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1. Abstract

Loess deposits are an excellent source of informatiorand are thusused to reconstruct
palecenvironmentand -climate. This can includihe extent of glaciation sources of dust or dust
pathways. However, loess manttesoils have been studied in southwestern Poland and the formation

of an argic horizon due to clay translocation has been discovered and the development of certain soll

types like Alisols, Luvisols, Leptosols or Cambisols due to silt addition has bedredgseviously

Neverthelessthe question how theclay and the heavy mineralogy are reflected in sloglss mantled
soils,is still a matter of debateThe main questiosare if the discontinuitiesfound in the soil texture
andsoil geomorphology aralso reflected inhie clay and heavy mineralogy, the geochemistry and the
physical parametersand where the loess deposits have their oridiherefore five different profiles
in Lower SilesigPoland were studied. The five profilesre characterized byhin, reworkedloess
mantles which coverdifferent underlying substrat® namely: Permian sandstone, basalt, granite,
serpentinite and glacifluvial material To test the hypotheses, the geochemistry and physical
parametersof representative horizons (&ss mantle, transition horizon, underlying substratere
examined. Furthermore, XRDSEM and DRIF&nalyzes were conducted to answer thesearch

guestions.

The results show thatlear boundaries in the profilegre not only found in the geochemistrna
particles sizes but also are reflected in the clay and heavy mineraldgy loess mantles have
characteristic clay minerals lik&aolinite, mica, vermiculite, smectite, chlorite aritydroxy
interlayered vermiculit€HIV) or interstratified micavermicdite. In the Luvisoland the Stagnosathe
clay translocation was observed bgcumulation of dioctahedral clay minerals in the lower horizons
whereas the Alisol showed the highest occurrence in the loess marttie.formation of HIV or
interstratified micavermiculite and the transformation from chlorite and/or mica to vermiculite is
traced back to the loess mantleslso, the different underlying substrates are reflectiedtheir
characteristic clay and heavy mineral compositioRegarding the topogghy, higher erosional

processes on slopexcur andeadto rather shallow loess mantke

The Ti/Zr and K/Rb ratiagere calculated reveahg thatthe provenance of the studied loess mantles
were comparable with results from Germany. Hence, the loesstnoighinate from thevegetation

poor periglacial areasluring Last Glacial MaximunbGM when the Scandinavian ice sheet covered
northern Europe but the southern lying Sudety mountains can not be excluded as a possible loess

source.



2. Introduction

Loess, a terrestrial clastic sedimeansistingnainlyof silt-sized particles, is the result of accumulation

of wind-blown dust. Loess deposits are important sources of informafitvey can illustratthe extent

and intensity of glaciations or theariaions in global atmospheric circulatiqye 1995)Loess soils

are known as the most fertil@ ithe world, mainly due to the silt particles which ensure the supply of
plant-available water, soil aeration, extensive penetration by plant roots and ease of cultivation.

Besides, thewnlsohave moderately large reserves of most mineral nutrigtatt 2001)

Most loess depats show evidence of modification to some degree by-synpostdepositional
reworking, bioturbation, weathering or pedogenesis. This modified loess can range from weakly
developed leached layers to intensely weathered paleosols and pedocomplexes. riralogjy of

loess in different parts ohie world variesand thus eflects the nature of the surficial geology and the
effectiveness of sediment mixing processes in individual source regions. Most deposits carfiprise
guartz & the dominant constituent wit a content of 455 %. Tie remaining materiain loess is
composed of feldspars, carbonates, heavy mirgday minerals and volcanic glass shéRye 1995)

The importance of clay and heavy minerals will be highlighted as these materials are the main focus of
the thesis.Many claysized particleg< 2um) are phyllosilicates such as micas, kaolinite, smectite,
vermiculite, and chloritg(Muhs 2013) Clays are categorized based thre combination of their
octahedraland tetrahedral sheets and their layecharge Through isomorphous substitution a net
negative charge on the structure is possible which leads higher cation exchangén soils, a high
cation exchange capaci¢ECcoincides with a high soil fertiliffschaetzl and Anders®005; Scheffer

et al. 2010)Heavy ninerals are also important nutrient sourcaad furthermore possible indicators

of sediment provenancéLang 2000)Additionally, heavy mineral assemblages hold information about
their depositional environment angrocesses and their stratigraphic positi@darcinkowski and
Mycielskab 2 ¢ 3 A | O.URisthesisig aad only focusing on loess but also incorporates the soil
parent material Hence, te underlying substrate is the framework of the developingmaifile andis

importantto understand soil patternéSchaetzl and Anderson 2005)

The province lower Silesia in sowttestern Polad is characterized byeworked bess deposits.
Previous studiei the regionhaveinvestigated how the incorporation of aeolian siltregoliths/soils
led to clay translocation and tthe formation of Alsols, Luvisols andeptosols(Waroszewski et al.
2017) Additional studies conducted in Polamivestigated bhe clay mineralogy of loess soils near
Krakow(Drewnik et al. 20149r investigatedhe heavy nmeral assemblage of quaternary deposits in

central PolandMarcinkowski and Mycielska 2 ¢ 3A I 8.02 HAMO0 O



However, little is knowrabout the interaction ofdifferent underlyingsubstrates with loessmantles

and their contribution to soil developmerEspeciallythe clay and heavy mineralogy such soils have

not been studied/modelled so faAdditionally, it is still a matter of debate where the reworked loess

deposits in lower Siles@iginated Therefore the main research questions for this mastR & s &r& S & A

1 What influence do theinderlyingbedrockand the loessnantlehave on soil developmerand
soil processesn the different profile® Can theformation and/or transformation of the

phyllosilicates be observed?

9 Are the discontinuities found in the soil texture and the soil geomorphology also reflected in

the clay and heavy mineral distribution and in the physical and geochemical parameters in the

five profiles?
1 Whatarethe origirsof the loessnantles at the fve different sites? Do they originate from the

same source?

Consequentially, an influence fratime underlying substrate and loessantle onthe soildevelopment
and on soil processes expected This influences assumed tde reflected in theclay andheavy

mineralogyandthus inother parameters.

Regarding the provenance of the loess mantl@se hypothesis is that the loegmantles were
deposited in the LoweSilesia region during theGMwhen vegetation cover in the region wasarce
and Thereforean increased aeolian transportation occurreohd formed the northern loess belt.
Another hypothesis is thdbess was deposited in the Great Odra Vdtlgpeing transported by wind

from the stronglydenuded mountain areas in the&th.

Thisthesis is diided intothe following chapters: first an overview about the background is garh
the study sites are described. Then the methodsdescribedandthe resultspresented Finally, an

interpretation and discussion chapter followed by the conclusiorstitute the lastpart of the thesis.



3. Theory

3.1 Clayminerals
Clay mineralsire silicateminerals.The definition of a mineral is a naturally occurtimgprganic solid

that has an ordered atomic arrangement and specific, althougHiretl, chemical compositiorsoil
minerals aredivided into primary and secondary minerals. Tprimary develop froma physical
breakdown of igneous and metamorphic rocks amd mainly part of thesand and silfraction. The
secondary mineralghat can befound in the clay fractionare formed under lowemperature
weathering reactionsTheyoriginate from sedimentary rocksut are more commonlytransformed
from primary minerals orform directly in the soil Common secondary minerals in soils are
phyllosilcates, aluminium and iron oxides, carbonates, phosphates and sulphate mi(i&ralan et

al. 2015) In the next section phyllosilicatese looked at in detail

Figurel: Miller indices given for important planes (left) and the structure of 2:1 smectite including-the d
spacingshowed in the right image (source: Okrush and Matthes 2014 (left) and Chen et al. 2008 (right)).

The structure of phyllosilicates can be understéydooking closely at the basics of mineralagyere

all direction and planes in a mineral are referencedtcrystallographic coordinate system which is
based on the unit cell of a minerg@mith College 2018). The unit cell is described as the smallest set
of atoms in the crystal structure. It contains a complete sample of the crystal pattern that is rdpeate
in space to form the minergbchaetzl and Anderson 200Bjiller indices are usetb identify rational
planes in crystalsTheyare determined for any plane from the intersemti of the plane with the
crystallographic axe&urther, when one or more axis inteqat is unspecifiedthe letters h,k and | are
used for the unspecified a, b and c indices, respectigely Figure 1) Consequently, the general Miller

index is labelled(hkl) (Smith College 2018).

Phyllosilicates areonstructedby superposed atomic planggarallel to the (001) facéhese periodic,
repeating planes of atoms of thmineralsare characterized by uniform distances between the planes,

the socalled dspacing.



Thus, he dspacingis characteristic of the layer type and the interlayer matefTdle planef the
phyllosilicatesare constructedfrom tetrahedral (SOs* silica) @ octahedral sheets ((AlO#))(see
Figure 1, right)Thel:1 phyllosilicates are characterized by one silica tetrahedral sheet bonded to one

octahedral sheet.

Therefore the unit cell consists of one tetrahedral and one octahedral sheet. Examples faydr1

silicates are minerals of the kaoling@dthe serpentine grouplhe 2:1 phyllosilicatesn the contrary

contain two SIOs* tetrahedral sheets sandwiching an (Al@bBtahedral sheeand can be classified

according to the type dahe octahedralsheet(Schaetzl and Anderson 20@5) d h OG F KSRNJ f & K S
contain predominantly trivalent cations such ag*ar Fé* N Ol f ft SR aRA20GF KSRNJ
only two out of every three of the octahedral sites are fiie(Schaetzl and Anderson 2Q05. 65.

Divalent cations like Mgor Fe&* can occupy all three octahedral sitdéduscovite, illite and glauconite

are examples for minerals with a dioctahedral sheet type. Examples for trioctahedral minerfis are

instance talc, chloriteand biotite. Vermiculite and smectite can have both types of octahedral sheets
(Schaetzl and Anderson 200Bjditionally mixed layer mineralsuchascrystallites composed of two

or more types of basic structural layeggist The mixed layer minemtypically occuiin soils or the

upper parts of an alteration sequence. Their importance is poorly understood until now, but Velde and
Meunier (2008) se them as the key to understand clay mineral stability in many deiismpls of

dioctahedral species of mixed layer minarate illite/smectite or kaolinite/smectite. Trioctahear
aLISOASEa 20aSNBSR i GKS St Néncite od dibiffeleBulitt NS F 2 N
(Velde and Meunier 2008\ixed layer clay minerals can have a regular or irregular interstratification.

The 2:1layer silicates (vermiculite or smectite) can host extensive metal hydroxide polymers in the
interlayer regionand thereby hydroxyinterlayered vermiculite (HIV) and hydrexyerlayered

smectite (HIS) are distinguished. They encompass vermiculite or smectite with positively ch&rged Al

or Fé* hydroxide polymers in the interlayers.

An importantprocess taking place irhgllosilicateds the isomorphous substitutiowhere one ion is
replaced by another ion of similar charge and radius. Thereby, the crystal form does not alter. In clays
typically lowervalence cations are substituted for highederce cations, for exampl@F*for Sf*in
tetrahedral sheets or Mgfor AF*or Fe*in octahedral sheetdNormally, isomorphous substitution is
important in 2:1 clays. In @se clays the created layer charge is neutralized by cations through
absorption between two adjacent 2:1 phyllosilicate laydrd. clayson the contrary have negligible

isomorphous substitutioiSchaetzl and Anderson 2005)

Due to their physida chemical and mineralogical properties, et&sh materials are important to

support agricultural and natural ecosystem productiyiBatt 2001)



3.2Clay minerals soils
Velde and Meunier (2008) describe for the A horizon that the clays are primarily the result of plant/

clay interaction. The A horizanight be affected byhystal erosion andTherefore it is the most
fragile one.Hence clay minerals rmy move upwardswith time from lower horizors to the surface

horizondue to erosion(Velde and Meunier 2008)

The E horizon, a ligltblored mineral horizon, shows evidence of &sef clay, oxides, iron and
aluminum and organic matteio greater depths This downward translocatiors mainly caused by
infiltrating water. A and E horizgrare zones within the soil profile where eluviation is dominating. B
horizons on the contrary show higher evidence of illuviation. The illuviated material might include
clayas well adron, aluminum, carbonates, sodiufrhumus, gypsum, sulfur and sili€achaetzl and
Anderson 2005)In addition, he B horizon is a transit zone where clays from the C horizon move
upwardshby erosion Therefore the B horizon is a zone where clays from the surface and from the
subsurfice are mixed. Soils can develop on all sorts of geological matsaatbdunes, sedimentike

sand or til] sedimentaryor eruptive rocks. Thus, the transformation from source material to soil is
diverse.The rmain characteristics of the C horizon dne dissolution of material and its transportation

out of the system(Velde and Meunier 2008)Weathering occurs when rocks or minerals alter
LIKeaAOltte FyR OKSYAOLI f fdévenlbyi biobdidal eisemibal andpBysi€al NI K Q
agents or their combinatiofPope et al. 2002)The formative environment of rocks likéhe sea floor

or the aqust - differs strongly from the surface (soil) environment. Théeses pressure and increased
amounts of oxygen, water and biota occur. Thus, primanyenails from the formative environment

are unstable in soils and weather to secondary mineraknly clay mineraléSchaetzl and Anderson
2005) Velde (1995¥¢tates that the weathering of rocks and pedogenesis are the major processes for
clay mineral formation. This formatichOOdzNNA Yy 3 G 9F NI KQa adz2NFI OS A a
variables: rock composition, water/rock ratio, temperature and timie. concludethe C horizon is
dominated byminerals stable under conditions of interactions of surface aqueous solution and
unstable high temperature mineralsThe formation of clay minerals depends strongly on the

environment and the bedrocf/elde and Meunier 2008)

3.3Loessn Europe
The term loessriginatesfrom the German worddjs<andmeans looselt was first described by von

Leonhard (1823) for siltydepositsalong the Rhine Valley near HeidelbéPge 1995; Leonhard 1823)
In the feld loesscan be recognized as a distinctive sedimentary wldysethickness is highly variable.
It can range from a few centimetres to several hundred meters. Additionally, ive®sy fertile and
thus suitable foragricultural purposesbut strongly susceptible to erosiorFurthermore, it isan

important archive of Quaternary climate change.



Thus, loess is an important tool fire reconstructon of paleoclimatology over millennial timescales
(Muhs 2013)Loes covers more than 10 % of the ladd & dzNF I OS> Y I A y f{(Spratkey (K S
and Obreht 2016; Pye 1995; Pécsi and Richter 1996; Muhs, D.R., Bettis Ill, E.A. 2003)

Pye (1995 defines loess as terrestrial clastic sediment, which predominatehsists ofsilt-sized

particles The silt content in loess is usually-80 %.

Thereby, the particles havediameter between 50 and @m. The sand (> 50 pm) and the clay ( < 2
pm) contens are usually smallefMuhs 2013) Globally,loess exhibits significant natural variation in
terms of thickness, grain size, color, mineralogy, geochemical composition and morp(hoaley
and VitaFinzi 1968)

Even though the common definition of laeis quite clearthe understanding of the formation of loess
RSLISYyRa auNRy3fte 2y GKS NBaSI ND kK SeNdhdesaaichdiglds N2 dzy R
asasediment, rock or so{Sprafke and Obreht 2016)

The formaton of loessis seenas a result of accumulation of wirdlown dust. Therefore some
conditions must exisffor its formation: a sustained source of dust, adequate wind energy for
transportation and a suitable accumulation sieye 1995)Muhs (2013) states that fingrained
particles are produced by both glacial and rgiacial processes. Filgtthe silt prodution occurs by
frost shattering andby glacial grindingn periglacial regionsSIt canalsobe produced by volcanoes
through the ejection oashor through fluvial comminutionThese twoprocesse®ccurin both glacial
and nonglacialenvironments. Secondlyjon-glacial processes occur iigh altitudeswhen silt is
producedby frost shatteringor whensilt is inherited from siltstone bedrock. In deserts, s#sults
from salt weatheringor from aeolian abrasion in dune field§hesilt is thentransportedby wind in

suspension. Further silt production by aeolian abrasion is pog$ilas 2013)

After deposition, most loess has been modified due to local reworking, bioturbatjordepositionad
weatheringand pedogenesi@Pye 1995)The term loessification describes the qupsidogenicfjuast
diagenic processeshereby the aeolian deposits are aggrega{&gprafke and Obreht 20168 prafke
and Obreht2016) see loessifications the crucial element of loess genashich provideghe deposits

with their importantcharacteristics
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Figure2: Loess deposits (thick, thin and sandy loess = brown) and loess derivates (light brown) in Europe (from
Haase et al. 2007). The southern margin of the Scandinavian ice sheet of the Last Glacial Maxiisplayed
in purple (from Flint 1971) (source: Muh 2013).

In Europe loess depositgsee Figure?) range from the north-western maritime regiors (France,
Belgium) over Central Europe to the Ukraine and the Russian plainsh are characterized by a
continental climate. Thee deposits are the product of the quaternary glacial period in Europe, mainly
the Weichselian perio§Haase et al. 2007 The Europeanioess and loesderived sediments formed
during the quaternary under two mainonditions. Firsty, under periglacial condition in mid
continental areadeyond the limits of major ice sheets and secondly,-pgntaneregionsalong the
margins ofhighmountain rangeg¢Pye 1995)Loess coverapproximately one fifthof the total surface

of Europe and due to their widespread distributidhey arean excellent object for scientific studies

in fields such aguaternary geology and soil scieng¢aase et al. 2007¢6rahmann (1932) subdivided
Europe into four main areas of loess distribution. Firstly, there is a continuous belt obttie
mountainous regions of Europe. Secondly, loess covers are found in the northern foreland of the Alps

in the central and lower course of the DanuReer.
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Thirdly, one of the main areas is theeat East European platform and its bordering lowlarkslly,
the lastmainareaexistsy avYl tf ol AAya | yR NAOGSNI g ffSea Ay
M2 dzy (i {Grafiraghn 1932Most loess in Europe is deposited in Eastern EurBussia and the

former Soviet Union.

This region is limited in the south by the Black Sea and the Caucasian Mountains andoirtitbast

by the marginal moraines of the Valdaj glaciati¢taase et al. 2007)The most important areas
influenced by loesén middle Europe ar@longthe rivers Weichsel, Oder, Elbe and Mé&iecsi and
Richter 1996)Flint (1971) describes the large river systemshesmain mechanism for carrying
outwash material from the glacial terrains. This outwash material provides the bulk material of the
central European la&s. As an example, the DanuBeer carried and spread outwash material from

glaciers in theAlps and the Carpathian Mountains across southeasEurope(Flint 1971)
3.4 Last Glacial Maximumand loess deposits in sotwvesternPoland

In southwesternPoland considerable deposits of loess found. In Lower Silesia thick and thin loess
deposits are distinguished. Tharmer have a thickness between 0.3 to 2 m, whereastthick covers
are in most cases-3 mand sometimes reach a thickness up to 18Jary and Ciszek 2013; Jary 1999)
The deposits seento originate from the Pleistocene glaciations of northdPoland butare also

associated with the Carpathian and Sudetes mountains in the South.

The youngest Scandinavian glaciation during lG& (see Figure?) in Poland is also known #se

w2 S A QykcdiaBon, named after the polish rivfisla(Keilhack 1899)tcan be subdividedto three
main phases: the Leszno, Pozan and Pomerian pfd&sdstedt 1931)Marks (2002) emphasizes that
the ice sheet limit during the LGM was not synchronous throughout Poland but rather consists of
several major and minor ice lobes. These lobes reflect the sttdanstructure of the ice body that
radiated southwards from th@&altic Basin. The meltwater runoff during the LGM created a complex
system of icamarginal spillwayand southward flowing meltwater valleyilarks 2002; Kozarski 1988)
At the Odra Bank the LGM occurred after 21 ka BP according to radiocartzofraia this region
(Kramarska 1998; Kozarski 198idges and Muhs (2012) state that during glacial times winds may
have been stronger, many regions more arid, the vegetation cover reducatiytirological cycle less
intense and the dust suppliéscreasedBridges and Muhs 2013lence, the LGM world was colder,
drier, less vegetated and far dustier. Thus, the lagssdirect result oflaciagenic silt productiorfirom

expanded continental ice sheets, mountain ice caps and valley glédiens 2013)

Smalleyand Leach (1978) saw the northern glaciers as producers of loess material in southwestern
Poland. Certainly, they showed that tiropeanloess belts are related to the Danube, Rhine and
their tributaries, but because a major river valley was missing in the reifjietoess mantles were not

associatedvith a river.
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Rather, it was believed that the loess originated as silt deftatioom outwash planes and glacial till

deposits in front of the LGNSmalley and Leach 1978; Haase et al. 2007; Jary and KidaE&fda

et al. (2013Questioned this thery of the origin of the loess deposits and suggested that theadled

GDNBFG hRNI} ==FffSeéé¢ FyR GKS Y2 dzydik S yéab MBI i KSR NJ2 d:
is described as the fossil form of the preselaty Odravalley where the fluviogldal water ran along

the WroclawMagdeburgBremen icemarginal valley. Fine, silty material coming from the Sudetes and

the morainic hills fed the vallegnd accumulated parallel to the prevailing wind directions heading

towards theSouth andSoutheast The deposited silt material was later redeposited by wiBadura

et al. 2013; Badura 2011, 2006)
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4. Study site

4. 1Geography
The study site is located in the southwestern part of Poland, in the province of Lower Silesia (see Figure

3). Lower Silesia shares borders with Germany invlest, CzechRepublic in theSouth, the Lubusz
and Greater Poland provinae the North andthe Opole province in thEast (Nationsonline 2018 The

capitalof Lower Silesia M/roclawandlayson thebanks ofthe OdraRverin the East
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Figure3: The location of Lower Silesia in Poland (on the right) and the topographical subregion of the province (Sources:
mapsland 2018 (right) and karnet 2018 (left)).

Regarding the topogphy, around2/3 of Lower Silesia is lowland whereas around a8 part of a
low mountain rangein the Southwest The lowlands are characterized by glacial landforms, which
developed during th€leistoceneln theNorth andWest fragments othe formerice-marginalvalleys
(WarsawBerlin, BaruthGlogow, WroclawMagdeburg) are found, which reflect important

hydrographic networksluring the LGMKosmala 2015)

The Silesian Lowlands are separated from Muogth by the Trzebnicki Hillswhich are a range of
moraine hills. These were formetlring the Warta glaciatiowhich occurred during MIS @dzany
HnnogT tah 2005pF S
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Generally, moraines and outwash material are sprgmthe region andte hills in the lowland are
covered with loesdepositsNorth of the Trzebnicki Hillsthe MiliczGogow Basin is located. The basin

is a latitudinal belt of depresais which has a glacial valley character.

This region is also shaped by the OBnzer in the middle part and the BaryBwers in theEast. The

Silesian Lowland is a vast plain with almost no diversity regarding the relief. The lowland runs from the
Southeast to theNorthwest, along the glacial valley of the Odra. The valleys are filled with alluvial
sediments, mostly sand and graeéPleistaene and Holoceneaged Y I 0 I O Slielowlan® H A mp 0
shows further glacial remains likaoraine hills oreskers, which are long, narrowindingridges

composed of stratified sand and gravel and deposited by a meltwater str€dhrer characteristic

remains are kames, which aneound likehills of poorly sorted drift anevhichwere deposited near

the terminus of a glacie(Britannica 2018, 20186 Y I 6 | O  Slibwet Sileia haa grgad
diversityregarding the lanfbrms diaped by riverandglaciersbut those landforms are also the result

of complex geological structurégosmala 2015)

4.2 Geology
The mountains in th&uthwest are characterized by a belt system mainly due to its specific geology.

Not only orographic movements shaped the landform, also the influence of the ice sheets was
predominant. Thesudetic Marginal Fault divides tlkeystalline massif into two parts: the Sudety and
the ForeSudetic Blocks his Fault is one of the major tectonic structures in southwestern Poland. The
visible morphotectonic escarpment is 200 km long and runs fronStligheast to theNorthwest (see
Figured). It clearly dividsthe lowland which is mainly built up from sedimentary depositem the

mountainsd Y+ 6 F OF S I fd® HampL
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Sedimentary series
[ Tertiary«
[ Cretaceous
[ Triassic
Permian y
Carboniferous *
I Carboniferous and Devonian
Metamorphic series
Mylonites and cataclasites (Paleozoic)
[ Phyliite and greenstones (Paleozoic) «
[ Mica schists and gneisses (Paleozoic and Proterozoic)
I Gneisses and migmatites (Proterozoic)
Magmatic series
I Cenosoic basalts
[ Permian and Carboniferous igneous rocks
Upper-Paleozoic igneous rocks
B Carboniferous granites

| Lower-Paleozoic gabbros and serpentinites = ——

Karkonosze Mts, \/

Tectonic faults

FigureADS2f 23A0Lt YI LI 2F [26SNI {AtSaAl akKz2giy3d (K ASRAYSyYy G NE
al. 2015).

Mt. | f t{tlelnorthern most outreach of the Foi®udetic Blocks an isolated mountain massif in the

middle of the flat Silesian lowhd(see Figurd, encircleg.Mt.| t t 8 A& &adzNNBdzyRSR o @
loessderived deposits(Waroszewski et al. 2017he isolated mountain is subdivided into two

geologit f dzyAdad ¢KS TFANRG Aa GKS | fradasic r@ksIKiKe2 f A G S3
metagabbros, serpentinitzed peridotitegyroxene and amphibolerich rocksor metabasaltgKierczak

et al. 2016; Kryza and Pin 2010)he second unit is the StrzegeBobotkaMassif, which hosts

Variscinian granitoid¢Waroszewski et al. 2017Yhese bedrocks are covered with Miocene sea
sediments andQuaternary sands and moraine clays. Furthermore, large areas of the region show loess

mantlesand deposits of fluviogtal silté6 Y 6 F OF SdG 1t ® wampo

The Sudty Mountains are built up from different crystalline and sedimentary rocks, mainly granites,
gneisses, amphibites, crystalline schists and other rocks of Paleozoic age. Partially, Tertiary basalts
traverse the older rocksTheY U 2 Fohsi|n@ee also Bure 4) near the Central Sudetivlountains is

filled with Devonian, Carboniferous and Permian sediments and covered with several hundred meters
of sandstoneThe Western Sudety Mountains provide a great orographic diversity, hosting for example
the Karkonoge Mountains(see also Figurd). The latter consist ofarboniferousgranites and are
surrounded by a series of metamorphic rockshe Eag and magmatic series in thidorth around

Jelenia Gora.
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4.3Soils
In Lower Silesia, four striegions can be distinguishdzhsed ortheir dominant soil texture. The first

one lays in southwestern Poland and includes the Sudety Mountains. Its northern border runs along
the main tectonic faultAbout 65 %of the areais covered byloamytextured soils and 28 %y silt-
texturedsoils. The central sutegion which incorporates the Sudety Foreland and the Silesian Lowland
a2dz2iK 2F GKS hRN} @FftftSé& Aa LI NI 2 TF-texdue8soist 2S3aa
(74 %of the areg. The third subregion lays in the Northwest and is dominated by sandy soils (around
84 %of the ared whereas the sulpegion in the Northeast the textural diversity is relatively large.
Regarding the topsod huge sand cover dominates therthwesternpart, around 62 %. In contrast,

the subsoil exhibits a higher variability in this gelgion. The major soil types in Lower Silesia from a
general perspective are: Luvisols, Retisols, Alisols, Stagnosols and Pl@nS8IdNorking Group
2015) These soilare characterized by subsurface illuvial clay accumulagioticover around 35 % of

the province. Cambisols are the second mmsvalent wih around 18 %whereas alluvial soils like
Fluvic Cambiols or Fluvic Phaeozems (with 12.9 %) or rustic sdiulike Arenosols (with 12.2 %) are

also quite frequent YI 6 OF SiG Ff® HampO

4.4 ClimateandVegetation
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et al. 2015).

Lower Silesia is situated in the temperate zone but shows transitional characteristics between
maritime and continental climat The weather is quite variable due to occasional inflows of arctic or
tropical air masses during the yedoreover, the weather is influenced by the land topography. The
diversity of altitudesNI Yy 3Ay 3 FNRY (KS &S kndth&ai&yof thizldliefirdvem Qc n o

an impact on the weather.
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Themean annual precipitation rises with increasing altitude above sea level (see Figure 5, right side).
Highest mean precipitation is found in the Karkonosze Mountains v@#11lmm/year. The lowest
mean precipitation with < 600 mnyear occurs in the northempart of Lower Silesidhe highest mean
annual temperaturegsee Figures, left side)are found in the Silesiaq Lusatian Lowlands and the
Silesian Lowland. Examplage Legnica with 8.8°C or Wroclaw with 8.7°C where also the longest
growing seasonsccur (230 days per yearlhe lowest mean annual temperatures are found in the
mountains on Mt. Sniezka (0.6°€)Y | 6 | O  S3gnetally, dbe aneragepatinugirecipitationin
Lower Silesigs between 606700 nm. Together with the mean annual temperature of 810ey are
favorable for the vegetation. Large forestghich are mainly coniferougye found on podzolic and
luvisolic soilsKkosmala(2015 hints that inthe mountain region several vegetation zora® found

The lower subalpine forest zone (40@00 m a.s.l.) is represented by beech forestsle the upper
subalpine forest zone @00-1300 m a.s.l.) is natural spruce forest. In the subalpine zd28@1B00

m a.s.l.) found in the Karkonosze Muains, theSrieznikMassif and the High Jesik, dwarf mountain

pines are dominatingKosmala 2015)

4.5Profiledescription 4
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Figure6: Location of the investigated profiles in Lower Silesial@)y S I NJ Y 0O 2321 S3hd L84setildd around Mt.
[t t © I LSBvgsRof Jawor (Source: mapy geoportal 2018, modified).

All investigated profiles lay either in the Silesian Lowland or near the Central SudetesyifOtBeR 1 { 2
Basin An overview is showm Figure6, a. Profile LS1is situatedon arable landvest of the town
Y U 2 R@$et Pigures, b)in the southern part of Lower Silesia, close to feechboarder. The
underlying bedrock is Permian sandston@rofile LS2 which has serpentiniteslope depositas
underlyingsubstrate, is situated east of Mt.tf 0(F18 m.a.s.l)LS3(on graniteregolith) andLS4(on
fluvio-glacial deposits) lay west of Mt. f t(sied Figures, c). The last profil&S5(on basaltslope

deposity is situated southwest of Wroclaw near the town Jawor (Figuid.

18



All investigated soils reveal clear aeolian silt admixture reflected in a loess mantle which is
transitionally or abruptly separated from the local bedrogkiditional details for all profilesan be
foundin Tablel and in the appendiXfrom page72). Defails about the soil morphology like structure,

consistence (moist), the horizon boundary and the diagnosistcs and color (moist) are found in Table 2,

page24.
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Tablel: Additional information for the study site of eaghofile.

Soil  Elevatio Latitudes/ Position Exposure Slope Geological Present Soil type
profii n(m Longitudes in O substrates landuse = WRB (2015)
e a.s.l.) landsca

pe

LS1 529 50H ¢ Qn p Shoulde NE 5 loess/ arable Endoskeletic
, r Permian land Luvisol
16on QHnN sandstone (Episiltic,

) Raptic)

Ls2 250 50p m QH n Midslop NW 12 loess/ Forest Endoskeletic
, e serpentinite Luvisol
l6nc Qpp (Magnesic,

Raptic)

LS3 260 50p H Qo p summit/ NE 2 loess/ Forest Katoskeletic
, shoulder granite Alisol (Raptic)
16nnQnag

LS4 230 50p H QH n summit/ NE 3 loess/ Grassland Endoskeletic
, shoulder glaciafluvial Luvisol
16nnQnag deposits (Episiltic,

Endoloamic,
Raptic)

LS5 402 51n m Qmn backslop NW 8 loess/ basalt Forest Eutric Luvic

6nmQnn e slopecover Albic Folic
Stagnosol
(Anosiltic,
Ochric,)

In LS1in total five horizons were defined, see Figufen theleft side The soil tye according to WRB
is Endoskeletic Luvisol (Episilitic, Rapflt)e loessnantlehas a thickness @B cm. For this studyhe
horizon ABwas taken as example for tHeess mantle The 2Btg2/E horizon reflects the transition
horizon and 3B@e bedrock(Permian sandstonepEhorizonexists in a depthhetween18and45 cm
the 2Btg2/Ehorizon from78 to 95 cm and 3Blrizonfrom 95 to 112 cm.
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Figure7: Soil profiles of: S1(on Permian sandstone) ab2on serpentinite). The investigated horizons are shown in red
(J. Waroszewski).

Profile LS2is situated on a midslope in a forest on serpentinglope sedimentsand shows
characteristicoof an Endoskeletic Luvisol (Magnesic, Raptic). In total seven horizons were identified
(see Figur@, right). The loessiantleoccurred from 4 to 33 cm, wherglihe E horizon (149 cm) was
taken as represented sample. The transitinone occurred between 33 and 68 cm, i the
underlying serpentinite stratavas identified as 3BC from 68 to 86 cm (maximum depth of the profile).
The horizon 2Bt1 between 33 an8 4m reflects the transition horizoithe transition horizon dfS2

is skeletal and shows coarse rock fragments up to 19 cm.

The third profileLS3 whichlays on granite issituated on a summit/shoulder in a foreSthe soil type
according to WRB (2015 a Katoskeletic Alisol (Raptic). The profile reached ahd#pt30 cm and
totally seven horizons were definddee Figure 8, left)The loessnantle was identifiedfrom the soil
surfacedown to 30 cm The transition zoneoccurredfrom 30 to 70 cmwhich was characterized by
coarse rock fragments.h& underlying material in this profile was detectefom 70 to 130 cm.
Following horizons were further analyzed in this thedie Bw(t) horizon (80 cm), the 2BC horizon
(50-70 cm) andhe 3BC (7@L.10cm).
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Figure8: Horizons oL S3(on granite) and_S4(on glaciefluvial material). The red labelled horizons were investigated (J.
Waroszewski).

The profile LS4is characterized bglaciofluvial depositsas underlyingmaterial. Itis situatedon a
summit/shoulder on grassland (soil typEndoskeletic Luvisol (Episilitic, Endoloamic, Rapfiti
profile reached a depth of 105 cm and was divided into five hori¢ees Figure 8, right)The loess
mantle has a thicknessf 36 cm and the AE horizon-20 cm)Thereforeis the representative horizon
Samples of the 2Btgl horizon (88 cm) weredescrited as transition horizon. The horizon 2BC

between 81 and 105 cm reflected theatures of theunderlyingsubstrate
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The last profile (LS5)settledon a backslope
in a forest on basaltic bedrock. Its soil type is
an Eutric Luvic Albic Folic Stagnogobgilitic,
Ochric). The profile was divided into seven
horizons and reached a maximum depth of
100 cm (see Figure 9)The loessmantle
occurred between 4 and 28 cm while the
transition zone was identified between 28
and 70 cm. The last 30 cm represent the
residuum materia{2CBtg horizon)The loess
mantleis represented by the AEg horizon (4
14 cm), while thé8tg1 horibn between 4050

cm reflects theransition horizon

Figure9: Horizons of profile.S8aying on basalt (J. Waroszewski).
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Table2: Soil morphology of the investigated profiles.

Profile Horizon Depth (cm) (|$1(<))|i2;) f(ljaeig?exs Structure Co(rljns(i)?;:;)nce bHoz:(Zj(;?y Diagnostics
Ls1 AE 1845 10YR 5/4 - sh, fi fr g,w
2Btg2/E 7895 10YR 6/4 - ab/pl, fi fi c argic
3BC 95112 2.5YR 4/5 - ab, fi vfi
LSs2 E 14-19 10YR 8/2 - ab, vfi fr g albic
2Bt1 3345 10YR 4/6 - ab, fi/m fi g argic
3BC 68-86 10YR 6/6 - ab/sb, fi vfi
LS3 Bw(t) 8-30 10YR 5/6 - ab, fi fr g argic
2BC 50-70 10YR 6/4 - ab, m fr g
3BC 70-110 7.5YR 5/8 - ab, m vfr g
LS4 AE 0-20 10YR 5/4 - sb, fi fr w
2Btgl 36-64 75YR4/6 25YR7/3 ab,m frivfr g argic
2BC 81-105 5YR 8/3  5Y 8/36/3 sh, fi fr
LS5 AEg 4-14 10YR 4/1 - ab, m fr c,w
Btgl 40-50 5Y 6/2 10YR5/6 ab,m fi g argic
CBtg 70-100 G16/5GY 7.5YR5/6 ab/sh, m fi

Explanationsstructure: vfi¢ very fine, fic fine, m¢ medium, abg angular blocky, gt granular, pk

platy, shbq subangular blocky; consistence (moist):gvery friable, frg friable, fi firm; Horizon

boundary: o clear, g¢ gradual, & smooth, w¢ wavy
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5. Methods

5.1 Samplingand Geochemistry
Five profiles wer@penedon different bedrocks in Lower Silesia, Poland @@¥iouschapter). The

soils were described according to tHeAO Guideline$FAO 2006) Characteristics like elevation,
coordinates, exposure, slope and present land use of each site were determined and the color, depth
and soil texture of each horizatefined The ®il reference groups were identified using the WRB
classificationlUSS Working Group 201%rom each soil horizon approximat@ykg of soil material

was collectedAfter samplingthe samples were driedslightly cushed and passed through a 2 mm
sieve at the Institute of Soil Science and Environmental Protection of Wroclaw University of
Environmental and Life Sciend®garoszewski et al. 2018yhemical and physical parameters like total
elemental content, oxalateand dithionite extractable contents, pHqa§ base saturéion and grain

sizes were determined. Additionalligtal elemental contents were obtainetthrough sample fusion

with lithium borateand XRF anaysé8cme Labs, Vancouver, Canadgveral element ratios were

calculated.

5.2SEM
Before identification ofthe heavy mineralsising the scanning electron microscope (SEM), the heavy

fraction had to be extracted fronthe samples. About 680 g of soil material was sieved with a mesh
width of 0.1 mm.The fraction < 0.1 mm was then pseparated in a water batfThe collected material
wastreatedwith hydrogen chlorideHIC] 10 %) to remove the coatings from the minerals. The samples

were washed several times with deionizegCHand then dried in the oven at 95°C.

For the heavy mineral separatiospdium polytungkate (SPTyvas usedTo obtain the heavy minerals,
adensity of 2.97 g/cwvas needed which was reached d&ither heating the SPT or by adding water to
it. TheSPTWwaspoured into afunnelandaround3-6 gof the < 0.1 mm fraction was added. The mixture
wasleft for approximatelyfour hours and stirred every 30 minutes. During this time, enough heavy
minerals were sunken tthe closed end of the funnel (see Figur@ a) The material less dense than

2.97 g/cc was floating on top of the liquid and could be removed.
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Figure10: Heavy minerals separation with SPT (M. Vogtli 2017).

The rest of the liquid containing the heavy minerals was pourexkifieaker covered with foldedter
paper to collect the mineralsee Figurd0, b). Then, theheavyminerals were cleaned with deionized
water, dried andwere usedfor thin sectionpreparation Those were prepared at thstitute of

Geological Sciers atUniversity of Wroclaw

The identification of the heavy mineral assemblage was conducted with a scanning electron
microscope (SEM) at University of Wroclé¥eavy minerals wergentified byusing JEOL JSW100
coupled with an Energy Dispersive Spectrometer (EDS) at high vacug20, K\ working mode and

40 s counting time in polished thin sectiofpersonal communication YWaroszewsRi Approximately

200 grains per sample were shot for the statistical significance. The spectrag each grain was
studied and the corresponding mineral identified by using the website webmineral@aothReed

2010(Reed 2010Webmineral 2018).

5.3XRD
For theX-ray Diffraction KRD measurementsthe clay mineralsvere first extracted from the <2 mm

fraction. The soilwas pretreated to remove aggregating agents, so that the clay size fraction can be
separated from coarser particles by sedimentat{@chaetzl and Anderson 2005; Brindley 1980; Kunze
and Dixon 1986; Whittig and Allardice 198bherefore 30 g of sieved, dried soil material was used
from each sample. Firgthe organicmaterialwasremoved and thustwo litres of hydrogen peroxide
H.O; solution (3 %; buffered with Naacetate to pH 5) was prepared as follov&d0 ml HO, (30%) +

240 pl Acetic Acid (2mmol) + 492 mgd\ecetate (3.6 mmol) per 2eionizedH,O. Then 50 ml of the

H.O, solution (3 % buffered with Naacetate) was added to each samgrindley 1980)
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The samples were left at room temperature faro hours and stirred 3} times/h, then 25 ml of the
H.O, solution (3 % buffered with Naacetate) was added. The samples were placed on the stove at a
temperature of 50 °C fosevenhoursand stirred 1-2 times/h. At the end, again 25 ml of the®l

solution (3 % buffered with Naacetate) was added and left overnight.

Thetreated samplesvere transferrednto a 250 ml centrifuge beaker and filled witleionizedH.O;,

then ce/ (i NRA F dz3 S Rvolutibns per Rimurespm) for 15 mirutesin a centrifugewith Rotor SLA

1500 Afterwards the supernatant waslecanted,and theremainingsedimentwas washed outvith
approxmately100 mldeionizedHOinto a250 ml beakerNext,hexametaphosphate (5 % Calgon) was
prepared: 12.5 g NaHexametaphosphate + 1.75 gJ8&3 (water-free) per 250 ml. Then 10 ml of the
prepared sodium hexametaphosphate (5 %) was added to each sample and treated with the ultrasonic

Badelin Sonoplus HD 20Amin, 70%five cycles.

After the removal of organic materiathe separation of clay minerals was conducted. First, each
sample was transferred quantitatively into a 250 shaker bottle, filled up to 200 ml with deionized
H.0, and then 5 ml sodium hexametaphosphate (5 %) was added. The whole mixture was shaken for

one hour at 150 rpm.

O«
O«
N

Figurell:/ £ I & SEGN} OGAz2Yy F2NJ - w5 YSE&adNBYSyday RNRLIBKSAIKG |
freeze drying (c) and orientated samples on glass slides (M. Végtli 2017).

The sample material then was transferred into a 500 ml beaker and filled up with deioniei I2
cm belowits sean (see Figurell, a) Thenthe samples were stirred intensively and left at 20 °C for
6h58min i KS RNRLI KSAIKG T OO0O2NRAY3A (2 {d21S5aQa ¢ ¢
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Meanwhile the 2M MgGlwas prepared406.6 g Mgk 6 HO per 1 | deionized 0. After 6h 58 min,

the suspension wasansferredwith a pump into a 1000 ml beaker, the remaining sediment was left
in the beaker. TherB0 ml of the 2M MgGlwas added tahe remaining sediment and left overnight
for coagulation(Figurell, b). This whole procedure wagpeatedseventimes until the suspension

was clear andufficientclay material was collected.

The clay material was put into 100 specialtubes and centrifuged for 10 miesat 4000 rpm. The
supernatant was decanted, approximately 40 ml deionize® Masadded,and eachsample was
centrifuged again for 15 min at 4000 rpm. The last step easlucted three times to wash out the
chlorides. After removal of the water, the sample were put into special beakers and freezesirged

Figurell, c(Egli et al2017).

The next g&p of theclay pretreatment was to putathin film on glass slides for XRD measurements.
Therefore the solutions for potassium (Isaturation and magnesium (Mggturation had to be
prepared. Mg and Kwere used to saturate the interlayer cation adsorption si{@&chaetzl and

Anderson 2005)

For the Mgsaturation 1 M MgGlwas prepared as follosv25.42 g of Mgt @ per 250 rhof solution

with deionized water First, 2530 mg of the clay material was weighted into a 15 ml centrifuge tube.
2.5 ml 1 M MgGilsolution was added and the tube was agitated until the sample was in suspension.
The samples were treated in an ultrasohath for 30 seconds and then centrifuged for five minutes,

at 4000 rpm. After, the supernatant was decanted, 2.5 ml 1 M Mg€te added and agitated. The
samples were shaken overnight, then again centrifuged for five minutes (4000 rpm) and the
supernatantdecanted.Next, 2.5 mtL M MgClsolution was added, agitated, treated in altrasonic

bath for 30 seconds and then centrifuged for five minutes (4000 rpm). Then, the samples were washed
three times with HO. Every time 2.5 ndeionizedH,O was added, agitated and centrifuged for five
minutes (4000 rpm). The supernatant was decanted and @D piwere put on a glass slide with a

pipette. The orientated samples on the glass slidesstw@wvnin Figurell, d.

The same procedure as descrid®ove was conducted for thedaturation.Therefore in the beginning

1 M KCI solution was prepared as follows: 18.64 g of KCI per 250 ml of deionizedAsateontrol,
the same treatment was conducted with deionizegOH In total, three series of glaslides were
prepared: one with the {§aturated sample, one with the Mgpaturated samples and the samples
treated with deionized kD. The glass slide method was used because it is ease of applicaten.
must say that lbe orientation is only fair, but foqualitative analysishis method is suitabléMoore

and Reynolds 1997)
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After X-raying of the first three serieshé Mgsaturated samples/ere equilibrated with glycerolThe
glycerol solvation was mainly conducted distinguish between vermiculite and smectif@&/alker
1958; MosseiRuck et al. 2005The ksaturated samples were first heated235°Candthen at550°C
After each heatin@nd the glycerol treatment, the samples wereayed agair{Schaetzl and Anderson

2005) Additionally, randomly orientated powder samples were prepared.

The oriatated samples on the glass slides werdlk @ SR dza Ay 3 / dzYh WNIwihA I G A2y
steps of 0.029 ‘at 2s/step. To study thd(060) regionthe randomly orientated samples were step

scanned from 58 to 64° ‘with steps of 0.02% ‘at 10 s intervals using a Bruker AXS D8 Adv@t€ ).

The same samples were used to scan the region from 2 t@ 8ith steps of 0.02% ‘(Waroszewski

et al. 2016) The obtained xay data in the range of 2 to 1%* were corrected for Lorentz and
polarization factors using E\(Moore and Reynolds 1998) ¢ ¢ KS RAFTFNI QG A &g LI GGS
to 154 ‘and 58 to 6489 ‘were fitted by the Origift Ca LINP INJ YYS dzaAy3I GKS t St
(Waroszewski et al. 2016, p. 368pr the baselinea parabola was seand the dspacing(°A)was

calculated with the Bragg equation:
N

Q p® T zOETX 2
p @ P ¢ < ‘pun

Whereby 1.541838 is the angté copper CU. The XRD prreatment and the measurement were

conducted at University of Zurich.

5.4DRIFT
In addition to the XRD measurements, diffuse reflectance infrared fourier transformation (DRIFT)

measurements wereonductedat the Department of Geography at University of Zuri€hilZ to
distinguish the clay minerals chlorite and kaolinitderefore 97 % ofPotassium bromid€KBr)and

3 % of soil materialvere mixed. Thus, 30 mg of the extracted clay fraction and 27@fkRBr were
weighted into Eppendorf vessels. As a control, one vessel was filled with 300 mg KBr. The samples then
were dried for 30 minutes at 80°C. After the removal of the moisture, the g€ vessels were put
into shake containers and put on a shaker for 120 seconds with a frequencyheft2(H2. This step
was necessary to homogenize the samples. The samples were heated again at 80°C for 43Egiutes
et al. 2017)Then, a small amount of each sample was analymed the range 250 to 4000 chwith

the DRIFT{Waroszewski et al. 201.6The usd software was OPUS 6.Which had a sample and
background scan time of 64 seconds, each. The interferogfaows the intensity measured as a
function of the distance difference of the screened sample. It was fseglialitativeidentification of

the clayminerals(Egli et al. 2017)
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6. Results

6.1 Physical and geochemicklta
In this chapter physical and geochemical data will be descabeddanalyzedThedetaileddataset is
foundin the appendix (p72-76).

particle size [mm]
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m<0,002 =0,05-0,002 = 2-0,05

Figurel?2: Particle size distribution [mm] of the investigated profiles and horizons.

In Figurel2 the percentage of the particle sizes is shown. Thereby, the distinction is made between
clay (< 0.002 mm), silt (0.85002 mm) and sand {2.05mm).In the loessnantle of LS1(AE) the clay
content laysat 19 % while thesand content is16 %. The it content is certainly the higheshere,
showing a contenbf 65%. The transition horizons dfS1(2Btg2/E)shows aclayand sand content of

24 % and 20 %, respectively. In this horizon the silt content is the highest with 56 %. LS1 3 BC shows
similar clay and silt contents (19 %) while the sand content is the highest of the profile with 62 %. The
loess mantle ofLS2(E horzon) exhibits clay and sand contents of 11 % and 22 %, respectively.
Moreover, the silt content ishe highest with 67 %. The 2Bt1 horizon is characterized by a high silt
content (54 %) and a low sand content (18 %). The clay content isR&termore,the horizon of

the underlyingsubstrate (3BC) has a high silt content (40 %) and similar sand and clay contents (around
30 %). For the loess mantle lb83(Bw(t)) a silt content of 69 %, a sand continent of 19 % and a clay
content of 12 % is observed. TREBC of LS2 exhibits also a high silt content (62 %) while sand and clay

contents lay at 26 % and 12 %, respectively.

The 3BC which reflects thenderlyingsubstrate of LS3, shows a quite high sand content with 75 %

while a silt content of 17 % and a clegntent of 8 % is found.
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ForLS4the loess mantle is characterized by a silt content of 68 %, a sand content of 24 % and a clay
content of 8 %. Towards thenderlyingbedrock a decrease of the silt content is observed (34 %).
Instead the sand and clayontents increased with 40 % and 26 %, respectivyhe bottom of the

profile (2BC)the sand content is quite high with 51 % while sand and clay contents are around 25 %.
To conclude, the last profile LS5 shows again a high silt content (71 %) in the loess mantle while the
sand content is 21 % and the clay content 8 %. The transitidadmo(Btgl) exhibitsompared to the

loess covera lower silt content of 56 %. There, the sand content is 20 % and the clay cosdehes

24 %. Thearticle size distribution of the 2CBtg of LS&tker balanced with 38 % of silt, 32 % of sand

and 30% of clay.
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Figurel3: Relationship of Hf and Zr for the five profiles. A clear geochemical boundary between the upper horizons and the
underlying substrates is observed.

Regarding the geochemistry, several immobile element=ziilke®nium Zr), titanium (Ti) andhafnium
(Hf) were analyzed. Chemically immobile elements are used to study possible aeolian additions to soils

(Dahms and Egli 2016)

In Figurel3, the concentration of Hf and Zr in the investigated horizons of the profiles are shown. A
cleargeochemical boundaryetween the loessnantles, the transition horizons and the bedrocks can

be observedFurthermore, the Hf and Zr concentrations exhibit a linear relationshig loessnantles
(displayed as triangles) show relatively high concentration of Hf and Zr, ranging between 13 and 17.6
ppm and 481.5 and 656.2 ppm, respectivelje transition harons (displayed in circles) exhibit

slightly lower Hf and Zr concentrations than the lossmtles.
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The Hf concentrations lay between 3.3 and 13.2 ppm while the Zr concentration range from 118.7 to
509.9 ppm. The bedrock horizons (displayed in squait@sgposly show the lowest concentratiortsf
occurs with 2 to 10.6 ppm while Zr shows concentrations between 50.6 and 403.5 ppm. The transitions
horizons ofLS4(2Btgl) exhibits lower concentration than the other transition horizons tm is

comparable vith the bedrock concentrations.

9.00
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800 LS1 2Btg2/E
] LS 13BC
7.00
LS2 E
6.00 LS2 2Btl
§ LS2 3BC
. 5.00
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lfl 4.00 ° ®LS32BC
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[ |
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Figurel4: FeOs-TiG [wt.-%)] plot showing the geochemical weathering behavior in the horizons of the five study sites.

In addition the FeOs-TiQ contents were comparedsée Figure4). Theseare helpful to understand

the changes in elemental compositions due to pedogenesis. Thereby, the relative enrichment of Fe (in
this example) during pedogenesis is illustra(&dhatz et al. 2015Jhe FeQs/TiO, percentage of the
loessmantles <atterall in a similar area. They are small aadge betweerD.68 and 0.8 wt% (TiQ)
andbetween 1.8 and 2.8 w&o (FeOs). The transition horizons exhibit similar Tjg@rcentages ranging

from 0.67 t00.82 wt-%. Their F&s;percentages on the contrary are widely distributed, between 1.99
and 7.88 wt%. Focusingn the bedrock, a wide Tidange is observed, witlweight percentages
between 0.39 and 1.35he FeOscontents also show wide range between 2.22 and 7.49 wo.

TheK/Rband the Ti/Zr ratios were calculated (shown in Figilba & b right and left row, respectively
Both are applied to determine changes in lithogenic sour(®#/aSanchez et al. 2018nd show
admixtures of another sedimentological componéBauer et al. 2016)n the next sectiothe Ti/Zr

and the K/Rb ratioare described in detail for each profile.
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Figurel5a: Ti/Zr ratios (left) and the K/Rb ratios (right) td81, LS2 and LS3
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Figurel5b: Ti/Zr ratios (left) and the K/Rb ratios (right) fo84and LS5

One can observe that the Ti/Zr ratio in each profile increases towards the bedi®bdxhibits Ti/Zr
ratios between 13.2 (in the loessantle) and 20.9{nderlying substrate LSZhows ratioof 11.6 and
195in the loesgmantle and in the bedock, respectively. The transition horizon shows values around
16.0. Ti/Zr ratios foL.S3are quite constant in the loesaantle and transition horizon showing ratios
between 13.1 and 13.7. Towards tigeaniticbedrock an increase of the ratios is recogable with
values between 23.4 and 32.zS4shows Ti/Zr ratios around 14.5 in the loesantle. An increase is
observed in the middle part of the profile with ratios of 58.9 and 75.4. diderlying glacidluvial
materialexhibits a strong increada the ratios, up to 225.3. Consequently§4consists of the widest
Ti/Zr rangeLS5as a Ti/Zr ratio of 16.6 in the logssantleand values of 18.9 and 20.9 in the transition
horizon. Theunderlying basalshows a ratio of 33.4. A slight decrease in the transition horizon is
identified.
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On the contraryin all profiles except LSthe K/Rb ratios exhibit a decrease towards the underlying
substrate. LS1 hask/Rb ratios in the loess manité¢ 294.3 The transition horizorhas a ratio 0266.1
while the Permian sandstone shea ratio of 248.5. The K/Rb ratio for the loess mantlé€ $2s the
highest of all profiles witl841.9. In the transition horizon a K/Rb ratio2d7.8 was calculated and for
the serpentinite a ratio of 233.6 was found. LS3 hasios of 357.9, 331.5 and 343.6 for the loess
mantle, transition zone and underlying granite, respectivielgreover, LS4 has the lowest K/Rb ration
in the transition horizon with 294.5 while the ratio in theeks is slightly higher with 316.9. The glacio
fluvial material shows a K/Rb ratio of 33112L S5 the highest K/Rb ratio was identified in the transition

horizon with 295.2. The loess mantle and the basalt have similar ratios around 241.

35



6.2SEM
The resuk obtained with SEM are described in the following sectiéigure 16 shows a detail of a

backscattered electron picture of heavy minerals from LS1 BB@ details for each profile can be

found in theappendix, p. 77 & 78).

LS1-3BC

Figurel6: Backscattered electron picture of the heavy mineral fraction ofaEB1. The light grey colored minerals reflect
the very heavy fraction while the dark colored are lighter minerals (J. Kierczak 2018).

LS1

In the profileLS1which lies on Permian sandstone, the mantle with the aeolian silt consists of a high
percentage of Fexides (30.5 %). In addition, magnesiochromite and magnetite (17.4 %), rutile
(12.6 %) and ilmenite (12.1 %) are present in significant amounts. Othey h@aerals occurring in
LS13BC are: amphibole, apatite, biotite, chlorite, minerals of the epidptaup, garnet, monazite,

staurolite, tourmaline and zircon

The transition horizon of LS1 (2BgE) is characterized Joxiffes (26.8 %), magnesiochromiteda
magnetite (14.5 %), rutile (13.8 %) and garnet (10.1 %).

Other heavy minerals, which are present are: minerals of th8i@} and epidotegroup, amphibole,

biotite, ilmenite, monazite, titanite, tourmaline, ulvospinel and zircon.

The bedrock (3BC) usists of Fexides (33.2 %), ilmenite (21.5 %), magnesiochromite and magnetite
(16.4 %) and rutile (8.4 %). Other heavy minerals are: albite, biotite, monazite, ulvospinel, xenotime

and zirconThe heavy mineral composition for each horizon of LS1 isrsiowigure 17.
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Figurel7: Heavy mineral composition f&rSlon Permian sandstone.
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LS2

The profile LS2 is located on serpentinite. The lorastle (E horizon) is characterized by a high
amount of magnesiochromitand magnetite (69.4 %) and amphibole (10 %). Additionally, minerals

from the epidotegroup, Feoxides, garnet, ilmenite, olivinend pyroxene and rutilere detected.

The transition horizon of LS2Rt1) exhibits also a high amount of magnesiochroraitd magnetite
(73.2 %) and olivinand pyroxene (8.2 %) are presertdditionally amphibole, minerals from the

epidote-group, Feoxides, garnet, ilmenite, monazite, rutile and zircame identified.

The bedrock (2BC) of LS2 consstlso of magnesiochromitand magnetite (66.8 %)In addition,
smaller amounts ofmenite (7.8 %) andlivineandpyroxene (6.3 %g)ccur. Minerals from tle epidote
group, Fe-oxides,garnet, monazite, rutile and zircane observed The heavy mineral composition of

the investigated horizons of LS2 is shown in Figure 18.

LS3

LS3 which is located on granite, exhibits a considerable amountafiées (34 %), ilmenite (16.7 %)
and magnesiochromitandmagnetite (12.9 %) in the loessantle (Bw horizon)Ths horizon consists
also of amphibole, minerals of the epideggoup, ganet, monazite, olivineand pyroxene, rutile,

staurolite, xenotime and zircon.

The transition horizon (2BC) is characterized by rutile (31.5 %oXiées (23.7 %) and ilmenite (18.3 %).
Additional detected heavy mineralsare biotite, epidote minerals, gaet, magnesiochromiteand

magnetite, monazite, staurolite and zircon.

For thebedrock(3BC) a high amount of rutile (66.7 %) and biotite (1&%)dentified. Additional
heavy minerals are: Faxides, ilmenite, monazite and xenotimehe heavy mineral ecoposition of

the investigated horizons of LS3 is shown in Figure 19.
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Figurel9: Heavy mineral composition f&rS3on granite.
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LS4

The loessmantle of the profile on glacidluvial material (LS4 AE) exhibits amphibole (29.1 %),
magnesiochromiteand magnetite (27.6 %) and ilmenite (10.1 %) as main heavy mindpdtdite,
biotite, Feoxides, garnet, monazite, olivirend pyroxene, rutile, staurolite, titanite, tourmaline and

zircon are present.

In the transition horizon (2Btgpidote (47.4 %) and amphibole (29.3 %) reflect the main heavy fraction.
Moreover, Feoxides, garnet, ilmenite, magnesiochroma@admagnetite, rutile, tourmaline, xenotime

and zircon are present.

Thebedrock(2BC) also consists of epidote (56 %) and amphibole (22.2 %). Additional heavy minerals
are: Feoxides, garnet, ilmenite, magnesiochmide and magnetite, monazite, olivinand pyroxene,
pumpellyite, rutile, tourmaline and zoisit€he heavy mineral composition of the investigated horizons

of LS3 is displayed in Figure 20.

LS5
LS5, the profile on basalt exhibits epidote (23 %), amphinaderutile (both 18 %) in the loesgantle
(AEg horizon). Additional heavy minerals are-dsgdes, ilmenite, monazite, olivinend pyroxene,

pumpellyite, spinel, titanite, ulvospinel, xenotime and zircon.

In the transition horizon (Btgl) epidote (16 @yphibole (15 %)imenite and ulvospinel (both 12 %)
are the main heavy minerals. Additionally,-&3édes, monazite, olivinand pyroxene, pumpellyite,

rutile, staurolite, titanite and zircon were identifie

In the bedrock(2BCg2) ulvospinel (25 %), olivara pyroxene (18 %) and pumpellyite (12 %) present
the main heavy fractiorAmphibole, epidote, Fexide, ilmenite, monazite, rutile, spinel, staurolite and

zirconwere also observedhe heavy mineralomposition diagrams of LS5 are shown in Figure 21.
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Figure21: Heavy mineral composition f&rS5on basalt.
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6.3XRD
The analyzed clay fraction (< 2 pm) consistguaitz, mica, chlorite, kaolinite, smectite, interstratified

micavermiculite or hydroxyinterlayered vermiculite(HIV)and vermiculite. The results for each

horizon can be found ifiable 3.

Table3: Major components of the clay fraction.

Interstratified
mica
Soil Soil vermiculite
profile  Horizon Quartz Mica Chlorite  Kaolinite Smectite or HIV Vermiculite
LS1 AE XX XX X XX X X X
2Btg/E XX XX (x) XX (x) X x)
BC XX XX - XX (x) X X
LS2 E XX XX X XX X X X
2Bt1 XX XX (€9] XX X X X
3BC XX X (x) XX X x) X
LS3 Bw (t) XX X X XX - X X
2BC XX XX X XX - X X
3BC XX XX - XX - X X
LS4 AE XX XX X XX (€9] x) X
2Btgl XX (x) - XX X x) x)
2BC XX x) - XX X X x)
LS5 AR XX XX x) XX X X X
Btgl XX x) - X X X X
2CBtg XX X - XX X x) X
XX major, X minor, (X) trace

- absent

Here, a general description of the detected clay minerals in the 15 samples under different treatments

is given.

Smectiteis an expanding mineral’he treatmentwith Mg-glycerol leads to an expansion of the d
spacingo 1.7/1.8 nm whilewith heating (550°Cj collap®sto 1.0 nm.Vermiculite is characterized by

a dspacing of 1.4 m in the Mgsaturated sample. No expansion occurs aftdre Mg-glycerol
treatment. Withthe Ktreatment andthe heating at 550°the 1.4 nm peak collapses to0lnm Mica is
identified by a peak at 1.0 nm in all treatment®e firstorder peak of kaolinite is at 0.7 nm, which
coincides with the secondrder peak of chlorite. Kaolinite decomposes at 550°C, but chlorite retains
its d(001)at 1.4 nm Characteristi for chlorite is the 1.4 nm-dpacing that persists in all treatments

(Schaetzl and Anderson 2005)

In the following sections thmterpreted clay mineralogy oéachhorizonof all profilesis described in
detail. Figures are only shown fauS1(AE and 3BC horizon) ah83BW (t) and 3BICAIl XRDpattern
arefound inthe appendix, p86-93.
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Figure22: XRD pattern of the soil clays of the AE and 3BC horizb8biEach treatment is displayed: Mdycerol, Mgand
K-saturation and heating treatments at 335°C and 550%€pd&xings are given in nm.

TheMg-saturated samples of th&E horizomexhibitdistinct peaks at 1.35, 06%nd 0.70 nn{seeFgure
22, left). At 1.21 and 1.14 nipeaks are assumed, which reflect interstratified mieamiculiteor HIV
material. Withthe glycerol treatmentthe peaksat 1.35, 0.96 and 0.70 nstay while at 1.74 nm #at
peak appears, which is identified as tth@:* of smectite A small peak at 1.59 nm is also visifilee
peak at 1.35 nm is identified as vermiculihereas he peak at 0.96 nm appeag in all five
treatmentsis assigned tmica. Further, the peak ®.70 nm whichdisappears with the heating (550°C)
was identified agaolinite. A small peak at around 846‘with the 550°C treatment is detectable, which

is assigned to chlorite.

In the 2Btg/E horizon a similar pattern is observed. With the Mg treatrdéstinct peaks appear at

1.34, 0.96 and 0.69 nmMAt 1.14 and 1.08 nmeaksare assumegdwhich reflect theinterstratified mica
vermiculite ormicaHIV.With the glycerol treatment peaks at 1.34, 0.96 and 0.69 nm stay, while a
small peak at 1.70 niggmectite) appears. Considering all treatmerit4, 0.96 and 0.69 are assigned

to vermiculite, mica and kaolinite, respectively. Looking at the 550°C treatment, a weak peak at around

6.8°H ‘isassumedwhich is most probably chlorite.

TheMg-saturatedclay fraction othe 3BC horizonHgure 22, right) exhibits distinct peaks at 1.34, 0.95
and 0.69 nmwhich are assigned due to their behavior with other treatments to vermiculite, mica and

kaolinite, respectively.

45



Between the vermiculite and kaolinite gk in the Mgtreatment, interstratified micavermiculite or

HIV material is assumedhesmallpeak at 1.68n the Mgglycerol treatmenisassigned to smectite.
LS2

The loessnantle (E horizon) of profilk S2shows peaks at 1.34, 0.96 and 0.70 innthe Mgsaturated
samples. The peak at 0.70 nm is quite broad and possibly hides other jieakssigned to kaolinite,

but also to chlorite. Indicationfor the latter are the small peak at 6.7 ‘(1.4 nm)in the 550°C
treatment. The peak at 1.34 nm Mg and Meglycerol treatment is interpreted as vermiculite while

the peak at 0.96 nm appearing in all treatments, is assigned to mica. The broad peak at 1.69 nm in the
Mg-glycerol treatment isattributed to smectite, while the peak at 1.43 nm &ther chlorite,
vermiculite or HIVIn this horizon an additional peak is observed in tkeatirated samples at 1.31

nm, which is possibly HIV or HA8lditionally between the 1.34 and 0.96 nm peahkerstratified mica

vermiculite or HIV material exists.

The clay fraction of the transition horizon (2Bt1 horizoeyealed distinct peaks at 1.34, 0.96 and 0.69
nm in the Mgsaturated samples, which are assigned again to vermiculite, mica and kaolinite,
respectively. In theglycerol treatment a high, broad peakt 1.73 nm is detectable which is
characteristic for smectite. The presence of chloritgiven withthe peaksat 1.40 and 0.70 nm of the
550°C heating treatment. Again, the occurrencentérstratified micavermiculite or HIV material is
assumedFurthemore, a peak at 1.40 nm in the 335°C heating treatment is observed whidsigned

to chlorite.

Thebedrock(3BC horizongxhibits a distinct peak at 1.38 nm (vermiculite) and at 0.71 and 0.70 nm
(chlorite and kaolinite) in the Mgaturated samfes.A small peak is identifiabkt 0.97 nm, which is
most probably mica. In the Mglycerol treated samples the characteristic peak for smectite at 1.71
nm appears while another peak at 0.89 nm is visible. In this horizon chlorite is present due to the
characteristic peaks at 1.31 and 0.71 nm in the 550°C treatniieistalso assumed thatterstratified
micavermiculite or HIV is present (Mgaturation between 1.38 nm and 0.97 niije clay fraction of

the Ksaturation exhibits a peak at 1.38n which night be HIV or HIS.

46



LS3 LS 3

Bw (t) horizon 3 BC horizon 0.70
1.35
0.70 0.96
0.97
1.19 1y
Mg Mg
Glycerol Glycerol
1.21
Mg Mg
\

1.0 |
K WWMN K
335°C MA 335°C
550 °C i vw 550 °C ¥

42 ‘5 6 ‘7‘ ‘ 8 ‘9 10‘ ‘ 1‘1 ‘ 12 T 13 ‘ 14 .15 42 5 ‘ 6‘ ‘7 ‘ 8 Q ' 10 1" 12‘ ‘13 14 15
°26 (CuKa) °26 (CuKa)

Figure23: XRDpattern of horizons Bw (t) and 3BC of profile LS3.

LS3

The loessnantle (Bw(t) horizonkonsists of the characteristic peaks of vermiculite, mica and kaolinite
with a dspacing of 1.35, 0.97 and 0.70 nm, respectively Fgpare 23, left). In the Mg andglycerot
saturatedsamples a small peak at 1.19 is presemhich is attributed to an iterstratified mica
vermiculite (or miceHIV) The Mg and Ksaturation exhibitsmaller peaks keveen 1.35 and 0.97 nm,
which is interpreted asterstratified micavermiculite or HIV. The presence of chlorite in this sample

is assumed due to the small peaik6.7H ‘in the 550°C heating treatment.

The transition horizon (2BC horizoshows distinct peaks at 34, 0.96 and 0.70 nnn the Mg
saturated samplesThese were assigned to vermiculite, mica and kaolinite, respectively. Between 1.34
and 0.96 nminterstratified micavermiculite or HIV material is assumed. Theakurated sample also
consists of a peak at 1.34 nmhich shifts towards 1.0 nm in the 335°C treatment and thmght be

HIV or HISBesidesthe presence of chlorite imdicated bythe peak at 6.7H ‘in the 550°C heating

treatment. In this treatment a peak at 1.14 nm was observed, which was not further identified.

Thebedrock(3BC horizon) consists of a peak at 1.34 nm (vermiculite) and very sharp peaks at 0.96
(mica) and 0.70 nm (kaoite) (seeHgure 23, on the right). The presence of interstratified mica
vermiculite or HIV materids assumed due to the smaller peaks in the Mg treatment between 1.34
and 0.96 nmin the Ksaturated samples a small peak at 1.34 nm is present, which fegHIV or HIS.

The granitic bedrock does not show any presence of chlorite.

In all three horizons dfS3he presence of smectitis notobserved
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LS4

The AE horizon dfS4consists of vermiculite, mica and kaolinite, which show peaks at 1.34, 0.96 and
0.70 nm, respectively in the Mgpturated samples. In the Mand glyceroltreated samples, a small
peak at 1.73s detected, which is smectitén the Ksaturated samplea peak at 1.34 nmis present
whichis attributed to chlorite (or highly HIS) and one at 1.18 nm that is due to HINSofT Re presence

of chlorite isconfirmeddue to thesmallpeak at 1.34 nm in the 550°C treatment.

The transition horizon (2Btg1) exhibitstinct peaks in the Mgaturated samples at 1.36 (vermiculite)
and 0.70 nm (kaolinite)-hesmall peak at 0.97 nindicatesmica.The presence ahterstratified mica
vermiculite or HIV material is assumddhe Mg andglyceroltreated sample exhibits a distinct peak at
1.72 nm (smectite) ansimaller peaks at 0.88 and 0.81 nm. The lattéght be amphibole or the(002)
of smectite.The peak at 0.81 nm appears in all treatmefitse Ksaturated sample consists of smaller

peaks béveen 1.36 and 0.97 nm, which most probable are HIS or HIV.

The bedrock (2BC horizongxhibits a similar patterrike the transition horizon. Vermiculite and
kaolinite are obviously present with distinct peaks at 1.36 and 0.70 nm in the Mg treatment. Also,
interstratified micavermiculite or HIV materiak present. The peak at 1.72 nm in the ¥Mtycerol
treatment is assigned to smectite while the smaller peaks at 0.87 and 0.8inigim represent
amphibole or thed(002) of smectiteMica is present showirg peak at 0.96 nrim all treatments. The
K-saturated sample consists of some smaller peaks betwle®d and 0.96, which again might be HIS

or HIV.Thepresence of chlorite in thansition horizon andh the bedrockis not observed.
LS5

Theloessmantle of LS5(AEg horizon) exhibits distinct peaks the Mg treatmentat 1.35, 0.96 and

0.70 nm which are assigned to vermiculite, mica and kaolinite, respect®etyeen 1.34 and 0.96

nm interstratified micavermiculite or HIV material exis{d.16 nm)and a small peak at 0.61 nm is
observedwhich probably is thel(002) of smectite This peak is also visible in the Jglgcerol treated
sample but is not identified yet. Additional peaks in this treatment are at 1.80 and 1.69 nm (smectite).
The Ksaturated samfg might comprise of HIV and Hiiereas he small peak at 1.32 nm in the 550°C

treatment possibly shows the presence of chlorite.

The transition horizon (Btgl) has a distinct peak at 1.35 nm, which is assigned to vermiculite. Additional
peaks in the Mgreatment are at 0.96 and 0.70 nm (mica and kaolinite). In this treatment the presence
of interstratified micavermiculite or HIV material is assumed duepeeaks at 1.55 and 1.24 nimhe

Mg-glycerol treated sample exhibitsdistinct, broad peak at 1.74 nmwhich is obviously smectite.

A smaller, unknown peak is also observed at 0.90 nm. The K treatment revealed somarpeakis

1.24 nm which might be HIS and HIV.
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Thebedrock(2CBtg horizon) consists of distinct peaks at 1.35, 0.96 and 0.70 nm in thatiMgted
samples. Due to their behavior in all treatments the peaks are assigned to vermiculite, mica and
kaolinite.The presence of interstratified misgermiculite or HIV mrial is assumed due to the broad
peak around 1.35 nnMoreover, in the Meglycerol treatment the broad peak is assigned to smectite
and a small peak at 0.88 is observed but not identified. Fhatirated samplenight consist of HIS

and HIV due to the ks around 1.13 nm.

Again, chlorite is not observed in the transition horizon and the bedrotISef

6.3.1d(060)
The reflections otl(060) allow a distinction between dioctahedral and trioctahedral typesl thus

give information about weathering processestire soils Thed(060)can vary for a given mineral
species because they depd on the composition of the octahedral sheet, the amount of Al in
tetrahedral coordination, and the degree of tetrahedral t{iMoore and Reynolds 1997)n the
following sections thel(060) reflections of each horizon are descrilaed comparedAll XRD patterns

from the d060 region with their modelled curves are found in the appendix, {284
LS1

In profile LS1(see Figure24, left), trioctahedral species are found at 0A®and 0.1%6 nm and
between 0.189and 0.184 nm. The sharp peak at 0.1542/0.1541 nm is most probablytguitoore

and Reynolds (199describe that in this case another reflection at d = 0.182 nm must occur. This is
confirmedlooking at the powder plots from 8°‘to 80H | whereby a peak with the same intensity at
604 ‘appears (see appendig, 79. The small peak at 0.152%m in the BC horizon might be R&h
dioctahedral mineral¢Fanning et al. 1989The peak at 0.1509 nm (AE horizon) and 0.1508 nm (3 BC
horizon) might be glauconite, a dioctahedral phyllosilicak@rthemore, a quiet distinct peak is
observed in the 2Btg/E horizon at 0.1505 nm, whigght bemontmorillonite (smectiteYOkrush and
Matthes 2014; Moore and Reynolds 199T7he sharp peak between 0.1501 and 0.1498amd the
peak between 0.1490 and 0.1486 nwhichare present in all horizons dfS1areinterpreted as illite
(muscovite)and kaolinite, respectivelfMoore and Reynolds 1997PDne can see thahe proportion

of trioctahedral and dioctahedral minerals varies throughout the profilee trioctahedral species
seem to decrease towards the bedrock. The proportion of dioctahedraildctéthedral species is in all

horizons higherThetransition horizon (2Btg/Bherebyhas the highest dioctahedral proportion.
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LS2

Allhorizons ofLS2exhibit a peak around 0.1558 nm, whista trioctahedral mineralThe sharp peak

at 0.15430.1540 nm is clearly assigned to quartzound 0.1527 nm some Heeh dioctahedral
minerals are presenfFanning et al. 1989 he peak at around 0.1511 nm is identified as glauconite
while montmorillonite (smectite) is lwaracteristic between 0.1506 and 0.1496 nr{Moore and
Reynolds 1997; Okrusch and Matthes 201Bhe peak between 0.180and 0.1498 nm in all horizons

is most probablyillite, whereas the peak between 0.1491 and 0.1488 nm is assigned to kaolinite
(Moore and Reynolds 1997n profileLS2he proportion of the dioctahedral minerals is highierall
horizons.One can say that the dioctahedral minerals decrease towards the soil sugaao the

trioctahedralmineralspecies.
LS3

In the horizon of. S3a trioctahedral mineral around 0.1560 nm is pres&tilorite is assumed between

0.1549 and 0.1537 nm. A big, sharp peak in the 2BC and 3BC horizon is present around 0.1541 nm and
a smaller peak in the BW(t) horizon exists at 0.1540. This is most probably @Waotz and Reynlds

1997) A small peak at around 0.15B&ssigned to Feich dioctahedral mineral§-anning et al. 1989)
Additionally,smectiteis detected between 0.1504 and 0.1494 ritite is present in all horizon with

peaks between 0.1501 and 0.148ih. Kaolinite is also present showing peaks between 0.1491 and
0.1486 nm(Moore and Reynolds 1997 the profileLS3the dioctahedral minerals show a higher
proportionin the upper horizon BW(t) and decrease towards thdrock A substantial transformation

from trioctahedral to dioctahedral minerals has &mkplace inLS3
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Figure24: XRD pattern with modelled curves of the d060 regioh®f(left) andLSHright). Dspacings are given in nm.
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LS4

In all horizon®f LS4quartz is presentq.15430.1541 nm). Between 0.1538 and 0.1536 nm peaks are
detected, which might be biotite or chloritdBetween 0.1505 and 0.1492 ntie occurrence of
montmorillonite is assumed lllite is present with peaks between 0.1501 and 0.1493 nm. Further,
kaolinite is identified with peaks between 0.1490 and 0.1487 nm in all hor{aéosre and Reynolds
1997) The trioctahedral minerals seem to dease towards the bedrock. The dioctahedral minerals

exhibit a higher proportion in th&ansition horizon (2Btg1) anthe bedrock(2BC).
LS5

In profile LS&he peak at 0.1541/0.1540 nm is clearly identified as quartz while the lower two horizons
seem toconsist of chlorite due to a peak around 0.1538 nm. In the region 0-Q50*3 nm
montmorillonite most probably is presentllite and kaolinite are identifid due to peaks at 0.1499 nm
and around 0.1488 nm, respectivéiMoore and Reynolds 1997he transition horizon has the highest
occurrenceof dioctahedral specieand thus alsaa higherproportion of dioctahedral mineralsTo

conclude, hroughoutLS5he dioctahedral species dominate.

6.3.2Powder samples
Theinvestigated powders samples betweetH2and 80# ‘are dominated by quartz, muscovite and

kaolinite. Accessory minerals are: plagioclase, orthoclase amphibole, biotite, muscovite, magnetite,
ilmenite, rutile, garnet and chlorite. Traces of epidote, titanite, kyanite, zircon, albite, ulvospinell and
olivine were detected in some sample example of theXRD pattern is displayed in Figa® All

XRD patterns ande detailed table can be found in tle@pendix p. 7985.
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Figure25: Identified polytypes of. S1 Main components are quartz, muscovite and kaolinite.

LS1shows a quartz content between®and 58%. Muscovite and kaolinitare present in the AE and
2Btg2/E horizoawith 8 % and aroun@ % respectively. THeedrock(3BC) consists of a higher content

of muscovite (16 %) artths amagnetite content of 9 %.

LS2eveals quartz contents between®%and 59 % while the kaolinite contelaysbetween 5 % and
8 %. Muscovitas slightly decreasing towards the surface. In ti@elrock(3BC) 13 % are measured

while in the loessnantle (E) a content of9 % occus.

The quartz content ilLS3variesbetween40 %and 64 %and isdecreasing towards the soil surface.
The muscoviteontentslay between6 %and 15 % while kaolinitehas percentages @ and X4. The

kaolinite percentage in the transition horizon (2Bhelowest of this profile.

Moreover, inLS4guartzthe contents &y between 28%(in the loessnantle) and 51 % (in the transition
horizon). Muscoviteis present witha content of6 % in thetransition horizon (2Btg1)8 % in the
bedrock(2BC) and 12 % in the loesgntle (AE). Kaolinite variebetween 13% (in the transition

horizon) and 31 % (in the loesmntle).

In LS5 the quartz contents vagrbetween 40% (in the bedrock) and 5% (in the loessantle). The
second most occurring mémalis kaolinite with contents betweer2Bband 16 %. The kaolinite content
is increasing towards the bedrock. In the logsmtle (AEg)orthoclaseis occurring with 4 % while the
lower two horizonsreveal muscovite as thirdnost mineral. In the Eg and 2CBtg horigothe

muscovite contentsre 7%and 11%, respectively.
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6.4DRIFT
The results of the DRIFT measurememése primarily conducted to confirm the presence of

kaolinite. Therefore a better distinction between kaolirdtand chlorite (XRD) can be performétie
table with the detailedresultsisfound in the appendixp. 99 & 100. Calcite and dolomite are not

part of the interpretation because the pH is lower than
LS1

The peaks at 348, 474, 3620, 3652 and 3694 aonfirm the presence of kaolinite in all horizons of
LS1 The presence of chlorite is assumed due to peaks at 750, 3428 and 357Famer 1974)
Chlorite seemato increase towardthe surfa@. Futher, in all horizons ipbsite, imogolite, muscovite

and AIMgOHre observed. The upper horizon consists of octahedral Mg/Fe and probably dioctahedral

smedctite.
LS2

Profile LS2 revealed the presence of kaolinite due to peaks at 474, 3620, 3652 anch36%Fhe
presence of chlorités confirmed exhibiting peaks at 750, 3428 and 3676 ¢Rarmer 1974)The
transition horizon of LS2 (2Bt1) shethie highestoccurrenceof chlorite. Additional identified minerals
are gibbsite, imogolite,llite, octahedral Mg/Fe and dioctahedral smectite. The transitimmizon
(2Bt1) and the bedrock (3BC)show presence of muscovite whilegtpresence of AIMgOH in the

bedrockis assumed.
LS3

Kaoliniteoccursin profile LS3 The confirmationThereforearethe peaks at 348, 474, 3620, 3652 and
3694 cm'. Additionally, also chlorités identified showing peaks at 750, 3428, 3575 and 3676 cm
(Farmer 1974)In this profile the transition horizon (2 BC) ametrock (3BC) are characterized by a
higher chloritecontert. The following clay mineratsccurin LS3gibbsite, illite, octahedral Mg/Fe and
muscovite. Imogolite was present in the upper two horizons and is assumed irbetieck
Dioctahedral smectite is asmed in the loessnantle and clearly exiss in the lower two horizons.

Besides AIMgOHSs not foundin the transition horizon while it was present above and below.
LS4

The presence of kaolinite and chlordee also confirmed in profil& S4 Kaoliniteshows peaks at 348,
474, 3620, 3652 and 3694 drwhereasthe characteristic peaks for chlorit&re found or assumed at
750, 3428 and 3575 ch(Farmer 1974)The peak at 750 chis found in all three horizons whereas

the othersare only assumedThetransition horizonhasthe highest occurrence afhlorite.
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Additional detected clay mineralsare: imogolite, illite, muscovite and dioctahedral smectite.
Octahedral Mg/Fds only confirmed in the loessantle (AE) and assumed in thsedrock (2BC).

AIMgOHis not detected in the transition horizon (2Btgl) but assumed above and below.

LS5

Profile LS5shows presence of kaolinite and chloritdhe kaolinite peaks arat 348, 474, 3620, 3652

and 3694 cm. Chlorite was detectddue to peaks at 75428 and 3575 crh(Farmer 1974)Chlorite

exists throughout the profile. Gibbsite, illite and muscovi#idound in all horizons dfS5 Imogolite
occussin the upper two horizons (AEg and Btgl) while the presence of AIMgOH is only assumed in the

loessmantle.
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7. Interpretationand Discussion

7. 1Physical and geochemical parameters
Regarding the particle sizes, differences between the horizons are obvious. As expleetkmkss

mantles present the highest silt contents withithe profiles because silt is one of the main
characteristics of loes3he silt content decreases towards the bedrock in each profile whileahd

content is increasing with greater depthhe clay content in the five profiles varigsnsiderably.

LS1is an Endoskeletic Luvis®his soil type is known for a ctdgpletedhorizon above an illuvial clay

rich B horizon(Schaetzl and Anderson 200#IreadyWaroszewski et al. (201 Have stated that
through moderate aeolian silt admixture Luvisols or Alisols can develop. Throalinesilt addition

the conditions for clay eluviation/illuviation processes are favored. Moreover, soil formation and

evolution is closely related to the thickness of the loess mgddeobs et al. 2012)

In LS1, a clear clay accumulation was observetiantransition horizon (2Btg2/E) where a higher
proportion of dioctahedral clay minerapeciesalso occurred. Herein, wénterpret that the loess
mantle is already further developed/ weathered and its componglite clay and heavy minerals

were transpoted progressively downwards, amongst others, by water. Regarding LS2, which is also an
Endoskeletic Luvisol, the topography is a major factor. LS2 is situated on a midslopg df Mtd I & KA OK
has a slope of 12°. The loess mantle (E horizon) is weaklyogedein this profile comparetb the

others and exhibits a thickness of 5.drterein, the conclusiois that the slope is prone to erosion and

thus pedogenesis is reduceinother indicator for erosional processes at the site is that the transition
zone igelatively skeletal and no regolith is present. Nevertheless, clay translocation occurs in LS2. The
eluviated clays are accumulated in the 2Btl and 3BC horizon. This coincides with the downward
increasing dioctahedral specieBhe profile LS3ying on ganite on a summit/shoulderdoes not
provide an E horizon. Hence, the mixing of aeolian silt withi@agi@nite regolith resulted in the
formation of an Aliso{Waroszewski et al. 20L7).S3 is the only investigated profile that showed the
highest clay content and the occurrence of dioctahedral minerals in the loess maAmtézrease in

the clay content was observedwards the bedrockin the 2BC horizon a small clay illuviation seem
possible whereas the 3BC horizon is dominatedhlsituweathering.In addition,LS4wasidentified
asanEndoskeletic Luvisol and lays on a summit/shoultfethis profile similar soil processes as in LS1
and LS2vere observed. In the loess mantle (AE horizon) the clay is eluviated and accumulated in the
2Btgl horizon. For LS5 &uitric Luvic Albic Folic Stagnosol on a backslope was identified. Stagnosols
develop when former argic horizons are buried with eroded loess mat@vaftoszewski et al. 2017)

On this siteclay accumulation was noticed in the transition horizon (Btgl) and the underlaying

substrate (2CBtg). A higher proportion of dioctahedral clay minerasreed in theformer.

56



LS5 is situated on a backslope with an inclination of 8° and thus a higher erosion is aastineed

surface Indicators are a quitthin loess cover and a shallow AEg horizon.

The clay accumulation zones in the described profiles also identifiable due t@ngular blocky

structure and mostly firm consistency.

Regarding the geochemistry, several parameters were analyzed. All investigated so# phofiled

a low carbonate contenaind a low pH.ThehighestHf/Zr concentrationwas identified in theloess
mantles of the profiles. Scheib et a(2014) describe the relationship of Hf and &rd seethese
elementsas indicators for aeolian deposit&r displays very low mobility under most environmental
conditions, mainly due to theery high stabilityof the principal host mineral zircofioannides et al.
2015) Zirconis accumulatedhrough different processesvhile lessdense and resistant minerals are
removed.The zircon grains remain stable dwetheir resistant nature and their high density (4.6 to
4.7 glcn?)(Scheib et al. 20147 higher occurrence of zircon in the loess mantles and the transition
horizons was also detected by SEM in LS3 andrh8igh Hf/Zr concentration suppsthe fact that
the mantles of the fivgrofiles have an aeolian origin. In the different prddjldne Hf/Zr concentrations
decrease towards the bedrock. In the transition horiztite higherconcentratiors are remaining
because loess is incorporated into greater depth. These results sleady how the aeolian material

and the undelaying substrate are mixed in the transition zone.

Regarding the percentages of;Peand TiQ, generally less £8; was found in the loess mantles than
in the transition horizons and bedrocks. Schatz et al. (2015) argue tlskdtativelyenriched during
pedogenesiand alkaline metals such as Na, K, Ca and Mg are depleé@ds one of the most stable
oxides(Raczyk et al. 2018)jvari et al. (2008)efined an average loess composition which has,®fe
percentage of 3.7 and a TiQercentage of 0.69. The loess mantles of the itigased profiles are
comparable showing similar Ti@ercentages but slightly lower ¥&; percentagesin the transition
zonesthe incorporationof the loess is visible due to similar Tg@rcentagesThe differences found in
the oxides regarding the undging substrates are explained by the different chemical compositions
of the bedrocks. The ultramafic serpentiniie extremelyrich in iron likewise basafior example
(Schaetzl and Anderson 2009he high F&sin LS4 (on glacifuvial materal) might be explained
with the local serpentinite material. Quartich substrateslike the Permian sandston@.S1)and

granite (LS3)exhibit lower FeO; percentages.

The Ti/Zr ratio is applied to determine admixture of another sedimentological conmpd8auer et al.
2016) Moreover dust prognance can be investigated by studying weathefimggt elements such as
Si, Al, Ti and Zr and caldirg their ratios(Profe et al. 2018)
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In allfive profiles changes the ratiowith increasing depth can be found. While the Ti/Zr ratios in the
loess mantles are between 117, the ratios increase towards the underlying substrate. The |dttee

a greater rangebetween 19225, which shows thevariability of the underlying substrate$he high

ratio of the profile on glacidluvial material isspeciallyinteresting which possibly is the result of the
heterogenic materialAll profiles obviously exhibit differences in the Ti/Zr ratios in tlesdomantle,
transition horizon and the underlying substrate. Regarding the provenance of the loess mantles of the
five profiles comparable ratios were found in Germargchnetger (1992hvestigated loess in Hessia

and Lower Saxony and thetrieved Ti and Zr valueked to a Ti/Zr ratio of 13.28Jjvari et al. 2008)

The Ti/Zr ratios calculated for the loess mantles of the five praditesnoderatelycompardle and
probablywere deposited whernhe Scandinavian ice sheebvered northern Europduringthe LGM.

Still, the Ti/Zr ratios of the five profiles vary aRldereforedifferent provenances might be considered.

Additionally the K/Rb ratic of the different horizos for each profile vere calculated.This ratiois
commonly applied to determine changes in lithogenic souf&isaSanchez et al. 2019n none of

the investigated profiles constant K/Rb ratios were foulmdmost profiles they showed a decrease
with increasing depth. The loess mantlesdlamratio between 242 an@58 while the ratios of the
underlying substrate werebetween 233 and &3. The K/Rb ratio calculated from the dataSxfhnetger
(1992)was 2® and laid again in the range of the loess mant{e§vari et al. 2008) The closest
concordance with the reference ratiwsasLS5 wich is the northern and western most of all profiles.
Consequently, a similar loess source as in Germany might be asstimeddess mantles tfie profiles
around Mt. | £ t(IBSBLS4) certainly have the same provenance whereas the loess of LS1 in the

southern lyingy O 2 Fbhsin #hight originate from th8udetymountains.

7. 2Heavy minerals
In soils, heavy minerals are important nutrient sources and possible indicatorsimiesggrovenance

(Lang 2000)The latter is especially important for this thesis to distinguish between the loess mantle,

the transition horizon and the underlying substrate.

In LS1 garnet is present in the upper two horizons but was not found in trededherefore it can
be interpreted asa signalof loess Garnet is enriched in the transition horizarich is a sign that
downward movement®ccurred possibly byercolating water obioturbation. Other heavy mineral
which seem to reflect the loess are amphibole, apatite, chlorite, epidote, ridibmvever, he loess
generallyis derived froma maficsourcebut alsofrom some allogerd metamorphic material (A5iQ)
is present mainly in the transition horizon and thenderlying substrateRegarding the other heavy
minerals, lvospinel and xenotime seem to origite from the underlyingPermian sandstoneln

addition, Uvospinel is an indicator that basa&kists(personal communication Kierczak
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In general, the bedrock 3BC hasmaficorigin. The high Fe@xide content which is around 29 %
throughout the profile,is traced back to the Permian sandstoriesides, lie oxidized iron minerals

are responsible fothe characteristic red colqiSchaetzl and Anderson 2005)

The heavy mineral assemblagel&2s dominated by magnesiochromite and magnetite, which seem
to originate from both the loesmantle and theunderlyingserpentinite Amphibole is an input from
the loessbecause it was not observed in the bedrock séespnd shows a slight decrease from the
loess mantle to the transition horizoMinerals from the epidotegroup also occur throughout the
profile and thus are present in the loess mantle and timelerlyingsubstrate. Moreoverthe loess
mantle hosts garnebut minerals likelimenite, olivine and pyroxenare derivedfrom the underlying
serpentinite. Zrcon and rutileare more abundant in the lower horizons but are not common
weathering products o$erpentinite. They might be translocated twater from the loess cover into

greater depths.

Amphibole minerals from the epidotegroup and zirconseemto clearly originate from the loess
mantle in LS3 Alsq Feoxide, garnet, ilmenite, magnesiochromite and magnette interpreted as
signaé from the loess. Otherwise, ibtite, monazite rutile and xenotime are clearly weathering
productsfrom the underlyinggranite The rutile signal in the 2BC horizon with 66.7 % is exceptionally
high. However, bavy minerals like monazite and xenotime ateracteristic for the granite d¥it.

| t t(p@ronal communication Kierczak

The profileLS4 which is located on glacittuvial materia) exhibits snall amounts of differenheavy
mineralsthroughout the profile. This can be explainkbyg consideringhe origin of theunderlying
substrate. The glacifiuvial material originates from Scandinavia and was transported for several
kilometers It has a granitic and serpentinite charact®varoszewski et al. 2017Apatite, biotite,
garnet, Feoxide, magnesiochromite and magnetite, monazite, rutdad zirconare clear signals for
the loes. Amphibole and ilmenite have constant amounts throughout the profileoaedrin the loess
mantle and thaunderlyingsubstrate Epidotegroup minerals are definitely originating from the glacio
fluvial material. The latte@lsocontain small amounts gfumpellyite and zoisite, which are not present

in the upper two horizons.

LS5 the profile on basaltshowsthe following heavy minerals as loess signals: minerals from the
epidote-group, rutile, spinel and zircon. Furthermorenphibole,Fe-oxide, ilmente and pumpellite
are present throughout the profiléTheyshowsimilar amounts and seem to occur in the loess mantle
and the basaltMonaziteandtitanite occur in higher amounts the transition horizon Therean input

from allogenic material is obsezd and might be explained by downward water movement.

To concludeolivine and pyroxene, staurolitand ulvospinelare interpreted as signsilfrom the
bedrock They show a mafic character which coincides with the basalt
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7.3Clay minerals
All loess mantles of the investigated profiles have the follonsegondaryminerals in common:

vermiculite, micakaoliniteand chlorite Besides, HIV or interstratified miarmiculite was detected.

Kalm et al. (199&eported for a loess sequence of the Chinese loess plateau similar minerals, namely
illite (mica), kaolinite, mixed layer chloriteermiculite, chlorite and small amounts of smectite with
traces of mixed layer ité/smectite. Whereas he large European loess deposits are derived mainly
form till material (Catt 19889 & ¢ KS& | dNiBostlyO &f Weridficulle, smuite/ilite and

ilite/a YSOUGUAGST Evide arld Mauniar 2008, . 80For the silt sized fraction in French
deposits, illite and chlorite plus somedtiite were reported (Hardy ¢ al. 1999; Jamagne 1978&ven
though the investigated profiles mainly had aniform clay mineralogy in the loess mantles, small

differences between the horizons of each profile and differences between the profilesolvses\ed.

HIV or interstratified micaermiculite was observed in all investigated samples ant@ihisrefore
highlightedhere.As previously discussed, low carbonate contavise recognized in the five profiles
After the removal of carbonates in loess sdh® transformation from mica and/or vermiculind/or
smectiteto hydroxyinterlayered minerals is an important processtemperate climatesThe lack of
carbonatesor low carbonate contentdurther progressthe dispersion and translocation of clay
particles b greater depths. Hence, the formation of Luvisols is the rdfuriwnik et al. 2014)The
formation of HIV or interstratified micaermiculite in the five profileis predominantly seen aan

impactof the loess mantles.

The proportion of mica to vermiculite is higher throughduf1, situated on Permian sandstone. The
interpretation Thereforeis that mica is not strongly weathered and transformed into vermiculite.
Moreover,rather high amounts of kaolinite are observed in the loess mantle. It indicates that this clay
mineral is inherited from an allogenic source but also is transformed from thenile sandstone
through weathering.Kaolinite forms when other silicates like feldspars or micas break down
completely(Strawn et al. 2015)This coincides with thedPmian sandstonavhich mainly consists of

guartz, feldspar and rock fragmeniBritannica 2018c)

The peak intensity asmectite isgenerallyincreasing towards the surfaceigh smectite contents are
often associated with a lower mica signal. Hence, a transformation of mica into smectite due to

weathering is suggestg@gli et al. 2006)n general, chlorite decreases towards the bedrock.

Considering the DRIffieasurements and thERDBpatternin the dO60 egion chlorite must also occur
in the 3BC horizon but with relatilye smaller amounts compared to the upper two horizons.
Consequently, the decrease of chlorite towards the underlying bedrock might be explained with its

transformation into vermiculitdWilson 1999)
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The bedrock of LS2 is serpentinite, whicmsists mainly of serpentine minerals llk&rdit, antigorite

or chrysotile(Okrusch and Matthes 2014 the underlying substratef LSZhe occurrence othlorite

is stronger comparetb the substratesf the other profiles. The presence of chlorite is also confirmed

by the DRIFmeasurements Thus, the presence of chlorite is seenasignal of theunderlying
serpentine bedrockAlsoVelde (1995§escribeghe formation of chlorite on a serpentinite sapite.
Chlorite is also found in the upper layers whieflectsthe incorporaion from the loess mant. An
increase in the intensity of the vermiculite peak towards the surface is observed while the mica peak

decreases. Hence, a transformation from mica into vermiculite is ass(Miidsbn1999)

In LS2 the presence of smectite is confirmed with RO DRIFMeasurements. The plots between
4°H 15 H ‘indicate an increase from the loess mantle towards the bedrbhls phenomenon can be
explainedlooking atthe E horizon, where clay wagshed out The clay was illuviated into greater
depths and thus higher amounts of smectitee found. But the underlying serpentinite is also prone

to produce smectitgVelde 1995)

Looking at LS3,aklinite is increasing toward the bedrocks previouslyexplained,kaolinite forms
when other silicates like feldspars or micas break down compledglgther process wherkaolinite

is formed, is itsprecipitation from APF*and Si*ions in solution(Strawn et al. 2015).S3is situated on
granite whichconsiss of feldspar, micas and quart@krusch and Matthes 2014 he higher presence
of kaolinite especially in the underlying substrataight resultfrom the weathering of granite.
Moreover, in LS3 an increase in tiensity of thevermiculite peak towards the surface is observed
with a concomitant decrease dhe mica peak This is explained by transformation ofmicainto
vermiculite Wilson 1999) The increase of the mica peakteénsity towards the bedrock is also
explained by weathering of the granitic bedrod¥esbitt and Young (198%jghlight that illite is a

common weathering product of-feldspar.

As observed in previous profiles, the amount of chloritédsreasing with increasing depth seens
to disappear in the 3BC horizari LS3 Including the DRIFTieasurements, chlorite is present in all
horizors of LSut in smaller amountsThe decrease towards the bedrock might be explained with its

transformaion into vermiculite(Nesbitt and Young 1989)
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Smectite seermto be completely absent in LS&enlooking at the 44 ‘- 15 1 ‘plots. Considering
the DRFFmeasurements and thd060 region, smectite occurs in smaller amour@seexplanation
might be that the loess mantle is alreadynsiderablyeroded andthe loess whichremains reflects

the lower part of the former coverHence, smectite which is a mineral ofdmhediately weathered
soils wasalready removedStrawn et al. 2015Poormasoomi and Ramezanpour (208@) not find
smectite in asoil profile on granite, whereas the profile on andesitic basalt corslsdf the discussed
clay mineralConsequentlya correlation with the underlying granite and the absence of smectite must

be considered.

In LS4he same phenomenon like in the E horizon of LS2 is observed. Relatively small amounts of
smectite are foundn the AE horizon of LS4 but higher amounts of smectite aaicgreater depths.
The explanation is again that the clay was illuviated downwards and smeeasenrichedin the 2Btg1
and 2BC horizorThe underlying substratef LS4s glaciefluvial materialwhich mostly comprigss of
rounded, reddish Scandinavian granites and local serpentir(iféaroszewski et al. 2017Y¥he
amphibole peak at 0.81 nm in the 2Btgl and the 2BC horizceasy originating from the bedrock.

In the heavy mineral fraction of the two mentioned layers amphibole was also fdumadintendly of

the kaolinite peak is the highest the underlying substrate (2BC) and might be explained with the
weathering of the granitic components of the glalavial material (see also LS3Ylica and
vermiculite show similar intensities throughout the pitef Mica(illite) might be a weathering product

of the granitic part of the fluviglacial material but is also inherited from the loeégsrmiculite might

be the transformation product dbiotite andchlorite (Nesbitt and Young 1989)

In LS5 transformation from mica to vermiculite toward the soil surface is obselvetthis profile the
relatively high amounts of smectite in the Btg1 and 2CBtg horizon are notislalst probably smectite
was translocated by percolating water fraime AKy horizonto the underlying horizondt is primarily
seen as a weathering product of the loe$be vermiculite peak exhibits a higher intensity than the
mica peak in the By horizon withan opposite peak pattern at the bedrock (2CBtg horizon).
Poormasoomi and Ramezam (2010)report for their soil profile on andesitic basdlte following
clay minerals: mica, kaolinite, vermiculite and smecfiteese are the weathering products of primary
minerals coming from the basalt. In this study the mentioned minerals geeaniginate from the

bedrock but are also inheriteflom the loess because they are present in tHeyAorizon.

Generally, in this thesis the focus was mainly on the pedosphere and lithospredde and Meunier
(2008)statethat the soitplant interaction zone (A horizon) also plays an important role regarding the

clay transformationwhich was not considerdukre.
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8. Conclusion

In thisthesis five loess mantled soils on different underlying substrates were analyzed and compared.
One of the main research questions was how the loeasitle and the underlying substrate exert
influence on pedogenesis and s@itocesses Considering theresuts, severalphenomenawere
observed.The profiles LS1, LS2 and LS4 were identified as Luvisols and generally showed clay
translocationfeatures in the subsoillThemorphology of the investigated soilsdsaracterized byaE
horizon where the clay was eliated with a concomitant illuviation into thenderlying Btg horizan

This process was mainly reflected in the accumulation of dioctahedral clay minerals in the lower
horizons.Usually,a higher amount of smectite was observadthe Btg horizons of theiscussed
profiles Smectite is a secondargedogeniclay mineral ands thus easilytransported by percolating
meteoric water (Schaetzl and Anderson 200%)S3 with an Alisol as soil type, showed a high
accumulation of dioctahedral clay minerals in the loess mai@lgt) horizor). The Stagnosol of LS5
also hadan AEg horizon and an underlying Btg horizon. Similar soil prodetsgefranslocationas in

the Luvisols were observed hefeurthermore, he topographyshows a correlation with the thickness

of the loess mantlesThe pofiles situated on midor backslope (LS2 and L®B\Vinga dip slope
between 8 and 12° exhibihinner loess coves. This is explained by theegp slopeswvhichinhibited

the formation ofa regolith before loess deposition. Due to the aeolian silt addition the slopes were

stabilizedbut the loess mantles were erodethd are these days rather thin.

Regarding the question if the formation or transformation of phyllosilicatedeigcted several
observations were made. In all investigated profiles a transformation from chloritéoamaica to
vermiculiteand smectites assumed. Furthermore, the (neo)formation of HIV or interstratified mica
vermiculite occurred in all profiles and is thmeain result of the loess mantke The acidic soil
environmentpromotes this formation.In general, the loess mantles h#ee following clay minerals in
common: kaolinite, mica, vermiculite, smectite, chlorite and HIV or interstratified-wgoaiculite. In
LS8 smectite was not found in the whole profile, which is explaibgdrosional processes of the loess
mantle.Based orStrawn et al.(2015)vermiculite, illite (mica), chlorite and smectiége predominant

in intermediately weathered soils whereas kaolinigea signal for advandeveathered soils.

Moreover, the bedrock&ave theaffinity to form their characteristic clay minerals. For the Permian
sandstone higher kaolinite amounts were identified which are explained by the weathering of quartz
and feldsparThe underlying serpentinitdeliversmore chlorite while in the granitibedrock higher
amounts of kaolinite and mica were observed. Furthermore, the glhwital materialproduced more
amphibole, kaolinite and mici the lowest horizon where the weathering of the basalt migbt

reflected in itshigher smectite amounts.
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The second research question incorporated if tfiscontinuities found in the soil texture and the soil
geomorphologyare also reflectedin other parameters Herein, we can see thathé stated
discontinuitiesare also found in the clay and heavy mineralogy and in the physical and geochemical
parametersThe clay mineralogy of the five profilwas already discussed above and clear signals from
the loess mantles and the bedrocks were highlighted. Regardinghtd®y mineralogy, the
discontinuities are obvious but differ from profile to profile. Hence, the provenance ofdbssl|
mantles might differ. Furthermore, the transition zones commonly have imprints from the loess
mantles but also from the bedrock aftheefore highlight their mixing. The physical parameters are
cleaty seen in the grain sizes while the geochemical parameters are found in the Hf/Zr concentrations,
the FeOs; and TiQpercentages and finally the Ti/Zr and K/Rb ratlosall profiles the loss mantle,
transition horizon and the underlying substrate were separable from each other, analyzing the

mentioned parameters.

The final research question dealt with the origin of the loess mantles and if they are originating from
the same source or ihey have different provenances. Answering this question has turned out to be
difficult. The Ti/Zr and K/Riatios exhibit small differences in the loess mantlegt had comparable
ratios found inHessia and Lower Saxony@ermany.Thus, the provenance fro vegetationfree
periglacial areas durintpe LGM when the Scandinavian ice sheet covered northern Europsestitis

very likely Due to the calculated ratios, L3#ich is the northern and western most profile, showed
the closest relatiorto the ratios from Germany. Hence, a similar loess source might be assumed. The
profiles settled around Mt| f t(LGBELS4)seem to have the same loess source whereby the loess
mantle of the southern lying LS1 might originate from the denudated Sudety mount&@nsa

conclusiveanswer more data is needed.

To conclude, soil processes like clay translocai@nclearly reflected in the clay mineralolgyt also
the topography plays a key roie soil developmentThe loess mantle and isecondary clayand the
further mixing of the loess with the underlying substrate have imffuence on soil formation
Furthermore, the dferent underlying substratekave their characteristic weathering produethich
are not onlyreflected in the clay and the heavy mmalogybut also in the geochemical and physical

parameters
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Appendix

Particle size
distribution [%]
Sample | Laloratory Nr. | Profile | Horizon Depth (cm) Corg. (%) | pH H20 | <0,002| 0,050,002| 2-0,05 Texture

Nr. mm mm mm | classes USD
1 165C17MV1 | LS1 AE 1845 1.22 6.30 19 65 16 SiL
2 165C17MV2 | LS1 | 2Btg2/E 7895 1.18 7.15 24 56 20 SiL
3 165C17MV3 | LS1 3BC 95112 0.13 6.01 19 19 62 SL
4 165C17MV4 | LS2 E 14-19 0.63 4.80 11 67 22 SiL
5 165C17MV5 | LS2 2Bt1 3345 0.38 5.96 28 54 18 SiCL
6 165C17MV6 | LS2 3BC 68-86 0.24 6.43 29 40 31 CL
7 165C17MV7 | LS3 Bw(t) 8-30 1.19 4.49 12 69 19 SiL
8 165C17MV8 | LS3 2BC 50-70 0.34 4.53 12 62 26 SiL
9 165C17MV9 | LS3 3BC 70-110 0.31 4.28 8 17 75 SL
10 165C17MV10| LS4 AE 0-20 1.019 5.30 8 68 24 SiL
11 165C17MV11| LS4 2Btgl 36-64 0.182 5.32 26 34 40 L
12 165C17MV12| LS4 2BC 81-105 0.095 5.20 25 24 51 SCL
13 165C17MV13| LS5 AEg 4-14 2.562 3.76 8 71 21 SiL
14 165C17MV14| LS5 Btgl 40-50 0.292 4.58 24 56 20 SiL
15 165C17MV15| LS5 2CBtg 70-100 0.166 5.42 30 38 32 CL

Tab. Al: Additional information for each sample.
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Profile| Horizon Si02 Al203 | Fe203 | MgO CaO | Na20| K20 TiO2 | P205| MnO | Cr203 Ni Sc LOI | Sum
LS1 Ap 76.62 8.66 2.62 0.62 0.65 0.82 | 2.49 0.73 0.18 0.08 0.009 24 7 6.3 | 99.87
LS1 AE 77.46 8.74 2.63 0.61 0.59 0.84 | 2.49 0.74 0.16 0.09 0.009 26 7 5.5 | 99.88
LS1 2Btgl/E 74.70 10.52 3.68 0.87 0.68 0.78 | 2.56 0.77 0.09 0.05 | 0.011 24 9 5.1 | 99.87
LS1 2Btg2/E 74.38 | 10.71 3.90 0.93 0.62 | 0.87 | 269 | 0.73 | 0.10 | 0.04 | 0.011 24 9 4.8 | 99.87
LS1 3BC 70.68 13.66 3.48 1.05 0.35 157 | 4.17 0.39 0.06 0.04 | 0.005 32 8 4.4 | 99.91
LS2 AE 79.70 6.36 2.24 1.50 0.43 0.90 | 1.99 0.72 0.04 0.03 0.040 98 5 5.9 | 99.83
LS2 E 80.35 7.12 2.80 1.55 0.42 0.87 | 2.12 0.76 0.04 0.05 | 0.048 | 128 6 3.7 | 99.82
LS2 EB 75.57 9.68 3.97 1.35 0.34 | 0.78 | 2.36 0.73 0.06 0.05 | 0.036 | 125 9 49 | 99.83
LS2 2Bt1 72.60 10.28 5.17 2.26 0.33 081 | 222 0.73 0.06 0.07 0.065 | 225 10 5.2 | 99.81
LS2 2Bt2 71.88 9.97 5.29 3.17 0.38 0.82 | 2.10 0.69 0.04 0.09 0.076 | 317 11 5.3 | 99.81
LS2 3BC 67.09 9.16 6.67 6.23 0.34 | 0.61 | 1.64 0.57 0.02 0.10 | 0.155 | 810 13 7.1 | 99.77
LS3 ABw 79.19 6.38 1.66 0.25 0.29 0.81 | 1.96 0.68 0.05 0.02 0.008 | <20 4 8.6 | 99.87
LS3 Bwl (t) 82.36 7.24 1.80 0.31 0.31 0.87 | 2.09 0.70 0.03 0.04 | 0.009 | <20 5 4.1 | 99.86
LS3 2Bt 82.74 7.64 1.90 0.36 0.32 093 | 2.27 0.70 0.03 0.03 0.008 | <20 5 2.9 | 99.86
LS3 2BC 82.04 8.10 1.99 0.42 0.32 1.09 | 2.46 0.67 0.02 0.03 0.009 | <20 21 2.7 | 99.86
LS3 3BC 71.17 14.95 2.22 0.42 0.09 3.66 | 3.68 0.47 0.03 0.02 0.004 | <20 6 3.2 | 99.90
LS3 3CR 65.28 18.54 2.70 0.51 0.05 3.90 | 454 0.50 0.03 0.01 0.002 | <20 8 3.8 | 99.89
LS4 AE 79.24 8.21 2.38 0.50 0.53 092 | 232 0.72 0.08 0.11 0.010 | <20 7 4.8 | 99.84
LS4 EB 78.29 9.27 3.21 0.64 0.52 0.84 | 2.25 0.67 0.05 0.05 | 0.012 24 8 4.1 | 99.85
LS4 2Btgl 58.71 17.10 7.88 2.03 2.03 0.66 | 1.29 0.70 0.03 0.05 | 0.041 | 120 35 9.3 | 99.87
LS4 2Btg2 69.96 13.10 5.02 0.89 1.01 1.15 | 1.85 0.64 0.03 0.06 0.017 48 21 6.2 | 99.91
LS4 2BC 57.78 18.62 7.49 1.18 1.58 1.39 | 2.04 1.14 0.03 0.12 0.034 69 33 8.5 | 99.88
LS4 (wzs’gj:es) 50.78 21.14 8.86 2.29 2.68 0.75 | 0.98 0.79 0.01 0.13 0.069 | 115 49 | 11.4 | 99.86
LS5 Eg 83.06 7.23 1.82 0.38 0.44 0.9 2.16 0.8 0.07 0.02 0.01 <20 5 3.0 | 99.91
LS5 Eg/Btg 75.96 9.76 4.11 0.74 0.53 0.87 | 2.16 0.8 0.04 0.04 | 0.014 22 9 4.8 | 99.91
LS5 Btgl 74.71 10.48 3.78 0.86 0.58 0.85 | 2.27 0.82 0.05 0.03 0.015 28 11 5.4 | 99.89
LS5 2CBtg 64.74 12.93 7.38 1.34 0.91 0.74 1.8 1.35 0.13 0.14 | 0.034 84 16 8.3 | 99.85

Tab. B1Additional geochemical information of each horizon.
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Profile | Horizon| Ba Be Co Cs Ga Hf Nb Rb Sn Sr Ta Th U \% w Zr
LS1 Ap 447 5 7.5 2.6 7.5 143 | 136 | 84.4 2 91.1 1.3 9.8 2.5 59 1.7 533.2
LS1 AE 436 5 8.7 3.2 7.1 151 | 144 | 84.6 3 85.7 1.9 9.6 2.6 54 2.4 558.7
LS1 | 2Btgl/E| 464 7 6.8 4.2 10.2 | 124 | 16.4 | 97.3 3 85.1 1.0 10.6 2.5 69 2.0 517.7
LS1 | 2Btg2/E| 435 <1 7.8 6.3 10.8 | 10.7 | 146 | 101.1| 2 874 | 1.3 10.5 2.6 68 1.8 407.1
LS1 3BC 445 <1 9.0 35.1 14.3 54 8.1 | 167.8| 3 77.3 0.8 10.8 1.2 56 0.7 186.5
LS2 AE 365 <1 8.9 1.3 5.8 156 | 125 | 56.7 2 76.8 0.8 9.3 2.8 42 1.3 605.3
LS2 E 393 1 15.5 1.6 6.2 176 | 145 | 62.0 2 79.0 1.0 10.4 34 47 1.3 656.2
LS2 EB 438 <1 15.8 3.0 9.9 13.3 | 13.4 | 80.3 2 76.9 1.2 10.9 2.8 67 1.1 491.3
LS2 2Bt1 392 <1 225 3.7 104 | 128 | 126 | 829 2 74.7 0.8 12.0 3.0 76 29 487.6
LS2 2Bt2 373 2 24.3 3.5 9.6 11.1 | 11.6 | 78.3 2 70.4 1.0 11.2 2.9 73 1.9 421.0
LS2 3BC 328 2 47.2 35 9.2 7.6 10.5 | 70.2 2 59.5 0.9 8.5 2.2 74 2.6 292.6
LS3 ABw 366 <1 2.1 1.8 8.2 135 | 15.0 | 59.2 2 64.9 0.9 6.5 2.5 35 1.2 504.0
LS3 | Bwl (t) | 400 <1 3.0 1.4 6.0 135 | 13.3 | 58.4 2 69.9 1.1 7.0 2.4 38 1.2 521.7
LS3 2Bt 435 <1 3.4 1.7 7.8 13.4 | 13.6 | 67.0 2 72.4 1.0 8.0 2.7 38 1.6 509.5
LS3 2BC 414 <1 4.0 1.9 8.5 13.2 | 141 | 74.2 2 74.5 1.0 7.6 2.3 37 1.4 509.9
LS3 3BC 427 2 4.1 1.5 16.0 5.7 19.2 | 107.1| 4 63.0 2.2 7.9 2.8 33 1.3 200.4
LS3 3CR 419 <1 5.6 1.1 23.7 5.2 26.2 | 158.0| 6 53.2 3.1 16.5 3.5 35 1.1 152.8
LS4 AE 459 1 8.0 1.9 7.6 136 | 13.0 | 73.2 2 83.1 1.0 8.9 2.8 47 1.1 493.8
LS4 EB 439 1 7.7 2.7 9.0 118 | 12.6 | 75.7 2 79.8 0.7 8.3 2.6 55 15 457.0
LS4 2Btgl 361 2 22.4 1.6 15.1 3.3 4.4 43.8 <l | 56.6 0.5 5.7 2.8 98 1.1 118.7
LS4 2Btg2 311 3 23.3 1.7 12.2 2.6 5.6 61.7 1 61.2 0.6 9.4 2.5 67 2.4 84.8
LS4 2BC 431 6 68.3 1.3 16.8 2.0 5.3 61.6 1 80.3 0.6 5.5 4.2 102 4.8 50.6
LS4 2BC 423 90.0 0.9 17.2 1.3 3.1 30.7 <l | 645 0.2 3.0 5.0 89 4.4 39.9

(wedges
LS5 Eg 425 <1 3.0 1.8 6.9 13.0 | 151 | 89.1 2 83.2 1.1 7.5 2.1 52 1.7 481.5
LS5 | Eg/Btg | 403 <1 11.6 2.8 9.1 100 | 14.4 | 86.3 2 87.1 1.1 9.2 2.4 76 1.2 381.7
LS5 Btgl 446 1 14.0 3.1 104 | 12.0 | 154 | 76.9 2 93.8 1.0 10.0 2.5 75 1.1 432.2
LS5 2CBtg | 442 2 29.3 3.8 14.3 | 106 | 27.8 | 74.9 3 115.2| 1.6 9.9 2.9 141 1.6 403.5

Tab. C1: Measured Elements of each horizon.
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Profile| Horizon Y La Ce Pr Nd Sm Eu Gd Thb Dy Ho Er Tm Yb
LS1 Ap 26.4 | 29.7 66.6 7.07 27.0 4.68 0.81 435 | 0.70 4.15 0.86 2.55 0.45 3.01
LS1 AE 26.7 | 29.1 68.1 6.85 25.4 4,61 0.90 4,17 | 0.64 4,42 0.94 2.93 0.41 3.19
LS1 2Btgl/E 282 | 324 73.3 7.21 28.0 4,72 0.95 469 | 0.71 4,11 0.83 2.84 0.45 2.77
LS1 2Btg2/E | 25.3| 31.0 649 | 7.45| 26.9 5.10 0.91 455 | 0.71 | 4.69 0.93 2.87 0.37 2.98
LS1 3BC 240 | 27.2 55.3 6.14 23.3 3.80 0.78 3.96 | 0.59 3.73 0.83 2.69 0.35 2.39
LS2 AE 22.3 | 26.6 54.3 6.08 22.0 4.28 0.65 3.61 | 0.61 3.75 0.83 2.53 0.42 2.76
LS2 E 249 | 29.7 64.9 6.88 25.8 4.83 0.66 437 | 0.74 4,54 0.98 3.15 0.48 3.30
LS2 EB 27.2 | 29.7 69.8 6.92 254 4.48 0.78 456 | 0.74 4.18 1.01 3.08 0.47 3.31
LS2 2Bt1 26.8 | 33.8 77.7 8.15 30.7 5.48 0.99 5.17 | 0.84 4.78 1.04 3.27 0.49 3.25
LS2 2Bt2 27.7| 31.8 76.9 8.44 31.2 6.30 1.17 5.78 | 0.90 5.45 1.11 3.23 0.51 3.35
LS2 3BC 27.1 | 29.7 59.1 7.05 27.1 5.44 1.01 5.22 | 0.83 4.85 1.05 3.15 0.49 3.01
LS3 ABw 215 | 21.7 42.2 4.85 17.7 3.29 0.56 3.30 | 0.55 3.57 0.84 2.88 0.43 2.62
LS3 Bwl (1) 20.4| 215 45.4 4,79 16.9 3.41 0.57 3.13 | 0.53 3.40 0.77 2.42 0.39 2.70
LS3 2Bt 20.8 | 23.6 48.0 5.35 194 3.51 0.57 3.41 | 0.56 3.59 0.79 2.58 0.39 2.80
LS3 2BC 21.1| 234 50.0 5.11 18.0 3.65 0.54 3.30 | 0.56 3.34 0.78 2.56 0.41 2.72
LS3 3BC 24,1 | 22.7 48.4 4.81 16.9 3.50 0.52 3.68 | 0.60 3.73 0.94 2.72 0.40 2.57
LS3 3CR 32.8 | 34.3 70.3 6.91 24.4 5.29 0.79 5.16 | 0.90 5.45 1.21 3.76 0.53 3.59
LS4 AE 23.3| 26.6 55.6 5.78 21.4 4.00 0.65 3.82 | 0.63 3.87 0.90 2.75 0.42 2.87
LS4 EB 20.4 | 24.0 56.2 5.32 18.7 3.50 0.57 3.41 | 057 3.52 0.77 2.31 0.37 2.46
LS4 2Btgl 141 | 159 32.2 3.60 13.5 2.90 0.52 2.84 | 0.45 2.57 0.54 1.57 0.23 1.56
LS4 2Btg2 149 | 14.3 30.5 3.44 13.4 2.88 0.51 2.76 | 0.49 2.69 0.55 1.68 0.27 1.63
LS4 2BC 174 | 11.8 24.4 3.05 11.9 2.95 0.62 292 | 051 3.17 0.67 2.05 0.31 2.08
LS4 2BC 175 | 10.8 24.1 2.81 11.2 2.64 0.74 299 | 051 3.08 0.67 2.09 0.28 1.85

(wedges)
LS5 Eg 21.2 | 22.8 455 5.15 18.9 3.46 0.65 3.41 | 0.57 3.62 0.78 2.44 0.38 2.48
LS5 Eg/Btg 195 | 23.3 51.6 5.58 21.2 3.65 0.72 3.45 | 0.56 3.59 0.75 2.19 0.34 2.27
LS5 Btgl 242 | 29.6 60.1 6.66 25.9 4.39 0.92 4,36 | 0.68 4.41 0.87 2.73 0.43 2.67
LS5 2CBtg 33.8| 39.3 79.5 9.13 355 6.82 1.58 6.89 | 1.00 6.18 1.29 3.54 0.54 3.28

Tab. C2: Measured Elements of each horizon.
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Profile Horizon Lu | TOT/C| TOT/Y Mo Cu Pb Zn Ni As Cd | Sb| Ag Au Hg Tl Se
LS1 Ap 044 | 156 | 0.02| 03 | 128 | 196 | 41 | 144 | 7.7 | 0.2 | 03| <0.1 | <05 | 0.06 | 0.1 | <05
LS1 AE 048 | 1.28 |<0.02/ 0.3 | 106| 199 | 40 | 140| 79| 0.3 |0.2| <0.1 | <05 | 0.06 | 0.1 | <05
LS1 2Btgl/E | 050 | 0.26 | <0.02| 0.3 | 12.7| 136 | 39 | 192 | 76 | 0.1 | 0.1 | <0.1 1.0 0.02 | 0.2 | <0.5
LS1 2Btg2/E | 0.43 | 0.15 [<0.02| 0.3 | 134 | 13.7| 39 | 24.7| 85 |<0.1|/0.2| <0.1 | <0.5| 0.02 | 0.2 | <0.5
LS1 3BC 0.37 | 0.06 |<0.02| 0.6 | 146 | 193 | 41 | 220 | 95 | <0.1| 0.3 | <0.1 1.1 0.01 | 0.2 | <0.5
LS2 AE 0.46 | 2.09 | <0.02| 0.2 50 | 19.2 | 22 | 595 | 52 | 0.2 | 0.2] <0.1 1.0 0.04 | <0.1| <05
LS2 E 051 | 0.69 |<0.02, 0.7 86 | 106 | 28 | 96.7 | 41 | <0.1| 0.1 | <0.1 15 0.02 | <0.1| <0.5
LS2 EB 050 | 054 |<0.02| 0.2 | 11.7] 111 | 36 | 942 | 6.6 | 0.1 | 0.2| <0.1 1.3 0.03 | 0.1 | <0.5
LS2 2Bt1 048 | 055 |<0.02| 03 | 17.2| 124 | 38 |1714| 75 | <0.1|0.1| <0.1 3.7 0.04 | 0.1 | <05
LS2 2Bt2 0.52 | 0.40 | <0.02| 0.2 | 204 | 122 | 43 | 2549| 74 | 01 | 0.1| <01 2.7 0.04 | 0.1 2.0
LS2 3BC 0.45 | 0.53 |<0.02| 04 | 20.2| 102 | 30 |689.4| 56 | 0.1 | 0.2| <0.1 0.8 0.05 | 0.1 0.6
LS3 ABw 043 | 354 | 0.02| 0.7 49 | 289 | 13 35 | 68| 0.2 |04 <01 0.6 0.06 | <0.1| <0.5
LS3 Bwl(t) | 043 | 1.04 | <0.02| 0.3 3.6 8.8 18 42 | 32 |<01|01| <01 | <05 | 0.04 | <0.1| <05
LS3 2Bt 0.44 | 0.75 | <0.02| 0.2 6.5 7.2 18 59 | 33 | <0.1|01| <0.1 | <05 | 0.05 |<0.1| 0.8
LS3 2BC 0.44 | 0.33 | <0.02| 0.7 9.3 6.0 20 81 | 29 | <0.1(<0.1] <0.1 | <05 | 0.04 | <0.1| <05
LS3 3BC 0.39 | 0.27 | <0.02| 0.2 8.5 4.4 35 55 | 33 | <01[01| <0.1 | <05 | 0.02 |<0.1| <05
LS3 3CR 0.51 | 0.26 | <0.02| 05 9.3 5.1 54 44 | 3.0 | <0.1|<0.1/ <0.1 | <05 | 0.02 | <0.1| <0.5
LS4 AE 0.47 | 1.14 | <0.02| 05 | 106 | 27.7 | 35 | 104 | 55| 0.2 | 0.3| <0.1 0.8 0.07 | 0.1 0.6
LS4 EB 040 | 055 |<0.02/ 04 | 134 | 107 | 30 | 127 | 48 | 0.1 |0.2| <0.1 | <05 | 0.04 | <0.1| <05
LS4 2Btgl 0.21 | 056 |<0.02| 0.2 | 29.7| 6.0 27 | 319 | 46 | <0.1|01]| <0.1 15 0.04 | <0.1| <0.5
LS4 2Btg2 0.25 | 0.30 | <0.02| 0.3 | 186 | 6.7 21 | 165 | 44 | 0.1 |<0.1] <0.1 0.9 0.04 | <0.1| <0.5
LS4 2BC 032 | 046 |<0.02/ 04 | 281| 7.6 23 | 201 | 51 | 0.2 [<0.1] <0.1 0.8 0.11 | <0.1| 05
LS4 2BC 0.29 | 056 |<0.02/ 0.1 | 38.1| 6.4 27 | 314 | 33 | 0.2 |<0.1] <0.1 1.3 0.10 | <0.1| <05
(wedges)
LS5 Eg 0.40 | 0.63 | <0.02| 0.3 3.5 8.7 17 59 | 27 | 0.1 |<0.1] <0.1 2.0 0.03 | <0.1| <05
LS5 Eg/Btg | 0.37 | 0.39 | <0.02| 0.3 99 | 123 | 38 | 157 | 6.4 | 0.1 | 0.2| <0.1 1.0 0.04 | 0.1 | <05
LS5 Btgl 0.40 | 0.23 | <0.02| 0.1 | 115| 108 | 28 | 203 | 35| <0.1|0.1| <01 1.7 0.04 | 0.1 | <05
LS5 2CBtg | 051 | 0.33 | <0.02| 04 | 23.0| 134 | 48 | 683 | 6.8 | <0.1|0.2| <0.1 3.4 0.15 | 0.1 0.5

Tab. C3: Measured Elements of each horizon.
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LS1-AELS1-AE [LS1- |LS1- LS1- |LS1-3B{LS2-E [LS2-E |LS2- [LS2- |LS2- ([LS2-2B(LS3-BWLS3-Bw
Profile/horizon 2BgE |2BgE |3BC 2Bt1 |2Btl 2BC

No. percent-{No. percent-No. percen4{No. percent-|No. percentiNo. percent-{No. percent

Grains|age Grains |age Grains|tage |Grains |age Grains|age Grains |age Grains |age
Al2SiO5 0 0.0 3 2.2 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Albite 0 0.0 0 0.0 3 1.4 0 0.0 0 0.0 0 0.0 0 0.0
Amphibole 5 2.6 10 7.2 0 0.0 22 10.0 13 5.6 0 0.0 6 2.9
Apatite 2 1.1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Biotite 4 2.1 3 2.2 7 3.3 0 0.0 0 0.0 0 0.0 0 0.0
Chlorite 2 1.1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Chrysotile 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Epidote-groupe 4 2.1 6 4.3 0 0.0 8 3.7 7 3.0 10 4.9 12 5.7
Fe-oxide 58 30.5 37 26.8 714 33.2 7 3.2 3 1.3 11 5.4 71 34.0
Garnet 17 8.9 14 10.1 0 0.0 13 5.9 5 2.2 8 3.9 14 6.7|
IImenite 23 12.1 13 9.4 46 21.5 3 1.4 5 2.2 16 7.8 35 16.7
Magnesiochromite
& Magnetite 33 17.4 20 14.5 35 16.4 152 69.4 169 73.2 137 66.8 27 12.9
Monazite 2 1.1 1 0.7 3 1.4 0 0.0 2 0.9 2 1.0 6 2.9
Olivine & Pyroxene 0 0.0 0 0.0 0.0 8 3.7 19 8.2 13 6.3] 2 1.0
Pumpellyite 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Rutile 24 12.6 19 13.8 18 8.4 3 1.4 3 1.3 4 2.0 20 9.6
Spinel 0 0.0 0 0.0 0.0 0.0 0.0 0 0.0 0 0.0
Staurolite 1 0.5 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1 0.5
Titanite 0 0.0 2 1.4 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Tourmaline 3 1.6 5 3.6 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Ulvospinel 0 0.0 2 1.4 15 7.0 0 0.0 0 0.0 0 0.0 0 0.0
Xenotime 0 0.0 0 0.0 4 1.9 0 0.0 0 0.0 0 0.0 1 0.5
Zircon 5 2.6 3 2.2 11 5.1 0 0.0 1 0.4 3 1.5 14 6.7
Zoisite 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
other 7 3.7 0 0.0 1 0.5 3 1.4 4 1.7 1 0.5 0 0.0
Total 190 100 138 100 214 100 219 100 231 100 205 100 209 100

Tab. D1: Counteldleavy minerafrainsand resulting percentages of the SEM measurements for LS1, LS2 and LS3.
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LS3- [LS3-2BQLS3- |[LS3-3B(LS4-AE([LS4-AE |LS4- |LS4-2Btgll.S4- |(LS4-2B(LS5-AeglLS5-BtgllS5-BCq
Profile/horizon 2BC 3BC 2Btgl 2BC

No. percent-|No. percent{No. percent-|No. percen- [No. percent-{percent-| percent-(percent-

Grains |age Grains|age Grains |age Grains |age Grains |age age age age
AI2SiO5 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0 0
Albite 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0 0
Amphibole 0 0.0 0 0.0 58 29.1 63 29.3 46 22.2 18 15 11
Apatite 0 0.0 0 0.0 2 1.0 0 0.0 0 0.0 0 0 0
Biotite 2 0.9 41 18.0 3 1.5 0 0.0 0 0.0 0 0 0
Chlorite 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0 0
Chrysaotile 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0 0
Epidote-groupe 15 6.8 0 0.0 0 0.0 102 47.4 116 56.0 23 16 9
Fe-oxide 52 23.7 18 7.9 14 7.0 3 1.4 7 3.4 2 5 3
Garnet 7 3.2 0 0.0 12 6.0 3 1.4 2 1.0 0 0 0
lImenite 40 18.3 3 1.3 20 10.1 20 9.3 16 7.7 11 12 11
Magnesiochromite
& Magnetite 9 4.1 0 0.0 55 27.6 9 4.2 4 1.9 0 0 0
Monazite 8 3.7 8 3.5 4 2.0 0 0.0 1 0.5 1 2 1
Olivine & Pyroxene 0.0 0 0.0 5 2.5 0 0.0 5 2.4 5 7 18
Pumpellyite 0 0.0 0 0.0 0 0.0 0 0.0 2 1.0 10 10 12
Rutile 69 315 152 66.7 10 5.0 3 1.4 2 1.0 18 6 5
Spinel 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 2 0 1
Staurolite 7 3.2 0 0.0 1 0.5 0 0.0 0 0.0 0 1 1
Titanite 0 0.0 0 0.0 2 1.0 0 0.0 0 0.0 3 9 0
Tourmaline 0 0.0 0 0.0 2 1.0 2 0.9 2 1.0 0 0 0
Ulvospinel 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 5 12 25
Xenotime 0 0.0 5 2.2 0 0.0 1 0.5 0 0.0 1 0 0
Zircon 9 4.1 0 0.0 9 4.5 7 3.3 0 0.0 3 5 2
Zoisite 0 0.0 0 0.0 0 0.0 0 0.0 3 1.4 0 0 0
other 1 0.5 1 0.4 2 1.0 2 0.9 1 0.5 2 1 3
Total 219 100 228 100 199 100 215 100 207 100 104 101 102

Tab. D2: Counted heavy mineral grains and resulting percentages of the SEM measurements for LS3, LS4 and LS5.
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Sample # 1 1 2 2 3 3 4 4 5 5 6 6 7 7
[%%] [Ynorm] ([%0] [Ynorm] {[%0] [Ynorm] [[%0] [Yanorm] ([%0] [Ynorm] |[%] [Yanorm] ([%0] [Ynorm]
Quartz 96.3 58.3 99.7 53.4 194.8 35. 104.9 59.2 172.1 52.§ 98.4 53.3 276.C 39.6
Plagioclase 4.6 2.8 3.5 1.9 170 3.1 3.9 2.2 13.1 4.0 4.8 2.6 16.0 2.3
Orthoclase 7.0 4.3 6.7 3.6 30.9 5.6 6.6 3.7 14.1 4.3 5.7 3.1 19.2 2.8
Amphibole 5.5 3.3 4.5 2.4 18.8 3.4 4.7 2.7 5.2 1.6 6.2 3.3 17.1 2.5
Biotite 4.0 2.4 4.0 2.2 22.6 4.1 4.8 2.7 8.8 2.7 5.3 2.9 22.5 3.2
Muscovite 13.4 8.1 15.2 8.2l 87.8 16.0 15.6 8.8 33.8 10.4 23.8 12.9 102.7 14.7
Magnetite 5.6 3.4 5.7 3.0 50.3 9.2 6.8 3.8 154 4.7 6.8 3.7 38.1 5.5
[Imenite 3.2 2.0 2.7 1.4 18.3 3.3 2.4 1.4 5.4 1.7 3.3 1.8 14.1 2.0
Rutile 4.5 2.7 6.8 3.6 229 4.2 4.6 2.6 16.1 4.9 6.4 3.5 17.2 2.5
Garnet 4.3 2.6 3.8 2.1 6.2 1.1 4.1 2.3 5.5 1.7 2.6 1.4 14.3 2.0
Kaolinite 9.7 59 10.7 57 17.9 3.3 12.1 6.8 27.6 8.5 10.0 54 97.1 13.9
Chlorite 7.0 4.3 0.0 0.00 13.9 2.5 6.8 3.8 8.9 2.7 4.1 2.2 24.8 3.6
Epidote 0.0 0.0 1.8 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Titanite 0.0 0.0 6.3 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kyanite 0.0 0.0 4.5 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zircon 0.0 0.0 11.0 5.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 37.2 5.3
Albite 0.0 0.0 0.0 0.0 12.3 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ulvospinel 0.0 0.0 0.0 0.0 33.3 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Olivine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2 3.9 0.0 0.0
Total 165.3 100.q 186.7 100.d 547.¢ 100.q 177.4 100.9 326. Q' 100.0 184.4 100.0 696.4 100.C

Tab. F6Detailed table for XRPplots showing percentages and normative percentages of the investigated minerals.
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Sample # 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15
[%] [Yonorm] |[%]  |[Ynorm] [[%] [Yonorm] |[%0] [Yonorm] |[%0] [Yonorm] [[%] [Yonorm] |[%0] [Yonorm] |[%0] [Yonorm]
Quartz 109.7 63.2 101.3 64.2 100.6 28.5 160.G 51.2 296.3 453 96.7 57.4 206.1 47.4 194.8 40.3
Plagioclasg 4.0 23 3.7 23 15.6 4.4 9.8 3.1 11.9 1.8 4.9 29 18.1 4.2 175 3.6
Orthoclase 6.4 3.7 438 3.1 130 3.7 14.3 4.6 14.2 2.2 6.8 4.0 209 4.8 21.3 4.4
Amphibole 5.1 3.0 23 1.4 6.8 1.9 6.1 1.9 12.2 1.9 6.2 3.7 10.4 24 114 2.4
Biotite 3.3 19 13 0.8 11.6 3.3 7.2 2.3 11.0 1.7 4.6 2.7 23.0 53 24.1 5.0
Muscovite 12.2 7.0 9.2 5.8 44.2 12.54 19.5 6.2 51.7 7.9 4.4 2.6/ 30.8 7.1 54.0 11.2
Magnetite 5.9 34 35 2.2 16.9 4.8 9.9 3.2 311 4.7 5.6 3.3 19.2 4.4 218 4.5
[Imenite 2.4 1.4 19 1.2 5.5 1.5 4.2 1.3 7.4 1.1 1.3 0.8 8.5 2.0 7.9 1.6
Rutile 6.3 3.6 4.3 2.7 11.8 3.3 13.9 4.4  13.2 2.0 7.1 421 21.5 4.9 16.6 3.4
Garnet 3.5 20 1.0 0.6 8.3 2.4 6.1 2.0 8.0 1.2 2.6 1.5 11.1 2.6 27.0 5.6
Kaolinite 10.6 6.1 20.4 12.9 109.8 3114 417 13.3 1710 26.1 19.8 11.§ 53.8 12.4 754 15.6
Chlorite 4.4 25 43 2.7, 9.0 2.5 8.5 2.7 14.8 2.3 8.4 5.0 11.3 2.6 118 2.4
Epidote 0.0 0.0 0.0 0.0 0.0 0.0 11.5 3.7 11.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0
Titanite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kyanite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zircon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Albite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ulvospinel 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Olivine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 173.7 100.9 1579 100.d 3529 100.d 3124 100.0 6545 100.0 1684 100.Q 4347 100. 483.4 100.0

Tab. F7: Detailed tabfer XRDBplots showing percentages and normative percentages of the investigated minerals.
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Fig. G2: XRplots from4.2c H ‘ 154} H6r the 3BC horizon of LS1 and the E horizon of LS2.
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Fig. G5: XRplots from4.2c H * 15di Hfor the 3BC horizon of LS3 and the AE horizon of LS4.
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Fig. G6: XRplots from4.2c H ‘ 154} Hfér the 2Btgl and the 2BC horizons of LS4.
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