromorphological observations are summarized in Table 3 and
Fig. 2.

Chemical Analyses, Loss on Ignition (LOI) and Magnetic Susceptibility (MS)

Calcium concentrations were remarkably high in zones CH1, CH3, CHS and CH6
(Table 3). In all sections (Fig. 2), calcium concentrations in leachates were well
correlated with the clay ratio in the sediment (Table 2) and with the occurrence of
mollusc shell fragments (Table 3) and oospores of Characeae algae (Tables 3 and 4;
Fig. 5). Figure 2 shows the relationship between leachable Fe with sulfur/SO,*
content at depths of 120-140 cm and 230-250 cm (zone CH2, CHS5). Our
micromorphological observation confirmed that the layer between 120 and
140 cm is extremely rich in bacterial spherical products (FeS, — pyrites).
Increased values of phosphorus in zone CHS5 at depths of 70-90 c¢cm and 130-
140 cm, and in zone CH2 at 240-250 cm correlate with increased values of organic
matter measured by LOI and based on the micromorphological observation also

Table 1 Radiocarbon dates (AMS) from the Chrast section

Depth (cm) Lab. nr. Method Material 14C age (BP) Cal. (BC)
105-110 Poz-21028 AMS Ash charcoal 6,510+40 5,548-5,373
145-150 Po0z-20980 AMS Pine wood 10,750+60 10,916-10,738
210-215 Poz-22832 AMS Menyanthes seed 11,010+60 11,120-10,911
230-235 Crl-6199B Con. Pine trunk 11,523+120 11,716-11,226
275-280 Poz-22833 AMS Menyanthes seed 11,450+60 11,440-11,278

BC — before Christ, BP — before present (1950)
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Table 3 Micromorphological description of the Chrast section (Fig. 2)

Depth (cm); zone Subzone  Micromorphological characteristic

Interpretation

Sample X1

173 A
(bottom)

Single grain microstructure of sandy
material with monic grain distribution

Zone CH4 B Intergrain channel microstructure of sandy
loam, grey to orange crystallic matrix,
carbonate void coating, partly

decomposed organic matter.

C Intergrain channel microstructure of sandy
loam, horizontal pores and crystallic
matrix with grey-orange color, void
coating and the presence of partly
decomposed organic matter. FeS
bacteria products.

D (top) Single grain microstructure of sandy

material with monic grain distribution.

Sample X2

150 A
(bottom)

Intergrain channel microstructure of well-
sorted sandy loam. Channels infilled by
decomposed and partly decomposed
organic matter, FeS bacteria products,
crystallic B fabric of light brown
matrix.

Zone CH4 Simple packing to intergrain
microaggregate microstructure of sandy
material, dark brown matrix with

decomposed and partly decomposed

B (top)

organic matter, locally very poorly sorted
material, lenses of redeposited braunhlem

plasma, carbonate concentrations and
products of FeS bacteria.

Sample X3

135 A
(bottom)

Microaggregate to channel microstructure
of silty loam, FeOH counting,
decomposed and partly decomposed

organic matter, products of FeS bacteria,

depletion pedofeatures.
Zone CHS5 B

of sandy layer, light and dark brown

matrix, partly decomposed organic

matter, products of FeS bacteria, relicts

of horizontal bedding, strong
bioturbation.

C (top) Single grain microstructure of silty loam,
gefuric related distribution, locally
channel microstructure. Crystallic B
fabric, hematite microaggregates, FeS
products of bacteria rare, decomposed
organic matter, bioturbation.

Intergrain microaggregate microstructure

High lithological variability
as a result of differing
provenience and origin.
Phases of unstability and
redeposittion are altering
with phases of stagnant
water with the organic
matter accumulation and
carbonate precipitation.
Postdeposittional presence
of redox FeS bacteria.

Phases of unstability presented
by washouts with continuous
organic matter production.
Postdepositional presence of
redox FeS bacteria.

Phases of stagnant water and
dessication. Postdepositional
impregnation by Fe-rich
solutions, presence of redox
FeS bacteria.
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Table 3 (continued)

Depth (cm); zone Subzone

Micromorphological characteristic

Interpretation

Sample X4
120

Zone CH5
Sample X5
105

Zone CHS5
Sample X6+X7
90 + 80

Zone CHS5
Sample X8+X9
75 + 68

Zone CH5

Intergrain microaggregate and channel
microstructure of silty loam, light
brown crystalline matrix, carbonate
precipitation, mollusc shells,
decomposed and partly decomposed
organic matter, FeOH impregnation,
bioturbation.

Intergrain microaggregate and channel
microstructure of silty loam composed
of quartz grains and carbonate crystals,
channels and chambers, gray brown and
crystallic matrix, mollusc shells and
Chara oogonias very common, FeOH
impregnation presented as a doplerite,
decomposed and partly decomposed
organic matter, bioturbation

Channel microstructure of silty loam
composed of quartz grains and carbonate
crystals and aggregates, channels and
chambers, grey brown and crystallic
matrix, carbonate and mollusc and
Chara oogonias concentrations
postdepositionally corroded and
impregnated by ferrum hydroxides.
Root bioturbation, presence of
decomposed and partly decomposed
organic matter.

Subangular blocky microstructure of
organic matter rich matrix, channel
and chamber microstructure of
carbonate rich matrix. Channels and

vughs, cracks, matrix composed mainly

of carbonate crystals (fragments of
shells occur) or organic-rich solutions.
Color of matrix depends on the
lithology and varies from light grey
to reddish brown.

Stable alkaline, stagnant
environment carbonate
precipitation, continuous
organic matter production
postdepositional
impregnation by Fe-rich
solutions.

Long-term stable alkaline
conditions, with rich
carbonate precipitation,
organic matter production
postdepositional
impregnation by Fe-rich
solutions, origin of doplerite
appearance

Long-term stable alkaline
conditions, with rich
carbonate precipitation,
organic matter production
postdepositional
impregnation by Fe-rich
solutions, corrosion of
carbonate features, doplerite
appearance

Long-term alkaline conditions
with carbonate precipitation,
high organic production,
postdepositional
impregnation
with Fe-rich solutions,
corrosion of carbonate, origin
of doplerite layers

correspond with the appearance of layers rich in organic matter, that is, material
precipitated from organic-rich solutions (Table 3). The total magnetic susceptibility
varied between 450 and 1.5 x 10 SI. The highest values generally reflected the
presence of the clay fraction, while the lowest ones reflected the presence of the
sandy diamagnetic fraction and organic material (zone CH4).
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Table 4 Macrofossils assemblages of the Chrast section (Fig. 3)

Depth (cm) Macrofossil assemblage description

Zone context

Zone CH1 285-260 Zone CHI covers early stage of organic sedimentation. This corresponds with
the beginning of the vegetation succession. High number of recorded species
shows easy way of botanical ecesis and low interspecies competition. High
species richness in this zone is remarkable. Different groups of plant
communities distinguished here cover species with different requirements for
moisture and nutrients; this indicates heterogeneity in habitats
under disturbance pressure during dynamic changes in the river channel.

Samples 1-5 Oospores of algae Chara are encrusted with calcium. This indicates a shallow
carbonate-rich water body with fluctuating water level and clay or loam bottom.

Diaspores of water macrophytes, sedges and reeds indicate an oligo-mesotrophic
lake with littoral vegetation on the shore line.

Zone CH2 260-225 Macrophytes and mire species in zone CH2 indicate the presence of an unstable
shallow lake and transitional mire vegetation. High level of organic production
caused terrestralization of the water body.

Samples 6-12 Spatial heterogeneity of habitats and pressure of disturbances are lower.
Zone CH3 225-175 In zone CH3 has remarkable restoration of a still-water habitat with well-developed
Samples 13-20 littoral vegetation, similar to zone CH1. It shows retrogression of succession and

a higher level of disturbances.

Zone CH4 175-140 Zone CH4 is extremely poor, and mainly charcoal and wood fragments can be
Samples 21-29 found. Other plant macrofossils are missing. This can be interpreted as a
bottom of the river without vegetation, or floodplain under the influence
of the big flood episodes or postdeposition loss of macroremains due to the
influence of bioturbation and oxidation processes.

Zone CHS5 140-86  For Zone CHS the low content of plant macrofossils is significant. Vegetation
cover is poor in species, probably due to the influence of food or bioturbation
and high level of mineralization.

Samples 30-43 Presence of oogonias of Chara and seeds of Schoenoplectus tabernaemontani
indicate a mesotrophic water body rich in carbonates.

Fraxinus charcoal was redeposited. Ruderal species show influence of floods.

Analyses of Plant Macrofossils and Pollen

Results of macrofossil analysis (see Fig. 5), show significant changes. Six local
macrofossil assemblage zones (LMAZ) were distinguished using cluster analysis
(Conslink) implemented in POLPAL; moreover, in light of sedimentological results,
it is clear that macrofossil zones correspond with lithological zones. Species diversity
and abundance of plant macrofossils were most marked in zones CH1, CH2 and CH3;
in addition, macrofossils (e.g., surface sculpture) were remarkably well preserved in
these zones. By contrast, the sandy zone CH4 had a low frequency of subfossil seeds
and fruits, but charcoal and wood fragments were common. Zone CHS contained also
a small amount of vascular plant macrofossils, and the surface sculpture of plant
macrofossils was considerably degraded; only oospores of green algae Characeae in
zone CHS5 were frequent, as seen in Fig. S.
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Pollen analysis results presented in pollen diagrams (Figs. 3 and 4) show indistinct
changes. The observed pollen spectra were rather uniform, therefore only three local
pollen assemblage zones (LPAZ), identified using cluster analysis, were distin-
guished. Apart from zone CHS5b, it is difficult to determine any development or
changes in the diagram. This was also confirmed in the PCA and Rarefraction
analysis (Fig. 3).

Description of Pollen Assemblages

LPAZ 1: 261-279 cm (Zone CH1)

The AP/NAP ratio is about 80 %. The curve of Pinus increases from 40 % to
90 % while Betula declines from 30 % to 10 %, Salix and Juniperus form closed
curves. Alnus, Picea, Ulmus and Tilia pollen was very rare. NAP is dominated by
grasses and sedges. Helianthemum, Chenopodiaceae and Thalictrum occur occa-
sionally. Water species were represented, e.g., by Myriophyllum, Batrachium and
algae Pediastrum.

LPAZ 2: 120-260 cm (Zone CH2, CH3, CH4, CH5a)

The AP/NAP ratio varies between 50 % and 85 %. Pinus (50 %—80 %) and Betula
(5 %20 %) dominate whereas Picea, Juniperus, Alnus and Salix are rare. In NAP,
sedges (30 %) prevail over grasses (5 %). The following pollen taxa had variable
occurrence: Artemisia, Ranunculaceae and Umbeliferae. Occurrence of water taxa
(Myriophyllum, Potamogeton and Pediastrum) was sporadic.

LPAZ 3: 86—120 cm (Zone CHS5Db)

The AP/NAP ratio is about 70 %. Pinus dominates, but the curve falls from
80 % to 50 %. Only in this zone did broad-leaved woody species of
mesophilous habitats expand (Corylus, Fraxinus, Quercus, Tilia). The curve of
Betula, Picea, Tilia, Quercus, Corylus and Alnus rapidly increases. Ulmus,
Fagus and Abies appear. Grasses and sedges still create an important compo-
nent of NAP spectra. Other herb taxa (Artemisia, Chenopodiaceae, Thalictrum,
Ranunculaceae and Umbeliferae) are less common. Cerealia pollen appears.
Wetland taxa are absent, except for Typha latifolia. Microcharcoal (including grass
types) is extremely common, and its concentration increases from the depth of 100 cm.
The quality of preservation in this zone is poor (mechanical and chemical damage of
pollen grains).

Pollen grains from the depth of 0—86 cm are largely degraded and not identifiable.
The pollen record therefore cannot be used for further interpretation.
Discussion
Interpretation Context 1: Local Environmental Processes
The first approach to the interpretation of the section is based on local changes of the
environment and vegetation. Our results document that erosion-accumulation pro-

cesses and vegetation succession took place during infilling of the inactive river
channel.
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Sedimentation processes

Our results provide compelling evidence that the development of the palacoriver channel
Chrast more or less followed the general scheme described in the Introduction.

Gravels and sands described at the bottom of the section Chrast (CHO) represent
former channel bed-load of an active river. In the following period (CH1-CH3), the
inactive river channel was filled up by overbank deposit (silt and clay), represented
by suspended-load sediments that accumulate on floodplains in an environment of
slowly flowing to stagnant water. Two types of sediments alternated: (a) loamy or
clayey sediments were formed in still water rich in percolated carbonates, whereas (b)
nutrient-poor organic sediments were formed on dry land. These changes are illus-
trated in the geochemical record in zones CH1-CH3 (Fig. 2); the increase of Ca and
Mg positively correlates with carbonate precipitation, while their decrease in zone
CH2 (220-260 cm), where S and Fe increase, characterizes the sedimentation phase
of organic material and bacterial activity.

A dramatic change is evident at the depth of 179 cm, at the beginning of zone CH4
due to the occurrence of sandy layers. Sandy layers give evidence of the accumulation
phase during flood events and represent overbank deposits, as reviewed by Aslan
(2007); this is connected with floodplain aggradation, as found by Makaske (2001). A
detailed micromorphological investigation revealed the presence of clay layers in
zone CH4 (Fig. 2). The alternating sand and clays resulted from fluvial activity of a
braided river in a limnic environment. Several studies have documented braided river
system as a typical morphological phenomenon of splitting river channels (e.g.,
Makaske 2001; Vandenberghe 2003; Térnqvist 2007), and our results provide evi-
dence for such a split channel of the river Elbe.

The record in the CHS zone is somewhat striking. Despite chemical changes,
several remarkable horizons of different colors were found (Fig. 2). Chemical
sedimentation of calcium-rich material was characteristic for this zone. This material
is interpreted as lake marl that originated in a shallow limnic environment during a
long period of activity of underground water sources rich in carbonates. At the base of
zone CHS5 (depth range 120-140 cm), intensive bacterial activity was identified
chemically and even micromorphologically (Table 3). At the bottom of zone CHS5,
carbonate accumulation and organic matter increase (LOI curve up to 70 %); Fe and S
values are strikingly high, too. The geochemical structure was largely influenced by
post-depositional changes caused by the activity of root systems and the bacterial
activity linked to it. Higher parts of zone CHS (67-120 cm) are remarkable for the
significant increase of Ca and Mg and also for the minimal values of MS (probably
due to the reaction to diamagnetic carbonate). Also the values of Fe and S are very
low. This geochemically homogenous part of zone CHS5 is macroscopically light
reddish and microscopically black, resembling horizons rich in organics or iron.
These layers were identified as doplerite. This native hydrocarbon material emerged
before total decomposition of topsoil within the largely degraded and anthropogen-
ically influenced fen. The sapric porous horizon (Dinc et al. 1976; Fox 1985) with
decomposed organic matter (Manoch 1970; Fox 1985) was transported downward in
the section as solutions and, so doplerite emerged (Koopman 1988). We found that
this substance further precipitated and created a solid, opaque crust. The doplerite
layer does not contain many plant macrofossils although it resembles a layer rich in
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organics and also its values of LOI and P indicated the presence of organic acids. We
suggest that this appears as a consequence of penetration of these acidic solutions, the
subsoil layers rich in carbonates being partially corroded. The sedimentology of this
zone is thus based on the competition of several disparate processes: the sedimenta-
tion of the clay matrix, carbonate precipitation and the accumulation of organic
substance, bioturbation and postsedimentation processes caused the intensification
of bacterial activity followed by decomposition of most organic matter including
macrofossils, corrosion of carbonate layers, establishment of a doplerite solution
(Stoops et al. 2010), and its movement through the site.

The youngest zone, CHO, is characterized by sedimentation within a fen that was
consequently degraded and largely anthropogenically influenced. The record of local
fires can be observed in the form of a black sediment within the studied section and
proven thanks to the presence of micromorphologically visible charcoal. Microscopic
charcoal particles documenting a human influence were also identified in the pollen
slides. The section is covered by an anthropogenic backfill from the second half of the
20" century.

When looking at vegetation succession — history of local vegetation and changes in
hydroseries, zone CH1 represents the initial phase of vegetation succession and is
characterized by the contemporary occurrence of three groups of species that differ in
their habitat requirements. The first group consists of species that can promptly
colonize habitats with well utilizable nutrients. These competitively weak species
indicate the influence of constant disturbances. This group includes stoneworts
(Chara) and still water macrophyte plants (Nuphar lutea, Potamogeton filiformis,
Batrachium sp.) that occur in shallow water bodies (alluvial pools, oxbows) with
stagnant or slowly moving water with mineral sediment. The second group consists
of littoral species that can colonize sandbanks and withstand changes in water level
(Alisma, Sparganium, Eleocharis, Hippuris, Schoenoplectus). The third group is
represented by nutrient-demanding herbs growing on alluvial sediment accumula-
tions on the banks (Persicaria lapathifolia, Rorippa palustris, Chenopodium, Ranun-
culus repens, Mentha, Urtica). The substrate is usually gravel and sand with a good
nutrition supply, as found by Sumberova and Lososové (2011). This “ruderal” group
of annual nitrophilous wetland herbs has its optimum in zone CH1 and remarkably
recedes due to transitional terrestralization and the competition of perennials and
appears in zone CH3 where carbonate and clay sedimentation is renewed.

The group of perennial clonal species, responsible for the extinction of the oxbow
lake and the origin of the fen in an undisturbed environment has its optimum in zone
CH2 and persists in zone CH3. Clonal perennial plants prevailing here include the
following: (a) graminoids (Carex rostrata/vesicaria, C. sect. Acutae, C. sect.
Paniculatae, C. tomentosa/flacca, C. flava) and (b) dicotyledonous plants (Menyanthes,
Comarum, Cicuta). The vegetation is classified as a calcium-rich fen with typical
calcium-loving species, for example, Carex flacca/tomentosa and Carex flava. The
sediment contains less calcium as a result of higher organic production (Fig. 2). The
presence of woody species in these phases of the succession can be interpreted as an
influence of the heterogeneity of the environment (see below).

The succession series in zone CH3 is largely influenced by the increase of hydro-
logical activity, which was connected with the precipitation of carbonates. The plant
macrofossils found give evidence of the presence of slow moving or stagnant water with

@ Springer



Late-Glacial and Holocene Environmental History of Labe Floodplain 155

still water macrophytes (Nuphar, Batrachium, Potamogeton) and with macroalgae
(Chara). Fluctuating water at the shoreline is indicated by species adapted to these
conditions (Hippuris, Sparganium, Batrachium, Oenanthe). Littoral sedges occurred as
well (Carex rostrata, C. sect. Paniculatae, C. flava agg.). In zone CH3, the frequent
occurrence of Oenanthe sp. mericarps is remarkable. Oenanthe stands commonly occur
in lowland alluvial floodplains, on sites with exposed pond beds or on sites flooded by
shallow water, but it can also grow at greater depths of up to 1 m.

In zones CH4—-CHBO, succession can only be estimated with difficulties on the basis of
palacobotanical data. However, the aforementioned interpretation of the sedimentation
processes indicates vegetation that produces a large amount of fast decomposing and
mineralizing biomass. The oospores of Characeae, with calcium carbonate incrustation,
proven in large amounts, indicate shallow water, periodic floods and light. The wood
fragments and charcoal (Betula, Salix, Pinus, Fraxinus), by contrast, indicate the pres-
ence of shrub and forest vegetation in the vicinity of the site under study. The presented
evidence suggests an occurrence of eutrophic wetland with the prevalence of tall
graminoids (e.g., Phragmites). This hypothesis is supported by finds of several achens
of Schoenoplectus tabernaemontani/lacustris, which indicates reed bed habitats. This
eutrophic wetland was, in some episodes, overgrown by a scarce canopy of woody
plants. Similar vegetation types and signs of changes of the succession stages are frequent
in the area of interest even today. Some human impact to the vegetation is likely, too.

Interpretation Context 2: Large-Scale Environmental Processes

Explaining local patterns of studied deposits using large-scale environmental pro-
cesses is a common approach in palaeoecology. This approach shows how meander
infilling reflects global changes on the landscape level. It was observable that the
results from the analyzed section Chrast corresponded with general characteristics of
environmental development in the Late Glacial and Holocene.

Meander infilling as a result of landscape development and climatic changes

In principle, climatic and environmental changes in the Quaternary period influenced the
dynamics of fluvial systems in Central Europe that were not affected directly by the
continental ice cover (Maddy et al. 2001; Tyracek 2001; Vandenberghe 2003; Tyracek
and Havli¢ek 2009). We detected different mechanisms of fluvial regime response to
environmental-climate factors: (1) changes in hydrological conditions (discharge re-
gime), (2) changes in the channel pattern (fluvial activity) and (3) changes in the
longitudinal profile through aggradation or degradation (river incision). On shorter time
scales, these changes may result in the formation of river terraces and a river architecture
pattern; on the Holocene scale, these changes lead to the genesis of alluvial soils
(Torngvist 2007). These global changes were traced in the sedimentary and
palaecoecological record at the Chrast site.

Allerod and Bolling

During the interstadial complex Allered/Belling, the water regime of the rivers in
Central Europe was of a meandering character (Andres et al. 2001; Houben 2003;
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Vandenberghe 2003; Pastre et al. 2003). The water flow within the branch in the first
part of Allerad is visible in sandy sedimentation in zone CH1 and in macrofossils of
short-age plants, which indicate constant disturbances caused by the activity of the
river. The second half of Allered is characterized by fen development without
sedimentation of sandy material. This indicates a decrease in fluvial activity. The
increased organic production serves as evidence for the improvement of the climate,
which allowed for the succession of vegetation in hydroseries.

Younger dryas

The Allerad/Younger Dryas transition is visible as the lithologic interface of zones
CH2 and CH3. The presence of water macrophytes and Characeae in the macrofos-
sils diagram reflects the transition in the water regime. During the cold stage, Younger
Dryas, the river water regime changed frequently from meanders to braided at the site
under study, but only indirect evidence is available — the sedimentation of coarse sand
with the presence of charcoal and wood fragments of Pinus and Salix (zone CH4).

Holocene

The beginning of the Holocene is represented by aggradation of fine carbonaceous
clays, so called alm (or lake chalk; CHS) without a coarse sand fraction. Episodes of
sedimentation of al/m aggradation during the glacial and at the beginning of the
Holocene can be explained by the influence of several factors that could act apart
or together — the change in hydrological conditions (decrease of flood events), the
change in climate (rapid and short periods of instability in climatic conditions
followed by years of drought) (Bohncke and Hoek 2007) and the change in the
evaporation rate. Lozek and Sibrava (1982) assumed an increased evaporation rate in
the river Elbe area for periods of instability during the Late Glacial period. Moreover,
the Early Holocene deposition is probably connected with increased spring activity
during the Holocene climatic improvement (Lozek 1973; Roberts 1998). The pres-
ence of alm is well known from the same time period also from other localities within
the Elbe lowland (Hrabanovska ¢ernava — Petr 2005; Maly Ujezd — Lozek 1952).

In zone CH6, sedimentation was influenced by anthropogenic activities in the
surrounding landscape. Pollen analysis shows ruderal species and cereal pollen.
Macrofossils (charcoal), micromorphology and geochemistry indicated traces of local
fires (micro-charcoal of grasses and bent-grass) in the degraded peat.

Development of the vegetation at the regional level

Transported pollen grains and macrofossils from the surrounding landscape can partly
explain the vegetation diversity at the regional level. While the origin of shallow
water bodies, banks and fens with characteristic vegetation can be seen in local
conditions, the presence of other groups of macrofossils can be evaluated as a result
of the influence of other vegetation types in the close surroundings of the site. Pine,
birch and mesophilous herbs and shrubs (Fragaria, Alchemilla, Viola, Potentilla
erecta, Rubus) could grow in older succession stages on alluvium elevations or in
the surroundings of the present alluvium, but also directly on young and frequently
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disturbed sediment load where long-term plant survival is very difficult whereas the
establishment is easy.

At the bottom of the studied section (zone CH1), the number of species as well as
the differentiation of their requirement on the environment is the largest. This may
suggest a great diversity of plant communities during early development of the
inactive river branch in the glacial. Under changeable conditions, water bodies can
persist longer or are periodically renewed (Bos 2001).

For the Late Glacial period (zones CH1-CH3), pollen analyses detected that in the
surrounding landscape the herbaceous vegetation was species-rich in open habitats
where birch (Betula pendula/pubescens, B. nana), willow (Salix sp.) and pine (Pinus
sylvestris) prevail. The presence of pine wood and needles confirms the local occurrence
of pine. Several spruce charcoal particles were recovered from zone CH3. Similarly,
spruce is represented in the pollen diagram as well. Its occurrence in the Czech
Cretaceous basin on its western boundary is presumed already in the Last Glacial
Maximum (Latalowa and van der Knaap 2006). Contrastingly, the sporadic occurrence
of pollen of mesophilous woody plants is most likely the result of long-distance
transport because there is no macrofossil evidence of their presence at the site. These
woody plants have not been detected for the Last Glacial in this part of Central Europe
yet (Bittmann 2007).

The Western Carpathians in the Late Glacial period were typically covered with
forests (Jankovska 1988; Jankovska and Pokorny 2008). By contrast, open habitats
predominated in the western parts of the Czech Republic (Pokorny 2002). The Late
Glacial pollen record from the Hrabanovska Cernava site is the only one studied in the
Central Bohemian lowland (Petr 2005). The former small shallow lake was detected in
an area situated 18 km E of the Chrast site and 4 km N of the river Elbe. The pollen
record from this site is considerably different; open steppe taxa (Helianthemum)
prevailed and trees were represented only marginally. We can therefore conclude that
forest vegetation was restricted to the more favorable habitats along the river. Wet and
nutrient-rich soils under mild microclimate conditions were responsible for the devel-
opment of today's riverine gallery forests in tundras and steppes (Tockner et al. 2009).
Similar results are shown in Chytry et al. (2008) on an example of the recent vegetation
of southern Siberia; the continental climate amplifies the dependence of vegetation on
local geomorphologic conditions.

Interpretation Context 3: Meander Infilling as a Unique Concomitance Resulting
from Random Processes

When interpreting lithological records and researching evidence of local processes,
authors commonly present the objects of their study as results of homogenous, global
processes. We decided to apply another interpretation to demonstrate randomness and
unpredictability in our data by considering coincidences in external influences and
circumstances.

The complexity of the value of information

The section studied is a result of various allogenic and autogenic processes (e.g., climate
change, vegetation succession) that impact the lithological record. The record is only
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fragmentary, consisting of several episodes of unknown length. Missing sedimentary
records, so-called hiatuses, are a very common phenomenon, caused by erosion —
processes that interrupt continuous sedimentation. Compared to the development of
lakes or peats, there is higher frequency of erosion events in the river systems (e.g.,
floods, bottom currents), which interrupt local development. The studied record of the
Chrast section reflects only a part of the local geodiversity (types of sediments) and
biodiversity (species, types of vegetation) and their representation in time (stratigraphic
sequences, succession lines). The section considered here is therefore unique. There is
no such other record for the river Elbe. There are analogous lithological sections at other
rivers, but not the same species structure. It is also highly probable that our section is not
even representative of all parts of the oxbow lake. The filling of the oxbow lake could be
influenced by different processes on spatiotemporal variability. Palacoecological records
can result from large diversity in a small area, at least in this case of largely diversified
conditions of a Late Glacial river environment.

Global versus local processes

The palaeorecord of the Chrast section was formed by random events, which are the
result of global processes. In the case of our section, however, they appear as random
events. For example, the reintroduction of a gravel-sandy sedimentation that buried
the fen’s vegetation during the Younger Dryas has been interpreted as a consequence
of a general process operating at least throughout Central Europe. Then the deterio-
ration and the instability of the climate were expressed in increased tendency to form
a braided pattern of the river instead of genesis of meanders. However, we must admit
that this sedimentation regime most probably did not start its activity at once in the
whole vast Elbe river alluvium but that it occurred significantly sooner or later, or
maybe it did not occur at all under specific conditions. The described change of
sedimentation may not be related to the beginning of the formation of the braided
pattern of the river. Instead, it could be related merely to a change in the course of the
meandering river. Only further excavations and analyses of dated sediments will
allow us to decide between these two possibilities.

Conclusion

The sedimentary section of the river Elbe palacochannel near Chrast was discovered after
the observation of aerial photographs and maps in the Polabi region, Czech Republic. Our
results show that after the abandonment of the channel, the shallow episodical oxbow
lake appeared. This event dates to the period of the Late Glacial. The sediment, recovered
from the middle part of the palacochannel, contained the palacoenvironmental record of
changes within the Elbe river alluvium in the period of the Late Glacial and Holocene.
Palaeobotanical results suggest that the Elbe river alluvium operated as a favorable
micro-climate refuge in the Late Glacial landscape as can be demonstrated by the
presence of macrofossils of conifers including spruce charcoal.

The global changes that occurred at the end of the Pleistocene and the beginning of
the Holocene periods are evidenced in the form of proxy-data that provide information
about changes in the Elbe’s fluvial regime. The sedimentary record of the Holocene
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period provides evidence for complicated formation of the site, which is the best
described by the micromorphological analysis. The local development during the
Middle and Younger Holocene can only be reconstructed with difficulties on the basis
of macrofossils analysis, and the pollen analysis provides information about the sur-
rounding landscape.

The multi-proxy approach to the interpretation of the Chrast sedimentary infill
enables us to reconstruct the local development of the abandonment of the river
channel and observe the vegetation succession and the local sedimentation processes
linked on the landscape level in relation to global climate changes. The processes that
do not fit the general interpretational frame of global or local changes are emphasized.
These processes could occur by chance as a result of the heterogeneity of the alluvial
environment.
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The paper introduces results of the survey of the Lake of Abusir, performed by the Czech Institute of
Egyptology over the last few years. A detailed sedimentological description of four trenches located
within the area of the so-called Lake of Abusir is given, together with the micromorphological results of
selected strata, molluscs and archaeobotanical findings. All the presented results document the paleo-
environmental and geoarchaeological history of the study area. Five main developmental phases of the
Lake of Abusir are interpreted. The area was used as a principal entryway to the cemeteries of Saqqara
and Abusir during the third millennium BC. These cemeteries were built to serve the capital of ancient
Egypt, the White Walls, which was established around 3000 BC. The old Nile terrace deposits constituted
the background for the tiled pavement built during the Old Kingdom period. Later, this pavement was
partly destroyed by heavy outwash, and the anthropogenic features were overlain by a layer of pure sand.
Subsequent sedimentological development is characterized by increased desiccation interrupted by
several phases of elevated moisture due to the activity of the local hydrological system. Due to the
function of Wadi Fetekti, thick colluvial deposits were preserved.

© 2011 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Fluvial environments can be used as good indicators of paleo-
geographical and paleoclimatic changes (Brown, 1997; Vanden
berghe, 2003). The Lake of Abusir, the depression attached to
extensive ancient Egyptian cemeteries of Saqqara and Abusir, Cairo,
Egypt (5000—400 BC), represents a major topographic feature
connected with the organization of the pyramid landscape (Figs.1
and 2) (Jeffreys and Tavares, 1994; Barta, 2005). The lake was
used as a principal access route to the cemeteries of North and
Central Sagqara and Abusir during most of the Old Kingdom (Barta,
1999). The water reservoirs often played a significant role in the
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design of the Old Kingdom royal mortuary complexes (Verner,
1994; Barta, 2005). The Lake of Abusir was also associated with
the goddess Heget, ancient Egyptian goddess of birth and rejuve-
nation (Barta, 1999).

Looking for the evidence and development of the lake during
the Old Kingdom (2592—2218 BC, Hornung et al., 2006, 490—91)
involved examining its sediments to find additional information
about the function of the lake during the Old Kingdom period
and about the possible transitional climate conditions during
the Holocene. Surprisingly, several mastabas and remnants of
different architectonic features dated to the Third and Fourth
Dynasties (2592—2436 BC; Hornung et al., 2006, 490—91) were
discovered approximately 1.5 m below the present floodplain
(Barta, 2009) at about 18 m a.s.l. This paper presents the
lithology and palaeoecology of the Lake of Abusir deposits and
discusses the origin and the function of this depression in rela-
tion to the background geology, climate and the role of the River
Nile.
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Fig. 1. Map showing the location of the Abusir Lake area within the North Africa and the landscape view of Abusir Lake area. Marked positions Dahshur, Saqqara, Abusit Lake and
Pyramid fields of Abusir: Dahshur — 29.799712° N, 31.213655° E; Saqqara — 29.871053° N, 31.216682° E; Abusir Lake — 29.885166° N, 31.212735° E; Pyramid Fields of Abusir —

29.896171° N, 31.203543°.

2. History of the study area

The Lake of Abusir appears on the early maps of Karl Richard
Lepsius, Jacques de Morgan, Ludwig Borchardt and other Egyptol-
ogists and cartographers of the 19th and early 20th centuries
(Barta and Bruina, 2006). It is rendered as a rather prominent and
isolated body of water. The lake was reported to exist occasionally
until the mid-1960s. According to reliable reports from the local
inhabitants, it was a seasonal feature, 1-2 m deep, and fed by
water leaking from the ground. The lake was used for swimming,
fishing and cattle washing. The lake existed only seasonally, during
August—October/November, and chronologically was connected
with the annual Nile flooding which caused a general rise of the
water table in the whole valley (Butzer, 1976; Schenkel, 1978). It
started to disappear with the completion of the Aswan Dam in the
1960s. Today, the Lake of Abusir is a slightly moist depression
covered with a sparse ruderal vegetation at the transition between
the cultivated area and the desert (Dittmer et al., 2003) and is
dominated by the clonal plant Desmostachya bipinnata (halfa grass).
Other species encountered at the site are those typical of ruderal
stands: Spergularia media, Setaria pumila, Echinochloa crus-galli,
Chenopodium sp., Sonchus oleraceus, Hordeum murinum, Xanthium
spinosum, and Cassia cretica, or those typical of desert margins
(Alhagi graecorum) or bottoms of wadis (Panicum thurgidum) or
those which are connected with oases or more or less humid
environments, such as Phoenix dactylifera, Arundo donax, Tamarix
nilotica, Imperata cylindrical, and Cyperus laevigatus (Pokorny et al.,
2009).

The lake depression is situated on the edge of the present Nile
floodplain (Figs. 1 and 2), with the modern surface at 20 m a.s.l. The
Lake of Abusir is thought to be a remnant of an extensive water
reservoir fed by groundwater and superficial water of the Nile River
(Mahmoud, 1986; Pokorny et al, 2009). According to recent
observations, the exact role of the lake is rather enigmatic because
no typical clayey lacustrine deposits have been found (Reader,

2009). Mathieson (2000) reported concentrations of freshwater
bivalve molluscs that formed a stable shoreline of the lake dur-
ing the Old Kingdom. Dittmer et al. (2003) claimed that before
coverage by recent windblown sand deposits, this area was subject
to deposition of fine dark-coloured organic-rich soils. This suggests
that the area probably functioned as an inundation basin, fed
exclusively by seasonal flooding associated with the Nile.

The Lake of Abusir was studied in detail by Mathieson (2000),
mostly by various geophysical methods, and by Jeffreys (2001,
200643, 2006b) who focused on Holocene stratigraphy and settle-
ment remains by using coring. Mathieson thoroughly mapped the
area and found a mixture of sand-dominated sediments up to 5 m
thick. Similar results were provided also by Jeffreys, who observed
that the large open areas in front of the valley temples of the Abusir
funerary complexes were filled exclusively with sand deposits. The
area of the lake was later investigated by the Czech Institute of
Egyptology (2002, 2009).

The main geomorphological features in the close vicinity of the
Lake of Abusir are the Fetekti and Abusir wadis (Fig. 2). The Fetekti
wadi is a short dry tributary of east—west orientation, descending
from the Western Desert plateau towards the lake. Originally, it was
an insignificant shallow valley, but it was later deepened by
torrential rains. The Abusir wadi is a major dry valley of the area
that stretches from South Abusir to the northeast and opens into
the Lake of Abusir.

3. Geological background

The prevailing geological formations of the Abusir area are the
Late Eocene Maadi limestone, clayey limestone and marls (tafla).
The upper member of the Maadi Formation, Giran el Ful, is devel-
oped mostly as porous brown sandy limestone tempestite facies
(Strougo, 1985). The only known outcrops appear more to the west
(Lion Hill) but scattered fragments of these low-quality building
limestone rocks can be found almost everywhere. The studied area
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Fig. 2. Contour map showing the location of trenches and basic geomorphology of the Abusir Lake area.

is completely formed by the Sagqara Member which consists of
alternating strata of structureless, 40—120 cm thick beds of
yellowish limestone and 20—60 cm thick beds of light grey marls
(Said, 1993; Issawi and al-Jiyultjiyah al-Misriyah, 1999; Reader,
2009).

The Quaternary sediments are developed as slope deposits
derived from older Nile terraces of Pleistocene age (Mahmoud
and Hamdan, 2002) as well as aeolian sands. Other materials
such as remobilized river gravels and sands cemented by calcium
carbonate are rare. The Nile sediments are easily distinguishable by
the presence of concretional and laminar brown cherts (horn-
stones, flints) derived from Middle Nile Eocene limestone rocks,
weathered pink granodiorites from the Aswan area, epidotized
green metamorphic rocks from the basement complex of the
Eastern Desert, rare carnelians and other rocks (Mahmoud and
Hamdan, 2002). However, rounded quartz pebbles are the most

common material in all Pleistocene terraces. The reddish Pleisto-
cene Edfu sands of the upper Nile terrace above Abusir were sieved
and used for making very commonly used pink gypsum mortars
and plasters during the Old Kingdom and much younger (Roman)
periods. Dittmer et al. (2003) reported only sands and no soil layers
from their investigations of the Lake of Abusir. Their stratigraphic
sections consisted of recent windblown sand up to 2 m thick,
overlying soils which were predominantly granular but contained
varying proportions of dark humic material. Within the dark-
coloured soils, mud-brick structures were encountered, together
with fragments of red/black pot and occasional shell fragments.

4. Methodology

During the 2007 field season (April 7—24), four trenches 2—3 m
wide and 1.8—3.2 m deep were excavated. The trenches were
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located approximately in the north—south axis of the remnant
lake, as judged by its extent given in historical maps (especially by
K. R. Lepsius and later sources, Barta and Bruna, 2006) (Fig. 1).
Methods applied to the study of environmental record include
mainly basic facial analyses, microstratigraphy studied by the
method of micromorphology, study of the surface of quartz grains,
macro-remain and anthracological studies and the study of
malacofauna.

The excavated sections were sedimentologically logged. Bulk
samples used for the study of the surface quartz grain micromor-
phology were taken according to the lithological change. Three
micromorphological samples were taken into Kubiena boxes, dried,
impregnated by resin, hand thin sectioned and studied under
a polarizing microscope. The quartz grain surface analysis was
performed on the spot together with the determination of ceramic
fragments and pebble provenance analysis. Each 10 cm of material
from sections a and b were wet sieved on the spot for the purpose
of grain-size distribution. All studied sections included in this paper
are dated by the presence of archaeological remains.

Five main lithologically different layers were sampled and flo-
tated (20 L each) for the purposes of botanical, anthracological, and
mollusc analyses. Extraction of macrofossils, charcoal and molluscs
from the soil material followed the standard flotation and wet
sieving procedure (Jacomet and Kreuz, 1999), using staggered
sieves with a mesh size of 0.25 mm. Molluscan and plant macro-
remain analyses were performed from eight lithological intervals
from Section A. The volume of all the processed samples was 20 |
with the exception of the sample from the bottom of the section
(175—185 cm). The volume of this one did not exceed 3 1. All the

samples were treated by water flotation with the sieve size of
0.5 and 0.25 mm immediately after sampling. The dried samples
were then sorted under a light microscope at x10 to x15 magni-
fications. Seed atlases by Cappers et al. (2006, 2009) were used for
the plant macro-remain determination. Characteristics of the wild
plants follow the Flora of Egypt by Boulos (1999, 2000, 2002,
2005).

5. Results
5.1. Sedimentology and microstratigraphy

Aquatic sedimentation of the deepest lacustrine facies (Trench A
and B) was expected (Figs. 3 and 4), with lake deposits being
overlain by wadi sedimentation (Trench C and D) (Fig. 5). The facial
analysis of studied sections confirmed those expectations. This is
why Trench C was located at the intersection of the axis of the Lake
of Abusir and the Fetekti wadi (Fig. 2), to reveal the role of flash
floods and torrential rains. Trench A was located approximately in
the centre of the Lake of Abusir depression and close to the fields of
the floodplain, lying some 1.2—1.4 m below the present surface of
the Lake of Abusir. Trench B was located close to the axis of the
depression and near the Abusir wadi (Fig. 2). It was confirmed that
sections in trenches A and B represented the deepest part of the
depression, whereas the section in Trench C is strongly influenced
by the Fetekti wadi, and that in Trench D by the Abusir wadi. Trench
D was located near the southern extension of the lake close to the
wide Abusir wadi. The trench excavation had to be stopped at the
level of groundwater some 1.8—2.0 m below the present flood

Depth |Facies ILithulogy

Depositional environment

depth (cm) facies
" .. Trench A

0 T

ol .. 0-70
0|l - @12
ECK

404.

1-4

Sand, yellow aeolian sand,
occasional stains of the
dark humic soil from
decomposed mudbricks,
frequent water snails,
tubular root krotovinas.

P 70-90

60

70

27-35 cm thick strata of
grey sandy loam derived
from mudbricks or recent
field system with two
layers of aeolian sand, and
no bioturbation.

90-
150

80

Grey and yellow fine
grained aeolian sands

150-
160

10l . &

Grey and yellow fine
grained sands, pure, coarse
grained, fluviatile sands
with quartz and flint
pebbles

120 160-

130] * . 110|170

Mudbrick platform (tilled
pavement), partly well
preserved, partly
decomposed by humidity,
frequent pieces of Fifth
Dynasty ceramic. The
tilled pavement is eroded
by stream water
containing sandy material
(wash outs) (Cooke et al,
1993).

Below
170

14-15

Fluvial, quartz dominated
pebbles, flints and sands

The  pure  sand fluviatile
sedimentation ends some 15 cm
above Old Kingdom platform of
the Third to early Fourth Dynasty.
The upper part of the profile is
formed by distinctly different
aeolian sands interrupted by dark
sandy loams of an intermittent
“lake”. The soil material is most
probably coming from the eroded
mudbricks or irrigation channels
feeding field systems that are very
common in the whole area. The
mudbrick platform (other
platforms of this type were
possibly identified nearby by
georadar) could be a part of the
landing installations for boats
arriving to the cemetery as
witnessed by frequent
iconographic  evidence (Barta
1999). It means that the water table
had to be slightly below 18 m. a. s.
I even during the high flood season
during the Third to early Fourth
Dynasty.

Fig. 3. Lithostratigraphy and depositional history of Abusir “Lake” trench A.



18 V. Cilek et al. / Quaternary International 266 (2012) 14—24
Depth { Facies I Lithology Depositional environment
Sy Trench B
10‘&.}4’:;%— /3
D-58 1-5 Yellow and grey sand, Profile B has the same pattern
2047, ede s 4 small lenses of clay, some | as the previous profile. It can
LI = gravel deposits form the be divided in the lower more
01 :.‘ e 5 I overlying layer. humid fluviatile phase and
s sl : the upper arid aeolian
S = sedimentation phase. The
b o & 6 boundary between these two
= Q> <] 559 |7 Correlates to the series is located aprox. 20 cm
809 7 -y lacustrine sedimentation of | 200V the Third to earlfv
il . layers 5-7 of A profile, grey Fourth Dynasty mudbrick
- T sandy loam deposited in mark.er. . ot
. e o |7 stagnant water, but the The intermittent lake‘ is
; ¢ it bioturbation is present ;-ecorded here as well in the
904 probably due to the cattle ayer 7 —itmay belong to the
oo L] treading (water buffalo ?). Pre-Coptic period, but_a cross
== & 92-115|8 Pure, coarse grained sand pr_OOf S_‘uc,h as OSL dating is
8 and gravel of colluvial sl missing tie m.the
origin. administrative barriers.
115- |9-11 Rewashed mudbricks
140 accompanied by ceramic
fragments of the Third-
early Fourth Dynasty and
divided like in profile A by
fluviatille sand deposition.
140-  [12-18 Alternating strata of pure
230 fluviatile sands and gravels.
=+ 18

Fig. 4. Lithostratigraphy and depositional history of Abusir “Lake” trench B.

plain (ca. 20 m a.s.l.). The detailed description of sedimentary facial
analyses together with the basic interpretations is documented in
Figs. 3—5.

Micromorphological analyses were used to find out the
composition and origin of the sand-dominated material below the
tiled pavement, the properties of the darker loamy intervals within
the sandy loam of Trench A (at a depth of 75 cm) and the thin
cracked clay interval in Trench B (depth of 25 cm). An example of
photodocumentation with the distinctive micromorphological
characteristics and the descriptions and interpretations is pre-
sented in Fig. 5. Each sample presented in this figure reflects
a different environment within the Lake of Abusir depression.

5.2. Palaeobiological analyses

Plant macro-remains and charcoal found in studied strata were
very limited. The plant macro-remains originally present in these
strata may have been present only in very small amounts.
However, some grassland species (Poaceae) Echium sp. and
a clover (Trifolium sp.) were present together with a wetland
species of spike-rush (Eleocharis sp.) and hood canarygrass (Pha-
laris paradoxa). One fragment of a charred cereal caryopsis was
also found (Figs. 5 and 6). Samples contained also very small pieces
of fresh and charred wood. Among species prevailed fragments of
acacia (Acacia nilotica) and tamarix (Tamarix sp.), reflecting the

presence of common local trees and shrubs. Fragments of fresh
wood and charcoal were small, not exceeding 2—3 mm. Their
amounts and sizes indicate secondary deposition in the strata.
Among archaeobotanical samples, there are exceptional samples
from mud-brick structures connected with the Old Kingdom
period. Macro-remains from mud-brick structures, namely from
Trench A, were more frequent in amount, but they could be not
directly connected with natural and semi-natural alluvial deposits
and will be evaluated separately.

Mollusca shells or their fragments founded in studied sediments
contain 7 main species. Those species are typical mainly of fresh
water environments, with flowing or slowly flowing water, but
terrestrial snail shells also were identified. The results of the
analyses are summarized in Fig. 6. Ecological interpretations of the
individual taxa are listed in Fig. 8.

6. Discussion
6.1. Water source for feeding the Lake of Abusir depression

The sedimentological record can be considered rather discon-
tinuous due to the episodic sedimentation, erosional events and
scraping of the upper aeolian sand by farmers protecting their
fields against desertification. Three human-made sand rims can be
observed along the western edge of the lake. They contain aeolian
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[Trench C

Located at the edge of Abusir
Lake in the axis of Fetekti
wadi. The sedimentology is
typical for desert wadis.
Aeolian and rewashed aeolian
sands alternate with gravels
washed down by flash floods.
An limestone altar of unique
historical value and a mudbrick
structure was revealed approx.
70 cm below the recent surface.

The unplanned rescue
archaeological research
revealed top of an Old

Kingdom tomb. This finding is
important for determination of
water table level during the Old
Kingdom Period. The upper
part of the false door was
located 1.00 m below the
present surface. The stela was
50 cm high and the floor of this
offering chapel was at a depth
of 1.50 m below the present
surface, i.e. about 18.80 m
a.s.l.. (for details see Barta
2009). It correlates with the
mudbrick platform of Profile A
(-180 cm + two cubits =
approx. 3 m below the present
surface, i.e. 17.20 m a.s.l..) and
situation in Profile D. Also
mastaba AS 33 in South Abusir
seems to provide some
interesting evidence in this
respect. During the excavation
of its substructure, one room
(Room X, a well-shaft?) was
found flooded to a height of
17.30 m a.s.l.. (Barta 2010, 70).

Trench D

It was located still within .
the limits of the lake but facies
close to Abusir wadi. izl 2|1
When we refer to the lake I
limits we take as the basis nE2
the flat lake-like surface
covered by vegetation and | 40+

depth (cm)
0 1

20 4

30 4

the extent of a “lake™ as sod -

recorded by Lepsius'sand | o, [+ - g

other maps. The S el 4
; 704. .

excavation was arduous E T

because of the constant 80 4

finds of pottery fragments | 04
and animal bones — both
rewashed and in situ
positions. All the layers
up to the depth of 290 cm
(again a similar boundary
of aprox. 3 m) are
somehow influenced by
human activities. We
observed the layers with
mudbrick admixture,
blocks of limestone up to
50 ¢cm long from some
nearby building and other
human traces. The surface
of Abusir wadi seems to
be a continuous burial
place sometimes affected
by flash flood erosion.
However in the lowermost
part of the profile D (290-
340 cm) we found the
same pure, fluviatile sand
and gravel strata as in the
A and B profiles.

Fig. 5. Lithostratigraphy and depositional history of Abusir “Lake” trench C and D.

sand constantly blown by desert winds to the Nile floodplain.
There is a visible lack of any fluvial sediments or typical organic-
rich material within the sedimentological record of the studied
sections (Figs. 3—5). However, the source of water was not
contaminated by black Nile loam rich in organic matter. The only
possible explanation seems to be that the lake was fed by ground
water collected below Eocene rocks. The elevated activity of
groundwater seepage probably reflects the flooding periods of the
Nile River. It seems this system works on the principle of con-
nected vessels. The water of Nile flooded not only the surrounding
alluvial plain but also penetrated into geological background
represented by the local Eocene sand basement. This infiltration
initiated the activity of groundwater which is now at the level of
18 m a.s.l,, and this water started to discharge on the surface in
the form of springs, i.e., to the lowermost area of the Abusir
depression, the Lake of Abusir. When the flood receded, the
water body in the depression slowly infiltrated or even dried
completely. Some water could be collected from occasional
flash floods and sands of the Abusir wadi catchment as well
(Abusir wadi was a principal discharge valley in the local topog-
raphy). The closest existing analogue of the Lake of Abusir
is probably the intermittent Dahshur Lake some 10 km to the
south.

6.2. Landscape of the Lake of Abusir during the Old Kingdom

All the studied sections show a quite similar sedimentological
trend (Figs. 3—5), strongly influenced by the local geomorphology
(Figs. 1 and 2). Surprisingly, the groundwater level was found at
the altitude of 18 m which is approximately 2 m below the present
surface of the flood plain (Jeffreys, 20064, p.17; Barta, 2010, p.70).
The bottom of all sections were represented by fluvial sands
and pebbles, overlain by a tiled pavement dated to the interval
between the Third and Fifth Dynasties of the Old Kingdom
according to the ceramic shreds, approximately before 2460 BC.
This date correlates well with the first stage of desiccation in the
Middle East which occurred around 2500 BC, while the main
droughts occurred around 2200 BC (Weiss and Bradley, 2001;
Barta and Bezdék, 2008). Clearly, fluvial activity with no prevailing
aeolian deposition dominated the landscape during the use of the
pavement. The likely function of the mud-brick pavement which
was about 2 m wide and oriented NE—SW was probably to serve as
one (of many) access routes from the lake to the cemeteries. It can
be supposed that some true or symbolic (see below) landing
facilities may have been located at some distance to the east or
northeast, close to the third millennium main branch of the Nile.
During this period, the Nile branch was most likely situated to the
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Context

Distinctive
micromorphological

characteristics

Interpretation

Sample A, located in the depth of 170 cm of the trench

The bridge grain
microstructure with gefuric

related distribution
decomposed organic matter
composing the  bridges
between coarse material.
Coarse material is
moderately  sorted and
composed of  quartz,
plagioclase  mainly. c¢/f
(0.3mm) = 80:20. The
percentage  of  organic

matter is 20 %.

Surface organic
horizon of weakly
developed arid soil.

Four buried organic matter
rich horizons marked as
facie x and three pure sandy
horizons marked as facies

y.
X - homogenous, apedal,
salt free clayey

groundmass, rare vesicles.
The c/f related distribution
pattern is monic, with the
ratio ¢/f(0.2 mm) = 50:50.
The micromass is
yellowish-brown  calcitic
crystalitic b-fabric

Y - moderately to well
sorted sand composed
mainly of quartz. The ratio
¢/f(0.5 mm) = 95:5.

X - buried takyric
horizon reflecting the
phases of increased
moisture and organic
matter production.

Y - buried aeolian
sand reflecting the
phases of desiccation.

Sample C, located in the depth of 25 ¢cm of the trench B,
macroscopically visible as a cracked thin clay layer
XPL) Cross larized light).

0.5 thin fragments visible
on the picture on the left are
composed of very fine
grained dusty material. c/f
related  distribution  is
porfyric with the ratio
¢/f(0.02mm)= 50:50. Brown
calcitic matrix has
crystalitic  b-fabric. The
crystals of gypsum salts
occur in the middle of the
picture and reflect quick
desiccation.

Desiccation cracks of
matrix originated
within the slope or
small shallow pool
after the heavy rain.
Evaporite crystals
grow and disrupt the
soil matrix because of
the presence of ion
rich soil solution and
relatively high
formation/dissolution
frequencies in
relation to horizontal
processes  (Schaetzl
and Anderson, 2005).

Fig. 6. Micromorphological observations and interpretations of facies.

Spencer, 2010, 29). Later, during the late Old Kingdom (ca. 2300
BC), the area around the lake became occupied by tombs of
lesser officials of the state starting at the altitude of about 19 m
(Barta, 2010).

west of ancient Memphis. Based on the latest results, it can
be supposed that the modern Bahr Libeini (now about 2 km
east of the Abusir pyramid field) was the main channel of the
River Nile in antiquity (Giddy, 1994; Lutley and Bunbury, 2008;
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The altitude of 18 m, where the tiled pavement was found, lies
3.5—4.0 m above the reconstructed inundation levels of the Old
Kingdom period (14—14.5 m a.s.l.) (Lehner, 20093, 2009b). This means
that the encountered pavement was built on a dry fluvial terrace
and not flooded at all. This suggests a similar symbolical phenomenon
as in the case of the valley temple of Unas and other Old Kingdom
royal complexes. The base line of the harbour walls in the valley
temple of Unas lies at the altitude of about 18 m. (Jeffreys, 2006a, 17).
In his opinion, it was impossible to reach the harbour by water.

The most recent studies that the Old Kingdom floodplain must
have been situated considerably at lower altitudes than the 18 m
a.s.l. structures discovered in the Lake of Abusir. The seminal study
by Jeffreys and Tavares (1994, p. 158) made it clear that the majority
of settlement in the area of Old Kingdom Memphis is situated
above the floodplain level which was typically about 13—14 m a.s.l.
Supposing that a standard Nile flood reached a height of 1.5 m
(Willcocks, 1889, 44), it is logical to suppose that most settlement of
the period was located at around 15.5 m a.s.l. and higher. This
estimate matches the results of coring materials from Dahshur. The
borings carried out by the German expedition (Alexanian and
Seidlmayer, 2002, p. 23—5) have shown that the Fourth-Sixth
Dynasty settlement level was situated somewhere between 16
and 17.5 m a.s.l. Contrary to this, Casey has concluded during his
survey of Saqqara that the valley floor of the Old Kingdom (based
on the elevation of the harbour in the funerary complex of Pepy II)
was lying around 16—16.5 m a.s.l. In this connection it is interesting
to mention that the floors of the valley temples of Sahure and
Nyuserre in Abusir lie at the altitude of 17.5 and 19.0 m as.l,,
respectively (Seidlmayer, 2001, 48).

Possible changes in moisture can be reconstructed from the
micromorphological observations. The bridge grain microstructure
of sandy matrix with gefuric-related distribution (Fig. 4) is usually

interpreted as a friable Bh horizon or A or E horizon of podzols
(Wilson and Righy, 2010). However, podzolization should not
be considered in this type of environment. The presence of this
material suggests organic matter accumulation and decomposition.
The dark brown organic pigment is typical for the surface horizons
according to Gerasimova and Lebedeva-Verba (2010) and Adderley
et al. (2010). It is possible that relicts of surface horizons of desert
soils were preserved below the tiled pavement. These soils are
extremely thin, only a few centimetres in thickness. The moisture
needed for the production of this kind of organic matter accumu-
lation was probably provided by an already existing hydrological
system, as described above. This means that the area of the Abusir
depression was inundated by pushing groundwater in relation with
the Nile River inundation phases.

Mollusc shells found below the pavement are very rare
and cannot be used as statistical proof. They were interpreted
as xerophilous African land snails which usually occur in north-
western Africa, or as common freshwater snails inhabiting a wide
range of aquatic environments. These findings correspond with the
conclusion that the lake was in existence only seasonally, during
the flooding period.

On the other hand, the botanical interpretation of this period is
not very clear. In general, the palaeobotanical study of botanical
macro-remains (no pollen could be determined) preserved in mud-
bricks of individual archaeological objects shows that there was
a major tendency towards desiccation of the area throughout the
third—first millennia BC (Pokorny et al., 2009). Macrobotanical
remains toward the younger deposits are very rare. Together with
the decreasing amount of macroremains, deposition of windblown
material containing aeolian quartz grains is interrupted by thin clay
layers produced by occasional heavy rains followed by rapid des-
sication (Fig. 8).
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Fig. 7. The appearance of the taxa of molluscs and plant macro-remains found in the Abusir “Lake” deposits (profile A). The individual samples are identified by their depth (in cm)

under the recent surface.
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6.3. Erosion event by the end of Fourth Dynasty

The tiled pavement buried below a surprisingly thin layer of sand
and sandy loam (150—180 cm) has a deeply eroded surface horizon
(Figs. 3 and 4). An approximately 15 cm thick layer of sand overlying
and partly destroying the Old Kingdom pavement was described as
a result of purely sand-sized alluvial (colluvial) sedimentation. The
glossy surfaces of quartz grains derived from this sand-sized mate-
rial are rounded, bearing typical fluvial bowl-like features. This
could suggest a possible fluvial origin, but a much higher-energy
depositional environment is suggested by the clearly visible pave-
ment destruction. The possible explanation is alluvial (colluvial)
redeposition of sand coming from older fluvial terraces above. Such
a high-energy event is compatible with a heavy rain period(-s).

A similar and a more precisely dated erosional event, comparable
with the erosion of tiled pavement of the Lake of Abusir, was found
by Polish expeditions within the area of Necropolis of West Saqqara
(Trzcinski et al., 2006). Based on the geoarchaeological results of the
Polish expedition of 2006, geodynamic processes in this area were

reconstructed. They suggest a natural environment shaped indi-
rectly by human activity. Archaeological interpretation of the finds
indicates that these processes could have taken place during the first
phase of use of the Lower Necropolis, between 2700 and 2600 BC. At
the beginning of this phase, the relatively dry and warm climate
appears to have changed for a cooler and more humid one. The type
of weathering observed on the surface of the limestone points to
a warm climate characterized by cyclical alternation of humid and
dry periods, with the latter predominating (Trzcinski et al., 2006).
Another remark on heavy rains and the need to build some kind of
protection was made by Welc (2007). He excavated the remains of
a casing wall at the Netjerikhet funerary complex and interpreted
its later use also at the end of the Old Kingdom. Similar evidence,
e.g. heavy muddy downwashes, was observed in several burial
chambers of late Third Dynasty mastabas at Abusir (Barta, 2010).
Although no mollusc remains were found in the strata repre-
senting humid environments, the plant remains (Damasonium
alisma, Alisma plantago-aquatica, Heliotropium aegyptiacum, Elati-
naceae) (Figs. 7 and 8) indicate humid conditions persisting during

Fig. 8. Overview of the present taxa and their ecological interpretation. Characteristics of molluscs are according to Van Damme (1984), Kerney et al. (1983) and Boettger (1910).

Mollusca

Ecology

Aquatic molluscs

Bithynia tentaculata
(Linnaeus, 1758)

Common European species of various aquatic habitats. The occurrence of this species
in Abusir is surprising, because of its recent known range extends to Morocco and
Algeria only.

Bulinus truncatus
(Audoin, 1827)

Common African species of all types of freshwater habitats.

cf. Bellamya unicolor
(Olivier, 1804)

This species occur in lakes and slowly flowing rivers of tropical Africa, common also
in fossil records

cf. Valvata nilotica
(Jickeli, 1874)

The species of slowly flowing waters with dense aquatic vegetation. Occurs in Lower
Egypt and the Ethiopian Highlands.

Gabbiella senaariensis
(Kiidter, 1852)

The species of large rivers and lakes, recently known from the Nile and Southern and
Western Africa. Fossil records from Fayum (Egypt), the second Nile Cataract (Sudan)
and also from Chad and Nigeria.

Melanoides tuberculata
(Miiller, 1774)

Common freshwater snail of wide range of aquatic environments.

Terrestric molluscs

Trochonaninal/Martensia

Xerophilous African terrestrial snails occurring in North-western Africa.

Spp-

Plants Ecology

Aquatic and wetland

plants

Characeae Green algae found in shallow fresh water, particularly in limestone areas, sometimes in

in brackish even maritime waters.

Damasonium alisma
Mill.

Inundated land, muddy canal banks. The species was fairly common in the basin lands
which were regularly inundated in summer time for several months by the annual Nile
flood. But after the construction of the Aswan High Dam in 1964, which allowed the
control of the annual flood, the basin lands were subjected to a network of irrigation
canals and the plant became rare. Perennial.

Alisma plantago-
aquatica L.

Nile banks, ditches and marshy ground. Perennial.

Heliotropium
aegyptiacum Lehm.

Nile banks, moist stony ground. Short- lived perennial.

Scirpoides holoschoenus
(L.) Sojak

Moist ground, swamps, canal banks. Annual.

Ranunculus sceleratus
L.

Littoral marshes, Nile and canal banks, wet meadows. Perennial.

Cyperaceae

Moist ground or shallow water, canals, ditches.

Eleocharis caduca
(Delile) Schult.

Wet meadows, springs, canal banks and lakes. Perennial.

Elatinaceae

Irrigation canals, moist ground. Annual.

Weeds of cultivation

Buglossoides/Echium

Cultivated ground, waste land, sandy and stony soils.

Fallopia convolvulus

((59)

Weed of cultivation. Annual.

cf. Fumaria spec.

Weed of cultivation. Annual.

Chenopodium murale L.

Weed of cultivation and waste ground. Annual.

Grassland plants

Poaceae

Grasses. Broad range of biotopes.

cf.Trifolium spec.

Moist to sandy ground, orchards, edges of cultivation.

Characteristics of the wild plants are according to Flora of Egypt by Boulos (1999, 2000, 2002, 2005).
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sediment deposition between 0 and 150 cm depth. However, no
definite evidence for a persistant aquatic environment was found.
The plant species found here typically grow on moist and marshy
ground, on banks and wet ditches and on temporally inundated
land. Goosefoot (Chenopodium murale) and Echium sp. can be
interpreted as weeds of cultivation or indicators of waste ground.

6.4. Buried takyric horizons as a reflection of the past

The most continuous aeolian sedimentation of the Lake of
Abusir area not destroyed by the Fetekti wadi function is preserved
in trenches A and B (Figs. 3 and 4). Sediments in these two sections
are represented by distinctly different aeolian sands interrupted by
dark sandy intercalations. These loams were formed due to the
inundation of the Lake of Abusir depression as described above.
The only difference is that the period of the accumulation of the
intercalations lasted during and after the maximum desiccation
period around 2200 BC (Weiss and Bradley, 2001). The sand-
dominated material may be regarded as “mirrors” (Dokuchaev’s
expression) of the present-day environment (Gerasimova and
Lebedeva-Verba, 2010), whereas “the subsoil, i.e., the darker
humic loam layers, reflects the events that happened under more
humid condition” (Lobova, 1967; see; Souirji, 1991), in this case,
moistening due to regional geomorphic conditions. A similar life
cycle is typical for most of the wadi systems and had a profound
impact on the settlement strategies pursued by the ancient Egyp-
tians with regard to wadi mouths (Dufton and Branton, 2009).

Micromophological observations confirmed the presence of
the so-called takyric horizon or its very first stages. Repetition
and common appearance of these horizons is due to the repeated
moistening/inundation and desiccation. Microlamination is formed
under such circumstances (Fig. 6). According to Gerasimova
and Lebedeva-Verba (2010), “these horizons are characterized by
a homogeneous, apedal, salt-free clayey groundmass, with few
to abundant vesicles and few planes”. The c/f related distribution
pattern is mostly a fine monic, with few coarse mineral grains.
Micromass is yellowish-brown to light brown with mainly calcitic
crystallitic and locally stipple speckled b-fabric (Fig. 6). According
to Fedoroff and Courty (1987), aeolian transport of fine sand sepa-
rating the tacric horizons is very common. Mollusc species found
within the horizons are usually common African species, living
mainly in different substrates in stagnant or slowly flowing waters,
in lakes and gently flowing rivers of tropical Africa or another
freshwater habitats (Kerney et al., 1983; Van Damme, 1984). The
most common taxon, cf. Bellamya unicolor (Olivier, 1804), was found
in damaged fragments and is common also in fossil record, which
indicates that it could have been probably redeposited by wind
erosion together with the aeolian material. The appearance of
Bithynia tentaculata (Linnaeus, 1758), a common European species
of various aquatic habitats, was quite surprising because the present
distribution of this taxon is only limited to Morocco and Algeria
(Van Damme, 1984).

Plant macro-remains found in strata beneath the present
surface (0—90 cm) strongly indicate aquatic environment. A total of
166 specimens of wetland and aquatic plant species were present
in the uppermost interval, representing 7 taxa. The appearance of
Characeae, green algae typical of shallow, clear water, together with
Daphnia magna ephipia (aquatic crustacean) supports the inter-
pretation of the presence of an aquatic environment. On the other
hand, many wetland species (some identical with those mentioned
in the previous section) indicate humid conditions with no super-
ficial water over several months in a year. Several remains of weeds
were also found here, indicating the presence of a humid envi-
ronment which is usually connected with cultivated land in the
surroundings. Unlike the upper strata, the interval directly below

the organic-rich matter (90—100 cm) was very poor in plant macro-
remains. It is unclear whether this is a result of poor taphonomic
conditions or evidence for rapid accumulation. However, wetland
species were present here.

7. Conclusions

1. The background geomorphology of the Lake of Abusir and
other natural depressions under the steep slopes of the Abusir
and Saqqara area were very probably formed by an older, now
abandoned Early—Mid Holocene river course. Such irregular
linear depressions are a common feature of all riverine systems.
The river erodes or undercuts the slope and then, after a flood
or megaflood, shifts its course closer to the central part of the
wide valley. Aggradations take place there. The former river
course under the slopes remains in spite of some aeolian
sedimentation, and water seeps in, resulting in a formation of
a marsh or even a “lake”.

2. The sections observed in the excavated trenches can be roughly
divided into five parts:

1) the lower part is formed by “pure” sands and gravels of
fluvial origin with probable relicts of humic horizon

2) mud-brick pavement overlain by wash-out sandy alluvial
deposits

3) the upper parts of the sections are dominated by desert
aeolian sedimentation interrupted by stages of elevated
moisture and the origin of takyric horizons

4) aeolian sands are occasionally intercalated by flash-flood
wadi deposition (medium-sized gravels, trenches B and C)

5) desiccation cracks as the result of heavy rains sedimenta-
tions followed by quick desiccation occur in the uppermost
parts of the sections.

3. The lower fluvial sedimentation reflects the changes in
hydrological regimes witnessed by a sand-gravel rhythm.
Wadis must have functioned at least as perennial rivers during
and after the Old Kingdom period.

4. The Abusir wadi seems to be older than the Fetekti wadi
because fragments of the local limestone rocks are abundant in
Trench D but almost lacking in the other trenches. The Fetekti
wadi probably acted as a water piracy agent. Its sediments
probably formed a transversal aggradation rim that cut off the
southern smaller part of the lake from the lake main body.

5. Possibly the main result is that the change of the sedimentation
from fluvial to aeolian occurred some 10 cm above the horizon
dated to the interval between the Third through the Fifth Dynasty
of the Old Kingdom, approximately after 2460 BC. This date
correlates well with the first stage of the Middle East desiccation
at around 2500 BC, while the main droughts appeared much
later, at around 2200 BC (Weiss and Bradley, 2001).
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ABSTRACT:

The Kuilna Cave provides relatively unique sedimentary record containing not only artefacts of Upper and Middle
Palaeolithic, but also information on changing climatic conditions within isotope stages MIS6 - MIS2. There are
studied two major sections in context of sedimentology, micromorphology and other auxiliary proxy as are
magnetic properties or particle-size distribution. One of the sections is located in the central part of the cave, the
second one in its entrance part. By combining of these two sections a complete record of sedimentary
development of layers 5 to 11 was obtained. Based on the set of geoarchaeological analyses it was possible to make
detailed interpretation of provenance of cave sediments and their formation history which provides new
information on long discussed chronostratigraphic questions of this locality.

KEY WORDS: Middle and Upper Palaeolithic, Kiilna cave, cave deposits, formation processes, micromorphology.

1. UVOD

Jeskyné Kiulna (Moravsky kras; obr. 1) je jednou z nejdtlezitéjSich stfedo-
a mladopaleolitickych lokalit stfedni Evropy. Nachazi se cca 45 km severné od Brna, na
severnim okraji Moravského krasu. Je to v podstaté 87 m dlouhy tunel s maximalni vySkou
25 m a Sifkou 8 m (VALOCH et al. 2011, 10). Jeskyné ma dva vchody, mensi orientovany
smérem na sever a VétSi orientovany smérem na JJZ do Sloupského udoli (obr. 1).
Geomorfologie celé oblasti je zvyraznéna Sloupskym udolim, na sever §iroce rozevienym,
které smérem k jihu pfechazi do uzkého Pustého Zlebu.

Geologické podlozi (obr. 1) je tvoreno devonskymi vapenci, na zapadé CasteCné pre-
krytymi devonskymi arkézami a slepenci. Na vychodé se devonské vapence stykaji
s drobami kulmu Drahanské vrchoviny. Tyto horniny se nachazeji jiZ cca 400 metri od
severniho vchodu do jeskyn€. Dno udoli je vyplnéno fluvialnimi Sté€rky a pisky, z ¢asti pre-
krytymi sprasemi a sprasovymi hlinami ¢i koluvii odvozenymi od okolni geologie.

Komplexni interdisciplinarni vyzkum probihal v jeskyni v letech 1961-1976 pod vedenim
K. Valocha (1988b), ktery tidil i predstihovy vyzkum ve vstupni €asti jizniho vchodu v roce
1995-1997 (VaLocH 2002). V souvislosti se zpracovanim nalezenych archeologickych
detailni datovaci studie metodami 4C (Mook 1988), AMS 4C (NErUDA - NERUDOVA
v tisku-a), ESR (RINK ef al. 1996), OSL (NEIMAN et al. 2011), U/Th (MICHEL et al. 2006,
PATOU-MATHIS et al. 2005) nebo magnetostratigrafické studie (SROUBEK et al. 2001, SROUBEK
et al. 1996). Dodnes vSak nebyl pro tuto jeskyni proveden detailn€jSi sedimentologicky
vyzkum, na jehoz podkladé by bylo mozné popsat formacni procesy vzniku sedimentil
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Obr. 1. Poloha jeskyné Kiilny v Moravském krasu a jeji vztah ke geologii udoli Sloupského potoka a Pustého
7lebu. Podklad pro geologickou mapu (GEOCRS50 2013).

a jejich vztahu k relativnimu ¢i absolutnimu datovani, archeologickému kontextu, ¢i
moznému environmentalnimu zaznamu. Cilem této studie je zakladni vyhodnoceni
formacnich procesu, které hraly roli v utvareni jednotlivych vrstev vyClenénych pfi archeo-
logickém vyzkumu, a zadroven propojeni sedimentarniho zdznamu v oblasti vchodu s centralni
casti jeskyné. Nedilnou soucasti prace je i diskuse o ménicim se prostiedi, které je
v sedimentech zachyceno, a jeho vztahu k feSeni chronostratigrafickych otazek této lokality.
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2. ZAKLADNI CHRONOSTRATIGRAFICKY KONCEPT

Plochu jeskyné roz¢lenil K. Valoch do nékolika sektorti (obr. 2). Nejuplnéjsi stratigrafii
popsal ve vstupni Casti jeskyné, kde postupné rozliSil celkem 14 hlavnich geologickych
vrstev, sloZzenych predevsim z klastickych sedimentt, které se 1i§i homogenitou a zrnitosti od
prachu po brekcie tvofené devonskymi vapenci ¢i pisky a Stérky (schematicky profil obr. 3).

Sedimentarni i archeologicky zaznam jeskyné rozdé€lili K. Valoch do nékolika
chronologicko-kulturnich jednotek (VALOCH 1988b). NejstarSi osidleni jeskyné (obr. 3,

Obr. 2. Clenéni jeskyné Kiilny na sektory a poloha analyzovanych profilt 6, 19, 20 a 29.
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Obr. 3. Chronostratigraficka koncepce sedimentarni vyplné jeskyné Kilny. MIS - Marine Isotope Stage, GI -
Greenland Interstadials, LGM - pozdné glacidlni maximum, LGT - pozdni glacial, BAIC - Bolling-
-Allered komplex.

jednotka 1) je reprezentovano moustérienskymi nalezy z vrstvy 13b a 14, ve které se
v nepocetné kolekci podarfilo identifikovat i doklady levalloiské metody sbijeni jader
(NERUDA 2011; VALOCH 1970). Na zaklad€ interdisciplinarniho studia (mikrofauna, MUSsIL
1988) je tato vrstva spojovana s koncem glacialu Saale (MIS6).

Druha kulturni jednotka (vrstvy 13a-10) poskytla artefakty stiedopaleolitického tauba-
chienu (VALOCH 1988b; 1988a), ktery je na podkladé malakologické analyzy (Kovanda in
VALOCH et al. 1969) a vy$Siho obsahu humusu v sedimentu 11 (PeliSek in VALOCH ef al. 1969)
relativné datovan do posledniho interglacialu (VALocH 1989; 2002; VALOCH et al. 2011).

Pozice treti vyclenéné chronologicko-kulturni jednotky (vrstvy 9-6a) je pomérné kom-
plikovana, priCemz vétSina vrstev (9b, 8a, 7d, 7c, 7a a 6a) obsahovala nalezy
stfedopaleolitického micoquienu (VALOCH 1988b). Z hlediska datovani se miiZeme oprit
o uceleny soubor dat pro vrstvu 9b, ktera na podkladé metody ESR (RINK ef al. 1996)
spada do obdobi okolo 71 000 let BP (RU AGE), a Ize ji povaZovat za jeden z duleZitych
markert kilenské stratigrafie. Druhym podobnym markerem by mohla byt vrstva 7b, ktera
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méla reprezentovat chladny stadial (VALocH 1989, 2002), nejspiSe pak prvni glacialni
maximum posledniho klimatického cyklu Visla (MIS4). SROUBEK et al. (2001) ji ale na
zakladé magnetickych studii interpretovali jako soubor kratkodobych teplotnich vykyv(, pfi
kterych se utvarela ptida (obdobi se zvySenym srazkovym uhrnem). Za hlavni stratigraficky
marker tfeti chronologicko-kulturni jednotky je povaZovana vrstva 7a, protoZe v jejim
piipadé koreluji vysledky ziskané metodou ESR (RINK et al. 1996), 4C (Mook 1988)
i AMS 14C (NERUDA - NERUDOVA 2013, v tisku-a) a kladou jeji stafi do obdobi cca 50 000
let BP kalibrované chronologie. MiiZeme ji tudiZ spojovat s interstadialy Moershoofd ¢i
Glinde (BEHRE - PLICHT 1992).

Mladsi faze MIS3 neni v jeskyni Kilné samostatné sedimentarné ani archeologicky
dolozZena. V jeskyni zcela chybi artefakty starSi faze mladého paleolitu (EUP). Ctvrtou
chronologicko-kulturni jednotku, spadajici do obdobi MIS 3/2, tedy tvori nalezy z mladsi
faze gravettienu, které byly dochovany zejména ve vnitini ¢asti jeskyné. V jizni vstupni ¢asti
rozliSeny nebyly, ale nova radiokarbonova data ukazuji, Ze i zde se nachazely zvifeci Kosti,
které ziejmeé souviseji s touto fazi osidleni (NERUDA - NERUDOVA Vv tisku-b).

Pata kulturni jednotka je reprezentovana artefakty magdalénienu z vrstev 6 a 5, které
jsou v dnesni dobé zachovany jen v severnim profilu v sektoru G1. Nov€ je vrstva 6
datovana do obdobi okolo 14 800 BP kalibrované chronologie (NERUDA - NERUDOVA
v tisku-b). Svrchni Cast stratigrafické sekvence (vrstvy 4-1) jiZz neni v jeskyni Kiilné
dochovana, a neni proto v tomto ¢lanku zpracovana.

3. METODIKA

Geoarcheologické analyzy popsané v této praci zahrnuji zakladni sedimentarni popis
jednotlivych vrstev, jejich mikromorfologickou charakteristiku, charakteristiku magne-
tickych a zrnitostnich proxy.

Celkem 15 mikromorfologickych vzork o rozmérech 6 X 9 cm bylo odebrano ze Ctyf
profil riznych ¢astech jeskyné. 11 z nich pochazi ze vchodu jeskyné a zahrnuji predevsim
vrstvy 9b-6a, dalsi 4 potom pochazeji z vnitini Casti jeskyn€ a pokryvaji vrstvy 6a-5 (obr. 4).
Vzhledem k tomu, Ze sedimenty byly nezpevnéné a Casto obsahovaly vétsi klasty, bylo
nutné v nékterych pripadech pouzit misto tetrapakovych kubiena-boxi i vypénéni pfimo ve
stén€, ze které byly vzorky odebirany. Vzorky byly dale zpracovany Julie Boreham (Reach,
UK) do formy vybrust. Nasledné byly studovany pfi rizném zvétSeni (40-800x) pod
binokularnim ¢i polarizaénim mikroskopem s pfipojenou fluorescenci. Popisy vzorkt byly
provedeny dle STOOPSE (2003), BULLOCKA a MURPHYHO (1983) a interpretovany prede-
v§im na zakladé GOLDBERGA - MACPHAILA (2006) Ci Stoopse et al. (STOOPS - MARCE-
LINO - MEEs 2010).

Spolu s mikromorfologickymi vzorky byly méfeny magnetické vlastnosti a zrnitostni
charakteristiky sedimentl. Vzorky byly odebirany v intervalu 5 cm, a to v sektoru C z pro-
filu 19 (jizni ¢ast - pilif, ¢tv. N/5-6) a z profilu 29 uvnitf jeskyn€ (obr. 2, sektor G1). Po
odebrani byly sedimenty za sucha prosety, aby byla odstranéna frakce vétsi neZ 2 mm, ktera
je ve vétsiné pripadd tvorena vyhradné devonskymi vapenci. Magneticka susceptibilita
a frekvencné zavisla magneticka susceptibilita byla méfena na kapamustku firmy Agico
(MFK1-FA), a to pfi dvou frekvencich, f1 = 976 Hz a f3 = 15 616 Hz, amplituda AC pole
byla 200 A/m. Vzorky byly zméfeny v plastovych saccich a nasledné zvazeny, aby mohla
byt vypoéitana hmotnostni susceptibilita [m3/kg]. Frekvenéné zavisla magneticka
susceptibilita byla potom prepocCitana dle obecné akceptovaného vzorce (DEARING et al.
1996) jako kFD = 100 x (kfl - kf3) / kfl [%], kde kfl a kf3 jsou méfeni susceptibility pri
frekvencich 976 Hz al5 616 Hz.

Zrnitostni analyza byla provedena laserovym granulometrem znacky CILAS 1190.
Vzorky byly dispergovany v destilované vodé s pfidavkem KOH a nasledné pipetovany do
pristroje. U kazdého vzorku byla provedena minimalné€ dvé méfeni a vysledek zprimérovan.
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4. VYSLEDKY

4.1. SEDIMENTARNI POPIS A STRATIGRAFIE POPISOVANYCH VRSTEV

Material vrstev 5, 6 a 6a zachovanych uvnitf jeskyné v profilu 29 sektoru G1 (obr. 4)
byl popsan jako zlutohnéda prachovita hlina s minimalnim obsahem vapencovych klastu.
Piechod mezi t€émito vrstvami je Spatné znatelny a rozdil byl stanoven piedevS§im na
zakladé€ odliSného zabarveni (vrstvy 6 a 6a mély pouze mirné tmavsi odstin) a zvySeného
podilu hrubsich klastii ve vrstvé 6a. V téchto vrstvach byly identifikovany 1-2 mm velké
klasty rozvétralych ulomk® hornin, mikromorfologicky nasledné identifikovanych jako
droby. Makroskopicky identifikovatelné texturni znaky zde nebyly rozpoznany. Podobnou
litologii vykazuje i vrstva 6a ve vchodu, zachycena v profilu 19 (jizni ¢ast-pilif) sektoru C.

Ve vchodové casti jeskyné byly vrstvy dokumentovany na celkem tfech na sebe
navazujicich profilech (obr. 2; sektor C, profil 20 kolmy na profil 6, profil 19 stfedni ¢ast
a profil 19 jizni ¢ast-pilif). Z téchto profili byly odebirany mikromorfologické vzorky (obr.
4). Profil 19 jizni Cast-pilit (¢tv. N/5-6) byl stratigraficky nejkomplexnéjsi, a proto byl
vybran i pro odbér sypkych vzorkli na dalsi analyzy. Fotodokumentace celého profilu byla
krajné obtizna, proto je v tomto pfispévku predstaven schematickym nakresem (obr. 6). Ve
vchodové ¢asti jeskyné v sektoru C byly zachyceny vrstvy 6a (baze)l, 7a, b, c, d, souvrstvi
8 (8a+8b), 9b a 11. Vrstva 6a méla podobné parametry jako vrstva 6a uvniti jeskyné.
Vrstva 7a, identifikovana jako prachovita hlina, méla hnédou barvu a byla typicka obsahem
drobné;jsi sut€ o velikosti do 1 cm (cca 30 %), ale i hrubsich vapencovych klasti do velikosti
az desitek cm (5 %). Vrstva 7b tvofi nejmocnéjsi a texturné nejvyraznéjsi ¢ast studovanych
profil. Jeji mocnost dosahuje cca 1 m a je typicka vyskytem milimetrovych aZ centi-
metrovych tenkych lamin sloZenych z pis¢itoprachovitého materialu cervenohnédé¢ barvy.
Dalsim texturnim prvkem této vrstvy je horizontalni odluénost prachovitého materialu.
Vrstvy 7c¢ a 7b jsou si zrnitostné i texturn€ velmi podobné a jsou tvofeny prachovitojilovitou
hlinou hnédé barvy s obsahem jemnozrnného vapencového detritu. Rozdil mezi témito
vrstvami je makroskopicky ve vy$§im obsahu vétSich vapencovych klastd v ramci vrstvy 7c.
Souvrstvi 8, zachycené pouze v profilu 19 (jizni ¢ast-pilif), je tvorené Sedé hnédou jilovito-
prachovitou hlinou s obCasnym vyskytem vétSich vapencovych klasti do 5 cm (max. 10 %).
Vrstva 9b byla odkryta taktéZ pouze v profilu 19 (jizni Cast-pilif); ma podobnou charakte-
ristiku jako nadlozni vrstva s tim rozdilem, Ze podil vapencovych klastii plosSné kolisa.

profil 29 profil 20 profil 19 (stfedni ¢ast)

Obr. 4. Fotodokumentace stratigrafie a odbéru mikromorfologickych vzork z profilu uvniti jeskyné, sektor G1
profil 29, a ve vchodu jeskyné, profily 19 (stfedni ¢ast) a profil 20 (foto L. Lisa).
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Vrstva 11 byla Casteéné€ odkryta na bazi téhoz profilu a byla tvofena pfedevSim jemnozrn-
nym vapencovym detritem a oblazky (VALocH 2011). Matrix této vrstvy ma Sedou barvu
a jilovity charakter.

4.2. MIKROMORFOLOGICKA CHARAKTERISTIKA
Obecné lze zkoumané sedimenty popsat jako nevytfidénou prachovou hlinu s C/F
pomérem (pomér hrubé a jemné frakce) s limitem 50 um okolo 20 : 80, cozZ je typicka
hodnota pro spras. Vrstvy 5 a 6 vykazuji lentikularni mikrostrukturu, typickou pro intenzivni

Obr. 5. Fotodokumentace hlavnich typi mikrostruktur zachycenych ve studovanych vzorcich. A - lentikularni
mikrostruktura, vzorek 12, vrstva 5, profil 29; B - kanalkovita mikrostruktura, vzorek 1, vrstva 7d, pro-
fil 20; C - planarni mikrostruktura, vzorek 9b, vrstva 6a/7a, profil 19 (stfedni ¢ast); D - planarni mikro-
struktura s laminami a rip-up klasty, vzorek 5, vrstva 7b, profil 20; E - subangularné blokova
mikrostruktura, vzorek 10, vrstva 8(a +b), profil 19 (pilif); F - subangularné az subovalné blokova
mikrostruktura, vzorek 11, vrstva 9b, profil 19 (pilif).

203



61 [yoid

(% 01) | turgn3ueqns aL/eL
wz uese[aod (o ¢ e BYONRLISOuRI3 eur[y gyaoyoed (% ¢€) Aunnp TuIRYnUa| TIIRAISIA
anpou O jupnsue (% 01) ypauy © puia ® ppauy *08:07 =(w 0)4/0 (% 07) A1od Kstu gaodyorq | 1zow sorzod
(% €) €0DBD | ‘W z—[ ‘% ¢ QUORZA eueAouodwoyop BYONBLIS AIQAS 56 =(wr 002)d/D 9A0)e3aI3eIZOoWw ueIuoZLIoY qurgngueqns 8 YAI0ZA
(% €) wiz
tugydpa0d (% 01) | Juapnsueqns
a[npou O e eYONeL)SOuRI3 eur[y gyaoyoed TuIRYOUa| 61 1goxd
(% 0€) myuoqrey juapnsue (% 01) gpauy v U1 ® epuy *08:07 =(wl 09)4/0 | (% 01) Awpysead | qupguozioy | Aystwr paoxolq qL BAISIA
doe[nwunye | ‘ww z—[ ‘% ¢ QUORZA eueAouodwoyop BYONBLIS AIQAS 56 =(wr 002)d/D (% 01) Aunnp Kt Qurgngueqns L YA10ZA
AQ)SIA [P 0z [yoxd
1uen3ueqns ‘eurqy engsid ze eyaoyoerd qLe
e pyoNELISOURIS 05:0$ =(wr 07)4/0 (% 07) Aunnp {QuguIAZ praoeyd | e/lweAlsIA
(% S) Jupnsue (% 01) BPRUY € puId) e epuy ‘0L:0€ =(wri 0)4/0 (% 01) A19d | ‘uguozuioy | Aistw ‘gaoyolq | 1zow oo1zod
Jnpou HO9 | ‘Wz ‘% ¢ QUORZA euesouodwoop eyonerns Asiu AIAS $06:01 =(w 002)4/D 9r0jeSaIderzow Kystur qurgnSueqns 9 YAI0ZA
eury pagsid
uensueqns BAOZURIO ze epiaoyoeld puaprniasu ao1zodopar
e pyOnELS ‘epuy 09:0 =(w 0)4/D niws 0z 1yoxd
ugngue (%01) Bpauy © BuIdY QUOBZA ‘epauy| Kysepy dn-dur s £ajsia A wayn pod rureuerd Kysiu qL BAISIA
Auojoy odeqInjolq | ‘wut z—] ‘o4 G QUOBZA gueAouodwoyop ‘eyoIeIsAny 9)]QAS 08:0 =(wr 06)4/D 56:S (% 01) Aunnp TuQuUIQWISN ‘eaounnp G YAI0ZA
urwe| yorsfpuwol euiy pagsid ze
jsouwoyd 1s[)se 1uen3ueqns gAOZURIO | eul[y BIIAoydeId BUQPLIAADU ao1zodopar
“IYI0ZA [03)58Q e Kyonerns ‘epuy 09:0% =(wWri 002)d/D nigus 0z 1yoxd
yoAuwizouwaf A uensue (% 07) &pauy © BuId QUOBZA ‘epauy] Ksepy dn-dur s £ajsia aawoapyn pod | rureuerd Ksiu q/ BAJSIA
9MPOU HORA | ‘WW -] ‘% G RUOPZA pueAoUOdwONop Aporjersiny ARAS 08:07 =(wl 05)4/D 56§ (% 01) Aunnp fuguIguisn ‘gaounnp ¥ A210ZA
MI0ZA 1ISEQ eur[y gigsid ze
snoy TUYOIAS 9A nI0ZA eAOZURIO | BUIY BITAOYORId BUQPINAASU so1zodapar
yoyupnd jsouwoyyd | yurgngueqns nseQ Aponerns ‘epuy {01:06 =(wrl 007)d/D niguis 0z [yoxd
BIse ‘HORAd e ugn3ue TUYDIAS (% 01) &pauy & BUI) QUOBZA ‘epauy Kysepy dn-dur s Aajsia oA wapyn pod rureueld Kysiun q/ BAISIA
Q[NpOU QUOBZA W z-1 ‘06 QA 96 gueAouodwoyop AyporreIsAny A)]QAS £08:07 =(wr 06)4/D ‘S6:S (% 01) Aunnp TuQUIQWISN ‘eaounnp € AI0ZA
0z 1yoxd
douadea oygrengaz Asepy (% 01) PL AniSiA
wiz rueygjaod 1ugn3ueqns TwAew s euljy ejaoydeid Aunnp WANI[AI §
91582 ‘HOPA | zv jurgnsue (%01) gpuyepuiy | Ayonerysoueis wpuYy *08:0z =(wrl 09)4/D (% 07) £19d | yoxrod yuzord pA0YOIq L BAISIA
9[NPOU QUOBZA | ‘WU 7—[ ‘0% § QUORZA eueaouodwoyop ‘Axyoneins 9)[9AS 56 =(wr 002)d/D 9A01e3aI3eIZOW | 9JBIUALIO Zdq urgngueqns T YPI0zZA
(% ¢€) eueaou
-oduwroyap gugasey
wz | jupnSueqns (% §) epauy 0z [yoxd
1ugaoyelod duseaqo Ze jurg[nsue (% 07) gaeun euf|y paoyoeld (% 01-5) pIAOY[pURY PL BAISIA
(% ¢)ouend | ‘wwrz—[ ‘o G 9% S—¢ gueAouodwoyop AyporreIsAny epauy {08:0z=(wr 05)4/D Ayreuey e Aunnp Q0BJUILIO Z0q Ze TUAISeW 1 o10ZA
1X9u0y ©
XLjew eanpnays my10ZA
Ajeuz ruuagopag nsoy| Apyn ejowry eyduediQ wopfoaq XLIRIA jsoyuiz K194 BIWILIQ -0 1Al oIst)

"TIIOZA YOAAI[IOUPA[ BY1ISIISINLIYD BYOISO[0JIOWOINIA ‘T "qBL

204



nIeA) op yey

‘NSONI[oA Op el
oupopiaeidau i
‘Qmpnusonyu
AKysnny rupnd Jurgnuess SR UIBIEH
QUEAOULIOJOP B gpiaodpo £up
% € Op epuy Bpasopuy euly ey1AoyorId unnp 1eay uQuIQusn Twgnueld 62 1yoxd
Queaouodapar ‘o A . .
% € op Zegpuy 1sopwiz {009 = (1 % 0 ze Auppnd u2prn Ze gA0Y0[q B9 BAJSIA
‘wiz jupyppaod su ou uyedo gaeun eyoIRISAIy aMRAs 09)4/D $6:S = (1 002)d/D snoyedaideizow 9A0ZEIW surginSueqns G YPI10ZA
doeqIniolq
dmpnusonyI Kystua
fysnry yupnd JuIg[yHua| “1oyNIe3 Jurgnueld ze
aueAOULIOOP B gpraodpo App | uagmnual op
% € Op TpauY| epasopauy eur[y gyaoyoerd unnp IeA} TUQUIQISN Apoyoaxd e 67 1goxd
oueAaouodopar “ e . .
% € op Ze gpuy sonuiz f0p:09 = (M 09)4/0 | % 0F 2 Auipind Tu2ptn gAaoYyOIq 9 BAISIA
‘wiz [ugyd[aod au au 1uyedo eaeun eyoIeISAD| A1QAS 66:6 = (M 000)4/D 9A0je3aI3eIZOW QAOZEIW Qurgngueqns $1 NAI0ZA
QINP[NISOIIU
furgynua| SEUIEIEHS
gpiaodpo App | uagonua) op
% € Op BpauYy epasopuy euy[y giaoyoeid unnp Ieay TuQUIUISN Apoyoaxd & 6¢ 1goxd
‘% € op zegpuy sonuiz f0:09 = (M 09)4/0 | % 0F Ze Auipind ‘TURPLH BAOYOIq $ BAISIA
wiz ueyoaod ou u 1uyedo gaeun J[IQAS 66: = (M 00040 9a0jpSaISeIzow 9AOZEIW Quignueqns €1 YoIozp
QInyynusoIyIu
gy pus|
gpraodpo
% € Op Epuy epagopuy eul[y gpaoydeid unnp Jeal 62 [yoid
‘% € op Zegpuy sonuiz {05209 = (1 09)d4/0 | ‘% 0F Ze Auipynd furgynua| ‘S BAISIA
wiz rueyajaod ou au 1jedo eaeun eYIeISAIy J[19AS 66:6 = (M 000)4/D 9a01pSa1SeIZOW U[RIUOZLIOY ze rurpuerd T1 Yo10ZA
urgn3ue e 9A0Y0[q
ugn3ueqns Kujopraeidou Quign3ueqns ad
‘wu 9% € Op epauy eury eyaoyoeid unnp 1ea) Ayeuzeu Ksiu 61 [yoid
9[NPOU HORA | T—§°0 ISONIA %01 0P | Appnewns Lsiw epuy Isonuiz £0L:0€ = (1 09)4/0 (% §) Aurpind JdeqImolq ‘gaounnp 6 BAISIA
pue a[npou Uy ‘% € op QUOPZA 1wyedo paeun “poreIsAny oIRAs L6:€ = (1 002)4/0 (% S1) Aunnp | Ayeuzpu zoq ze gaourpind 11 3e10ZA
1ugmsue e (%
ugn3ueqns 01 "Xeur) niea} ad
‘o ‘%% € Op BpuY eur[y giaoyoeid oygupopiaeidou 61 1yoxd
Snpou 1 IsoieA % 01 op ByoneLns sonuiz 16/:6z = (M 09)4/0 Aunnp TujgruozLIoy BAOYOIq A 8 BAISIA
HO? 91euAd)SIA ‘% € op QuOPZA 1wyedo paeun ‘PYoIEISAD] vpuy 566 = (1 002)4/0 (% ¢) Aurpind ASINL | Quipn3ueqng 01 YPI0ZA
(% 07) Kisny
jupnd guesouriogp euy[y pigsyd 61 [yoxd
(% 01) wiz ze piiaoyoeid gugpAaou BL/®9
ueyoraod (9, €) Judoe[NYeZ B eyoneLysourIs 05:08 =(wr 02)4/0 TWEAISIA
a[npou HOI | fuignsueqns (% O1) BPRUY € puId) e wpauy | Apaed f0g:0g =(wi 05)4/0 furgypua| | 1zow do1zod
(% €) €00BD | W 60 % € QUOYZA pueaouodwoop pyoneLS aIRAS 666 =(wr 002)4/0 (% 07) Aunnp JufgjuoZLIOY ze tugue(d [RECZIN

‘TUpAOQEINOd '] "qEL

205



zmrzani a rozmrzani (obr. 5). Zaroven je u nich zfetelné usmérnéni matrix, coz je
disledkem geliflukce. Texturné nejzajimavéjSi vrstva 7b obsahovala laminy litologicky
odliSného materialu. Ten byl popsan jako tzv. rip-up klasty vznikl¢ intenzivni erozi starSich
pudnich sedimentl. Vysledky mikromorfologické analyzy jsou shrnuty heslovité v tab. 1;
hlavni typy mikrostruktur popsanych ve studovanych vzorcich jsou dokumentovany v obr. 5.

4.3. MAGNETICKE VLASTNOSTI STUDOVANYCH SEDIMENTU

Magneticka susceptibilita a frekvencné zavisla magneticka susceptibilita méfena na pro-
filu 19 jizni ¢ast - pilif ve vchodové Casti profilu koreluje s dfive provedenymi méfenimi
(SROUBEK et al. 2001). Sedimenty uvniti jeskyné maji magnetickou susceptibilitu o fad
niz§i, coz je pravdépodobné dano jejich sloZzenim i typem ukladani. Hodnoty frekvenéné
zavislé magnetické susceptibility sedimentd uvniti jeskyn€ svédéi o absenci pedogenné
ovlivnéné matrix. Mirn€ zvySené hodnoty kFD se objevuji na bazi profilu, ve vrstvé 6a.
V pfipadé sedimentli zachycenych v profilu v jiznim vchodu jeskyné lze fici, Ze pfinej-
mensim ve vrstvach 7a, 7b, 7d, 9b a 11 byly identifikovany sedimenty obsahujici pedogenné
ovlivnénou slozku (obr. 6).

4.4. ZRNITOSTNI CHARAKTERISTIKA STUDOVANYCH SEDIMENTU
Zrnitostni distribuce pro studované profily, ve které nejsou zohlednény piipadné
rozdily mezi mineralni a organickou sloZkou, jsou znazornény na obr. 6. Sedimenty jsou

Obr. 6. Hodnoty magnetické susceptibility kfl, frekvenéné zavislé magnetické susceptibility kKFD, indexu zvé-
travani (podil jil/prach) a zrnitostni distribuce analyzovanych profilti jeskyné. Hodnota 12 u kFD je
obecn€ povazovana za znamky pedogeneze.
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vzdy bimodalni. Obsah jilové frakce se pohybuje okolo 20-30 %, pisCita frakce je
zastoupena minimalné, a to predevSim v profilu pochazejiciho ze vchodu jeskyng.
Pomérem jilovité a prachovité slozky, ktery urcuje miru zvétrani (SROUBEK et al. 2001)
dobfe koreluje s hodnotami frekvencn€ zavislé magnetické susceptibility (obr. 6).

5. DISKUSE

5.1. PROVENIENCE JESKYNNICH SEDIMENTU

Karel VALOCH (1988b) a pozdéji napiiklad P. Sroubek (SROUBEK et al. 2001) povazuji
za hlavni zdroj sedimentl jeskyné Kilny sprase. Signal magnetické susceptibility a fre-
kvencéné zavislé magnetické susceptibility tomu odpovida predevsim v pfipad¢€ vrstev 6a, 6
a 5 uvnitf jeskyné a v ramci nékterych facii ve vchodu jeskyné (vrstva 6a, svétlejsi vrstvy
v ramci vrstvy 7b, ¢ast vrstvy 7c¢). Ostatni vrstvy identifikované ve vchodu jeskyné potom
vykazuji hodnoty frekven¢né zavislé magnetické susceptibility podobné spiSe pidam (obr.
6). Zrnitostni analyza identifikovala ve vSech sedimentech prevladajici prachovitou frakci
(obr. 6).

Typicka spras je obycejné velmi dobre vytfidéna s vice jak 70 % zrn velikosti mezi 10-50 um
(KukaL 1971; PEcs1 1990). Béhem pedogeneze vSak dochazi ke zv€travani alumosilikatt
a nasledn€ bimodalnimu sloZeni vysledného sedimentu. Priimérna zrnitost tak klesa spolu
s formovanim jilovych minerald (MARTINI - CHESWORTH 1992). Pomér jil/prach tudiz mi-
ze odrazet intenzitu pedogenniho procesu (SROUBEK et al. 2001) a v pripadé€ studovanych
sedimentl velmi dobfe koreluje s magnetickym signalem, tj. stoupa v intervalech, v nichz
zaroven narustaji hodnoty frekvencné zavislé magnetické susceptibility. Sedimenty uvnitf
jeskyné maji magnetickou susceptibilitu o fad nizsi, coz je pravdépodobné dano jejich
sloZenim a v navaznosti na to i typem depozice.

Navyseni signalu magnetické susceptibility mize mit né€kolik divodi, napfiklad atmo-
sféricky spad (Evans - HELLER 2003), termalni alteraci diky ohni (KLETETSCHKA - BANER-
JEE, 1995) nebo anorganickou tvorbu ultrajemného magnetitu v dasledku zvétravani
minerald s obsahem Fe, a to v prostiedi s ménici se ptidni vlhkosti (EvaNs - HELLER 2003).
Takové podminky predpokladame ve vrstvach 6a-5 uvnitf jeskyné€ (LisA et al. 2013), kde
sice magneticky signal Zadné vyrazné navySeni neukazuje, ale mikromorfologické popisy
podobné podminky indikuji. Podobné je tomu i v pfipadé vrstvy 9b zachycené ve vchodu
do jeskyné, ktera podobné navySeni magnetického signalu rovnéz indikuje.

Sedimenty vchodové Casti jeskyné jsou mnohem variabiln€jsi jak po strance formacnich
procest, tak jejich litologie a s tim souvisejici provenience. V jejich pripad¢€ je nutné disku-
tovat i moznost navySeni magnetického signalu v disledku pfitomnosti superparamagne-
tickych mineralti vzniklych bakterialné béhem pedogeneze (FASSBINDER 2010). Musi se
vSak zakonit€é jednat o pedogenezi probéhlou mimo jeskyni s naslednou redepozici
pedogenné ovlivnéného materialu do vnitfnich ¢asti jeskyné. Takovy zdznam byl identifiko-
van predevSim ve vrstvach 9b a 11, dale potom ve vrstvach 7d, svrchni ¢asti souvrstvi 8 a i ve
vrstvé 7a. Palynologicka spektra (DOLAKOVA 2002) ukazuji na mirné teplejsi podminky ve
vrstvach 8a (svrchni Cast vrstvy 8) a 7c. V ramci vrstvy 7b byly potom identifikovany
¢ervenohnédé sedimenty v ramci jemnych lamin. Na zakladé mikromorfologie byla matrix
téchto klasti popsana jako vyrazné jilovita s velkym obsahem FeOH. Mtuze se jednat
naprikad o relikt starSi pidy typu rothlem Ci ferrae calcis.

5.2. FORMACNI PROCESY V JESKYNI
Na podkladé zrnitostni analyzy a méfeni magnetickych vlastnosti byla provenience
studovanych vrstev pfisouzena ptivodné eolickym sedimentiim (napf. SROUBEK et al. 2001).
To vSak neni diivod k zavérim, Ze tyto sedimenty byly do jeskyn€ deponovany vyhradné
vétrnou energii. Podle dosavadnich studii tykajicich se jeskynnich sedimentli a jejich
klasifikace (souhrnné KARKANAS - GOLDBERG 2013) je necastéjSim depozi¢nim faktorem
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gravitacni proud ¢i splachy. Prostfednictvim tohoto procesu dochazi k pfinosu sedimenti
jak z osypového kuzele vchodové facie, tak z vyplni komind. Z hlediska morfologie jeskyng,
nepfitomnosti typickych kominil s kontaktem na povrch a umisténi v terénu je vSak jeskyné
Kilna pomérné atypicka. Relativné Siroky, k jihu otevieny portal je mirné vytoCeny na
zapad, a proto zde evidentn€ nevznikal typicky jeskynni kuZel. Pokud se pfece jen, alespon
v omezené mife, v nékterych epochach vytvarel, pak musel byt erodovan tokem, ktery vstup
do jeskyn€ porusoval (souvrstvi 12, VALocH 2011, 55, 57-58). Zdroj materialu byl tak
pravdépodobné suplovan pfedevS§im osypovym kuzZelem pfi vychodnim okraji jizniho
portalu (NERUDA 2013, obr. 1). Pivodni morfologie vchodu je zna¢né poSkozena masivnim
zasahem za druhé svétové valky (k problému NERUDA 2013). Neni vyloucené, ze Cast pra-
chovitého materialu byla do otevieného jizniho vchodu deponovana eolickymi procesy
(SROUBEK et al. 2001). Texturni prvky, které by tuto doménku dokladaly, v§ak nebyly nikde
uspokojivé dolozeny. P. Sroubek a kol. (SROUBEK et al. 2001) dokladaji prostfednictvim
mikromorfologie povrchu kfemennych zrn velmi dobré opracovani souvisejici
s intenzivnim eolickym transportem; toto jsou vSak textury souvisejici s transportaéni
historii samotnych kfemennych zrn a nutné¢ nemusi dokladat primarni formacéni procesy,
kterymi byl sediment uloZen.

Zajimavym fenoménem jsou Cervenohnédé vrstvicky v ramci vrstvy 7b, interpretované
P. Sroubkem a kol. (SROUBEK et al. 2001) jako odrazy kratkodobych otepleni. J. Kadlec
(2012) vysvétluje textury vrstvy 7b jako dusledek splachovych udalosti a predpoklada na bazi
vrstvy 7b malé jezirko, v n€émz by dochazelo k usazovani ze suspenze. Tomu vSak jen stézi
odpovida sklon téchto sedimentli, dodnes viditelny napf. na profilu 20. N. DOLAKOVA (2002)
identifikovala v ramci této vrstvy 7b pfitomnost spor vodnich fas; tyto se vSak vyskytuji v pod-
loZnich i nadloznich vrstvach a indikuji spiSe pfitomnost vodni plochy v blizkosti jeskyné. Ta
by mohla souviset s Cinnosti Sloupského potoka. Pomoci mikromorfologické analyzy se
podafilo odhalit, Ze v pfipad€ Cervenohnédych vrstvicek jde o tzv. ,rip-up” klasty (KARKA-
NAS - GOLDBERG 2013). Podle souasnych prestav jsou facie s t€émito klasty, stfidajicimi se
napf. s jemné€ laminovanymi vrstvami jilu, disledkem epizodickych vysokoenergetickych
udalosti. Napfiklad bouikové eventy, béhem nichZ jsou deponovany vétsi klasty (v tomto
pripad¢ jilem stmelené Casti pidy), jsou vétSinou nasledovany pomalej§i sedimentaci, pfi
které ze suspenze pomaleji vypadava jemnozrnny material (KNAPP er al. 2004).

P. Sroubek a kol. (SROUBEK et al. 2001) predpoklada, Ze prachovy material, vice ¢i méné
ovlivnény pegodenezi v zavislosti na klimatickych podminkach, byl transportovan do
jeskyné ze sméru jizniho vchodu. J. Kadlec (2012) pozdéji upiesnuje, ze sedimenty byly do
jeskyné pravdépodobné premistovany srazkovymi vodami, a to ze severniho vchodu
smérem do jeskyné diky pfitomnosti zavrtovité deprese, jejiz relikty jsou v terénu udajné
dodnes patrné. Je tedy zfejmé, Ze na vzniku sedimentll uvnitf a ve vchodu jeskyné se podili
rizné faktory. Jeskyn€ samotna je tvorena dvéma vchody, pfiCemz severné orientovany
vchod, jehoz rozsah 1ze dnes odhadovat jen na podkladé dobovych zprav, je dle pisemnych
zaznamu dostatecné velky pro redepozici velkého mnoZstvi sedimentli (KADLEC 2012; sou-
hrnné NERUDA 2013). Zaroven ma velky geomorfologicky potencial pro to, aby z tohoto
sméru byly pfinaSeny sedimenty. Svahy v okoli severniho vchodu jsou vhodnym zdrojem
materialu, a to at jiz spraSového sedimentu, tak piscité slozky tvofené rozvétralym eluviem
spodnokarbonskych drob Drahanské vysocCiny (cf. obr. 1). Droby, které zde mimochodem
zminuje jiz Martin KRiz (1889), byly identifikovany makroskopicky i mikromorfologicky.
V neposledni fad€ jsou v sedimentech zastoupeny i vapencové klasty. Vnitfni mikro-
struktura sedimentd studovanych na profilu uvnitf jeskyné ukazuje, Ze pfi depozici a t€sné
po ni dochazelo k vyraznému mrazovému ovlivnéni (VLIET-LANOE 2010). Mrazové
struktury zde dokladaji jak faze zmrzani a rozmrzani, tak i geliflukci. Sediment byl do své
soucasné pozice tedy s nejvétsi pravdépodobnosti deponovan pomalym creepem, a to
v dasledku gravitace a mrazovych procesi, coz podporuje i imbrikace vapencovych klastii
naznacujici smér transportu odseveru k jihu, kterou zminuje J. KADLEC (2012).
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Pomérné odlisna situace vSak panuje v prostoru jizniho vchodu do jeskyné, kde je
sedimentarni situace mnohem variabilnéjsi. Objevuji se zde sedimenty usazené gravitacné
Ci eolicky. Zdroj gravitacnich sedimenti miZeme hledat ve svrchni hrané portalu jeskyné
nebo v prostoru osypového kuzele umisténého pfi vychodni hrané jizniho vchodu.
J. KADLEC (2012) pro tuto Cast jeskyné predpoklada jak splachy ve srazkové bohatSich
obdobich, tak nevylucuje ani transport v dasledku svahovych geliflukénich procest ani
eolické procesy. Zaroven vSak pfitomnost velkych vapencovych klastli interpretuje jako
opad ze stropu jeskyné€ pfi ustupu ¢ela jizniho portalu.

5.3. CHRONOSTRATIGRAFICKA PROBLEMATIKA SEDIMENTARNIHO ZAZNAMU

Soucasna chronostratigraficka interpretace sedimentarniho a archeologického
zaznamu jeskyné Kilny (NERUDA - NERUDOVA v tisku-a; v tisku-b; VALOCH 1988b; 1989;
2002) evokuje nékolik zasadnich otazek. Jednim z nich je identifikace rozdild mezi
vrstvami 5 a 6 uvnitf jeskyné. Na jediném, v soucasné dobé dostupném profilu, kde jsou
prislusné sedimenty dochovany, tyto vrstvy K. Valoch nerozlisil (cf. VALocH 1974, Beilage
I). Obé vrstvy nebylo mozné rozlisit ani na zakladé mikromorfologie sloZeni identifikované
z vybrusu, tj. mineralogicka a organicka slozka jsou viceméné stejné. OdliSnosti jsou vS§ak
identifikovatelné v zrnitostnim rozloZeni, resp. v poméru jil/prach, jinak charakterizo-
vaném jako mira zvétravani (SROUBEK et al. 2001). Rozdily té€chto proxy jsou viditelné
i v pfipadé hodnot frekvencné€ zavislé magnetické susceptibility, nicméné zvySené hodnoty
v rozmezi 8-9 odpovidaji pouze vrstvé 6a. Tyto hodnoty jsou srovnatelné s vysledky méfeni
frekvencné zavislé magnetické susceptibility pro intestadialni ptidu PK I v Dolnich Vésto-
nicich (LISA et al. v tisku).

Dalsi pro archeologii dileZitou otazkou je, zda lze na zaklad€ provedenych analyz vyd€lit
sedimentaci, ktera probihala v obdobi 30-40 tisic let BP nekalibrované chronologie. V archeo-
logickém inventafi (EUP komplex) toto obdobi zachyceno neni. Jeho existenci doklada pouze
jedno radiokarbonové datum v nové sérii dat pro nejmladsi stifedopaleolitickou vrstvu 6a,
ovSem vzorek kosti nenesl na svém povrchu stopy po manipulaci ¢lovékem a vzhledem
k absenci nalezii, které¢ by mohly odpovidat kulturam EUP komplexu, se zda pravdépodobné;si,
Ze se jedna o doklad ¢innosti Selem (NERUDA - NERUDOVA V tisku-a). Chronostratigraficky by
se mél prislusny sediment nachazet mezi vrstvou 6a a 6. V jizni vstupni ¢asti jeskyné neni ale
tato uroven dochovana, a nelze ji proto analyzovat, ve vnitini Casti ji nelze vyclenit. Vysvétleni
Ize hledat v hiatu, zplisobeném kryogennimi pochody, které odstranily ¢ast ptvodnich
sedimentt, na jejichz misto byly deponovany sedimenty vrstev 6 a 5.

Jednou z dlouhodobé diskutovanych otazek je stratigrafické zarazeni sterilni vrsvy 7b
jako pfipadného markeru MIS4. Tuto interpretaci predpokladal K. Valoch, ktery tuto
vrstvu spojoval se stadidlem (1989) nebo chladnym stadialem (2002). Pozdé&ji vsak
P. Sroubek a kol. (SROUBEK ef al. 2001) interpretovali tutéZ vrstvu jako sled kratkodobych
otepleni v ramci MIS3. V souc¢asné chronostratigrafické koncepci spada MIS4 do obdobi
mezi 74-60 tisic let BP kalibrované chronologie a predstavuje prvni vyrazné ochlazeni
posledniho klimatického cyklu. Toto obdobi ma dvé faze, pfechodnou v pocatecni fazi
s velkymi teplotnimi vykyvy a chladnou v terminalni fazi (VAN ANDEL - Davies 2003).
Béhem chladné faze se borealni les a tajga postupné méni v rozlehlou a otevienou tundru
(VAN ANDEL - TZEDAKIS 1996). Obecné lze tedy fici, Ze b€hem tohoto obdobi muselo dojit
k vyrazné zméné vegetace, a s tim pak souvela i zvySena eroze. A vrstva 7b je pravé
dusledkem opakujicich se eroznich udalosti, coz dokladaji jak sedimentologické, tak
mikromorfologické analyzy. Magneticka proxy ukazuji stfidani extrémné zvySenych
a snizenych hodnot, které byly interpretovany jako dtsledek kratkodobych otepleni béhem
MIS3 (SROUBEK et al. 2001). Na zakladé mikromorfologickych pozorovani a zrnitostni
analyzy je vSak zfejmé, Ze tyto rozdily jsou ovlivnény jak typem redeponovaného materialu,
tak i jeho zrnitostnim sloZenim. Napriklad pis¢it€jSi slozka, kterou jiZz na bazi popsal
J. KUKLA (1975) jako , pellet sands* a ktera se objevuje opakované v ramci celé vrstvy 7b, je
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tvofena kiemenem, jez je vyrazné diamagneticky (Evans - HELLER 2003). Naopak jilem
bohaté polohy, které odpovidaji tzv. rip-up klastim (KARKANAS - GOLDBERG 2013),
obsahuji magnetickou slozku vzniklou v disledku chemického zvétravani a pravdépodobné
i pedogenniho procesu (EvANs - HELLER 2003; FASSBINDER - STANJEKT - VALI 1990).
Otazkou vSak zUstava, jak vysvétlit zvySenou erozi v podobé splachli v tak aridnim pro-
stfedi, jaké panovalo v terminalni fazi MIS4. Teplou oscilaci v ramci poc¢atecni faze MIS4,
ktera je teplotn€ i srazkové ponékud pfiznivéjsi, doklada ziejmé vrstva 9b (71 tisic let BP
RU AGE), ktera je od nadlozni vrstvy 7b navic oddélena jeSté dalSimi horizonty
8(atb)-7c. Pokud by zvySena eroze v jejimz disledku vznikla vrstva 7b méla byt odrazem
zvySenych srazkovych thrnil, potom je nutné pocitat spiSe s vlivem vyrazné humidnéjsiho
obdobi, které se objevilo na pocatku MIS3 (GUIOT et al. 1989).

Dalsim diilezitym problémem je chronologicka pozice druhé kulturni skupiny nalezii
a prisluSnych archeologickych vrstev (vrstvy 13a-10). Na podkladé vrstevniho sledu,
malakofauny a obsahu humusu predpokladame, Ze by sedimentace téchto vrstev méla
souviset s poslednim interglacialem (obr. 3). V nami zkoumanych profilech byla zachycena
pouze vrstva 11 (profil 19, jizni Cast-pilif), pficemZ ale nebyla analyzovana metodou
mikromorfologie, protoze vzorek nebylo mozné z technickych dtivodl odebrat. Na zakladé
méfeni frekvencné zavislé magnetické susceptibility a zrnitostniho slozeni Ize diivodné
predpokladat, ze vrstva 11 obsahuje pedogenné ovlivnény material. Hodnoty frekvencné
zavislé magnetické susceptibility jsou v rozmezi 12-16, coz zietelné indikuje pedogenezi.
Podobné i kdyZ mirné nizsi hodnoty byly indikovany pouze na prechodu vrstev 8, 7d a 7a
a dale v kontextu vySe diskutovanych ¢ervenohnédych vrstvicek v ramci vrstvy 7b. Poméry
zvétravani (jil/prach) velmi dobie koreluji s hodnotami frekvenéné zavislé magnetické
susceptibility. Tyto hodnoty indikuji pedogenezi, nicméné neurcuji stafi sedimentu.
Korelace by byla mozna s podobnymi paleoptidami. Pro srovnani lze uvést napi. hodnoty
kFD pro interstadialni ptidu PKI v Dolnich Véstonicich, kde méfeni kolisaji kolem
hodnoty 9 (LISA et al. v tisku), coZ je na hrané indentifikace sedimentu jako pedogenné
ovlivnéného. V tomto porovnani vSak neni zohlednén pidni typ, i kdyz zdrojovy material
(spras$) byl pravdépodobné totozny.

Pro spravnou interpretaci formovani archeologickych struktur v jeskyni je dualezita
identifikace vrstev, které jsou ovlivnény kryogennimi pochody. Pozitivné se podafilo tyto
postdepozicni procesy rozpoznat v nékolika horizontech. Ve vrstvach 5, 6, 6a, povrch 7a
byla identifikovana typicka lentikularni mikrostruktura, ktera vznika v dtsledku
kryogennich pochodi ovliviujicich pfedev§im povrchové casti sedimentu (VLIET-LANOE
2010). Mén€ vyvinuta je tzv. planarni mikrostruktura, ktera byla zachycena ve vrstvach
6a/7a, 7a/7b, 7a a 7c ve vchodu jeskyné. Nékteré z té€chto vrstev vykazovaly prechody do
tietiho mrazoveé ovlivnéného typu mikrostruktury, a tou je mikrostruktura subangularné
blokova. Ta miiZe vznikat i v hlubSich ¢astech sedimentarniho télesa v disledku procest
probihajicich na povrchu. VAN VLIET-LANOE (2010) uvadi doklady piisobeni az 80 cm pod
povrchem. Smérem do hloubky je pak tato mikrostruktura hlife vyvinuta. Je tedy ziejmé,
Ze pritomnost podobné mikrostruktury nemusi vyslovné odrazet enviromentalni podminky
panujici pfi primarni tvorb€ vrstvy. Takto je napfiklad ovlivnéno souvrstvi 8, zatimco ve
vrstvé 9b je vliv jiz méné zietelny. Naopak vrstva 7d znamky subangularné blokové mikro-
struktury nevykazuje. Z hlediska mikromorfologie 1ze tedy fici, Ze souvrstvi 8 bylo
ovlivnéno chladnym klimatem, vysledky ostatnich analyz vSak ukazuji, Ze geneze této
vrstvy je mnohem sloZitéjsi. Subangularné blokova mikrostruktura byla zachycena také ve
vrstvé 7c a CasteCné i ve vrstvé 7a. Protoze jde o strukturu sekundarné vzniklou v disledku
procesil v nadlozi, 1ze predpokladat, ze u vrstvy 7a je vysledkem ptisobeni klimatu v dobé
vrcholu posledniho zalednéni (LGM), zatimco v souvrstvi 8 v diisledku jinych chladnéjSich
fazi spojenych pravdépodobné s MIS4.

Dulezitym zjisténim mikromorfologické analyzy je doloZeni vyrazného postdepozicni-
ho ovlivnéni vrstvy 7a kryogennimi pochody, pfedevsim pak zmrzanim a rozmrzanim,
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v dusledku kterych vznikaji rizné mikrostruktury, v tomto pripadé subangularné blokova
mikrostruktura (VLIET-LANOE 2010). Sekundarnim jevem té€chto procest je postdepozi¢ni
vertikalni posun artefaktd v sedimentu, coz je jev, ktery 1ze doloZit i v souc¢asnych klima-
tickych podminkach (MiHEvC 2009). Timto zptisobem lze vysvétlit rozpor mezi vysledky
prostorové distribuce nalezl ve vrstvé 7a, které naznacuji, Ze ukladani artefaktd nemohlo
probihat po dlouhou dobu (spiSe opakované navstévy stejné skupiny lidi), a velkym verti-
kalnim rozptylem artefakti, ktery by naznacoval dlouhodobé opakované vyuzivani jeskyné
(NERUDA - LAZNICKOVA-GALETOVA - DRESLEROVA 2011).

6. ZAVERY

Geoarcheologické studium sedimentii jeskyné Kiilny v Moravském krasu pfineslo

nasledujici poznatky:

1.

Mikromorfologickou analyzou byly vyClenény jednotlivé faze odpovidajici rdznym
formacnim procesim. NejvyraznéjSimi strukturami, identifikovanymi predevSim ve
vrstvach 5-7a byly tzv. ,freezing structures“, tj. mikrostruktury souvisejici s intenzivnim
promrzanim. Archeologicky sterilni vrstva 7b obsahuje tzv. rip-up klasty reliktni jilovité
pidy a na podkladé mikromorfologické analyzy kombinované se zrnitostnim ¢i
magnetickym studiem byla popsana jako vysledek rychlych eroznich udalosti,
souvisejicich s vy§Simi srazkami. Mikrostruktury jednotlivych vzorkli v kombinaci
s dalSimi proxy-daty zaroven ukazuji, Ze vyrazné€ chladnéjsi obdobi panovalo béhem
ukladani vrstev 5-6a, 7c a 8. Naopak vrstvy 11 a 9b vykazuji znamky relativné
teplejSiho a humidné&jSiho klimatu, coZ ramcové koresponduje s dosud uznavanou
stratigrafickou koncepci (cf. obr. 3). Podobné podminky, i kdyZ pouze mirné teplejSiho
charakteru, pravdépodobné prevladaly i v dob€ ukladani vrstvy 7a. Nasledné vSak tato
vrstva byla postdepoziéné mrazové postiZena, coZ ziejmé zpusobilo vertikalni
redepozici archeologickych nalezi.

Magneticka susceptibilita a frekvencné zavisla magneticka susceptibilita méfena na pro-
filu 19 (jizni cast-pilif) ve vchodové Casti jeskyné koreluje s méfenimi P. Sroubka a kol.
et al. (SROUBEK et al. 2001). Sedimenty uvnitf jeskyné maji magnetickou susceptibilitu
o tad nizs§i, coz je pravdépodobné dano jejich sloZenim a i typem depozice. Hodnoty
frekvenéné zavislé magnetické susceptibility sedimentd uvniti jeskyné svédci o jejich
nulové pedogenni pfimési (az na bazalni casti vrstvy 6a), zatimco v pfipad¢ sedimenti
z profilu ve vchodu jeskyn€ lze fici, Ze tyto obsahuji minimalné ve vrstvach 7a, 7b, 7d,
9b a 11 pedogenné ovlivnénou slozku.

Studované sedimenty jsou vZdy bimodalni a jejich zrnitostni sloZeni odpovida sprasim,
tj. jilova slozka je obsazena cca 20 %, jinak pfevlada prach. Pomér jil/prach poslouzil
jako vhodna proxy pro urceni miry zvétravani a dobre koreluje s hodnotami frekvencné
zavislé magnetické susceptibility.

. Na zakladé provedenych analyz bylo moZné definovat moZné odpovédi souvisejici

s dlouho diskutovanou chronostratigrafickou situaci jeskyné Kilny. Rozdil mezi
vrstvami 5 a 6 lze identifikovat na zakladé zrnitostniho sloZeni, resp. miry zvétravani;
na zakladé€ méfeni hodnot frekvencné zavislé magnetické susceptibility 1ze odliSit vrstvu
6a od vrstev 6 a 5. Sedimentace, ktera probihala v ramci star$i faze mladého paleolitu
(EUP) byla bud zna¢n€ omezena, nebo byla poSkozena pravdépodobné v disledku
kryogennich pochodu. V kazdém pfipadé se v sedimentarni vyplni objevuje nejméné
jeden hiat, ktery by se m¢l nachazet mezi mezi vrstvami 6a a 6. Vrstva 7b mohla vznikat
béhem chladnéjsi faze MIS4, kdy dochazelo k vyrazné zméné vegetace a s tim sou-
visejici mozné erozi. Pokud byl v§ak diivodem eroze humidnéjsi event, I1ze tuto vrstvu
interpretovat spiSe jako disledek zvySeného srazkového uhrnu na pocatku MIS3. MIS4
by potom mohlo byt na zdkladé mikromorfologickych pozorovani kladeno spise do vrstvy
8. Teplejsi a humidnéjsi klima, které je dle chronostratrigrafického kontextu predpo-
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kladano pro vrstvu 11-13, 1ze doloZit pouze na zaklad€ vyrazn€ zvySenych hodnot fre-
kvencné zavislé magnetické susceptibility a indexu zvétravani charakterizovaného
pomérem jil/prach. Velky vertikalni rozptyl artefaktli ve vrstvé 7a lze interpretovat jako
vysledek promrzani sedimentu, pfi kterém dochazi k vertikalnimu pohybu.
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POZNAMKA

I Dochovana pouze v tomto misté v podobé mirné naruseného fragmentu mezi sténami starSich sond.
V pivodnim kresleném profilu 19 nebyla dokumentovana.

SUMMARY

The main aim of the study is a geoarchaeological evaluation of sediments of the Kiilna cave in Moravian
Karst. During the rescue excavation in 2011, a section at the cave entrance (profile 19 southern part-pillar) have
been uncovered again. This was the basis for geochemical sampling of layes 11-6a that according to
chronostratigraphic classification document the period Eemian - Weichselian. Stratigraphically related sediments
(layers 6a-5) were then sampled in section 29 in sector G1 in the middle of the cave. Besides samples for
magnetic parameters and particle-size measurements, micromorphological samples documenting particular
chronostratigraphically determined layers were taken from three related sections at the entrance and from section
29 inside the cave.

By micromorphological analysis particular structural elements corresponding to different formation
processes were defined. The most significant structures identified mostly in 5-7a layers were so called “freezing
structures”, i.e. microstructures corresponding to very intensive freezing. Archaeologically sterile layer 7b
contains so called rip-up clasters of relict clayey soil, and due to micromorphological analysis combined with
particle-size and magnetic study this layer was described as a set of fast erosion events caused by increased
precipitation. Due to microstructure of particular samples in combination with other proxies it is possible to say
that significantly colder period prevailed during deposition of layer 5-6a, 7c, and 8. On the contrary layers 11 and
9b show signs of warmer and more humid climate. This kind of climate possible prevailed also during deposition
of layer 7a (also layers 7b and 7d). However, this layer was then secondarily affected by frost, which also caused
discrepancies in classification of archaeological findings.

The analyses provided possible answers related to long-discussed chronostratigraphic situation in the Kiilna cave.
The difference between layers 5 and 6, that were not distinguished inside the cave in G1 sector by K. Valoch, can be
identified based on particle-size distribution or weathering index. Distinguishing of layer 6a from layers 6 and 5 is
possible on the basis of measurement of values of frequency dependent magnetic susceptibility. Sedimentation
occuring within EUP complex was damaged presumably due to cryogenic processes, and can be relic preserved within
transition betwen layers 6a and 6. Layer 7b could be formed during colder phase MIS4 when there was significant
change of vegetation and related eventual erosion. However, if erosion was caused by increased precipitation (more
humid event), then this layer could be rather associated with the beginning of MIS3. A warmer and more humid
climate that is, in context of chronostratigraphy, assumed for layers 11-13, can be demonstrated only on the basis of
extremely increased values of frequency dependent magnetic susceptibility and weathering index characterized by
clay/dust ratio. The large vertical dispersion of artefacts in layer 7a can be interpreted as a result of sediment freezing
where there is vertical movement, which corresponds to the results of spatial distribution of findings.
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CLASTIC CAVE DEPOSITS IN BOTOVSKAYA CAVE
(EASTERN SIBERIA, RUSSIAN FEDERATION)

JarosLAV KADLEC!, MARTIN CHADIMA!, LENKA LisA', HELENA HERCMAN2, ALEXANDR OSINTSEV3, AND

Hept OBERHANSLI

Abstract: Botovskaya Cave is a typical example of a two-dimensional maze with a total
length of explored passages exceeding 60 km, which represents the longest limestone cave
system in the Russian Federation. The clastic cave sediments filling the cave passages
differ in both mineral and mineral magnetic properties and were deposited under
different hydrological conditions. The older portion of the clastic cave fills was derived
from overlying sandstones, whereas the properties of younger cave sediments show closer
affinity to the soils and weathering products originating on the plateau above the cave.
The cave sediments underwent repeated periods of deposition and erosion during the
Tertiary (?) and Pleistocene. The last catastrophic erosion event occurred in the cave
more than 350 ka based on flowstone dating. Water seeping through the overlying
sandstone body causes collapses of sandstone slabs from the cave passage ceilings,

forming the youngest portion of the clastic cave fills.

INTRODUCTION

It has been demonstrated that the study of the clastic
cave deposits can contribute to better understanding of the
cave system development as well as to the local hydrolog-
ical processes. Sedimentological and mineralogical studies
together with radiometric or paleomagnetic datings of both
clastic and chemogenic deposits have commonly been
applied in cave sediment research (e.g., Hiuselmann et al.,
2007; Kadlec et al., 2001). The mineral magnetic approach
has been used only occasionally to understand climatic,
hydrological and anthropogenic processes controlling
sediment deposition in caves (Ellwood et al., 1996, 2004;
Sroubek et al., 2001, 2007). The assemblage of magnetic
minerals found in sediments is controlled by the character
of the source rocks, weathering, mode and energy of
transporting medium, and by depositional as well as post-
depositional processes.

The aim of this paper is an examination of Botovskaya
Cave deposits using methods operating with magnetic and
heavy minerals and with quartz grain exoscopy. Obtained
mineral characteristics were used for correlations from the
point of view of sediment source and mode of transpor-
tation into the cave passages. Radiometric and paleomag-
netic datings of the cave carbonate bed allowed us to
estimate the age of both depositional and post-depositional
processes.

GEOGRAPHICAL AND (GEOLOGICAL SETTINGS

Botovskaya Cave (55° 18’ N, 105° 20" E) is located on
the Angarsko-Lensky Plateau of the southern Siberian
Craton about 500 km north of Irkutsk City (Fig. 1). The
area reaches altitudes of 1100 m a.s.l., and belongs to the
Zhigalovo District of the Irkutsk Area. The plateau is
dissected by river valleys up to 400 m deep. Cave entrances
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lie at a relative elevation of 310 m above the Lena River
level, in a valley of the Garevogo Creek, the left tributary
of the Boty River, which joins the Lena River. The cave
system, dipping gently to the north, has developed in an
Early Ordovician limestone formation with a thickness of 6
to 12 m. The limestone bed is underlain by Middle and
Late Cambrian sandstone, siltstone, marl and gypsum and
overlain by Middle Ordovician sandstone, limestone and
argillite (Filippov, 2000).

The cave system developed under confined (artesian
karst) settings (Klimchouk, 2000, 2003; Filippov, 2000).
The speleogenesis of the Botovskaya Cave system was
interpreted by Filippov (2000) and is due to two different
processes, (i) corrosion involving meteoric artesian water
and (ii) ascending deep circulating artesian water spanning
the time period between Late Mesozoic and Early
Neogene. The clastic cave deposits fill the bottom portion
of the cave passages and are not usually exposed
sufficiently for study. The deposits from the cave were
preliminarily described by Filippov (2000). Breitenbach
(2004) described in detail a recently excavated section of
cave sediments (the same section is labeled Section 1 in this
paper).

The cave is divided into two parts: the Old World and
the New World. All studied sections of cave sediments are
situated in the Old World, 200-400 m east of the Central
and Medeo entrances (Fig. 2). The key Section 1 and
Section 2 are exposed in two test-pits excavated in the
sedimentary fill close to survey stations PKO0122 and
PKO042. The smaller Section 3 and Section 4 are located
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Figure 1. Location of Botovskaya Cave in Eastern Siberia.

close to survey stations PK0186 and PK0342, respectively.
A small relic of flowstone bed used for Th/U dating is
preserved on the limestone wall W of Section 1 ca 1.7 m
above the present passage floor.

MATERIALS AND METHODS

The studied sections of the cave deposits were
documented with special reference to lithology, sedimen-
tary structures and aggradation and erosion event records.
Mineral magnetic characteristics such as low field bulk
magnetic susceptibility (MS) and anhysteretic remanent
magnetization (ARM) together with anisotropy of mag-
netic susceptibility (AMS) help to find the source of the
cave fills and estimate a mode of sediment transport to the
cave passages. While MS values are influenced by the
concentration of magnetic particles, mineralogy and grain
size of the minerals (ferro-, para-, and diamagnetic) in the
sediments, ARM is sensitive only to the concentration,
mineralogy and grain size of ferromagnetic minerals

present in sediments. AMS reflects the preferred orienta-
tion of magnetic minerals and can be used for texture
interpretation in sedimentary rocks. Magnetic anisotropy
can be visualized by an ellipsoid with three perpendicular
principal axes (k;>ky>ks3). The maximum axis (k;) is
denoted as magnetic lineation and the plane perpendicular
to minimum axis (k3) defines a magnetic foliation. The
AMS ellipsoid magnitude can be presented as a ratio kj /k3,
known as the degree of anisotropy, P (Nagata, 1961). The
AMS ellipsoid shape can be described by the shape
parameter, T (Jelinek, 1981); oblate shapes correspond to
0 < T = 1, prolate shapes correspond to —1 = T < 0. The
degree and shape of the AMS depend on the lithology and
compaction imposed on the deposit.

Oriented samples of clastic cave sediments were
collected in plastic boxes (volume 6.7 cm®). For each
sample MS and AMS were measured using Agico KLY-4
Kappagridge (alternating field amplitude of 425 A/m and
operating frequency of 875 Hz) in the Paleomagnetic
Laboratory of the Institute of Geology AS CR, v.v.i. in
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Figure 2. Botovskaya Cave (The Old World) map (adopted from Gdébel and Breitenbach, 2003) with indication of studied

sections and dated flowstone.

Prague. The ARM was imparted on demagnetized samples
(using an Agico AF demagnetizer/magnetizer LDA-3/
AMU-1A and measured on an Agico JR-6A spinner
magnetometer). Frequency dependent magnetic suscepti-
bility as a proof for the presence of superparamagnetic
particles was tested in low- and high-frequency measure-
ments conducted on a Bartington MS2 magnetic suscep-
tibility meter. For the purpose of paleomagnetic polarity
measurements three 8 cm® samples were cut from the
flowstone bed. Samples were thermally demagnetized and
measured using a 2G Enterprises superconducting rock
magnetometer in the Laboratory for Natural Magnetism
ETH Zurich.

The character of quartz grain surfaces indicates
transportation and post-depositional history of clastic
sediments. Exoscopic observations were performed on
quartz grains larger than 0.25 mm separated from either
clastic cave deposits or from the Ordovician sandstone
bedrock after wet sieving and boiling in HCI. The cleaned
grains were stuck on a carbon tape and observed using the
BS 340 electron microscope. Heavy minerals were separat-
ed after wet sieving from the grain-size fraction of 0.25-
0.063 mm using tetrabromethane (density 2.964 g cm™°)
and observed in Canadian balsam. At least 300 grains of
transparent heavy minerals were determined in each
sample.

The flowstone bed used for the paleomagnetic polarity
measurements was also dated by the >*°Th/***U radiomet-
ric method. Uranium and thorium were separated from
three samples using a standard chemical procedure
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(Ivanovich and Harmon, 1992). The samples were dis-
solved in 6 M nitric acid, and uranium and thorium were
separated by a chromatographic method using the
DOWEX 1 x 8 ion exchanger. The efficacy of chemical
separation was controlled by addition of a ***Th/***U
spike. Activity measurements (alpha spectrometry) were
taken with the OCTETE PC device of the EG&G ORTEC
company. Spectral analysis and age calculation were
performed using URANOTHOR 2.5. software (Gorka
and Hercman, 2002).

DgEscripTION OF THE CAVE DEPOSITS

SEcTION 1

The section is exposed in the excavated test-pit 2.8 m
deep (Breitenbach, 2004). A SW face of the test-pit shows
dark gray to black, medium-grained sand deposited on the
bedrock bottom of the passage (Bed 15 in Fig. 3). The sand
layer contains rare laminae of light medium-grained brown
sand and sporadic aggregates of SiO,-cemented sand up to
1 cm large. The overlying gray to yellow brown sand bed
contains frequent, up to 2 cm large aggregates of sand
cemented with SiO, (Bed 14). Deposition continued with
brown clayey medium-grained sand with laminae and
lenses of light brown sand (Bed 13), light brown, medium-
grained sand (Bed 12) and with overlying dark gray clayey
medium-grained sand with small lenses to laminae of light
fine-grained sand (Bed 11). This bed was partly eroded
before the deposition of brown laminated clayey medium-
grained sand (Bed 10) with fragments of brown clay on the
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Figure 3. Section 1 — SW face

1 — clay, sporadic angular clasts of sandstone; 2 — sand; 3 — clay; 4 — sandy clay to clayey sand; 5 — clay; 6 — sandy clay; 7 —
slightly sandy clay; 8 — sand; 9 — sand, fine-grained; 10 — clayey sand, laminated; 11 — clayey sand; 12 — sand; 13 — clayey sand;
14 — sand with sandy aggregates; 15 — sand; 16 — carbonate cementation along fissures; 17 — bedrock wall; black squares with
numbers — collected samples. For more detailed description see text.

erosional top of the bed. The above lying loaf-like bed (Bed
9) is formed by light and dark brown laminae of fine-
grained sand 1-15 mm thick with brown clay fragments of
up to 2 cm in size at the erosional surfaces and relics of
cemented laminae (up to 7 mm thick) in the upper portion
of the bed. Beds 9 to 13 were disturbed by fissures filled
with carbonate-cemented fine sand. Bed 8§ is formed by
light brown fine-grained sand with chaotic small lenses or
laminae of darker medium-grained sand and rare frag-
ments of light gray fine-grained sand. This is followed by
light brown, slightly sandy clay with black smudges at the
base (Bed 7) and red sandy clay preserved only in relics
(Bed 6). The above lying brown to brown-red clay (Bed 5),
massive in the lower portion and containing 1-3 mm thick

laminae in the upper portion, is overlain by gray to
yellowish sandy clay to clayey medium-grained sand (Bed
4) and brown clay (Bed 3) containing lenses of light brown,
medium-grained sand (Bed 2). The section is covered with
brown-red clay with sporadic angular clasts of sandstone
up to 7 cm in size filling the space formed by water running
along the limestone walls.

The NE face of the test-pit shows a similar succession as
the opposite SW face of the section (Fig. 4). Minor
unconformities and clay fragments are noticeable in the
laminated fine-grained sands forming Bed 9 (Fig. 3).
Laminated sediments in the left part of the bed were
disturbed by a fissure. Small fragments (< 1 mm) of
disintegrated darker laminae concentrate along this fissure.
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1 — clay, sporadic angular clasts of sandstone up to 7 cm large; 2 — sand; 3 — clay; 4 — clay; 5 — clay; 6 — sand; 7 — slightly
sandy clay; 8 — sand; 9 — sand, fine-grained; 10 — clayey sand, laminated; 11 — clayey sand; 12 — clayey sand; 13 — sand with
sandy aggregates; 14 — sand; 15 — bedrock wall; black squares with numbers — collected samples. For more detailed description

see text.

SECTION 2

The section is exposed in an older excavated test-pit.
Dark brown to gray, medium-grained sand with sporadic
clasts of SiO,-cemented sand up to 1.5 cm in size and rare
fragments of brown clay up to 4 cm in size were deposited
at the bedrock bottom (Bed 7 in Fig. 5). The above lying
gray to yellow brown medium sand with sandy aggregates
(Bed 6) contains aggregates of SiO,-cemented sand up to
1.5 cm in size. Dark gray medium-grained clayey sand
layers with lighter stains containing irregular lenses of
yellow-brown sand and fragments of brown massive clay
up to 1.5 cm in size deposited on the surface of the bed
designated as Bed 5. The younger Bed 4 is formed by dark
gray, fine-grained silty sand, partly laminated with 1 mm
thick laminae of yellow-brown fine sand in the lower
portion and lenticular fragments of brown clay indicating
erosional surfaces of laminae. The above lying light brown,
slightly clayey, medium-grained sand contains relics of
cemented sand on its surface (Bed 3). Brown to slightly red
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laminated clay colored by Mn-oxides in the upper portion
represents Bed 2. The top of the succession is formed by
light brown to yellow-brown, medium-grained clayey sand
containing angular sandstone clasts 5-15 cm in size and
fragments of brown and black clay coloured by Mn-oxides
(Bed 1). A limestone block up to 0.5 m large is present in
the youngest bed.

SecTioN 2A

This sedimentary section is exposed in a phreatic
conduit about 0.5 m above the top of Section 2. It consists
of brown-red, medium-grained sand (Bed 2) and is overlain
by light brown clay (Bed 1 in Fig. 5).

SecTiON 3

The lowermost Bed 3 of the section is formed by dark
gray medium-grained sand beds (1-1.5 cm thick) with
brown clayey medium-grained sand and brown clay (0.5-
2 cm thick) (Fig. 6). The above lying Bed 2 comprises
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Figure 5. Section 2

1 - clayey sand, rare angular sandstone clasts 5-15 cm
large and fragments of clay; 2 — clay, laminated in the upper
portion; 3 — slightly clayey sand; 4 — silty sand; 5 — clayey
sand; 6 — sand with sandy aggregates; 7 — sand, sporadic
sandy concretions up to 1.5 cm large and rare fragments of
brown clay up to 4 cm large; 8 — bedrock wall; 9 — block of
bedrock; black squares with numbers — collected samples.
For more detailed description see text.

Section 2A (top right)

1 - clay; 2 — sand; 3 — bedrock wall.

alternating dark gray laminae of medium-grained clayey
sand. The deposition was terminated by a gray to gray-
black, medium-grained sand bed with irregular lenses of
light brown sand (Bed 1).

SEcTION 4

Yellow-gray, medium-grained sand is exposed in the
lowermost Bed 4 (Fig. 7). Light brown, medium-grained
sand with gray-brown lenticular stains was deposited in the
above lying Bed 3. Bed 2 is formed by dark gray, fine- to
medium-grained sand laminae alternating with light brown
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Figure 6. Section 3

1 - sand; 2 - clayey sand; 3 — alternating of layers of sand
with clayey sand and clay; 4 — bedrock bottom; black squares
with numbers — collected samples.

sand laminae. The section is topped by brown clay
alternating with irregular beds of gray, medium-grained
clayey sand (Bed 1). A black lamina coloured by Mn-
oxides occurs at the base of this bed.

- e e [e s

Figure 7. Section 4
1 — clay; 2 — sand; 3 — sand; 4 — sand; 5 — bedrock bottom;
black squares with numbers — collected samples.
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Figure 8. Correlation between magnetic susceptibility (MS) and degree of magnetic anisotropy (P) — left; correlation between
magnetic susceptibility (MS) and anhysteretic remanent magnetization (ARM) — right. Black squares — bottom sedimentary
beds (samples 1641, 50-60, 63-72, 79-88); empty squares — top sedimentary beds (samples 01-15, 42-49, 61-62, 73-78).

RESULTS

MINERAL MAGNETIC CHARACTERISTICS AND
MAGNETIC FABRIC

The MS values slightly increase from sandy bottom
sediment beds to the above lying clay dominating sediments
(Fig. 8). In Section 1, the values range from 23-63 x 10~° SI
(Bed 14) to 30-119 x 107® SI (Bed 9) and 90-149 x 10~ ° SI
(Beds 3 and 5). Similar variations were measured in Section
2 with 37-73 x 107° SI (Beds 4 and 5), 67-127 x 10~ ° SI
(Bed 2) and 56-90 x 10~ SI (Bed 1). Basal sands in Section
2A yielded MS values of 22-55 x 10~° SI (Bed 2), whereas
the above lying clay bed has MS values of 121-123 x 10~° SI
(Bed 1). MS values of sediments exposed in Section 3 range
between 76 and 124 x 10™° SI, whereas the values in Section
4 slightly increase from 10-35 x 10~ ° SI (in beds 3 and 4) to
26-94 x 10~ ¢ SI (Bed 2). The highest MS values (up to 410 x
107° SI) were measured in the modern topsoil collected
above the Medeo Entrance, whereas the bedrock sandstone
showed MS values between 7 and 25 x 10~° SI and MS
values of limestone are about 10 x 10~° SI. The ARM
values ranging between 1 and 22 x 10~* A/m plot versus the
MS show steep increase in the top beds (Fig. 8). The AMS
degree also increases in these beds (Fig. 9). The magnetic
fabric of the sediments is mostly oblate. Basal sands in
sections 1, 2 and 4 show more prolate fabric as expressed by
negative 7 values (Fig. 9).

The magnetic lineation directions in the top sedimen-
tary beds show concentration in NW to SW directions
(Fig. 10, top left) with the mean direction tending to the
WSW. The poles to magnetic foliation are usually
concentrated around the center of the projection. N-S
elongation of the pole directions was found in sediments
from Section 3 (Fig. 10, top right). The magnetic lineation
directions measured in the bottom sedimentary beds show
almost random distribution accompanied by large disper-
sion of poles to magnetic foliation (Fig. 10, bottom).
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Exoscopry oF QUARTZ GRAINS

Three types of microstructures were observed on quartz
grain surfaces: (i) precipitation of SiO, on the surface of
grains in lace-like patterns, (ii) corrosive etched micro-
structures, and (iii) overgrowth with quartz crystals. The
bedrock Ordovician sandstone forming the ceiling of the
cave passage above Section 2 contains rounded quartz
grains about 1 mm in diameter (Fig. 11, top left). The grain
surfaces show weak dissolution and precipitation of SiO,
(Fig. 12, bottom left). The cross-bedded sandstone forming
intercalations in the limestone contains smaller quartz
grains cemented with SiO, into aggregates with an average
length of 1 mm (Fig. 11, top right). The basal sand in
Section 1 consists of separate rounded grains with average
size of about 0.5 mm (Fig. 11, bottom left). Surfaces of
many grains are modified by conchoidal fractures and
corrosion features. Grain aggregates with weakly corroded
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Figure 9. Correlation between degree of anisotropy (P) and
shape of anisotropy ellipsoids (7). Sample symbols are the
same as in Fig. 8.
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Figure 10. Principal directions of magnetic fabric of sediments indicated by anisotropy of magnetic susceptibility; equal-area
projection on the lower hemishere. Top left — magnetic lineation in bottom sedimentary beds; top right — pole to magnetic
foliation in bottom sedimentary beds; bottom left — magnetic lineation in top sedimentary beds; bottom right — poles to
magnetic foliation in bottom sedimentary beds; larger gray squares and circles represents mean directions.

surfaces dominate in the above lying Bed 9 (Fig. 11,
bottom right). Angular flat mineral particles (micas?)
dominate in Bed 3, separate quartz grains and aggregates
are present in smaller amounts (Fig. 12, top left). Quartz
grains in sand deposited in the bottom beds in Section 2
(Beds 6 and 7 in Fig. 5) form cemented aggregates up to
1 mm large as in the bottom beds of Section 1. Grain
surfaces often bear lace-like silica coatings. The above
lying Bed 4 in Section 2 is composed of a mixture of free
grains (30 %) and cemented aggregates (70 %) with lace-

like silica coatings. Angular mineral particles are rarely
present in the bed. Sub-angular to rounded grains up to
I mm in size prevail in Bed 1 against cemented grain
aggregates showing weak roundness. Sand from Bed 2 in
Section 2A shows predominantly free rounded quartz
grains coated with lace-like silica (Fig. 12, bottom right).
Exoscopic analyses were completed with images from
modern soil collected at the Medeo Cave entrance. Free
rounded quartz grains up to 1.5 mm in size dominate in
the soil (Fig. 12, top right).
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Tmm

Figure 11. Surface of quartz grains. Top left — quartz from bedrock sandstone; top right — quartz aggregates from cross-
bedded sandstone intercalated within the limestone; bottom left — quartz from Bed 15 in Section 1; bottom right — quartz

aggregates from Bed 9 in Section 1.

The quartz grain aggregates isolated from Bed 14 in
Section 1 were put through an experiment using a kitchen
blender simulating transport of sediments in a turbulent
flow. The aggregates were almost completely disintegrat-
ed after 5 minutes of mixing. The silica coatings on grain
surfaces were destroyed after 15 and 30 minutes of
mixing.
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Heavy MINERAL CONTENT

The studied samples of the bedrock and cave deposits
show monotonous association of stable heavy minerals.
Grains of transparent heavy minerals are rounded, while
the opaque mineral grains are mostly angular. Beds in the
upper portions of Sections 1 and 2 contain greater
amounts of garnet, similar to modern soil (Table 1).
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Figure 12. Surface of quartz grains. Top left — mixture of quartz and angular grains from Bed 3 in Section 1; top right —
quartz from modern soil; bottom left — a detail of quartz corrosion from Bed 15 in Section 1; bottom right — a detail of newly-

formed quartz precipitates from Bed 2 in Section 2A.

These deposits reveal an opaque/non-opaque mineral
ratio 1:3 while other sediments studied contain a higher
proportion of opaque minerals. Higher concentrations of
garnet were also determined in the basal sand from Bed 14
in Section 1. Staurolite dominates in sediments with lower
garnet content, including the bedrock sandstone (Ta-
ble 1).

FLowSTONE DATING

Radiometric dating of the flowstone bed by **°Th/***U
method reveals that the age of three dated samples exceeds
350 ka (limit of the dating method). However, the
flowstone age higher than 1.2 Ma cannot be eliminated
based on ***U/?®U ratio (Table 2). During thermal
demagnetization experiments magnetic moment decreased
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Table 1. Heavy mineral content in modern soil, cave deposits and bedrock (values are in percent).

Opaque/Non-Opaque

Cave Deposit Garnet Staurolite Zircon Rutile Mineral Ratio
Modern Soil 72 24 2 3 1:3
Section 1 — Bed 3 80 5 15 1 1:3
Section 1 — Bed 9 4 89 5 2 1:1
Section 1 — Bed 14 3 85 7 5 1:1
Section 1 — Bed 15 45 49 3 3 8:1
Section 2 — Bed 1 35 56 2 8 1:1
Section 2 — Bed 4 7 82 9 2 1:1
Section 2 — Bed 6 9 80 7 4 1:1
Section 2A — Bed 2 50 36 10 4 1:3
Ordovician Sandstone 4 86 5 5 1:1

with increasing temperatures (Fig. 13, bottom). Directional
variations of magnetic vector during the demagnetization
process are expressed in the Zijderveld diagram and in the
stereographic plot (Fig. 13, top). The mean paleomagnetic
direction is: Declination = 18°, Inclination = 61°. Based on
these paleomagnetic data, it is evident that the flowstone
records normal polarity of the Earth magnetic field from
the time of the carbonate deposition.

DiscussioN oF RESULTS

Based on obtained results the sedimentary beds exposed
in the studied sections were subdivided in two parts with
the bottom (older) beds (beds 9-14 in Section 1, beds 4-7 in
Section 2, Bed 2 in Section 2A and beds 2-4 in Section 4)
and top (younger) beds (beds 1-8 in Section 1, Bed 1-3 in
Section 2, Bed 1 in Section 2A, beds 1-3 in Section 3 and
Bed 1 in Section 4).

The bottom beds reveal similar lithological, magnetic
and heavy metal properties (except of sand in Bed 14).
Basal sand deposited on the bedrock bottom shows a lower
MS, similar to the bedrock sandstone. The exoscopic
quartz grain characteristics are similar, too. It can
therefore be proposed that the deposits filling the bottom
part of cave corridors were derived from the local bedrock
formed by Early Ordovician sandstones. The good
roundness of quartz grains is a result of grain reworking
in a high-energy Ordovician marine environment. Later,
long distance redeposition of these quartz grains by
Cenozoic streams can be excluded by the results of
liquidizer experiment testing of the resistance of quartz
grain aggregates during turbulent fluvial transport. No

source of larger SiO,-cemented aggregates (max. 2 cm
long) common in beds 13 and 14 in Section 1 was found.
These aggregates were cemented in situ during different
climatic conditions allowing SiO, dissolution and precip-
itation. Sands in beds 11-13 in Section 1 and in Beds 6 and
7 in Section 2 lack prominent lamination or cross bedding
(unlike the overlying sediments). It can be therefore
assumed that these beds also belong to the bottom fill of
cave passages.

The younger cross-bedded and laminated, mostly clayey
sands in beds 8-10 (Section 1) and beds 3 and 4 (Section 2)
were deposited after partial erosion of the basal deposits.
The deposits reveal slightly higher MS values. The
exoscopic observation shows cemented quartz grain
aggregates indicating the source in the local cross-bedded
sandstone (comp. Fig. 11, top right and Fig. 11, bottom
right). The inner structures of these laminated sediments
(small unconformities, redeposited fragments of clay,
laminae partly cemented by carbonate and erosional
surface of Bed 10) show a frequent alternation between
local aggradation and erosion events. The sediments were
deposited during heavy precipitation events, when water
penetrated into the cave corridors from the surface through
the swallow holes and along open cracks. The water escape
structures (e.g., the fissure in beds 9-11, Section 1) were
formed during the compaction of sediments. Sand grains
accumulating along the fissures were later partly cemented
by carbonate. Pore fluids moved during repeated liquefac-
tion of the sediments and disturbed the primary magnetic
fabric of these deposits, resulting in the tilting of the
magnetic foliation to the NW (Fig. 10, bottom right).
However, it is not possible to determine the flow direction

Table 2. Th/U age of the flowstone relic.

Sample Name  Sample Lab. No. U (ppm) ZuPBu BOTh/A*U 20Th/*2Th Age (ka)
BT 2 W 1302 28.2 £ 0.7 1.005 = 0.005 1.064 = 0.005 > 1000 > 350
BT 3 W 1301 19.8 = 0.7 1.002 = 0.007 1.002 = 0.007 450 * 40 > 350
BT 6 W 1303 119 £ 04 1.009 = 0.008 1.083 = 0.008 520 * 60 > 350
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Figure 13. Thermal demagnetization of the flowstone sample BP02F. Top left — directions of magnetization vector during
demagnetization process, black circles — projection of vector directions to the lower hemisphere, gray point in the circle —
interpreted direction of the primary component of the magnetization vector; top right — Zijderveld diagram, black circles —
projection of vector directions into horizontal plane, white circles — projection of vector directions into vertical plane; bottom
left — normalized magnetization intensity values during the thermal demagnetization.

due to random dispersion of magnetic lineation directions
measured in the bottom bed sediments.

Clayey sands forming the top portions of Section 1
(Beds 2-7) and Section 2 (Bed 2) reveal still higher MS
values and higher garnet content, similar to the modern soil
from the surface above the cave. The magnetic lineation
and foliation indicate a calmer sedimentary environment
with slow sediment transport directions from NW, W and
SW (Fig. 10, top). Elongation of k3 orientations in N-S
direction measured in Section 3 could be a result of post-
depositional deformation of the cave sediments caused by
frost when the sedimentary layers filling narrow cave

passage could be deflected due to volume changes. In the
cave sediments with higher clay content, the MS increases
together with the degree of anisotropy (Fig. 8, left).
Different heavy mineral content of the sediments, com-
pared to the bottom portions of the sections, indicates a
different source of these deposits. The sediments could
have been originally transported by wind to the area of
Botovskaya Cave, from where they were vertically trans-
ported by precipitation waters through swallow holes and
along open cracks to the cave. This assumption could be
supported indirectly because angular flat mineral particles
are missing in bottom cave sediments. Higher MS values of
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the clayey sediments correspond with the high MS of the
topsoil at the cave surface. Most part of the iron present in
the modern soil is the paramagnetic Fe*>" form (almost 80
%, identified by Mossbauer spectroscopy), which may be
the result of weathering of paramagnetic minerals during
pedogenic processes (e.g., Evans and Heller, 2004). The
presence of superparamagnetic (SP) minerals originating
during pedogenesis or taiga forest fires cannot be excluded
(Thompson and Oldfield, 1986). However, results of
frequency dependent magnetic susceptibility measure-
ments, usually supporting SP mineral presence (e.g.,
Dearing, 1999), are not very reliable due to low MS values
of the cave sediments.

MS of sand filling the karst conduit with Section 2A
(Bed 2) is similarly low as in the basal sands in Section 2.
Nevertheless, it differs from the latter in the high
proportion of garnet (much like in Bed 14 in Section 1).
The overlying clay in this section has similar properties to
the youngest deposits in Sections 1 and 2 and the modern
soil. However, precipitation waters flowing vertically from
the surface through open fissures also transported the clay.
Heavy precipitation events resulted in the erosion of the
top part of the sediment in both Sections 1 and 2 and
resulted in the deposition of clay-dominated sediments with
chaotically arranged angular clasts of sandstones and with
limestone blocks (Bed 1 in both sections).

Taiga forest fires could control the mechanism of
sediment transportation from the surface above the cave to
the underground passages. The topsoil retention ability is
usually dramatically decreased after forest fires due to
damaged vegetation. Precipitation would then percolate
very fast into the cave. Evidence of a past catastrophic
erosion event is preserved about 50 m west of Section 1
(Fig 2). A relic of flowstone bed is preserved on the
limestone wall 1.7 m above present passage floor. The
flowstone bed was originally deposited on the top of the
clastic deposits, which filled the passage. The radiometric
and paleomagnetic polarity dating suggests a likely age for
the carbonate bed between 350 and 780 ka (i.e., older than
230Th/>**U method age limit and but still within the present
normal-polarity Brunhes Chron). However, we cannot
entirely exclude the flowstone deposition during any older
normal-polarity periods. In such case the flowstone should
be older than 2.58 Ma (i.e., Matuyama-Gauss paleomag-
netic boundary). We do not suppose a speleothem
deposition during relatively short normal-polarity Jara-
millo or Olduvai subchrons. Anyway, in the time of the
flowstone deposition the artesian aquifer regime was
already disrupted due to surrounding valley incision and
vadose conditions dominated in the cave system. The later
intensive erosion removed clastic sediments from under the
flowstone bed and destroyed the entire flowstone. This
erosional event had to be triggered by unusually heavy
precipitation, which entered the bedrock through vertical
ruptures opened both in sandstone and limestone due to
differential subsidence of the massif (see below). The
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surrounding valleys supporting this vertical movement
should be developed. Therefore, we suppose that the
erosion occurred most probably during the Middle or Late
Pleistocene. At that time the local surface streams were
incised at a much lower position than the Botovskaya
Cave. Results of this catastrophic cave flood could be the
chaotic sediments deposited in Bed 1 in the Sections 1
and 2.

The morphology of the cave passages documents
transverse flow under confined hydrological conditions in
the artesian aquifer connected with upward solution of
limestone (Klimchouk, 2000, 2003; Filippov, 2000). In the
subsequent period lower parts of the passages were
widened to the shape of a relatively broad channel with a
flat ceiling. It should indicate a long-term dissolution, when
the passages were permanently flooded with stagnant
water. It is not easy to reconstruct this period in the cave
system development, because this channel is completely
filled with clastic cave deposits and is noticeable only in the
excavated test-pits. We assume a period of relative stability
and propose that the cave system was lying near the level of
the ground-water table prior to the incision of the present
deep valleys (Lena River) in the vicinity of the cave system.
This stage should be dated to the Miocene, because the
cave is located above the Pliocene river terrace level
(Filippov, 2000).

Structures preserved in the clastic sediments filling the
cave passages indicate deposition mostly in vadose
conditions with frequent alternations of deposition and
erosion. The water escape structures detected in sediments
similar to silty laminae cemented by carbonate (Bed 9 in
Fig. 3) support our assumption that the clastic deposition
occurred in cave passages, which were not completely filled
with water.

The following incision of surrounding valleys was
probably triggered by a substantial Late Pliocene uplift
recorded in the Lake Baikal Cenozoic sediments (Mats et
al., 2000). Stability of the sedimentary massif comprising
the Botovskaya Cave deteriorated as a result of this
Pliocene-Pleistocene incision.

This was accompanied by gravity-induced opening of
N-S joints parallel to the slope of the Garevogo Creek,
where cave entrances are located, and by NE-SW opened
joints parallel to the Lake Baikal rift structure indicating
ongoing uplift connected with extension of the area (cf.,
Zorin et al., 2003). These ruptures detected at many places
in the Old World of the Botovskaya Cave are now used by
water seeping from the surface above the cave. These
vertical pathways are also used for the underground
transport of clastic sand- and clay-dominated sediments
from the surface above the cave. Such a place is located
east of Section 1. Sandstone blocks fallen from the ceiling
are covered by light brown sands and clays (much like in
Section 2A). Relicts of clayey sand are also preserved in
hanging positions on rock ledges above the test-pit with
Section 1. These clastic sediments do not, however, cover
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blocks pertaining to a younger phase of ceiling destruction.
It is probable that the last falling of ceiling slabs also took
place recently. Erosion caused by flowing water results, in
turn, in further stability deterioration of the sandstones
under- and overlying the limestone bed. Such weak points
in the cave system then experience large collapse of the
sandstone slabs from the ceiling and formation of chokes.
Intensive water flow is also responsible for the growth of
flowstone decorations at such places.

CONCLUSIONS

Three specific conclusions can be drawn from this
study. First, the sections in detrital cave sediments in
Botovskaya Cave (in The Old World part) evidence
periodical sediment deposition. It cannot be excluded that
the individual beds are separated by long hiatuses.
Sediments of the cave fill are of two different types: the
older, bottom sands are derived from weathered bedrock
sandstones and were probably horizontally transported
over a short distance. The overlying sediments dominated
by clay and clay/sand were transported vertically with
precipitation waters from the surface above the cave. The
contrasting mineralogical and magnetic parameters of
these top sediments indicate a different (more distant?)
source.

Second, if the bottom sand was transported horizon-
tally through the cave by flowing water, it must have taken
place before the incision of the present deep valleys,
probably in the Late Tertiary. Finer sediments should be
transported by wind and deposited on the surface above
the cave. From there, they were removed by precipitation
waters together with weathered surface products and
deposited in cave passages. These processes, most probably
of Quaternary age, were lacking any direct link to the local
hydrologic network.

Third, morphologies of passages in Botovskaya Cave
document two stages of the cave system development: the
older, characterized by confined hydrological conditions in
the artesian aquifer. Passages formed during this older
stage were later partly remodeled by stagnating water
corrosion. This younger stage affected the cave system
probably in the Tertiary, before the deep river valleys were
formed.
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Abstract

A multi proxy approach was applied in the reconstruction of the architecture of Medieval horse stable architecture, the
maintenance practices associated with that structure as well as horse alimentation at the beginning of 13" century in
Central Europe. Finally, an interpretation of the local vegetation structure along Morava River, Czech Republic is presented.
The investigated stable experienced two construction phases. The infill was well preserved and its composition reflects
maintenance practices. The uppermost part of the infill was composed of fresh stabling, which accumulated within a few
months at the end of summer. Horses from different backgrounds were kept in the stable and this is reflected in the results
of isotope analyses. Horses were fed meadow grasses as well as woody vegetation, millet, oat, and less commonly hemp,
wheat and rye. Three possible explanations of stable usage are suggested. The stable was probably used on a temporary
basis for horses of workers employed at the castle, courier horses and horses used in battle.
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Introduction

Despite the fact that horses were a common part of the
Medieval culture, there is a dearth of information about horse
husbandry in the Central European Middle Ages. Occasional
references can be found in written documents [1-3] as well as in
archaeological research [4-5], but the identification of architecto-
nical structures is usually very difficult and stabling deposits are not
commonly preserved.

Important information about stable deposits can be inferred
from microstratigraphic studies [6-9] Floor deposits in particular
can be a source of high-value information. Variations in floor
residues are being profitably examined in order to understand uses
of space and the nature of activities in a settlement [7] [10-17],
but archacological stratigraphies that may contain floors are
usually difficult to identify when not composed of lithologically
varied materials. One of the well recognizable types of floor
deposits are those composed of stabling deposits. Micromorpho-
logical research of stable floor deposits has been reported from
different environments but such studies are rare. An experimental
stable was studied in Butser ancient farm [18].

A unique opportunity to perform interdisciplinary research
including a classic archaeological approach, combined with
geology and micromorphology, bioarchaeology and isotope studies
of a well preserved Medieval stable presented itself in 2009, when
during rescue excavations in Veseli nad Moravou, occupation
deposits were found within a bailey dated to an early phase of
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castle construction. This paper discusses what Medieval stable
architecture looked like and how the stable was maintained. Both,
the specific diet of horses which occupied the stable during the last
phase of its use, and the vegetation growing in the castle
surroundings are discussed in this paper.

The study site: Medieval bailey in Veseli nad
Moravou, Czech Republic

Veseli nad Moravou is situated in the southeastern part of the
Czech Republic in South Moravia. The study site is located on the
right bank of the Morava River (Fig. 1). The archaeological rescue
research was performed during renovation of the castle in 2008—
2010 [19]. Within the castle grounds, located features include a
nobleman residence and a wooden bailey which was separated
from the castle itself by a moat. Also, well preserved occupational
deposits covering an area of 500 m? were identified. These
deposits were 1.6 meters thick and consisted mainly of wooden
chips and organo-mineral material. Only the uppermost part of
the occupational deposit was destroyed by decomposition typical
for dry open air environments. In total, 16 wooden objects were
detected, but the function of these structures was proposed in only
three cases. One of them was interpreted as a bakery, the second
one as a hayloft and the third one, discussed in this paper, as a
horse stable (Fig. 2) [19]. The reason why the structure was
interpreted as a horse stable is mainly due to the presence of well
preserved stabling material containing horse hairs as well as
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Figure 1. The location of Veseli nad Moravou within the
context of Central Europe and within the local geomorpholo-
gy-

doi:10.1371/journal.pone.0089273.g001

Phase B

Figure 2. Archaeological evidence of horse stable.
doi:10.1371/journal.pone.0089273.g002
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artefacts which are typically used in the context of horse
husbandry.

Research methods

1. Ethics statement

We declare that no living animals were used in this research.
The samples used for zooarchaeological research and isotope
studies were collected from an archaeological context dated to the
13" century. The archaeological company conducted the exca-
vations under a government permit and following the heritage law
of Czech Republic (No. 20/1987), all excavated material includ-
ing the osteological material is interpreted as archaeological
material so no further permits are required for the presented study.

2. Archaeology

The excavation area was divided into 5x5 squares. Those
squares were then excavated in 2Xx2 subsquares and a control
section 0.5 m wide was left unexcavated along each square. In
some cases, sectors were selected irregularly, based on specific
contexts. This method of excavation was selected for better
orientation in a stratigraphically difficult situation. The excavation
was systematically documented with drawings and photographs.
Coordinates of archeological features and artefacts were recorded.
The Harris matrix showing the connections between different
contexts was applied. Dominant structures were differentiated
from other contexts (layers, constructions and ditches). Finally,
recovered artefacts and their spatial connections were analysed.

3. Sedimentological description, micromorphology

The stratigraphic section which included the stable infill and
underlying sediment (Fig. 3) was approximately 80 cm thick. It
was sedimentologically logged and lithological changes were
described. Seven micromorphological samples were then collected
from the studied section based on wvisible lithological changes,
placed into plastic Kubiena boxes (5x9 cm) and prepared
according to standard procedure by Julie Boreham in Reach
(www.earthslides.com). Thin sections were studied under a
binocular and polarising microscope at different magnifications
and described according to Bullock et al. [20] [21] and Stoops [22]
[23].

4. Pollen and phytolith analysis

Four samples for pollen and phytolith analyses were collected
from the top 20 cm of the stable infill, i.e. from the horse stabling
material. Preparation followed the standard acetolysis method
[24]. For phytolith samples, the wet oxidation method was used
[25]. Pollen grains and phytoliths were distinguished using
published guides [26-30]. Each sample contained a minimum of
500 grains or fragments. The pollen diagram includes phytoliths
and was plotted in POLPAL program for Windows [31] including
numerical analyses (Rarefraction, Conslink, PCA) for the visual-
ization and the interpretation of pollen data.

5. Macroremains and anthracology

Macroremains and anthracological analyses were performed on
samples from different parts of the stable infill. In total, 7 samples
were processed, three from the horse stabling and four from the
waste material underlying the horse stabling. Extraction of
macrofossils from the soil material followed the standard flotation
and wet sieving procedure [32], using staggered sieves with
0.25 mm mesh. The dried samples were then sorted under light
microscope at X10 to x15 magnifications. Seed atlases by Cappers
et al. [33] [34] were used for plant macro-remains determination.
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Figure 3. Micromorphological sampling position with the sedimentary facies interpretation.

doi:10.1371/journal.pone.0089273.g003

Fresh refractive surfaces of wooden fragments and charcoal were
analysed under a light microscope at 50x, 100x and 200X
magnifications. The number of fragments was counted. Identifi-
cation followed mainly Schweingruber [35] and a web key [36].

6. Isotopes

Six samples of horsehair were divided into three centimeter (cm)
sections (Tab. 3), and analyzed for their respective §13C and 615N
values. The analyses were performed at the University of Georgia’s
Center for Applied Isotope Studies, Athens, Georgia, USA, using
standard procedure. Approximately 200-600 micrograms of
horsehair from each sample was analysed. Two interpretation
diagrams based on [37-40] were constructed (Fig. 8 and 9) and
used in the general interpretations.

7. Dendrochronology and dendrology

Samples for dendrochronological analysis from separate struc-
tures identified within the bailey were collected using a drill. The
analysis was performed in correspondence with standard dendro-
chronological methodology [41]. The average age was counted
from 6 samples taken within bailey structures. Samples labelled as
110 and 111 come from the stable material. Dendrological
analyses of the stable structure were performed using standard
identification keys.

8. Zooarchaeology

Bone fragments were collected and bagged during the
archaeological excavation. The identification was performed using
standard zooarchaeological keys. The osteological material is
stored in the depository of Archaia o.p.s. company, Bezrucova 15,
602 00, Brno.

Results

1. Archaeological evidence of horse stable

The horse stable was 14x2.5 meters in size, but may have
originally been larger (its original size has not been determined). It
was excavated in the southeastern part of what is currently the
castle courtyard. Parts of the building were obliterated by later
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Medieval activities and construction works in the 1990s. Two
construction phases designated as A and B were identified on the
basis of different construction features such as walls, pillars and
floors (Fig. 2).

Rough-hewn girders 0.06x0.04 m in size were used during
construction phase A. The space between these girders was filled
with a hurdle fence and covered by a thick layer of daub from both
sides. The roof of the building was supported by 0.16 m thick
pillars located regularly every two meters along the walls. The
1.6 m wide relict of an entrance was located in the northern part
of the building. The entrance structure consisted of a pair of
vertical window frames with an added doorstep. Divisions inside
the stable were not identified for this construction phase.

During construction phase B the building was completely
rebuilt. The former building was destroyed and only the
foundations, which were re-used, remained in their original
position. The construction technique was very similar to the
previous one. New walls mirrored the shape of the former walls
and the entrance located in the northwestern part of the building
was replaced by a new entrance located in the same position and
within the same construction proportions. In contrast to the
original building, the interior of the new building was divided by
two partition walls. The first wall divided the eastern room
(approx. 6 m? in size). The partition wall was constructed in the
same way as the outside wall and a hurdle fence was also present.
The eastern room had a wooden floor consisting of rough-hewn,
criss-crossing planks up to 0.4 meters wide. The 1 meter wide
entrance was located in the northern section and consisted of
double window frames and a doorstep. The second partition wall,
3.5 metres long, divided the central room. The partition wall was
constructed as a hurdle fence and was not joined to the outside
wall. It appears that a 1 meter wide entrance facing west was also
added. All the doorsteps were raised 0.25 m above the floor. The
organic layers deposited on the floor of the stable originating in the
second construction phase of contain evidence of horse presence
with horseman equipment such as horse shoes, bridle-bits,
currycomb, buckles and spurs. Two complete sickles were also
recovered.
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2. Sedimentology and micromorphology of the deposits
2.1. Fluvial deposits and trampling periods. The under-
lying material of the horse stable consists of 10 cm thick, partly
decomposed organic material (wood) followed by a 30 cm thick
fluvial deposit of grey colour consisting of sands and silts (Tab. 1).
The fluvial deposition of sands ends with a layer of organic
material, macroscopically identified as part of a collapsed hurdle
fence followed by a thin layer of fluvial sands. The organic matter
of this structure is not decomposed as seen in Fig. 4B. The sandy
material above the fence differs somewhat from the sandy material
below. Repeatedly appearing thin, dark brown layers composed of
decomposed organic material were identified (Fig. 4A). Those
organic intercalations document the phases when the area was not
inundated by water and was probably being trampled by humans.
The thick fluvial section ends with a partly decomposed organic
material macroscopically identified as a relict of a hurdle fence,
followed by yellowish sandy material 5 cm thick (Fig. 3).

2.2. Infill of the horse stabling structure composed of
The basal layer consists of 15 cm thick
occupation deposits composed of construction material, charcoal,
decomposed organic matter and ashy material (Tab. 1, Fig. 4C).
Layering is macroscopically visible within this layer (Fig. 2). The
material in each layer differs somewhat in grain size, the amount
of daub and ceramic sherds. Within this stratum, visible minute

domestic waste.

layering corresponds to phases of accumulation. These individual
sublayers are composed of different types of material and the grain
size varies considerably, but differences in lithological composition
are small.

2.3. Horse stabling. The section and the infilling of the
horse stable is capped by well preserved horse stabling, i.e. organic
material deposited during the last usage of this structure (Tab. 1,
Fig. 4D). Horsehair is common in this layer but it is difficult to
identify and is observed mainly as round-shaped cross sections
(Fig. 10).

Figure 4. Characteristic micromorphological features in stud-
ied section. A - Fluvial deposits with trampling periods and thin layers
of decomposed organic matter; B - Fence relict composed of
undecomposed organic matter followed by the last phase of
inundation; C - Infilling of the stable composed of domestic waste; D
- Horse stabling composed of partly decomposed organic matter and
mineral components.

doi:10.1371/journal.pone.0089273.9g004
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3. Pollen and phytolith analyses

Pollen spectra found in the 20 cm thick layer of horse stabling
include mainly herbs. Tree palynomorphs are very rare. Most of
the herb palynomorphs are wild grasses. Intestinal parasites were
not recorded, except for an Ascaris spore in a sample located 10—
15 cm below the surface (Fig. 5).

Phytolith spectra are relatively uniform with low type diversity.
Dendritic-type phytoliths occur most frequently and elongate-type
phytoliths have the second highest frequency. Based on the
abundance of Dendritic-type and Polylobate-type types, most of
the phytoliths come from wild grasses of subfamilie Poideae.
Panicoideae grasses (Bilobate-type) are rare; this type is likewise
rare in present day vegetation of Southern Moravia. Phytoliths
from trees and cereals were not recorded. The phytolith spectra
reflect meadow vegetation where wild grasses and sedges
dominate.

4. Macroremains and anthracological analyses

Macroremains and anthracological spectra identified within the
Medieval stable infill in Veseli nad Moravou are quite heteroge-
neous (Fig. 6 and Fig. 7, tab. 2). Samples from the stable have the
highest concentration of macroremains (compared to other units)
and lower concentrations of wood fragments and charcoal (Fig. 6).
The proportion of individual ecological groups which could be
significant for stabling (the concentration of wetland species) or
feeding (the concentration of crop plants) varies greatly (Tab. 2).
Also, the proportion of macroscopically identifiable components
(hay, straw, wood annual shoots) varies significantly in the samples
(Fig. 6). After examining 2150 pieces of plant macroremains
(mainly seeds and fruits), 104 taxons of higher plants were
identified and divided into 5 ecological groups according to their
ecological requirements known from recent times (Tab. 2). Those
groups are: 1) meadows, pasture, wetland; 2) cereal weeds; 3)
economic crops; 4) ruderal plants; 5) wood, glade.

The remediation layers in the stable commonly contained
charcoal fragments providing clues to wood vegetation in the
surrounding area. The most common taxa are typical for oak
forests and oak-hornbeam forests including hardwood forests of
lowland rivers (Quercus robur, Fraxinus angustifolia subsp. danubialis,
Fraxinus excelsior, Acer campestre, Ulmus laevis). 'The species typical for
willow-poplar forests (Populus nigra, Populus alba, Salix alba, Salix
fragilis) and alder forests (Alnus glutinosa) were present in lower
quantities. Charcoal fragments of beech were very rare.

5. Isotope analysis of horse hair

Three centimeter long sections of horse hair were analyzed.
Since one millimeter of horse hair grows each day, this section
represents one month of hair growth [42]. Surprisingly, the results
of isotope analyses differ for each sample (Tab. 3), corresponding
to different water stress and feeding provenance through time and
for each individual. In the case of sample K228, a significant shift
into negative values (2%o) for the 613C measurement implies that
the horse spent the first three months mainly in parks and
meadows while the next three months correspond to wood
vegetation (tree leaves, shrubs) (Iig. 8 and Fig. 9). Six centimeters
of horse hair in sample 1268 were divided into 4 parts and they do
not show any significant changes in feeding or environment. This
individual lived or was fed (at least for the four month period
tested) on meadow grass and/or in a sparsely wooded environ-
ment. Nine centimeter sections of horse hair in sample 3318,
representing 3 months, changed significantly in the second and the
third months. This change was tracked to a change in
environment as well as in the type of feeding. The first change
shows movement from meadow grasses to a wooded environment
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Table 1. Micromorhological description of different lithological contexts.

Context

Description

4.2.1. Fluvial deposits with trampling
periods

4.2.2. Infill of the horse stabling
structure composed of domestic
waste

4.2.3. Horse stabling

Moderately sorted subangular to subrounded clasts mainly composed of quartz between 0.2 to 1 mm in size. The prevailing
types of pores are simple packing voids and the microstructure of these deposits is porphyric with monic related distribution.
Chitonic distribution is associated with decomposed organic matter (Fig. 4 A). Bioturbation was not observed. Charcoal or
partly decomposed organic matter occasionally occurs. The main postdepositional process is leaching.

Poorly sorted material composed of charcoal, quartz grains, burned bones, ceramic fragments, partly decomposed organic
matter and matrix rich in micritic calcium phosphate compose the infilling of horse stable structure and was interpreted as
domestic waste coming mainly from ovens (Fig. 4 C). Its microstructure is porphyric, with porphyric related distribution of
angular to subrounded clasts of varied origin and with rare occurrence of compound packing voids. Leaching and
accumulations of phosphate rich solutions are visible within the matrix. No bioturbation was observed.

The horse stabling is composed mainly of partly decomposed organic material, and a large number of horse hairs. The organic
material is visibly degraded in the uppermost part of the section. Stable crust is microscopically composed of laminated plant

fragments embedded in a calcium phosphate-rich, autofluorescent (blue light) cement of hydroxyapatite (Fig. 4D).

doi:10.1371/journal.pone.0089273.t001

and then a significant movement back to the cultural landscape
and meadows (Fig. 8 and Fig. 9). The horse hair of another
individual (sample 3318B) measured 21 cm and was divided into 7
parts. Interestingly, no change in 813C was detected between
these seven sections. This individual was fed in a wooded
environment. The last part of the sample shows significant
improvement of environment and food and movement into a
more humid environment (Fig. 8 and Fig. 9). Another individual
(sample K1268B) provided a 9 cm long hair which was divided
into three sections. The first two sections have isotopic values
corresponding to a dry environment (Fig. 8 and Fig. 9). This
individual was probably fed on hay. The third section of this
sample shows a change to a woody, humid environment (Fig. 8
and Fig. 9). Sample K228B recorded two months of the
individual’s life and suggested that the environment and food
did not change during this period. This individual lived in a humid

environment and was fed on grass and tree leaves (Fig. 8 and

Fig. 9).

6. Dendrochronology and dendrology

The average tree-ring series was dated using the Czech oak tree-
ring chronology CZGES 2010 [43] to the year 1228. The period
of tree felling could be established for sample no. 111 dated to
12301248 because it contained sapwood tree rings (ks); within the
territory of the Czech Republic oak sapwood usually contains 5
25 tree rings depending on the age of the tree and location [44].
Sample No. 110 dated to the year 1202 did not contain sapwood
tree rings (oak); therefore, we could only ascertain the year after
which the tree was felled (Tab. 4).

The individual construction components differ in the type of
wood used. Poles supporting the roof and frames of the single
entrances were made of oak. Doorstep from the wide northerly
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Figure 5. Pollen and phytolith diagram from Veseli nad Moravou Medieval stabling.

doi:10.1371/journal.pone.0089273.9005
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Figure 6. The proportion of macroscopically identifiable components (hay, straw, wood annual shoots). Samples of archaeological
contexts 2147, 2129 and 2128 are from the waste aggradation while the samples of the contexts 2157, 2203, 2125 and 1268 are from the stabling.

doi:10.1371/journal.pone.0089273.9g006

oriented entrance was made of oak and alder. The walls of the
building were made from entwined sticks of unidentifiable broad-
leaved wood, but the presence of a hazelnut suggests that this tree
was used. Twenty vertical joists were also analysed. Nineteen were
identified as oak wood and one as elm wood. Elm was also used for
floor boards found in the eastern room. Wood found under the
wooden floor was identified as elm and oak.

7. Zooarchaeology

Six species of animals were identified from 207 fragments
(weighing a total of 2844.7 grams) recovered from the remediation
(waste) layer and organic layers in the stable. The average weight
of one fragment was 13.7 grams. Unburned fragments of mammal
and bird bones were identified within remediation layers as well as
within the organic part of the stabling. The following taxa were
identified: Aves, Anser domesticus, Galliformes, Gallus domesticus,
Mammalia, Sus scrofa, Sus domesticus, Ovis/Capra, Bos Taurus. Also
taphonomic changes induced by humans and animals were
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identified. Butchering was evident on 29% of the fragments and
tooth prints on 5% of the fragments. Weathering of bone surfaces
was not significant.

Discussion

1. Medieval horse stabling structures

Medieval stables are quite rare in the Central European
archacological record [45], probably because horses were often left
outside on the pastures during summer and stables were usually
used as a winter refuge only. The discovery of a Medieval stable in
Veseli nad Moravou presents a unique opportunity to study not
only architecture, but also stable maintenance and the type of
horse alimentation.

The stable investigated in this project has two identified
construction phases (Fig. 2). During the first phase (A) the stable
served as a simple room with an entrance oriented to the NE. The
structure was made from intertwined sticks, which was commonly

Orubble site

B collected crops

B weeds of cereals

Owood, glade

B meadows, pasture,
wetland

Figure 7. Ecological groups identified within the studied samples (samples of archaeological contexts 2147, 2129 and 2128 are
from waste aggradation while samples 2157, 2203, 2125 and 1268 are from stabling.

doi:10.1371/journal.pone.0089273.9g007
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Table 2. The types and numbers of macroremains of different contexts (samples of archaeological contexts 2147, 2129 and 2128
come from the remediation layer while samples 2157, 2203, 2125 and 1268 come from stabling).

context waste aggradation horse stabling

context number 2147 2129 2128 2203 2157 1268 2125 total
Type of plants meadows, pasture, 6 4 80 125 274 65 554

wetland

wood, glade 158 25 35 8 4 13 243

weeds of cereals 19 10 107 41 116 56 349

collected crops 2 77 18 44 39 51 358 589

rubble site 33 13 73 27 31 176 353

total amount 2 293 70 339 240 476 668 2088

doi:10.1371/journal.pone.0089273.t002

used in Medieval times. Unlike the common types known from
iconography [46], the stable from Veseli nad Moravou has
plastered walls and the structure was quite robust. Such structures
are also known from iconography, but rarely [47]. The structure
itself was supported by posts and according to their positions, the
building appears to have been 4-5 meters wide. Such joists can be
easily made from common trees [48] [49]. If the spatial
arrangement was equivalent to known data from 19th century, i.
e. 1.3x3.5 m [50], the stable excavated in Veseli nad Moravou
could have accommodated 7 horses.

The roof of the stable was not found. Stable roofs are not known
from iconography, but ethnographic sources confirm their
existence [51]. The 1.6 meter wide entrance was quite robust.
In ethnography there are known doorways built from sticks, sealed
up in winter by straw [51] [52]. The second phase of stable
construction follows more or less the first phase. The differences

pool of CO, “C-depleted
low light intensity
increase in pCO,
decrease of temperature
depletion in nutrients

water stress
saline stress

are in the internal division of space where the second phase
structure changes from one to three separate rooms. Also, two of
the new rooms have a wooden floor. One of those rooms probably
served for superior horses or pregnant mares, the second one
probably as a preparation room. Preparation rooms are known
from iconography [47]. The walls contained hazelnuts, which
mean that this structure was built sometime in the late summer
[53].

Other interpretations were also considered. For example, the
structure may have been used as a storage room for feed, or for
stabling of animals other than horses. Unfortunately there is not
enough information about the differences between stabling
structures used for different types of animals so we have only
been able to compare our data with iconographic and etnographic
works [46] [47] [51]. In interpreting the stabling deposits, the key
features were the presence of organic matter and the internal
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structure of this part of the infill (compare with chapter 4.2.3)
which is composed of organic matter as well as a mineralogical
fraction interbedded within the organic matter. Such structure
cannot form just from the deposition of organic matter; trampling
during the deposition of organic matter must also have taken place

[6]. The presence of horse hairs and artefacts typically used in
horse husbandry contexts have also contributed to the final
interpretation. If the structure was used as a storeroom, trampled
horizons within the floor layers would be expected, instead of the
organic matter that was actually found [54].

2. Maintenance practices in a Medieval stable
Maintenance practices of horse stables are not known from
historical or archaeological sources. In the case of Veseli nad
Moravou, we have opted to apply a sedimentological and
micromorphological approach to determine the sediment compo-
sition and to track possible maintenance practices that were used.
Analogous micromorphological studies concerning stabling or
floor deposits from sites such as Veseli nad Moravou are difficcult
to find because a micromorphological approach is still not widely
used for such contexts. However, stabling has been identified and
micromorphogically studied in tell sites by Matthews et al. [12].
These authors report stables, but in contrast to Veseli nad
Moravou, usually without prepared surfaces. This could be due to
different geological and geomorphological backgrounds. As in
Veseli nad Moravou, the background is composed of easily
erodible sediments with potential for a high water level.
Accumulated deposits of tell stables are interbedded lenses of

Table 4. Dating of wood samples excavated within a
Medieval bailey in Veseli nad Moravou.

Number of sample Species  Length End Dating

110 elm 51+6ak 1191 after 1202
111 oak 107+2ks 1228  1230-1248
150 oak 46+19ak 1193  after 1217
159 oak 61+31ks 1196 1227-1241
162 oak 62+1ks 1222 1224-1244
205 oak 189+20ak 1188  after 1213

Table 3. 5'3C and §'°N values obtained from horse hair
samples.

Sample Lot 8'3c 106 &'°N SD
Horse hair K228/1 —21.79 0.21 6.46 0.20
Horse hair K228/2 —23.57 - 448 -
Horse hair 1268/1 —23.40 0.35 7.84 1.21
Horse hair 1268/2 —22.39 0.18 7.25 0.34
Horse hair 1268/3 —22.54 0.20 6.62 0.16
Horse hair 1268/4 —22.97 0.16 7.30 0.30
Horse hair 3318/1 —23.18 0.21 6.05 0.74
Horse hair 3318/2 —24.09 0.17 5.07 0.29
Horse hair 3318/3 —23.23 0.78 5.15 0.64
Horse hair 3318/1B —23.66 0.48 6.71 0.46
Horse hair 3318/2B —22.69 0.11 6.67 0.17
Horse hair 3318/3B —22.60 0.04 6.95 0.11
Horse hair 3318/4B —22.38 0.08 6.90 0.01
Horse hair 3318/5B —22.42 0.09 6.88 0.11
Horse hair 3318/6B —22.32 0.03 6.39 0.36
Horse hair 3318/7B —22.37 0.19 4.16 0.43
Horse hair K1268/1B —22.51 0.44 5.94 0.21
Horse hair K1268/2B —22.77 0.06 5.66 0.01
Horse hair K1268/3B —23.60 0.17 9.17 0.79
Horse hair K228/1B —22.93 0.90 5.54 1.27
Horse hair K228/2B —22.48 0.14 437 0.10
doi:10.1371/journal.pone.0089273.t003
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fragmented dung pellets with postdepositional changes typical
mainly for organic staining, salts and bioturbation. In Veseli nad
Moravou, the organic staining in calcium carbonate rich lenses of
organic waste were preserved below the horse stabling, which is
again also probably connected with the permeable geological units
and the position within the alluvial zone of the Morava River.

Most of references concerning the study of object infillings are
concerned with whether the infill originated naturally or
anthropogenically [55] [56]. In the case of the Veseli nad
Moravou stable, from the sedimentological and micromorpholog-
ical view it is evident that the infilling originated antropogenically
during remediation. Such examples are known for example from
Hallstatt sunken houses [57] and from Viking houses [58].
Maintenance of Viking sunken houses in Iceland can be used as
a comparison. The remediation layers have a sanitation effect and
they increase the amount of easily erodible material on the surface.
Floor surface erosion in Iceland is due to the volcanic background
[58] [59]. In Veseli nad Moravou it is due to the sandy erodible
background and the fact that during the removal of stabling the
background is repeatedly removed as it adheres to the stabling.
Due to such maintenance practices, at least 10 aggradation layers
were preserved composed of waste from ovens and also common
domestic waste as visible from the appearance of animal bones
which were not burnt. On the other hand, such waste has a
sanitation effect and and protects against hoof inflamation.

Preserved stabling was quite fresh due to the lack of ruderal
species, i.e. waiting to be removed. Its pollen composition shows
that the organic part of the stabling itself comes from the end of
summer. But from an etnographic source [45] it is known that
horses were stabled after the 16th of October (Feast Day of St.
Havel). Until that time horses were pastured and lived outside
24 hours a day.

3. Horse alimentation in Medieval times and the origin of
Veseli nad Moravou horses

Surprisingly, information about horse alimentation in Medieval
Europe is limited [45] [60] [61]. It is a fact that during feudalism
there was a shortage of adequate alimentation for animals,
especially during the winter period [2] [3]. On the other hand the
recent research in Siberia show, that livestok is able to fed outside
the farm independently also during the winter periods, becuase the
nutrition value of trees and shrubs is suficcient [62], but there must
be evidently also limited number of animals per adequate area. We
know from writen sources, that during summer, horses were kept
in pasture or in the woods where they required minimal attention
[63]. It is known that in the Late Middle Ages, it was common
practice to collect branches with leaves suitable for feeding in the
woods [2] [45]. Free pasture was possible during the 13th century
and was enshrined in law - the so-called “the right of mare field”,
which means that mares were allowed to move freely in the
landscape during the time period before harvest [2] [45].

The oldest known record of purposeful horse feeding is from
Ibrahim Ibn Jakab from the mid-10th century. More information
is available from Medieval England [64], mainly from accounting
records [65]. In spite of the fact that 14™ century England differs
culturally to Central Europe, the differences in alimentation
appear to be small. Horses in Medieval England were fed on oats
in winter and were pastured during summer. Also, hay and straw
was commonly used as feed, with chaff, bran, horse bread,
legumes (peas, beans, vetches) a minor component [65]. Horses in
Bohemian countries were fed mainly on barley and later on oats
[45]. Graus [2] claims that in the pre-Hussite period horses in
Bohemian countries were fed oats, vetches and mélange. Draff was
also used. Ethnographic sources reveal that draught horses in
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Southern Moravia were fed vetches and hay during summer
because pasture was not sufficient [66]. During winter, horses were
fed straw from vetches, lentils, peas or millet and hay. Also, rye
and wheat straw as well as other fodder was used as feed [66].

The most frequently found types of macroremains in the stable
sediments in Veseli nad Moravou are plants that typically grew in
meadows, pastures, and harvested fields. Less frequently occurring
macroremains belonged to rubble sites, weed of cereals and wood
glade. It 1s difficult to differentiate between feeding and stabling
material. Sources suggest wood glade was also used as feed [2]
[45]. Veseli nad Moravou is situated on an alluvial plain, so the
element rich alluvial grass was also probably used as stabling
material and as a substitute for straw. On the other hand, we know
from ethnographic sources that at the beginning of the 20th
centrury, stabling with straw was less common than today. As
fodder was in short supply, other materials may have been used
[66]. Animal bone fragments were also detected; it appears likely
that any material at hand was used as stabling material, but the
overall amount of stabling material was small and most of the
material described from Veseli nad Moravou probably comes from
feed left by horses on the floor.

We do know for a fact that pasture was an important
component of horse feed. The examined samples indicate
Cynosurus pasture species (for example Prunella vulgaris). The
presence of willow sprouts (Salix sp.), small blackberries (Rubus sp.),
hornbeam nuts (Carpinus betulus) and fragments of acorns constitute
evidence of horses being fed in wooded pastures. Cereals such as
millet, oat and hemp seeds were also detected. Straw is commonly
used as stabling material today. We know from ethnographic
sources that it was often used as horse feed in Southern Moravia
[66]. Such a spectrum of horse fodder is much greater than what
we know from references for Central Europe or for England.

It is also possible to obtain valuable information about horse
feeding from analyses of C and N isotopes. The changes in these
1sotopes show environmental or seasonal changes [42] [67] [68].
Data about horse alimentation as interpreted from isotopic
analyses of horse hairs (confirmed macroscopically and micro-
scopically (Fig. 10) in large numbers), does not significantly differ
from the horse alimentation generally presumed for Medieval
horses in Central Europe [69]. Horse hair from Veseli nad
Moravou shows significant changes in alimentation, or alterna-
tively changes in the environment (Fig. 8 and Fig. 9) i.e. the
transition between meadows to more humid woods and humid
meadows (see Fig. 8 and 9). This transition can be interpreted as a
seasonal change in alimentation (i.e. pasture during the vegetation
season and feeding on hay during winter), or as structural
differences in horse alimentation. For example, one of the horses
often moved in the landscape where enough feed and water were
available and moved between ecosystems. Another horse was kept
in close surroundings of the castle and its opportunities for a varied
diet were restricted.

The results published in this paper show that the fresh stable in
Veseli nad Moravou was deposited in late summer. The horse
population stabled in Veseli nad Moravou was quite varied. This
inference can be explained in different ways. For example, the
stable may have been used as temporary shelter for horses of
peasants who came to work for the owner of the castle.
Alternatively, the observed variability can correspond to different
functions of the stable. If the stable was also servicing an inn, a
number of courier houses could have been stabled there [70]. The
third possible explanation for the presence of a large number of
horses with different backgrounds in the one place is the possible
presence of horses used in battle. In Medieval times, battle horses
were commonly sourced from local inhabitants. One of the last
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Figure 10. Micromorphology and the internal structure of horse hair.

doi:10.1371/journal.pone.0089273.g010

references to Veseli nad Moravou dates to the year 1315 when Jan
Lucembursky battled Matts Cak Trenciansky and conquered the
castle in Veseli nad Moravou during the late summer [71]. The
excavated stabling could represent the last usage of this stable up
to this event, but unfortunately it is difficult to confirm this
hypothesis.

4. Medieval vegetation along the Morava River

The archaeobotanical record from stable deposits in Veseli nad
Moravou also reflects the composition of surrounding vegetation,
to varying degrees. As we are dealing with anthropogenic deposits,
in interpreting them it is neccessary to take into account the fact
that the species present in the stable were selectively introduced by
humans (so they are not an accurate reflection of the actual
vegetation structure) [72]. The deposits include two separate
sources (airborne and humans & animals), so the information
obtained from pollen, phytolith, macroremains and anthracologi-
cal analyses must be interpreted separately.

The remediation layers contain burnt firewood which offers
probably the best evidence of the structure of the surrounding
vegetation [56]. Charcoal of oak forest and oak-hornbeam forest
species, including hardwood forests of lowland rivers (Quercus robur,
Fraxinus angustifolia subsp. danubialis, Fraxinus excelsior, Acer campestre,
Ulmus laevis) dominate. Due to the presence of species such as Rubus
ssp. or Clinopodium vulgare, 1.e. indicators of woodland which can be
interpreted as a form of forest management. Such type of forest
produces firewood at the expense of structural wood that was
probably imported from more distant and less populated areas.
Beech charcoal was identified in the samples, but beech does not
grow In a riverine environment. Species of willow-poplar forest
(Populus mgra, Populus alba, Salix alba, Salix fragilis) and alder forest
(Alnus glutinosa), i.e. wood coming from near the Morava River
floodplain were also reported. This picture of riverine vegetation is
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quite different from an Early Medieval site in Roztoky near the
Vltava River. This site is typical for fir, Scots pine, and beech,
along with coppiced and light-demanding species [56].

The second type of deposit being interpreted in the stable
infilling is the horse stabling which contains plant macroremains
and wood fragments. These remains indicate the presence of
alluvial forests, alluvial meadows and tilled fields. It seems to
represent horse feed and stabling material rather than the
surrounding vegetation which can be seen in natural organo-
genic deposits, such as oxbow or peat [24].

Within the Medieval surroundings of Veseli nad Moravou we
can postulate the existence of wet meadow/pasture communities
(Morava River floodplain), in particular mesic meadows and to a
smaller extent, dry and very dry grasslands. Meadow vegetation of
the region (Lesser Carpathians) is already documented at least
2 500 years ago and is mainly the result of human activities [73].
The fields where the horse feed was harvested were fertile and rich
in carbonates (for example the weed Bupleurum rotundifolium). The
substrate of such fields is often loess as well as colluvial and alluvial
deposits, so the horse feed was probably sourced locally. Even pest
species are typical for warmer parts of Moravia (Glaucium
corniculatum, Chenopodium murale) and correspond with the modern-
day local situation [74].

Conclusions

The following conclusions can be made:

1. Average age of the wood found in Veseli nad Moravou
Medieval bailey was determined to date to the year 1228. The
investigated stable had two construction phases. Whilst the older
phase involved a simpler structure, in the subsequent phase, part
of the structure had a wooden floor.
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2. The infilling of the stable reflects maintenance practices. Ashy
material was deposited to provide remediation effects and its
aggradation also served to reduce difference between the interior
and the exterior of the stables.

3. Well preserved horse stabling in the uppermost part of the
horse stable structure infilling accumulated within a few months at
the end of summer. The stabling material was composed mainly of
wetland grasses and wooden annual shoots. Differences in horse
alimentation identified within stabling were probably due to
differences between individuals. Horses were fed on meadow
grasses as well as woody vegetation, millet, oat and less often on
hemp, wheat and rye.

4. The results of isotope analyses suggest that the horses
accommodated in the stable came from varied backgrounds.
Three possible explanations of stable usage can be inferred. It may
have been used as a temporary stable for horses of peasants from
outside the castle, courier horses or battle horses.
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5. Within the Medieval surroundings of Veseli nad Moravou we
can postulate the existence of communities of wet meadow/
pastures (floodplain of the Morava River), common types of mesic
meadows but also (to a smaller extent) dry and very dry grasslands.
Woody vegetation includes oak and oak-hornbeam forests
including hardwood forests of lowland rivers (Quercus robur, Fraxinus
angustifolia subsp. danubialis, Fraxinus excelsior, Acer campestre, Ulmus
laevis). Low forests (Quercus robur, Carpinus betulus) were probably
cultivated.
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ABSTRACT

The research was focused on the testing of possible information value of charcoal analysis from infills of
archaeological objects, when methodologically different approaches are used in the combination with
the micromorphological and pollen-analytical approach. The case study site chosen for this type of study
is the unique Early Medieval settlement at Roztoky, Czech Republic. The comparative study includes the
infills of 20 pithouses from the extensive settlement comprising about 750 (323 excavated) such
archaeological structures situated along the left bank of Vltava River close to what today is the city of
Prague. A combination of three anthracological outcomes (the number of charcoal fragments, the
anthracomass, and the qualitative frequency of charcoal species) proves to be a powerful tool in deter-
mining the vegetation pattern in the surrounding landscape. The study revealed a major effect of post-
depositional processes and quantification methods on the final anthracological interpretation. A modi-
fication of the anthracological record in different layers was traced in order to assess the applicability of
sedimentology and micromorphology in the interpreting of the primary use and ending of the objects
found. The reliability of anthracological interpretations are then compared with the results of micro-
morphological analyses and with regional vegetation patterns interpreted from pollen analyses of an off-

site pollen profile.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

One of the key questions, often discussed in final archaeological
interpretations, is the information value of the infills of archaeo-
logical features. The composition of these infills has been long
discussed in studies focused on the construction technology and
the purpose of archaeological features, their usage, and the reasons
of their abandonment (Dolukhanov, 1996, Simpson et al., 1999;
Einarsson, 2008). Usually, the subdivision into horizons within
the studied features was based on a combination of visual attri-
butes, archaeological or archaeobotanical remains.

Organic matter has a high information value in archaeological
record. One of the usually best preserved organic remains, con-
nected with humans since the Palaeolithic, is charcoal. Wood
charcoal analysis provides site-related information on the species

* Corresponding author. Tel.: +420 607706585; fax: +420 220922670.
E-mail addresses: prourou@gmail.com (J. Novak), lisa@gli.cas.cz (L. Lisa),
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0305-4403/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
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occurrence and the woodland composition and, as such, becomes
an integral part of archaeological research, especially when
a combination with pollen analysis is possible (Asouti and Austin,
2005; Nelle et al., 2010). Charcoal fragments found in archaeolog-
ical deposits usually represent either firewood remains or burned
vestiges of structural timber resulting from catastrophic confla-
grations (Chabal, 1992; Dufraisse, 2008). Firewood collection
provenance is generally interpreted to be completed in the area
close to the settlement with all species gathered proportionally
according to their occurrence in the surroundings (Asouti and
Austin, 2005). In addition to societal factors and combustion
processes, post-depositional agents are very important filters
between the vegetation and the charcoal assemblage (Théry-
Parisot et al., 2010).

Another important methodological tool used in the study of
composition of archaeological features is micromorphology in
archaeological context (Courty et al., 1989; Goldberg et al., 2001;
Goldberg and Macphail, 2006). Micromorphological investigation
is primarily based on the coarse fraction, matrix, voids, organic
material and features typical of sedimentary and post-sedimentary
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processes (Courty et al., 1989) and, in combination with charcoal
analysis and other geochemical data, provides a complex infor-
mation about the studied layers (Goldberg et al., 2001; Goldberg
and Macphail, 2006).

The subject of our research is the Early Medieval settlement
agglomeration dated to the 6th and 7th century AD, discovered at
Roztoky near Prague. The unusually high number of the Early
Medieval sunken houses, the estimated time span of the settlement
existence of 150 years, and its location on the floor of a deep,
canyon-like valley is unique in the whole area of the Prague-Korcak
(also the Prague-type) culture (Sedov, 1982; Gojda, 1991;
Dolukhanov, 1996, Kuna and Profantova, 2005). This settlement
represents a puzzle considering the enormous number of house
remains and its specific interpretation. A combination of three
complementary methods — charcoal analysis in context of micro-
morphology and pollen analysis, which are not a standard approach
in archaeo-environmental research yet, may contribute to a better
understanding of the character of the surrounding landscape. We
attempt to answer the following questions: How is the anthraco-
logical record modified by post-depositional processes in different
layers? What does the anthracological record in context of sedi-
mentology or micromorphology say about the use, abandonment
and decay of the studied objects? We will also discuss the reliability
of the combined methods used.

2. Study area
2.1. Early Medieval settlement at Roztoky near Prague

The Early Medieval settlement discovered during the last
twenty years in the close vicinity of Roztoky near Prague (settle-
ment with the estimated number of more than 750 sunken houses
accumulated over the period of 120—150 years) (Fig. 1) is unique to
the whole area of the Slavic spread (Kuna and Profantova, 2005).
The site is located on the floor of the deep Vltava River canyon,
where sunken features interpreted as sunken houses were
discovered. These findings belong to the so-called Prague-type
culture which is usually believed to represent the earliest Slavic
populations that moved into the Central Europe from the East.
Although some relatively large sites have been reported from the
surrounding countries — for instance, Germany (Kriiger, 1967),
Poland (Parczewski, 1989), Ukraine (Baran, 1988), Moldova (Zeman,
1976; Teodor, 1994) and Romania (Dolinescu-Ferche, 1992) — the
Roztoky settlement site is larger than any other site of this culture

known so far. However, it is characterized by a very short period of
use (120—150 years; Curta, 2008), which complicates a comparison
with similar localities, but provides excellent conditions for
studying this unique site.

2.2. The geographical and archaeological context

The studied settlement is situated in the Vltava River canyon on
a fluvial terrace separating rocky slopes of the valley from the
stream (Fig. 1). The terrace is only 120 m wide and the level of the
Early Medieval settlement is at present situated 5 m above mean
water level. Local Quaternary deposits are characterized by sandy
loams and morphologically comprise an older river terrace level
gently sloped toward the river channel. It is obvious from the study
of sunken house infills that the location was situated well above the
water level, being therefore rarely flooded during periodical flood
events. The stratigraphy of sunken house infills shows no evidence
of catastrophic events assignable to a repeated cycle of the
destruction and building of the houses. The number of artefacts left
on the floors of the sunken houses is not very high, suggesting that
the houses were abandoned slowly and peacefully. Both the
movable finds and architecture are basically similar to what we
know from other sites of this period, the main explanation problem
being the extremely high number of houses discovered (Kuna and
Profantova, 2005).

3. Materials and methods
3.1. Charcoal analysis

In total, 101 anthracological samples from 20 sunken houses
were analyzed and nearly 11,000 charcoal fragments were included
into the final interpretations. Soil samples of 20—35 kg, rarely 50 kg
were collected. The extractions of charcoal from the samples were
subjected to the standard flotation procedure using staggered
sieves with a mesh size of 0.25 mm. The charcoal analysis was
performed only on fragments from the largest fraction (>2 mm).
The charcoals were identified using an episcopic interference
microscope (Nikon Eclipse 80i) with 200—500x magnification and
the reference collection. The additional standard identification keys
were also used (Schweingruber, 1990; Heiss, 2000).

The relative species abundance was expressed in the number of
charcoal fragments (e.g., proposed by Delhon, 2006), charcoal
anthracomass (e.g., Carcaillet and Thinon, 1996), and the qualitative

Fig. 1. Location of the Prague — Korcak site at Roztoky (20.6 ha) situated on the bottom of a canyon-like valley of the Vltava River, Czech Republic. Left part of the figure refers to the
location of sampled sunken houses. Arrow A refers to the location of the studied site, arrow B refers to the pollen site “Bive”.
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frequency of identified species (the qualitative approach where
taxa are recorded as a presence/absence data; e.g., Willcox, 1974;
Neumann, 1989; Figueiral, 1992). The individual taxa were
weighted with an accuracy of 0.001 g. The sediment anthracomass
(mg charcoal per kg of sediment; Talon et al., 1998) was derived
from the charcoals larger than 2 mm.

3.2. Micromorphology

The micromorphogical samples were taken from 20 houses in
the different parts of the settlement (Fig. 1). Sampling was done
usually for each divided layer, but in some cases intentionally
chosen horizons were sampled. The sampling and the preparation
followed the standard procedures. Samples from the different
lithological units of the sunken infills were taken into the
“Kubiena boxes”, dried, impregnated by resin in vacuum and thin
sectioned. Thin sections were studied by binocular microscope
Olympus SZX 16 and by polarizing microscopes Olympus DP 70 at
different magnifications ranging from 10—800x and described
according to Stoops (2003) and Bullock et al. (1985).

3.3. Pollen and micro-charcoal analysis

The nearest site suitable for performing off-site pollen analyses
has been discovered 13 km SW from the studied settlement at
Roztoky. Present soils and vegetation conditions around the
studied pollen site quite resembles that around Roztoky settle-
ment, if we do not take into the account the interior of the Vltava
River valley.

The study pollen site is small calcareous spring mire that lies in
the western edge of the city of Prague (50°04’00"N, 14°14’20"E;
362 m a.s.l; see Fig. 1). Today the site is drained off and strongly
affected by management, especially over-fertilization from the
surrounding cultural landscape (fields and settlements). The local
vegetation is drying-out open Carex-dominated fen with
spreading reed (Phragmites australis) population. The organic
sediment at the sampling spot is 200 cm deep and was sampled
from an open pit dug with spades. The entire section consists of
calcareous fen peat without visible stratigraphic transitions.

AMS radiocarbon measurements were carried out on plant
macrofossils (small twigs with buds) at the Physikalisches Institut der
Universitdt Erlangen-Niirnberg, Germany (Erl-4308; Erl-4309; Erl-
4310; See Table 2). Calibration was made using INTCAL 09 calibra-
tion set (Reimer et al, 2009). Absolute chronology was then
obtained using linear interpolation between the midpoints of the
calibrated ranges (95% confidence interval) of its three “C dates. No
reservoir effect was assumed. Sediment surface (0 cm) was included
in the depth-age model and was assumed to have an age of 2000 BC/
AD.

Sediment samples for pollen analysis were treated by acetolysis
after pre-treatment by cold, concentrated HF for 10 h. Usually more
than 700 pollen grains were counted per sample. Pollen diagram is
based on total terrestrial pollen sum (AP + NAP = 100%). The
percentages of aquatic taxa and all non-pollen objects (like
microscopis charcoal particles) are related to this sum. Pollen
nomenclature follows Czech Quaternary Palynological Database —
PALYCZ (Kunes et al., 2009). The key of Beug (2004) was the main
source for pollen determination besides reference collection.
Zonation of the pollen diagram was performed using subjective
evaluation criteria. Curves of trees and anthropogenic indicators
were given stronger relative weight during this procedure.

Microscopic charcoal particles were counted directly from
pollen slides using a simple method described by Kangur (2002):
Particles larger than 100 pm? were registered at the same area
where pollen was counted. The area of every charcoal particle was

Table 1

The quotation of quantitative frequency, anthracomass and the number of charcoal fragments of different charcoal taxa from the Early Medieval settlement, Roztoky, Czech Republic. The ¢ means the expression for the standard

deviation.

Number of charcoal fragments (n/kg*100)

Antracomass (mg/kg)

Qualitative frequency (%)

Charcoal taxa

cE

1.41
0.03
0.25
0.42
0.37
0.00
0.04
6.67

Layer E

cB

0.08
0.11
0.05
0.13
0.41
0.02
0.04
0.04
0.04
0.05
0.27
0.02
0.01
0.01
1.85
0.01
0.18
0.08

Layer B

cC

0.04
0.02
0.02
0.08
0.22
0.01
0.00
0.02
0.07
0.00
0.07
0.00
0.00
0.00
1.2

0.01
0.38
0.04

Layer C LayerB LayerE LayerG oG LayerC oC LayerB  oB LayerE oE LayerG oG Layer C
0.1

Layer G

55.30

2.99
5.30
2.90
9.57
29.39

2.26
0.53
0.51
4.80
10.95
0.00
0.27
1.29
2.77
0.00
4.96
0.00
0.00
0.00

211.01

3.10
4.45
1.84
6.54
21.65
0.15
1.78
0.31
0.89
0.46
13.75
0.00
1.35
0.00

3.075 9.36
27447

1.00
1.75

0.270
0.622

0.20

0.101
0.031

0.22
1.64
0.52
0.6

0.067

47.2
222
22.2
80.6
66.7

0.0
30.6
50.0

333 22.7
111

14.3

Abies alba

1.42
5.73
27.25

0.18
0.07
0.10
0.54
0.01
0.04
0.01
0.02
0.02
0.26
0.00
0.03
0.00
2.3

2.98
4.22
3.1

0.103
0.805
1.589
2.551

0.14

0.366
0.128

25.0 6.6 40.9
13.3
0.357

Acer sp.
Alnus sp.

5.17
0.90

1.212
0.596
3.697

0.29
0.46

0.077

22.7

10.7

0.243
1.062
0.000
0.011

50.0 40.0 72.7

4

Betula sp.

21.74

73
3.8

9.41
0.27

227
0.10

0.10

3.19
0.04
0.56
222
0.09
0.09
1.53
0.00
0.19
0.00
31.79

1.367
0.007

6.4 60.0 77.2

3.6

Carpinus betulus

Cornus sp.

0.00
1.77

163.07

0.79
1.62
2.49
147
0.06
12.92
0.45
0.17
0.09

277.59

0.000
0.182

14.716

0.019

4.5
31.8

0.0
7.1
28.6

294
67.2

0.26

0.082
0.33

0.224
0.445

7.6
10.7

Corylus avellana

0.93
0.29

0.11
0.46
0.10
0.43
0.10

31.8 0.056

Fagus sylvatica

0.02
0.00
0.48
0.04
0.03
0.00
522
0.04
0.02
0.04

0.68
0.00
20.58

33

0.043
0.000

0.132 0.083
1.68

0.000
0.227

0.028

20.0 13.6

17.6

Fraxinus excelsior
Juniperus communis

0.28 3.7
2.17

0.002

0.018

0.0
55.6

2.7
1

59.1

0.0
46.7

522
33
3

0.881

0.704
0.000

46.4

Pinus sylvestris
Picea abies

1.34
1.23
0.03

417.18

0.043
0.151

0.000 0.013 0.27
0.000

0.000
17.446

6.7

4.5

0.0
0.0
0.0
100.0

0.0
17.2

0.011 0.27
0.27
52.71

0.10

0.10
24.55

11.1 0.051

4.5

Pomoideae

3.7
92.58

0.001

47.822

0.004
33.323

0.000
26.535

4.5 2.7
100.0

100.0

0.0
100.0

Prunus sp.

Quercus sp.
Salix/Populus

1.24
0.74
1.42
720.72

0.33
4.6

0.28
9.60
1.11

250.34

0.04
0.07
0.09

0.79
1.78
2.13

0.27 0.012 0.10 0.010 0.27 0.141 2.99
0.058 32
33535

0.59
0.90

9.1 111 0.056

13.6

6.6
6.6
6.6

7.1
143

0.59

0.159
0.197

41.51

1.51
0.11

0.406
0.021
19.83

0.133
0.232
30.72

111
111

Tilia sp.

2.99
354.91

2.98

0.116
73.08

0.55

7.1 22.7

Ulmus sp.
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Table 2
Results of AMS radiocarbon analyses used to date the studied pollen sequence from
Bive locality.

Depth Material Measured Lab. no. Calibration
value result (95%)
40 cm Carex seeds 813 + 58 BP Erl-4308 1055 AD—-1275 AD
130 cm Small twigs 2080 + 52 BP Erl-4309 330 BC—30 AD
with buds
180 cm Small twigs 2344 + 54 Erl-4310 720 BC—240 BC
with buds

estimated by multiplying the lengths of the longest and shortest
axes. The charcoal particles curve displayed in the pollen diagram
shows the ratio between number of charcoal particle units (each
unit = 100 pm?) and total pollen sum.

4. Results

4.1. Sedimentological and micromorphological analysis of the
studied objects

Sedimentological background of the Roztoky site is represented
by alluvial deposits of the VItava River. Because there were
observed similar sedimenthological and micromorphological
features within the studied objects, the description used in this
paper is generalized and refers to the description based on the
micromophological study of 20 houses and the sedimenthological
study of minimally 50 houses. Former sunken houses excavated at
Roztoky near Prague were originally about 1 m deep, but the
preserved sedimentary infill 40—70 cm thick is composed of three
to four layers marked as P, G, C and B (Fig. 2). Each of the studied
sunken houses has an oven in the corner and layer E, which was
divided on the base of archaeological context and sedimentho-
logical observations, refers to the infill of the oven.

Description: layer P — A typical floor layer is usually missing or
trampled by a background more rich in clay minerals. In some

Fig. 2. Section of a typical house infill (house 1265). B, C, G, P: Distinctive layers of the
house infill.

cases, a low number of voids are preserved. Organic matter is
present in the form of punctuations, and forms a natural occurrence
of organic matter within the alluvial zone. This layer does not
contain any charcoal found in other archaeological remains. In
some parts of the houses, this trampled layer has nearly dis-
appeared or has not been preserved. This fact was interpreted as
the result of cleaning activities inside the house, or the presence of
wooden floor during the occupation phase (Fig. 3).

Layer G — The layer above is sometimes preserved as a dark,
moderately sorted, silty, non-calcareous layer 1-5 cm thick. It is
rich in organic matter decomposed to a variable degree, bone
remains, and a large amount of charcoal characteristic of strong
bioturbation. The microstructure is typical by the presence of vughs
(Fig. 3). This lithological unit is preserved in ca. 30% of the studied
objects. The layer is interpreted either as a residue of the last
human activities in the house before the destruction, or as a part of
a destructed roof.

Layer C — this layer is situated above layer G; it is largely free of
archaeological remains, charcoal fragments or other remains of
human activities. It is composed of light brown, non-calcareous
silty loam, very similar to the material of the sedimentological
background at the studied locality. The thickness of this layer is
usually 10—50 cm and is continuous throughout the extent of the
sunken house. The shaping [top surface] of this layer is usually
reminiscent of a bowl with edges rising toward the peripheries of
the house. The layer was macroscopically described as smeared on,
which, in terms of micromorphology, means small concentrations
of clay minerals originated due to the post-sedimentary processes
caused by activities within the objects.

Layer B — The final destruction layer usually contains a huge
amount of archaeological remains, charcoals, partly decomposed
organic remains, burned bones, and stones from destroyed ovens.
This layer is dark brown, non-calcareous silty loam approximately
10—50 cm thick, filling the uppermost part of the studied objects.
This dish-shaped lithological layer was found in all objects at the
studied locality. The dark brown colour of the layer is caused by
a high concentration of micro-charcoal.

4.2. Anthracological analysis

The concentration of charcoal fragments was found to be rather
low (Table 1). The average degree of the charcoal fragmentation
was counted as 5 mm. The radial cracks within the charcoal frag-
ments were observed in 8% of charcoal fragments. The results of the
anthracological study are quite similar to those from the sedi-
mentological record. All the layers show a very similar vegetation
composition, except for Layer E which is identified as an oven infill
(Fig. 4). A combination of three anthracological outcomes (the
number of charcoal fragments, the anthracomass, and the qualita-
tive frequency of charcoal species) was used for determining the
sunken house layers and the reconstruction of vegetation patterns
in the surrounding landscape.

4.2.1. The number of charcoal fragments

In total 10,731 charcoal fragments of eighteen tree taxa were
identified. Oak (Quercus sp.) clearly dominated, while hornbeam
(Carpinus betulus), birch (Betula sp.), Scots pine (Pinus sylvestris) and
maple (Acer sp.) were also commonly preserved (Fig. 4). A mosaic of
oak-hornbeam forest, sparse coppice and brushwood used for
pasture probably surrounded the settlement. Remarkably, two
woody species indicating pastures were discovered: rarely
preserved juniper (Juniperus communis) and cornel (Cornus sp.).
Despite the locality being situated on the bank of the Vltava River,
the presence of the riverine species (alder, willow/poplar) was low.
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Fig. 3. Typical micromorphological features observed in the sedimentary infill of the Early Medieval sunken houses. B — micromorphological features of layer B; unsorted material
of minerals, charcoal and decomposed matter dumped into the uppermost infill of a house (plan- polarized light). C — accumulations of clay minerals as the typical micromor-
phological features of layer C. (cross-polarized light) G — bioturbated material composed mainly of decomposed and non-decomposed organic matter, charcoal, unsorted material
and fragments of bones. (Plan-polarized light) P — compacted structure of the uppermost part of layer P. (plan-polarized light).

Ovens (layer E) were relatively specific structures of the former
sunken houses and contained the highest amount of charcoal
fragments. The spectrum of species represents the composition of
wood used as fuel from a short time before the abandonment of the
house (Fig. 4). Layer E differs from other layers in its high propor-
tion of beech (Fagus sylvatica), fir (Abies alba), Scots pine and birch
charcoals.

A relatively high number of charcoal fragments were found in
layer B. The cover of layer B, which also contains a high proportion
of bones and macrofossil remains, is interpreted as a dump layer.
The number of charcoal fragments in layer G is only slightly lower
than in layer B, however, a slightly higher number of beech charcoal
fragments were found in layer B. The lowest number of fragments
(and charcoal species) was found in layer C.

B Abies
SAcer
OAlnus
DOBetula

B Carpinus
B Cornus

& Corylus
WFagus

B Fraxinus
B Juniperus
@ Pinus
Picea

B Pomoid
Prunus

O Quercus
B Salix/Populus
mglkg BTilia
OUimus

Fig. 4. Histogram of charcoal species in distinguished layers from twenty Early
Medieval houses a) number of charcoal fragments b) anthracomass c).

4.2.2. The anthracomass

The highest average anthracomass was found in the ovens. Layer
E is the richest (73.08 mg/kg), followed by layer B (41.50 mg/kg).
Layer G has an average anthracomass of 30.72 mg/kg, and layer C
contained the lowest average anthracomass (19.83 mg/kg). Oak
represented the highest anthracomass among all layers. Hornbeam,
pine, birch, alder and maple reached lower values accordingly. The
anthracomass of the rest of the found species was relatively low
(Fig. 4). Remarkable are the high anthracomass values of fir, Scots
pine and beech in the ovens (layer E).

4.2.3. Qualitative frequency of charcoal taxa

The contexts of layers E and B are outstanding for the higher
taxa frequencies (see Table 1). Oak, the light-demanding and
coppiced wood, is quite frequent for most of the oven infills but fir,
beech or Scots pine also form a significant part (Fig. 5). Layer B is
dominated by oak, birch, hornbeam, Scots pine but also maple,
beech, hazel (Corylus avellana) and elm (Ulmus sp.). Many species
with a low anthracomass were quite frequent in layers G and C.

Oak was present everywhere. Other high frequented species
were birch, hornbeam, Scots pine, and also ash (Fraxinus excelsior).
Layer C is characterized by relatively higher frequencies of fir and
beech. The frequencies of maple and hazel reached higher values in
layer B.

4.3. Regional vegetation

Fig. 6 shows the results of pollen-analytical corroboration of the
studied off-site sedimentary profile. Based on these results, we will
now briefly describe regional vegetation development using the
advantage of the pollen diagram zonation.

In zone BRV-1 the local mire had nutrient-rich alder carr (Alnus,
monolete fern spores), the close surroundings had Corylus shrub-
lands, and natural forest remnants contained Tilia, Ulmus, and
Fagus. During zone BRV-2 the local fen was less nutrient-rich with
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Fig. 5. Qualitative frequencies of charcoal species in distinguished layers (B, C, G, E).

Betula, Cyperaceae, Potentilla-type, and Gramineae, while Tilia and
Ulmus disappeared from the surroundings. The compositional
changes in the woodlands can be attributed to increased human
influence as indicated by rising curves of most of anthropogenic
indicators. During zone BRV-3, the dominance of Pinus (surely
P. sylvestris) and the scarcity of herbal taxa suggest open, nutrient-
poor forest.

During zone BRV-4, maxima of Quercus and Abies and increase of
Fagus, Corylus, and Alnus indicate partial forest recovery in the
surrounding region. Local fires (shown by microscopic charcoal
particles curve) might have decimated the Pinus trees near the site.
The transition between zones BRV-4 and BRV-5 is dated back to the
Early Medieval period. This is the time when the studied settlement
at Roztoky was in full prosperity. Pine (Pinus), oak (Quercus) and
silver fir (Abies alba) had special importance in the regional vege-
tation at this particular period of time.

Grazing indicators increase stepwise in zones BRV-5, 6, and 7.
Crop cultivation (Secale cereale etc.) became dominant in zone BRV-
7 that dates to High Medieval and Modern periods.

5. Discussion
5.1. Composition of surrounding vegetation

The rich collection of anthracological material (a total of 10,731
charcoals representing 18 species) allows us to make a rather
precise inference of the tree species composition in the settle-
ment’s surroundings. The concentration of charcoal fragments was
generally rather low. Due to this, the low concentrations of charcoal
allowed us to determine all fragments in the samples. Low numbers
of charcoals in the samples were caused by the short period of the
existence of the settlement. Therefore, the charcoal in all studied
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Fig. 6. Percentage pollen diagram from the studied sections of organic sediments (peat) analyzed by P. Pokorny. The period of interest overlaps roughly with the depth 80—90 cm

(6th to 7th centuries A.D. according to the interpolations of radiocarbon measurements).

layers is probably, in various ways, a modified picture of the same
vegetation.

Charcoal of layer B represents common firewood. The cover of
layer B, which also contains a high proportion of bones and
macrofossil remains, is interpreted as a dump layer. This charcoal
content of the layer is less transformed than charcoal content of
layers marked as C and G, and probably better represents the
composition of common firewood. This interpretation is supported
by higher anthracomass, a higher amount of charcoals per kilo-
gram, and also a higher qualitative frequency of the species than in
layers G and C. Layers B, G, E are of the same species diversity (17
species), whereas layer C is relatively poorer in charcoal species (13
species). The ascertained differences reflect the origin of the layers
and also the way houses were used and the way they decayed and
filled in.

Layer E is the infill of an oven. It contains charcoal left in the
oven before the house was abandoned. The anthracomass in it was
found to be the highest of all studied layers. Similarly to other data
sets from the ovens, the species composition is a result of a specific
activity. A high abundance of fir, Scots pine, and beech charcoal
fragments, along with coppiced and light-demanding species is
very common. Coniferous wood could have been collected selec-
tively as structural timber. This suggests a burning of the
construction by the inhabitants before they left, or burned waste
wood from newly built dwellings. Burning beech wood produces
heat for a very long time, which points to the use of the beech
firewood for a specific activity.

An interpretation toward the common presence of above
mentioned trees in regional vegetation is supported by the results
of pollen analyses from relatively nearby sedimentary sequence
“Brve” and also by previous regional vegetation-historical study
(Pokorny, 2005). At the period of interest, regeneration of woods
took place in the wider region. Both coniferous and broadleaf taxa
were involved in this woodland regeneration. Nevertheless, pine
was dominant as the results of continuous human presence and
influence.

A comparison with anthracological data sets from other Prague-
Korcak culture sites is rather difficult due to the following reasons:
i) published results are based on small data sets (Benes, 2005); ii)
published charcoal data sets are related to younger phases of the
Early Middle Ages (Petrlikova and Benes, 2008); iii) published Early
Medieval data sets are linked with different vegetation types
(Opravil, 2000). On the other hand, comparisons with neighboring
anthracological data sets dated to the Bronze Age, Hallstatt, La Tene
and Roman periods (e.g., Novak, 2007; Smejda and Kocar, 2007)
give us a very similar picture to that of the vegetation composition
of the localities. The presented anthracological data from Roztoky,
as well as regional pollen data from the same period, are remark-
able for the high frequency of trees resistant to pollarding and
coppicing. Most of the found species are typical of the early
succession stages and high pasture pressure.

All the above mentioned founds are very probably the result of
an intensive, long-term human impact on vegetation in the region.
The short-term character of the Early Medieval settlement at
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Roztoky and the tree species composition imply the probable long-
term human impact on the vegetation before the appearance of the
Prague-type Culture. This result is well confirmed by studied pollen
record. Species richness documented by the charcoal data is much
higher compared to previous studies where, generally, oak-
hornbeam forests or the riverine willow/alder/poplar-dominated
forests were documented. In the charcoal remnants, the relative
abundance of species typical of alluvial forests is relatively low,
indicating that the riverbeds were mostly devoid of trees.

A high abundance of charcoal with radial cracks is worth noting.
Radial cracks in charcoal, caused by rapid dehydration and confla-
gration, may indicate burning of green wood (e.g., Théry-Parisot,
2001). Dry firewood was may be unavailable due to a dense
settlement with an intensive wood consumption, or, more inter-
estingly, it was used for specific purposes such as fish smoking (we
expect a high abundance of salmon in the Vltava River at that time)
or repelling of insects.

5.2. The charcoal information value in the sedimentological context

The representativeness of charcoal from archaeological contexts
and their potential for paleoecological reconstructions is a long
discussed topic (e.g., Clark et al., 1998; Delhon, 2006). The anthra-
comass is usually interpreted as one of the best indicators of the
abundance of species in the analyzed file (Carcaillet and Thinon,
1996). This is caused by the fragmentation, post-depositional
processes, separation and/or drying procedures. The correlation
of anthracomass with the wood hardness of species (species with
soft wood are less abundant due to easier burning) is still
questionable.

The amount of charcoal pieces is positively correlated with the
anthracomass in the presented study with exceptions: the frag-
ment/anthracomass ratio was apparently higher for fir and low for
beech. The qualitative frequency of species was used to highlight
the species diversity. However, the results of our study show that
the final anthracological interpretation is controlled not only by
human practices and combustion processes: additional factors are
post-depositional agents, sampling and quantification methods.

5.3. The interpretation of the origin of layers

Our interpretation of sedimentary units recognized in the infills
of Prague - Korcak sunken houses at Roztoky is primarily based on
field observations made during the archaeological excavations and
later verified by the method of micromorphology (micro-
stratigraphy of sedimentary units). Based on this type of data, we
can assume that layer P developed due to the porosity reduction of
the background overbank deposits of the Vitava River due to
compaction by trampling (Simpson et al., 1999; Rentzel and Narten,
2000). The absence of the cultural layer may be the result of
cleaning activities but the presence of a wooden floor is also taken
into account. Gebhardt and Langohr (1996) observed a complete
disappearance of wooden floor within the oxidation zone in the
medieval motte at Werken (Belgium), in contrast to its perfect
preservation in the reduction zone. Small fragments of organic
matter are preserved in the studied sections. Therefore, if a wooden
floor existed there, it was probably removed before the house was
abandoned. The cleaning, resulting in a depletion process, usually
involves the removal of refuse from the activity area (La Motta and
Schiffer, 1999). The absence of the accumulation of the clay fraction
was probably due to the repeated maintenance of the floor. During
the use of the houses, coarser material was swept away periodically
but finer particles remained and became incorporated into the floor
(Davidson et al., 1992). The very fine mineral material might also be
carried into the houses on the soles of feet or as an airborne dust

(Macphail et al., 1990; Milek, 1997). The presence of the small pit
features within studied features is, on one side, an indirect indi-
cator showing that the floors were maintained, disturbed in some
way and not really covered by a wooden floor (compare with Miller
et al,, 1998) or skin (Jones et al., 2010). On the other hand, however,
holes in the wooden floor would provide additional support to
sticks or bars purposely and repeatedly driven into the sediment
below.

The interpretation of layer G is based mainly on the high
abundance of decomposed and non-decomposed organic matter,
mesofauna excrements, bone fragments, charcoal and bioturbation;
all this with no sign of compaction. This can happen when the
central part of the roof collapses (due to the human or natural
influence) (Simpson et al, 1999). The present waste causing
increased bioturbation (Jones et al., 2010) is probably of a post-
abandonment origin, very probably a stochastic waste deposition
in the ruined house/house pits. No gradual accumulation and
compaction of domestic debris was observed (Simpson et al., 1999).
Structural collapse can also introduce objects onto the room floors,
primarily through the deposition of objects used as construction
material (Schiffer, 1985, 1996), or the waste deposited on the roof
during long-term usage of the houses (Goldberg and Macphail,
2006). Another possibility for the origin of layer G is the deposi-
tion of an upper soil horizon from the new house built nearby. Soil
surface enclosing the Early Medieval houses probably contained
decomposed organic matter, mesofauna excrements, bone frag-
ments and charcoal. This hypothesis supports a secondary use of
construction timber from the abandoned houses.

Layer C represent an infill of a house pits either “naturally”, after
a collapse after abandonment, or with an intension to deposit the
redundant material from the new house built nearby; this can be
a very quick process and these layers usually lack organic
contamination.

Surface layer B aggraded probably as a dump (compare with
Simpson et al., 1999); it contains a large amount of ash, which was
commonly washed to layer C. It probably served as a secondary
refuse deposition (La Motta and Schiffer, 1999) for that also
produced by cleaning activities (compare with interpretations of
the uppermost part of layer P).

6. Conclusions

A combination of sedimentological observations and micro-
morphological analyses provided a good context for the interpre-
tation of the environmental history of the study area.

The presented anthracological data are remarkable for their
high frequency of woods resistant to pollarding and coppicing.
Most of the ascertained species are typical of the degraded pasture
or early succession stages and high pasture pressure. The settle-
ment was probably surrounded by a mosaic of oak-hornbeam
forest, sparse coppice and brushwood used for pasture. The abun-
dance of species typical of alluvial forests is relatively low, indi-
cating that the riverbeds were mostly devoid of trees. This
interpretation has been confirmed by pollen analysis of relatively
nearby, continuous and radiocarbon-dated peat profile.

The rather low concentration of charcoal fragments in the infills
of the studied sunken houses was most likely caused by the short
period of the Early Medieval settlement. Charcoals in all studied
layers probably represent, in various ways, a modified picture of the
same vegetation. Together with coppiced and light-demanding
species, the high abundance of silver fir, Scots pine and beech
charcoals was very common. A high number of coniferous charcoals
may indicate residues of structural timber. Nevertheless, coniferous
trees were rather common element in regional vegetation, as
revealed by pollen analyses.
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Frequently found charcoals coming most probably from the
originally fresh wood suggest its usage either as an alternative fuel
or for specific purposes (fish smoking, repelling of insects).

The combination of several independent interpretation
methods (charcoal qualitative frequency, anthracomass, and the
number of charcoal fragments/kg, pollen analyses) provides the
best picture of a vegetation cover in the vicinity of the studied
locality. However, the results of our study show that not only
human practices and combustion processes, but above all post-
depositional effects, sampling and quantification methods can
significantly contribute to the final interpretations.
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3. Shrnuti

Studium jeskynnich sedimentl a pokus o aplikaci provenienénich metod v mé diplomové
praci (Lisd a Prichystal, 2001) v podstaté predurcily dalS$i smérovani mé védecké kariéry. Studie
zamérené na provenienci eolickych sedimentl (hlavnim téma mé dizertaéni prace) prohloubily mé
znalosti o provenienénich metodach zamérenych na studium asociaci tézkych minerdld (Lisa et al,
2005) studium geochemie granatl (Lisa et al., 2009) nebo typologie zirkonU (Lisa a Uher, 2006).
Vystupem téchto praci byly jedny z prvnich a prozatim nejkomplexnéjsich praci zaméfenych na
provenienci sprasovych sedimentl na Uzemi nasi republiky. Soucasné se mi podafilo zaclenit do
metodiky proveniencnich studii i mikromorfologii povrchu kfemennych zrn (Lisd, 2004), kterou jsem
pozdéji nékolikrat s Uspéchem poutzila v jinak smérovanych studiich (Nyvlt et al., 2011; Mentlik et al.,
2010; Engel et al., 2010; Kfizova et al., 2011). Pfinosem této metodiky bylo napfiklad rozpoznani
sedimentd  transportovanych ledovcem v pfipadé Sumavskych jezer nebo sedimentd
transportovanych eolickymi procesy v pfipadé Labského dolu. Prestoze i v soucasnosti publikuji
studie specializované na zmény klimatu (Hosek et al., 2014, 2015; Besta et al., 2015; Antonie et al.,
2013; Fuchs et al., 2012; Wisniewski et al., 2015; Petr et al., 2013; Cilek et al., 2013; Lisa et al.,
2013a,b), mé dalsi profesni smérovani ovlivnilo zaclenéni do projektu Cambridge University a
pocatek spoluprace sarcheology. Postupné vzniklo nékolik studii vramci tohoto projektu
orientovanych na vztah méniciho se klimatu, formacnich procesl v krajiné a lidského impaktu (Lisa et
al., 2012, 2013c, 2014), a to predevsim béhem MIS3 (marinni izotopové stadium 3).

Studie zamérené na interpretace formacnich procest v pfirozeném a archeologickém
kontextu by vSak nebylo mozné provadét bez hlubsich znalosti geoarcheologickych metod a aplikace
metod, jako je mikromorfologie, environmentalni magnetismus nebo geochemickd charakteristika
studovanych sedimenti. Postupné bylo mozné sestavit uréitou metodiku geoarcheologie (Bajer ed.,
2014; Lisa a Bajer, 2014), kterd je dnes béiné pouzivana v Ceské republice a prednaena na nékolika
universitdch. NejdUleZit&jsi projekty poslednich let sponzorované predevéim agenturou GACR
zahrnovaly naptiklad vyzkum difevéného predhradi (Placek et al., 2015), vramci kterého byla
napfiklad publikovdana komplexni celosvétové ojedinéld multioborova studie smérovana na udrzbu
stfredovéké staje (Dejmal et al., 2013), vyzkum neolitickych rondeld, pfi kterém jsme provedli prvni
studii zamérenou na porovnani vyplni hrotovitych pfikopl z doby neolitu a doby fimské (Lisa et al.,
2015) a vyzkum ranné stfedovéké lokality Roztoky u Prahy, kde bylo mozné identifikovat a
interpretovat vznik, vyvoj a zanik objektl a predevsim jejich podlahovych horizontl (Novak et al.,
2012; Kuna et al., 2013). Dalsi podobné mensi projekty byly sméfovany na studium podlahovych
horizontll v ramci pravékych a stfedovékych kontext(i (Parma et al., 2012; Beran et al., 2014) nebo
konceptu Dark Earth (Parma et al., 2015).

Studium formacnich procesl je dnes jiZz nezbytnou soucasti environmentalnich studii a je zde
viditelnd snaha zacleriovat tento metodicky pohled i do projektdl zaméfenych na archeologii.
Metodické pristupy pouzivané v tomto sméru se neustale rozvijeji a do budoucna ma tento obor pred
sebou velky potencial.
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