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Abstract (English)

Since the last deglaciation the European Alps have experienced several phases of human
colonisation from different directions and societies. However, the interaction of climate, human
impact and environment is still not fully understood in this high moimtagion. In particular,
information on the time and scale of human impact in the northern Central Alps (NCA) during
the Holocene is missing. This study fills this gap by using geochemical, pollen and radiocarbon
analyses in comparison to regional archiagical and historical data. Mires in three areas of the
NCA were selected as study sites: Kleinwalser Valley (Vorarlberg, Austria), Piller Mire (Tyrol,
Austria) and upper Fimba Valley (Grisons, Switzerlaitdptedin an altitudinal rangef 1100

to 2400 m a.s.l.

These mires were cored and analysed. The use of geochemical proxies (lithogenic elements,
trace metals) in peat is a walktablished method to detect mineral input, erosion or
metallurgical activities. Despite an advantage of a fast sam@paration and measurement,
applying portable »RayFluorescence analysis (pXRF) on mountain mires is an uncommon
approach, mainly due to limitations by low count rates, matrix effects or lacking calibrations for
organic materials. By calibrating pXREwmeasurements of quantitative Inductively Coupled
Plasma; Mass Spectrometry (IGRS), these issues could be overcome, showing that, Ti, Pb, Sr,
Zn, K, S, Fe, V, Zr, arid some extent Rb, Ca and Mn, can be successfully calibrated and used

as palaeoavironmental proxies in peat. Thepeoxiesallow the following conclusions:

At high elevations, periglacial processes influence the deposition processes in the mires. Around
8200 and in the late'7Tmillennium BP, wetter and colder climate conditions @ikin the region.

The earliest land use is recorded in the Kleinwalser Valley around 5500 cal BP, with fire clearings,
pastoralism and hints at previously undetected regional metallurgy. Just before the Bronze Age
(c. 4300 cal BP), centuries before miningjricts in the Eastern Alps boomed, metallurgy around

the Piller Mire is detected. The possibly strongest human land use in prehistoric times affects all
sites from the Mid to Late Bronze Age (358@00 cal BP), as shown by elevated erosion and
signifiant landscape alteratiorg from forests to agrepastoral systems. Potential metal
enrichments are, however, masked by high mineral inputs. This period is followed by a phase of
lower land use, reaching well into the laR®man period2800 cal BP to 250 IceE)However,
astrong Pb enrichment factor (Pb EF) in the Kleinwalser Valley is recorded around 2700 cal BP.
Human impact increases in nortlrestern Tyrol around 2400 cal BP. Periods of mining and
metallurgy are indicated by increased Pb EF in all duesgthe Roman Empiréut alsoright

after its collapse. Intensive human activities rise again with the fading Roman power after 250



cal CE in the Kleinwalser Valley but are interrupted by a climate deterioration after 500 cal CE
(Late Antique Little 2 Age). At the sites in higher elevations, land use intensification does not
take place before the High Middle Ages and is accompanied by rising Pb EF, indicating mining
activities after 1000 cal CE. While Pb EF keeps rising due to mining, industralisatieaded

fuel until 1980 cal CE, fluctuating human impact (deforestation, pasture management, drainage)
can be linked ta varying impact of climatic, cultural and demographic factors. Over the last
century, growing tourism and infrastructure constriget increase erosion, but land use change

leads to a recovery of the studied mires in Kleinwalser Valley and Tyrol.

The results of this study add a new dimension to archaeological and historical data, by showing
the wider extent of human land use aiii$ links to climate. Moreover, previously unknown
periods of prehistoric mining or metallurgy in the NCA are revealed, encouraging further

interdisciplinary research.

Abstract (Francais)

Les Alpes européennes ont connu plusieurs phases de colonisation humaine. Cependant,
l'interactionentre climat etimpactshumairs surl'environnement dans le passé n'est pas encore
totalement comprise dans cette région de haute montaghexiste notamment utmangque de
connaissances sua chronologieet I'ampleur desimpactshumairs dans les Alpes centrales du

nord (ACN) pendant I'Hotene, que cette étude comble en utilisant des analyses géochimiques,
de palynologique®t dedatation radiocarboneomparéesavec des données archéologiques et
historiques régionales. Des tourbiéres dans trois sectegs®\@N ont été choisies comme sites
d'étude: Petite Vallée déWalser PVAAutriche), Tourbiére Piller TP,Autriche) vallée de Fimba
(VF,Suisse)

Lagéochime de séquences de tourbest une méthode bien établie pour détecter les apports
minéraux, I'érosion ou les activités métallurgiguEapplication de l'analyse par fluorescence
des rayons X portabi@XRF}¥ur les tourbiéres de montagne reste une approche peu courante,
principalement en raison des limitations dues émites de détectionaux effets de matrice ou

a l'absence de cdliation. En étalonnantd pXRF a I'aide de mesures de spectrométrie de masse
a plasma a couplage inductif (HOFS),cette étude montre que Ti, Pb, Sr, Zn, K, S, Fe, V, Zr et,

dans une certaine m&ure Rb, Ca et Mn, peuvent étre étalonnés dans la tourbe.

A haute altitude, les processus périglaciaires influencent les processus de dépodt dans les

tourbieres. Vers 8200 €300calBP, les conditions climatiques sont plus froidehumides La



premiere utilisation du sol a été enregistrée dansH®Avers 5500cal BP, avec déa
déforestation du pastoralisme et designesRude métallurgie régionale® dza Ij dzQ - 2 NA
détectée Juste avant I'dge du bronze (environ 48@0BR, des siecles avant I'essor des régions
miniéres des Alpes de I'Est, la métallurgie amtia TPest doncdétectée. L'utilisation des sols

par 'homme, probablement la plus forte de la préhistoire, affecte tous lesRi@sS i altRyS &

du bronze (35068000 cal BP), comme le montrent I'érosion élevée et la modification
significative du paysge - de la forét aux systéemes agpastoraux. Lesfacteurs
Redrichissements en métaugPb EF)sont toutefois masqués par des apports élevés en
minéraux. Cette période est suivie d'une phase d'utilisation plus faiblealsjsisqu'a I'époque
romaine. Undrt Pb EF dans RVWest cependant enregistré autour de 2700 cal BP et I'impact
humain augmenteutour de la TRers2400 cal BP. L'exploitation miniére romaine est indiquée

par une augmentation déb EF dans toutes les tourbieres. Les activités humaitexssives
reprennent avec le déclin de la puissance romaine apres 25CHE@ddns laPVW mais sont
interrompues par une détérioration du climat aprés 500 €&l Sur les sites situés en altitude

plus hauts l'intensification de I'utilisation desolsn'a pas lieu avant le haut Moyen Age (1000
calCH et s'accompagne d'une augmentation du Pb EF. Alors que le Pb EF continue d'augmenter
en raison de I'exploitation miniére, de l'industrialisation etsdessences plombéggsqu'en

1980, les fluctuations de tipact humain (défrichements, paturages, drainage) peuvent étre
lites a des facteurs climatiques, culturels et démographiques variables. Au cours du siécle
dernier, la croissance du tourisme et la construction d'infrastructargsaugmenté I'érosion,

mais le changement dtcupationdessolsa entrainé une rgénérationdes tourbiéres étudiées.

Les résultats de cette étude ajoutent une nouvelle dimension aux données archéologiques et
historiques, en montrant I'étendue plus large ddtilisation humaine desolset les liens avec

le climat. De plus, des périodds métallurgie préhistoriquesisquela inconnuesdans €sACN

sont révélées, ce qui encourage la poursuite des recherdhiesdisciplinaires associant

archéologie, paléobainique et géochimie environnementale

Abstract (German)

Seit dem Ende der letzten Eiszeit haben die europaischen Alpen mehhaserP der
menschlichen Kolonisation erlebt. Allerdings sind fir diese Gebirgsregion die Wechselwirkungen
von Klima, menschlichem Einfluss und Umwelt noch nicht vollstdndig geklart. Insbesondere das
Wissen uber die Zeitpunkte und AusmalRe der menschlichewitkungen in den ndrdlichen

Zentralalpen (NZA) wahrend des Holozans ist noch mangelhaft. Mit Hilfe von Geog¢hemie



Poller und Radiokohlenstoffanalysen und deren Vergleich mit regionalen arch&ologischen und
historischen Daten soll diese Arbeit zur Ausfidj dieser Licken beitragen. Dazu wurden
Bergmoore in drei Untersuchungsgebieten der NZA ausgewahlt: Kleinwalsertal (Vorarlberg,

Osterreich), Piller Moor (Tirol, Osterreich) und oberes Fimbatal (Graubiinden, Schweiz).

Aus diesen Mooren wurden Proben entnorem und untersucht. Die Verwendung
geochemischer Prgs (lithogene Elemente, Spurenmetalle) in Torfen ist dabei eine etablierte
Methode zum Nachweis von Mineraleintrag, Erosion oder metallurgischen Aktivitaten. Trotz der
Vorteile einer schnellen Probenvongitung und Messung ist der Einsatz der tragbaren
Rontgenfluoreszenzanalyse (pXRF) insbesondere fir Moore selten: aufgrund von
Einschrankungen durch niedrige Zahiraten, Matrixeffekte oder fehlende Kalibrierungen fir
organische Materialien. Durch die Kaidsung der pXRF mit Messungen der quantitativen
aLyRdzZl A @ 35 1a2lLaaST yiiaSLyS 1t it NBay YahinieTdi€sés Péohlémt gelost
werden. Diese Studie zeigt, dass Ti, Pb, Sr, Zn, K, S, Fe, V; Zumndeil- Rb, Ca und Mn
erfolgreich kalibriert vwerden und als paldodkologische Pysxin Torf verwendet werden

konnen. Diese Prgs lassen folgende Schlusse zu:

In hohen Lagen beeinflussen periglaziale Prozesse die Depositionsprozesse in den Mooren. Um
8200 und im spaten 7. Jahrtausend cal BP herrséhgchtere und kaltere Klimabedingungen

im Untersuchungsgebiet. Die frilheste Landnutzung ist im Kleinwalsertal um 5500 cal BP zu
verzeichnen, mit Brandrodungen, Viehzucht und Hinweisen auf bisher unentdeckte regionale
Metallurgie. Kurz vor der Bronzezeita(c4300 cal BP), Jahrhunderte vor dem Boom der
Bergbaugebiete in den Ostalpen, sind metallurgische Spuren um das Piller Moor nachweisbar.
Die mdoglicherweise umfassendste préhistorische menschliche Landnutzung betrifft alle
Standorte von der mittleren bisue spaten Bronzezeit (3568000 cal BP) in Form erhohter
Erosion und erheblicher Landschaftsveranderungean Wald zur Weidelandschaft. Mdgliche
Metallanreicherungen werden jedoch durch hohe Mineralstoffeintrége tUberdeckt. Dieser Zeit
folgt eine Phaseagingerer Landnutzung, die bis weit in die romische Zeit reicht (2800 cal BP bis
250 cal CE). Im Kleinwalsertal wird jedoch um 2700 cal BP eine erhthte Bleianreicherung
sichtbar, wahrend in Nordwesttirol eine Zunahme des menschlichen Einflusses um 2860 cal
registriert wird. Der weit verbreitete rémische Bergbau wird durch einen erhdhten
Bleianreicherungsfaktor (Pb EF) in allen untersuchten Mooren angezeigt. Eine kurze Zeit
regionaler Bergbauaktivitdten scheint auch unmittelbar nach dem Zusammenbruch des
Romischen Reiches stattgefunden zu haben. Intensivere menschliche Aktivitaten beginnen ab
ca. 250 cal CE mit dem Verfall Romischer Macht im Kleinwalsertal, werden aber durch eine
Klimaverschlechterung nach 500 cal CE unterbrochen. An den hdher geleganeiortn

findet die Intensivierung der Landnutzung erst im Hochmittelalter (ca. 1000 cal CE) statt. Ein



steigender Pb EF deutet auRerdem auf starker werdende Bergbauaktivitdten hin. Wahrend der
Pb EF aufgrund von Bergbau, Industrialisierung und verbld&remnstoff bis 1980 cal CE weiter
ansteigt, konnen menschliche Eingriffe in die Landschaft (Rodungen, Weidemanagement,
Entwasserung) mit unterschiedlichen Auswirkungen klimatischer, kultureller und
demografischer Faktoren verbunden werden. Im Laufe degdetJahrhunderts verstarken
wachsender Tourismusind Infrastrukturbau die Erosion, doch eine veranderte Landnutzung

fuhrte schlussendlich zu einer Erholung der untersuchten Moore im Kleinwalsertal und in Tirol.

Die Ergebnisse der vorgelegten Studie eibdn den archaologischen und historischen Daten
eine neue Dimension, indem sie das Ausmaf} der menschlichen Landnutzung und dessen
Verbindungen zum Klima zeigen. Daruber hinaus werden bisher unbekannte Perioden des

prahistorischen Bergbaus oder der Metadjie in den NZA aufgedeckt.
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Introduction

1 Introduction

When the ice caps of the last glacial maximum disappearsgetation and gamevere
returning. HImans began to repopulate and use a landscape hiadfpreviouslybeenbarren or
inaccessibldor thousands of yearsStill today, high mountain areas like the Central Alps are
harsh environments with extreme conditions for lilghe onset ohuman activity on higilpine
passes, slopes, and valleys for travelling, trade, hur(limgtiner, 2015) agriculture, seamal
pastoralism(Oeggl, 2015nd dairy productioriReitmaier et al., 2018dr mining and metallurgy

(e.g. Stollner and Oeggl, 201iS)not yet fully understood. The impact radii of humans were
fAYAGSR o0& aSyardigsS OtAYFrdiS FSSRolkOla FyR (K
periods of colonisatin or occupation climaxes did not happen contemporaneously and
originated from different regions and culturés.g. Carcaillet, 1998; Gulisano, 1996tskhera

et al., 2014; Oeggl and Nicolussi, 2009; Reitmaier, 2012; Vorren et al., /998 gional climate
conditions led to a half nomadic lifestyle or transhumance, which was and still is the basis for
seasonal livestock management systems in ti@pean AlpgReitmaier, 2017; Reitmaier et al.,
2018) Archaeological evidence for this ephemeral presence is, however, difficult to detect and
one of the reasons why there is no consistent narrative for the European Afas $toreover,

strong erosive forces of ice and water are responsible for a general scarcity of suitable
palaeoenvironmental archives and archaeological sites in high mountain areas. Single
archaeological finds and historical documentation cannot prova®iouous information and

may bias interpretations towards separate findingsy approach to reconstruct the history of
land use has to be put together piece by piece, region by region and valley by valley from lowland
to summit. In particular, the compterelationships between humans and the development of
environmental and climatic conditions on local or regional scales still need detailed
investigation.Gaps need to be closed by research on various continuous palaeoenvironmental

archives, such as lakegaciers or mires.

Climate, environment and human impact in the Central Alps are variables in a complex system
that can interact in intricate ways. Reconstructing their past and recent development is
important to better understand such systems, also tegare for future changesoncerning
disaster management, infrastructure, agriculture, forestry .efthus, getting a better
understandingrequires some background knowledge on the involved factors (the Alps, area,
climate, land use) as well as on the arelsipeat) and tools (methods) that are available to
gather information about the past. Hence, they will be introduced in the following chapter after

defining the main research questions of this work.
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1.1 Aims and key questions of this study

Mires in the Cemal Alps are hardly used as a palaeoenvironmental archive when it comes to
the application of geochemical methodSompared to lowland mires, mountain peatlands are
more heterogeneous and complex systems. They are dependegeology, geomorphology,
altitude, exposition and climate, all of which are controlling hydrology, trophic state,
evapotranspiration and thus vegetatippeat growth and accumulation rates. Exploiting peat
sediment cores from mountain mires as palaeoenvironmental archives therefore needs to
consider many possible factors. As detailed geochemical studies have not been conducted so far
on any mires in the igion, it is yet unknown how human or climatic impact would be reflected

in the samples. One of the aims of this work is, therefore, the detection of potential geochemical
signals in peat cores that can be used as proxies for erosion, mining, metallerggronmental
feedback. They can, thus, shed light on the interactions of climate, environment and human
impact on a local and regional scale in heterogeneous, elevated landscapes like the Alps. To
address this heterogeneity, this approach is applied ardtdifferent study areas at different
elevations in thenorthern Central Alpg¢Figurel): the Kleinwalser Valley (Vorarlberg, Austria
chapter4), the Piller Mire (Tyrol, Austriachapter5) and the upper Fimba Valley (Canton of

Grisons, Switzerlangichapter6).

The KleinwalseValley is both rural and touristic and a geographical gateway to the northern
Alpine ForelandBy the presence of farms, roads and villages in the centre of the valley and by
centuries of human activities, prehistoric traces were possibly overprinteteider, a few
archaeological sites on the slopes outlived these transformations. The Piller Mire and the Fimba
Valley are both located deeper within the Central Alps and further away from farms and
settlements, however, prehistoric sites of particular imjamrce exist there as well. Nonetheless,

the histories of all the presented study areas are quite reduced to the last few centuries and
little is known about the extent of human impact on the landscape beforé ttte Middle Ages

a research gap that thigugly is aiming to fill. It also aims at finding out if and how past human
activity was recorded in local mires. Since and until when have humans been present and is there
more information than archaeology and pollen could provide? What was the magnituleiof

impact on environment and landscape, how was it triggered and what was the role of climate?

These research questions are related, but different when it comes to the local characteristics of
the individual areas and sites and what is known aboutrtteready. One of the overarching
main criteria for the selection of the studied mire sites was their vicinity to either existing
archaeological sites or the availability of other complementing data. The three sites cover

different levels of altitude to gature effects that could be dependent on elevation. Investigating
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these spatially separated areas within a wider region allows, to some extent, to differentiate
which of the recorded signals are local and independent of each other, and which could de linke
by regional developments (e.g. climate) and impacts of e.g. population peaks. Furthermore, the
proximity to former ore minesHigure 1) helps to resolve questions on the existence of

prehistoric mining or metallurgy in the region.

One of the basic requirements to be able to answer these questions is an efficient and reliable
method to analyse the geochemistry in peat samples. Therefore, the rarely used application of
a portable Xray fluorescence (pXRF) on peat samples is critically assessed within this study. The
semiquantitative pXRF results are calibrated element by elemeging certified reference
materials (CRM) and peat samples from the study areas, which are megsaakelly by
Inductively Coupled Plasma Mass Spectrometry or Optical Emission Spectrometry- (ICP
MS/OES). This approach allows listing elements thatqaamntifiable in peat by pXRF and
evaluating where the limitations of pXRF are within this study. Further analyses include direct
XRFcorescanning, Carbon (C) and Nitrogen (N) analyses as well as pollen analysis. A
chronological framework is provided byayesian agelepth modelling of radiocarbon dates.

This enables careful interpretation of the acquired data and comparison to other studies from
connected disciplines like climatology, archaeology, palynology, dendrochronology and
historical sources. Is théata from the mires, for example the geochemistry, showing signals
contemporaneous with archaeological findings or pollen? What was behind these signals:
human activities or climate? Ultimately, the results assess the significance of the geochemical
data in these mountain mires and their potential use as palaeoenvironmental proxies to
eventually draw conclusions about the development of climate, human impact and

environmental conditions in these three study areas of tioethern Central Alps
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2 Studyarea and background information
2.1 Geology andeography

The Alps are the highest and largest mountain range in Europe in terms of elevation, going up
to 4800 m a.s.] but also in terms of area, covering almost 191,000 km?2. Along the approximately
1000 km loig alpine main ridge, they are often subdivided into Western and Eastern Alps. They
are shared at least partly between eight countries: Austria, France, Germany, Italy,
Liechtenstein, Monaco, Slovenia and Switzerland. The focus of this istodythe northern
Central Alpsthe area amidst the eastern and western part, from the Alpine Rhine Valley to the
Zugspitze pealyntil the Alpine Dividén the south i.e. the main Alpine Ridge. All precipitation

and meltwater are collected within four different watdrsds and end up in either the Rhine

(Northwest), Danube (Northeast), Rhéne (Southwest) or Po (South).

In terms of geology he orogenesis of the mountain range started at the end of the Cretaceous,
due to the colliding plates of the African and Europeantiment, although the main phase of
uplift occurred around 30 million years ago. As a result of the complex collision tectonics, the
geology of the Alps is very complex. The main geological units are the Helvetic, Penninic, Eastern
and Southern Alpine Nges (Fitzsimons and Veit, 2001¢0ing from north to south in the
central part of the Alps, the Helvetic Nappes (Mesozoic to Trgrs&dimentary rock) are
followed by Penninic Flysch, and then by the Eastern Alpine or Austroalpine N&smésgical
Survey of Austria, 2013) he latter are divided into the prominent Northern Limestone Alps and

to the south of it, the Eastern Alpine Crystalline, consisting of metamorphic rock like Schist and
Gneiss(Egger et al., 1999Recurring large glations over the Quaternary period strongly
shaped the Alps into their modern for(fitzsimons and Veit, 2001)

The three study agas Figurel) are distributed over three consecutive altitudinal zones:

1. Kleinwalser Valley (Austria, 120000 m a.s.l.) in the montane zone
2. Piller Mire (Austria, 1550 m a.s.l.) in the subalpine zone

3. upperFimbaValley (Switzerland, 2400 m a.s.l.) in the alpine zone

They are all north of the Alpine main ridge, which is one of the few common feaflines.
Kleinwalser Valleys the northernmost site angharesarts of the Northern Calcareous Alps (or
Northern Limestone Alps)which belongto the Upper Eastern Alpine zone, but also to the
Helveticum and to subzones of the Penninic Nappes. The Piller M éasternmost site and
separated from the limestone by the Inn Valley and already in the metamorphkieraaalpine
crystalline zone. Alsahe Fimba Valleybeing the southernmost sitds within this zone,

although the area arounit belongs to the Penninic Nappes of the Engadine Win@aswological
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Survey of Austria, 2013\ more detailed description of each study area andisipgovidedin

each of the respective suthapters.
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Austria

2.2 Climate aneénvironment in the Central Alps

The climate of the Alps is part of a complex system. Due to its heterogeneous topography and
landscape, it can vary significantly on relatively sisyéitialscalesThe differences arenainly

the result of vertical and horizontal factorksatitudinally and longitudinally the Alps overlap

with three climate zones. Two zones are within oceanic influence, the Atlantic in the-North
western and the Mediterranean in the Southern Alps, whereas an increasing continental
influence dominates the Eastern Alps. Fertinore, the Alps are right between the Icelandic
Low and the Azores High anttierefore, influenced by the NAQ.e. Northern Atlantic Oscillation
(Beniston, 2005; Casty et al., 2006ne aspect of the horizontal climate pattern is expressed in
the annual precipitation, which has two decreasing main gradients: from weststoaed from

the fringes to the inner Alpine valleys.g. Frei and Schar, 1998grking Austria as an example,

the north-western regions can receive up to hMmmof precipitation whereas years with less
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than 700 mm are not unusual in parts of Eastern Augffi@i and Schmidli, 20Q6)oist air
masses from the Atlantic and Mediterranean, are the main factor behind this distribution, as
they precipitate after rising and coolimdgpwn at the slopes. Especially in the Northern and

Central Alps, the highest precipitatiaccursduring sumner (Frei and Schar, 1998)

Movingon from the spatial perspectivelimate is strongly bound to altitude elevationas well
asexposurewhich can be depicted with the Geigkbppen classificatiofGeiger, 961) Based

on this classificatiorRubel et al. (201 4Jescribe the modern climate zonation of the Alps with

an alpine tundra climate prevaig above, and cool boreal climate below the theoretical
(natural) timber line (10°C isotherm). An alpine frost or polar climate prevails only in the highest

parts above the lower limit of the snow line (0°C isotherm).

However, these climate zones aretrstatic. The current status is just a snapshot in tiffiee
conditions will change in the future within decades and did so in the (fadbel et al., 2017)
Since the alencompassingce at the last glacial maximum melted away at the end of the
Pleistocene, forests began to occupy the slopes and valleys, with a varying upper limit due to
natural climate oscillatiorfe.g. Nicolussi, 2012; Nicolussi et al., 2008)dern R | &liriate
change will further change the environment, especially at higher elevaii@nabherr et al.,

2010)and in interaction with human land use practi¢@feurillat and Guisan, 2001)

2.3 Population dynamics and human land use

Only vague estimates can be made about the population in the Alpsgdprehistoric times.
Supposing that most early communities were probably not bound to settlements and lived as
hunters and gatherers or nomads, people might h&ravelled between high slopes and the
lower Alpine Forelandn summer and winter. Estimated mbers for Switzerland d¥icEvedy

and Jones (1978yere 30,000 by 5500 cal BP aadour times higher population by theate
BronzeAge around 3000 cal BP, which doubled again by 2000 cal BP. In Austria, their estimates
show a steeper development since 5500 cal BP from 20,000 people to already half a million by
2000 cal BP. A severe tiee was documented in both areas during tEerly andLate Middle

Ages Austria lost almost 38 % of its population between 1300 and 1400 AD as a conseguence
of the BlackDeath. Around 1900 AD, both countries together counted approximately 11 Million
inhaltants. By the year 2007, 14 Million people lived in the area of the (Alpse Convention,

2010) mainly in the lower areas and in touristic hot spots. Except for the seagitern
Slovenian part and the southiestern part of Italy, the overall populationcreagd over the last

decadeqAlpineConvention, 2010)HoweverBéatzing et al. (1996Eported that, from 1870 to
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1990, aly lowerlying valleys attracted population and grew while an adverse trend was

observed for higher elevated areas.

With increasing populatiorthe use of landbecame an important factor in the development of

the Alps. Under the terndland usé an endles list of human activities and their consequences
concerningecosystems worldwide was summarisbg DeFries et al(2004) and Foley et al.
(2005) Basic need®or food, fibre, water and shelteneed to be satisfied andonsume space

for crops, pasture, plantations, settlementSoncerning infrastructurestreets and railways for
trade and transportation, dams and pipelines for wadsrwellaspower lines for electricityare
necessaryFurthermore, all resources that arequired to build and sustain the system need to

be harvested or mined from natural sources and deposits: wood, coal, oil, metals, stone, salt,
fertilisers, food (fish and game). It is undisputed that thémgnan requirementghreaten
ecosystems worldwidend, as pointed out byFoley et al. (2005)even endanger theel NJi K Q &
capacity of sustaining fundamental ecosystem servi@@gstanza et al., 1997With the
development of mass tourism,reew factorof land use heavily affects the environmd@haw

and Williams, 1994)

In the fragile landscape of the Alps, thdagpes ofland use and their consequences nature

can be obsemd. It can be seen everywhere thidieir impact does not stop at higher elevations.
Nowadays, tourism is the most important economic pillar in otherwise weakly developed
regions and the impact of mass tourism repladéaditionalCalpine economy and landapes
(Barker, 1982)The economic transformation from pasture, animal husbandry and forgstry
industry all the way to tourism was rapidLichtenberger, 1965)it led to a declinef animal
husbandry and reduced the number of mountain farms (in Austria partly by a decrease of 70 %
between 1970 and 1999) after they had flourished dukitigh Middle Age@Bender, 201Q)The

types, distributions and intensities of land use ,amd course, strongly associated to a

L2 LJdz I GA2yQa aAl S yR OKFy3aS gAGK AG&A AYRAGA
anthropogenic activities are affecting thiendscape angd thereby, vegetation cover and

sediment fluxes and patterns.

2.4 Prehistoric mining and metallurgy

A special type of land ussopenmining. The chronicle of prehistoric to historic mining is long
and very complex as there are several factarBich are complicating any attempts of
reconstructing a continuous developmenntil today, netals havegainedmore and more
importance. Most ancient mining sites were probably destroyed by the demahtand of

following generationsand cultures, exploing the same ores at the same spots. Pits or other
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open sites are also prone to natural erosion, especially in the mountains, where processing
structures like ovens or slags are destroyed and carried away easily by natural forces. In addition,
metal artefects found in an archaeological context may have been traded-oaséed and do

not have to be related to ksitu smelting or mining. Only with the invention and acceptance of

Pbisotopic studies, these issues could be tackled Q. NA Sy X HAamMp U

Some very early indications for, partly even subterranean, mining activities date back as far as
the Middle Palaeolithic or theéate Pleistocene at different spots in the warlath Australia
(Bednarik, 1992)in SouthAfrica around 45,000 years a¢ipart, 1971andin Egypt at least 50
60,000 years agfWVermeersch and Paulissen, 1998lpst people think of gold, silver or other
metals when hearing of mining. However, these early traces were related to chert or flint
deposits, exploited to produce té® and weapons. In Europe, Medo Neolithic flint mines

were reported for the Alps byeitner et al. (2011)Besids flint and metal, the range of

extractable resources also comprises coal, peat, skl and any kinds of rock.

Metallic ores were used a long time before smelting technologies were discovered, but again
differently than most people would thk. Goethite (FeO(OH)) and Haematite:®:g forms of

iron (hydr)oxides, wereexploited as pigments (ochre) on the African continent as early as
200,000 years ag@@arham, 2002)First hints at the existeroof smelting technology as early as
7450 cal BP were suggested fead objects irancient Egypt. In the eastern Mediterranean, a
metal hoard was dated to 5150 cal BRvicker, 1989)slags in Israel at 5450 cal BP and copper
artefacts on Cyprus at the same time. For the period from 4640 to 4130 caléRéh et al.

(2006)showed an immense Ppollution in bay sediments of ancient Alexandria.

Ore of the earliest direct evidence of copper smelting in Europe (Eastern Serleapdakto
7000 cal BB wl RA @2 2 S @ AThe frSt Gopperf objects spread fram the Balkans through
Central Europe in the"7millennium BP asugjgested byHoppner et al. (2005)n north Tyrol,
near Brixlegga copper slag was datdehckto a period between 6458590 cal BP bgartelheim

et al. (2002put could not be connectito any local mining or deposifEhe same applies the
lake-dwelling northern Alpine Pfyrand Mondsee cultures, who produced copper tools in the

6" millennium BRHGppner et al., 2005)

A continuous flav of new discoveries keeps the debate open, how the technology spread from
the Eastern Mediterranean to Western and Central Europe or if it developed independently. As
summarised by a review on prehistoric copper mining in EutopeQ . NA& Sagbpper matah p 0
was fourd in Italy as early as 6300 cal BP. Metalworking and mining activities started almost
simultaneously around 5500 cal BP and were an establisietthologyby 5250 cal BP in the

region of modern ltaly, but it might have taken almost 1000 years more to réekberian
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Peninsula via Southern France. However, this was lately challenged by a stivrtnez
Cortizas et al. (20163uggesting early metallurgy around 5000 cal Bi®ithern Spain. The use

of copper and the technology to mine and produce it could have spread from Southamne

and the Pyrenées over Atlantic France into Ireland, where arsenical copper was produced
between 23501850 cal BP, as hypothesisedtby? . NJA S yln GreanBvitpiiMighall et al.
(2009)found early hints for loal metallurgy in Wales in the earl{ illennium BP, however,
widespread copper mining across the island was replaced by bronze metallurgy after 4150 cal
BP.

Returning to the Alpsarticulaty the Eastern Alp@ustria)oecamea very important prehisbric
district for copperextractionin Central Europ€Stoliner and Oeggl, 2015jirst, it wa mainly
produced from fahloresQusulphides, often associated with As, Zn, Fe and Sb) in the Bronze
Age (Goldenberg, 2015; Viehweider et al., 2018nter, a purer type was produced ffino
chalcopyrite (CuFef followed by an intensification of extraction from around 3580 cal

BP until 2750 cal B®h Q. NA Sy T H n mplfie Bfoiize Age waS Aeriod of gemdrally
widespread metallurgic activities, not only across the Alps but also in adjacent ldte&outh

West GermanyKrause, 1987Metallurgy probably never ceased completely since theamd

also salt became an important trade good amals mined by Celtic grougEbner et al., 1999)

Krause (1987showed clusters of known exploited copper deposits and Early Bronze Age
settlements in the Northern Alps. However, an almost empty spot was left bigtween the
Eastern and Western Alps and this gap is still not cldstdliner, 2015h) despite a few
indications. Alspconsiderable polymetallic ore resourcédsacluding Pbexistin the northern
Central Alpsof which some were being mined at least since the INiddle Agesand partly

until the 20" century AQ(Grutsch and Martinek, 2012; Hammer, 1915a; Hanneberg et al., 2009a;
Neuhauser, 2015; Vavtar, 1988; Weber et al., 1986hethelessclear evidence or indications

for aprehistoric use of these ores are missing so far.

2.5 Peatlands: functions and implications for pamaronmenta

research
Peatlands cover approximately28 of theel NJild#d@riasgKivinen and Pakarinen, 198 They
are concentrated in temperate to cold region$ the Northern Hemisphere (NortAmerica,
Russia, Scandinavia), but also exist in (sub)tropical regions like-BasittAsigLimpens et al.,
2008) Africa(Dargie et al., 2017pnd at high latitudes or in mountain chains of the Southern
HemisphergCooper et al., 2010; Yu a&l., 2010)
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Besides serving as a supply for combustible material since at least 200QS@essw, 2012)r

as an additive for agrand horticulture, patlands have rather been a nuisance to humanity and
were drained over centuries, to gain new land for agriculture, pasture, settlements and other
construction work. But over the last century, scientific efforts and discoveries have put
peatlands into propelight and highlighted benefits and important ecological functigvialtby

and Proctor, 1996; Sjors, 198Mot only are wetlands and mires acting as a natural buffer for
the hydrological balance of a region and sustaining unique ecosystems, peat can also retain and
buffer or reduce the availability of anthropogie pollutants liketrace metals (Brown et al.,
2000; Chaney and Hundemann, 1979; Couillard, 1&9dh excess of nutrienfdohnston, 1991;
Kadlec, 199). As climate changeecame part okcientific and public discourse, the role of peat
as the most important terrestrial carbon storage, despite its tiny fraction of earth surface cover,
became cleafBragg and Lindsay, 2003; Page and Baird, 2H®&)ever, human activities are
still threatening wet and peatlands by peat mining, groundwater extraction, drainage and
cultivation for agricultural use. Pollution, droughts, induced fires, invasive specids
eutrophication are raising the pressupat on these vulnerable ecosystems atfiebir functions
(Bragg and Lindsay, 2003; Brinson and Malvéarez, 2602xample, changing conditions léke
decrease of thavater table or higher temperaturesan induce the release of gé@nd disstved
organic carbor(Dise, 2009; Freeman at., 2001)or the mobilisation of potentially toxitrace
metals like AgRothwell et al., 2009)urthermore, the burning of tropical peatlands wasd
responsible for the highest rise in atmospheric.@0Oncentrations sinceghe beginning of
measurementgPage et al., 2002)he emissions of degrading peatlasdilsbelow expanding

palm oil plantationsare going tacontribute steadily in the near futur@Carlson et aj 2013)

To avoid any confusion in terminology, it is important to distinguish between peatlands, mires,
peat bogs and fens. While a mire is a wet peatland that still accumulates peat, a (raised) peat
bog is a special type of mire, whichgisinlike afen ¢ very low in nutrients, acidic and only fed

by atmospheric input. A fen receives nutrients from the mineral base/or is constantly
supplied with enriched surface or groundwa{@&ragg and Lindsay, 2003; Dierf3en and Dierl3e
2008) What all mires have in common is a mechanism that prevents or strongly limits the
mineralisation and humification of organic material. As long as the combination of the overall
decomposition process and compaction of buried material is slothan the biomass
production in the living layers (acrotelm), a mire is still growing because peat can accumulate.
The most important limiting mechanism on decomposition is the supply of oxygen. The
replenishment of @in the watersaturated lower part ofie peat columndaotelm) is very

slow. Furthermore, ths tiny amountof oxygenis used up rapidly by the high abundance of

decaying organic matteOvertime, most mires develop through different stages and rely on
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certain conditions, like a constant suppmf water or humiditywhich often involves a sufficient
amount of precipitation. Depending on the right conditions, e.g. water table and the water
chemistry (nutrient supply), the resulting type of vegetation partly costited accumulation of
peat. Tke most important peat building species are mosses, which continuously grow on top of
their dead stems, whereas higher plants that grow within such an environmentGargX
contribute mainly roots, since their superficial biomass decomposes before.lRéiginen and
Vasander (1994)Jemonstrated that only 26 % of the organic material produced is preserved

by being buried in the catotelm.

At some point, fen type mires are theoretically making the transition from a minerotrophic fen

over oligotrophic tcan ombrotrophiamire (bog) While the lower part was and still is influenced

by the basal sediment, the upper part has grown above the groundwater level and is out of
influence of dissolved nutrient supply from deeper layers. The téaisedY A Nid@plizsthat it

is elevated relativly to the surrounding are, often described as a convex surface form, while

'y SESYLX FNE TSyQa adaNFIF OS Aa Ganfy@indphericl Sy OS>
inputsand, to some extentakes up (i.e. recycles) nutriesnfrom decomposing materialVhile
minerotrophic fens range between 5 to ¥6of mineral matter(Shotyk, 1988)Tolonen (1984)

characterised ombrotrophic peat with an ash content around or rather bel&w 5

The earliest stage of a mire typically begins in a morpholodamiession or lake (pond, pool,
etc.), which is continuously filled by a mix of sediment and ingrowing and dying plant material
until the water level is reached and the vegetation can cover and overgrow it. In another
example setting, peat can start growimlirectly on an impermeable substrateg.clay or even

bare rock, but only if a constant supply of water is availalfler instance a closeby stream,a

slope water runoff, precipitation etc. In this setting, a growing body of mosses builds up a
sponge-like structure, which can buffer shortages in humidity by collecting and storing water. A

feature that is induced by the capillary forces within such a peat moss body.

However, a classification where only minerotrophic, ombrotrophic and maybe a tasiti
oligotrophic state are distinguished would be a simplificatibier3en and Dierf3en (2008)
suggested a characterisation basedtbea hydrology and development historghe chemistry of

peat and soil water, stratigraphy and composition dhe structure of current vegetation-or
example, @finitions strongly depend on the geomorphology belawd around the mire.
Nonetheless, mires are also dynamic systems and the classification can differ based on the
criteria that are consideredMoore, 2013) Even within a single mireomplex mixed or

transition types exist.
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For this study, the exact classification does not play a major role apart from a differentiation into
ombro- and minerotrophic. However, morphological, hydrological and vegetation features of a
mire must be considered for the interpretation of geochemical proxies. In this context, a raised
(ombrotrophic) bog is often dominated IBphagnunfHuttunen and Tolonen, 2006} by other
mosses, which aradapted to low nutrient availability and therefore often used locally as an
indicator plant for low pH and low nutriest Due to this deficiency of mineral matter and
unbuffered production of acids by decay and proton release f&phagnunmosses into thir
environment, bogs are very acidiierf3en and Dier3en, 20p&8nd possess pronounced anoxic
conditions in the watetogged catotelm(Gorham, 1995; Shotyk, 1988esides the already
extreme conditions, the dominance &phagnumcreates a microhabitat that most vascular
plants do not tolerat€VVan Breemen, 1995)s roots of these vascular plants are often pathways
for oxygen transport into deepelayers, their growth inhibition limitéurther decomposition

(Koppisch, 2012).e. promotes peat accumulatio

Over the last century and particularly over the last decades, peat bogs have proven to be
excellent archives for a broad range of potential proxies for past climate, environmental
conditions, trends and events in different parts of the wady. Barber, 1993; Bindler, 2006;
Chambers et al., 2012; Chambers and Charman, 2004; Rabassa et al. (2@06j tle great
advances is the possibility to establish radiocarbon baseelagth modelqe.g.Piotrowska et

al.,, 2011)Nutrient-LJ2 2 NJ a2 adSya tA1S o623a NS RSOFIeAy3da @
is inhibited by a lack of mineral nutrients and oxygen. Again, the dominanSetafgnunin

these systems is another factoredause it produces decay resistant compondbtier3en and
Dierf®en, 2008) The greatest advantage of this lies in a higher peat accumulation, which results
in a higher resolution that undecomposed and thus less compacted mires can offer for
palaeoenvironmental studies. These properties are also beneficial when dgeea of
preservation facilitates the selection of macrofossil samples for radiocarbon dating or for the
determination of pollen or vegetation in a sample. &slecology including macrofossil,
charcoal and pollen/spore studigise. palynologyare one otthe classic research techniques in
peat(Erdtman, 1927; Hias, 1923; Godwin, 1934; Van Geel, 19K8thods to reconstruct past
surface wetness and water table variations include the investigation of testate amoebae
(Woodland et al., 1998}he ratio of Carbon (C) to Nitrogen (N) or other organic geochemical
approachegBiester et al., 2014; McClymont et al., 2010; Schellekéat, 2015)

Aside from these approaches, inorganic proxies are used increasingly. Thenabotiened
proton release oSphagnunhappens in exchange for metalr other cations (of e.g. Na, Mg, Ca
as nutrients or Pb, Ca, Zn, Cd etc. passively) amhieffective due to the large specific area of

their leavegDier3en and Dierf3en, 200&urthermore, humic and fulvic acids as decomposition
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products of lignin and other organic material, are abundant in peat and partly responsible for
complexation, adsorption and exchange of cations and moledgid{esndorff and Schnitzer,
1980; Ma and Tobin, 2004)

Being fed almost solely by atmospheric input, the geochemical record retains traces of whatever
settled or precipitated on the bog's surface. Imniebelements and their isotopes thus
potentially serve as geochemical proxies for past condit{Besoit et al., 1998; Damman, 1978;
Nieminen et al., 2002; Shotyk, 1996a&he chemical signature of these inputs can bewtd

from aeolian dus(Shotyk et al., 2002yolcanic ash, alscalledtephra layergDugmore et al.,
1995; Kilian et al., 2003; Swindles et al., 20%6a spray or all kinds of anthropogenic pollution
(De Vleeschouwer et al., 2007; Jones and Hao, 1993; Shotyk et al., 1998)

Among others, certain libgenic elements areontained in their mineral matrix, and, therefore,
conservative and immobile in ombrotrophic pe@ubert et al., 2006; Krachler et al., 2003;
Shotyk et al., 2001)sotopes and elemental signatures were used for dust provenance tracing
by comparing thepeat samples to patterns from potential sediment source areas or rocks
(Kylander et al., 2007; Vanneste et al., 20M&)re specificallyin terms of anthropogenic traces,

the ability for cation complexation and retention of metals and other pollutgd@my et al.,
2009; Gao etla 1999; Klavins et al., 2009; Ma and Tobin, 2004; Shotyk, 1996b, 1§#6ad

new possibilities in interdisciplinary research. Among others, it merges archaeology,
geochemistry and environmental studies by identifying and quantifying traces of ancien
activities of mining and metallurgfMighall et al., 2009; Monna et al., 2004} allows
understanding of the natural and anthropogenic atmospheric fluxes and biogeochemical cycle
of trace metals and toxic elements like &bd Sb(Shotyk et al., 2004, 1996n a similar way,
total mineral accumulation rates, either of atmospheric input or of flushed in matedaldbe
inferred from certain lithogenic element&hambers et al., 2013nd sometimeslinked to
human induced erosiofHoOlzer and Holzer, 1998; Lor@krke and Barber, 2007; Schofield et
al., 2010)

Part of these proxies can also be applied intloethern Central Alpswhere a wet and humid
climate, geological factors, but also human impdaypd a role in promoting mire development

(Steiner, 2005)whichhence provides appropriate palaeoenvironmental archives.
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Methods

To provide quick information on whhatas beerdone, where and which techniques were applied

in each of the three valleys and on the different peat cores, an overview is providedbiel.

More detailedinformationisfollowingin eachof the sub-sections

Tablel: Summary of all coring sites, coordinates and analyses carriedRauformed by A. Lange

Mire Site, coordinates
HFL (Hoefle Mire),
47°21'52.5"N 10°10'37.2"E

LAD (Ladstatt Mire),
47°21'28.1"N 10°09'26.9"E
HHA (HalderHochalpe),
47°20'19.5"N 10°03'48.7"E
Pi17 (Piller Mire),
NTcnTQHN®Yypeéb.
LLG (Lower Las Gondas),
46°54'3.51"N; 10°15'26.15"E
ULG (Upper Las Gondas),
46°54'07.4"N 10°15'26.4"E
MM (Marmot Mire),
46°53'52.7"N 10°15'25.6"E
LCM (Lower Coffin Mire),
46°53'49.9"N 10°15'46.5"E
BWM (Butterwiesen Mire),
46°54'27.30"N; 10°15'28.92"E

Study Area
Kleinwalser
Valley
Kleinwalser
Valley
Kleinwalser
Valley

Piller Saddle
Fimba Valley
FimbaValley
Fimba Valley
Fimba Valley

Fimba Valley

3.1 Coring techniques

The coring of peatlands requires carefiihnning, which involves the selection of the coring

Sample (year) Corer

Peat Core(s)
(2016, 2017)

PeatCore
(2016, 2017)
Basal sample
(2017)

Peat Core
(2017)
Peat/Sediment
Core (2016)
Peat/Sediment
Core (2016)
Peat/Sediment
Core (2016)
Peat/Sediment
Core (2016)
Peat/Sediment
Core (2012)

Monolith,
Russian (5cm)

Monolith,
Russian (5cm)

Wardenaar,

Usinger (8cm)
Russian (5cm)
Russian (5cm)
Russian (5cm)

Russian (5cm)

Russian (5cm)

Types of Analyses
Radiocarbon, pXRF, XRF
core-scanning, IGRIS,
ICROES, PollénC:N
Radiocarbon, pXRF

Radiocarbon

Radiocarbon, pXRF, XRF
core-scanning, IGRS
Radiocarbon, pXRF, ICP
MS, ICROES
Radiocarbon

Radiocarbon, XRfore-
scanning,
Radiocarbon

Radiocarbon, XRfore-
scanning,

system itself and related equipment. The decision can depend on the properties of the sampled

peatland in terms of vegetation, wetness, decomposition and depth but also on the accessibility

of the site,as the logistics are not negligible in mountainous environments. Furthermore, the

types of planned analysedeterminehow much material is needed from a single core. In most

cases, sampled mires seldbngo deeper than ten metres. The soft material means that peat

coring systems are constructed to be hadiven. However, due to its softness, compression

and other disturbances can occur during coring and need to be avoided. A detailed overview on

coring echniques and a guide for a clean procedure from coring to subsampling was published

by De Vleeschouwer et al. (2018hd Givelet et al. (2004)The systems and techniques that

were used to obtain the peat (sediment) profiles for this stadlg shortly introduced herén

the following

With the acrotelm being still undecomposed, often with roots Bficaceaeor Pinus mugo

embedded within a softer matrix of mosses, retrieving an undisturbed core is particularly
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challenging. The simplest tedlqne is the use of a serrated ceramic blade knife. Although the

penetration depth is limited, any compaction is negligible.

A more sophisticated system to tackle the issue of coring the topmost metre is the Wardenaar
corer(Wardenaar, 1987)The system has a rectangular 10x10x100 cm cohiagber, which is
O2YLRRaSR 2dzi 2F (g2 O2yySOUGSRI o6dzi AYRSLISYRSY
lower end is reversely furnished with an inclined, sharpened edge. By pushing each side down
stepwise and on a rotating basis, the corer cantbubugh the usually very fibrousceotelm

with minimum compression. A pillow of air can be created at the lower end of the core before

pulling it out, which helps to disconnect the layers and to decrease suction at the lower end.
Another advantage is thealge quantity of sample material. However, the instrument is less

suitable for dense (fen) peat or thick wood and root layers. It is easily damaged (bends, nicks)

and, therefore, camot be driven down with too much force.

For deeper layers, the use afRussianpeat coreris required. This type of coravas first
introduced byBelokopytov and Beresnevich (19%#)d further developed byowsey (1966)it

is the mostcommonlyusedcorer for soft sediments like peat, as it avoids vettaampression

and is relatively easy to carry and to use. Theoretically, the maximum depth is limited only by
the number of extension rodend the strength of the coring tearit has a semgylindrical coring
chamber, which can be turned by a handle at ther end by 180° around the attached blade

to close the coring chamber. When retrieving a consecutive second core from the borehole, it is
important to consider that the upper 10 cm could be disturbed by the metal tip of the Russian
corer. Therefore, theipper 10 cm should bavoided,and a parallel core should be taken with

a slight offset to obtain undisturbed material for this part.

The typical radius of the chamber can vary between 2.5 cm, 4 cm and 5 cm, with lengths of either
50 or 100 cm. Like the/ardenaar corer, it is pushed into the ground by hand or hammer blows,
with the chamber at 0° position. When the targeted depth is reached, the sharpened edge of
the chamber cuts horizontally through the peat. This design avoids vertical compaction, but
horizontal compression or an incomplete filling of the chamber can occur in very soft peat. The

Russian corer jsience,most efficientfor the catotelm.

Another method was deployed within this work: thisinger coring systemvhichis a modified
piston coing system (e.gLivingstone, 1955)nitially developed for lake sediments. It was
developed further to be used for peat or other soft organic sediments and continuously refined
to reach higher depths. The schematic and setup are described in deidiihyam et al. (2007)

It has an outer rod, which transmits the forces of pushing and pulling; and an inner rod, which

controls the piston and depth of opening the barrel. The coring chamber is a cylindrical, walled
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barrel of 1 mm thickness (available diame=t10, 8, 5.5 and 4 cm) with sharpened edges at the
lower end, which can cut through soft material like peat. The sediment)jeaxtruded from

the barrel into an open haifylinder tube with a stamp, which is connected to a lever. The
Usinger system is the most complex method but has the advantages of a good depth control and
plenty of sample material. As with the Russian corer, the topmost layers in a consecutive core
segmaent could suffer from compaction and should not be used without having an independent
parallel core to verify any conducted measurements. Optimally, the upper part is taken with a

Wardenaarcorer.

In this study, Russian Corefs50 and 100 cm length withéhd 8 cm chambers were used, while
barrels of 8 cm were chosen for the Usinger corer. Regardless of the system used, the coring
chambers were carefully cleaned and rinsed before retrieving the next core. After the extraction,
every section was wrapped ptastic film, transferred into a rigid casing and enclosed in a plastic
hose. This avoids loss of water, contamination and oxidationpmadidesprotection during

transport and storage. All cores were put into cold storage at 3°C.

3.2 Core slicing and subsaling

Prior to subsampling, each core segment was dieepen for several days and then cut into
slices of approximately 1 cm thickness with a staintgesl band saw. By carefully rinsing both
sides of every slice with Milli@ater and cutting away itoouter fringes, any possible
contaminationhas beenremoved. For cores from the Russian system, each slice was then
chopped into two or three triangular subsamples: half of it for geochemistry, a quarter for
macrofossils, pollen and dating and the last daaas backup. Without a backup, the complete
other halfhas beerstored for palynology and datin For the Wardenaar and Usinger cores, at
least half of each sliceas beerused for geochemistry and the rest stored for palynology and
dating (Figure2). The dimensionddgngth xwidth x height) of every geochemistry subsample
were measured with a Vernier calliper. To determine the dry bulk density of the paah
geochemistry subsample was weighidt before freezedrying over a minimum of 72h and
weighed again afterwards. Cores processed in this study resulted in a total number of 639
sample slices. All subsamples were transferred intolpbelled plastic zipags before being

stored in a freezer again.
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Figure2: Schematic profiles of the three different core profiles of Wardenaar, Usinger and Russian system.
Dimensions of geochemistry and palynology subsamples are marked with dashed lines.

3.3 Radiocarbon dating

The radiocarbon dating method and itshtion to calendar ages renders numeric ages and is a
crucial element of this study. It allows the direct comparison of the results of this work to already
existing studies and relevant recordBiotrowska et al.(2011) summarised the basics of
radiocarlon dating in peat. Macrofossil samples for radiocarbon dating were picked from fresh
samples in MilliQuater. If available, stems and leaves $fhagnumor other mosses were
preferably selected. Due to strong decomposition or the absencepbfagnurin sore parts

(older, minerotrophic), other plant remains ligiophorunspindles, seed&ricaceadeaves or

wood were extracted. Only in case no identifiable remains could be found, bulk peat was dated.
After drying the samples for 24 hours at 50°C, they vsergeitherto Poznan AMS Radiocarbon
Laboratory(lab-code: Poz)Poland, or to the Gliwice Radiocarbon Laboratory-¢lade: GdA

code), Poland. The details of every sample are given in the respective chapters of each site.
Calibrations of single radiocarbon ages were conducted with the-plrkageBlaauw, 2010)

in the open sourcesoftware R version 3.4.3R Core Team, 2017Agedepth models (ADM)

were produced withthe rbacon packagéBlaaw and Christen, 201Mersion 2.3.3 in R version
3.4.3.as well Both clam and rbacon are woikased on theNorthern Hemisphere IntCall3
radiocarbon calibration curvéReimer et al., 2013)The model output yields ages in the 95 %
confidene interval and includes maximum, minimum, meamd median ages. Only the median
agesare used in this study and unless denoted otherwise, ageseported as calibrated before
present (cal BP) for prehistorical times. For a more convenient comparison to historical sources,

interpretations for the period after 1950 cal BRe given in calCE
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3.4 Geochemistry

The geochemistry of peat cores or peat samples can be analyisedlifferent methods. A
review and guideline of preparation techniques for different geochemical analyses was given by
Le Roux and De Vleeschouwer (2010)this study, only full core-Ray Fluorescenescanning

would be completely nomlestructive, whereas portable-Ray Fluorescence Spectrometry
(pXRF) needs a dried and homogenised sample powder (at least in this study). In contrast,
Inductively CoupledPlasma Mass Spectrometry (MI3) and Inductively Coupled Plasma
Optical Emission Spectrometry (FOES) need a complete chemical digestion to obtain a

measuring solution.

A smaller number of samples for geochemical analysis wittMEPICFOES and pXR#ras
initially selected to obtain a general elemental trend in each core. The sample selection was
based on fluctuations in the density profile, which is giving a first idea about changes in the
evolution of the peatland (e.g. mineral content). Dependingtbea first results and on the
progressing quality of the ag#epth models, more samples were picked to refine the data

resolution.

Beforethe geochemical analysis, the selecyd | YL S& 6SNB GNI yaFSNNBR
of 15 or 50 cml and ground arftbmogenised with a FastPref2®. This was carried out by

adding eight glass beads of 4 mm into each tube and running them for three times over 20 s at
maximum speed (6m*Y. Samples with wood were excluded or the wood was removed before
homogenisation. Ais method is quite efficient in terms of time, costs and cleanliness. In
comparison to other methods (e.g. mortar and pestle), it minimises the risks of-cross
contamination and material lodsecausehe sample does not have to be transferred back and

forth into other containers, which also makes cleaning obsolete.

3.4.1 ICPMS and IGPES

Both techniques have been used ingmdenvironmental studies and yield quantitative results
for a broad range of inorganic elements. Proceduregjf@mdrupolelCRMS were poposed by
Krachler et al. (200nd for ICFOES byapkota et al. (2005The main difference between the
two is that ICRMS has a much lower detection limit and can thus measure teug ultratrace
elements, resulting in a larger range of detectable elementsQEB is therefore used for major,
minor and some trace eients (Al, Ca, Fe, K, Mg, Mn, Na, P, S, Sr, Ti, Zn, Pb, Cu) alsd can

serve to determine the dilution factors for |BFS.
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140 samples from the selected main sit&sifpl. Tablel) were processed in a class 100 clean
room at EcoLab(Toulouse, France), following the protocol in Vanneste et al. (2015): Using a
disposable plastic spatula, 100¥= 2 F (KS L2 oRSNBR LISI G 6SNB
Standard Teflon® vials. A smaller amount was taken for samples with a visiblydgigmeent
content or with high density (e.g. 90 mg for basal sediment). The basic goal of the complete wet
chemical digestionvas to achieve a complete solution of carbonate and silicate minerals and
the removal of all organic compounds, because they @qubduce matrix effects, which can

affect the measured signals.g. Kralj and Veber, 2003)

The first step involvathe addition of 2 ml of Suprapur® 65% nitric acid and 15 mimfttse
beakersin an ultrasonic bath. Afterwards, tteampleswere left to react at room temperature
over a minimum of 10durs. The high degree of organic material prouvi&estrong exothermal
reaction, making it necessary to let the vials degas for a few minutes before adding 0.5 ml of HF
(Suprapur®) to every beaker. The vials were then put on a hotplate at 110°C to re@ad fo
days. After evaporation at 50°C, 1 ml ef0:(Suprapur®) was added to oxidise the still organic
rich solution for a minimum of six hours until they were put into the ultrasonic bath for 15
minutes and evaporated slowly at 30°C. After adding 1 nm®586 nitric acid, a Binute
ultrasonic bath and heating at 90°C for 48 hours, the samples were visually controlled for
particles and finally evaporated. Due to an incomplete digestion of a few samples, all were
treated with 1 ml of aqua regia for one day 90°C and evaporated again. The residues were

dissolved again in 35 % HNO3 and diluted with i@iivater to a 3 % measuring solution.

For ICRMS, 50 ul of an In/Re spike (ratio of 0.403) were added to every sample. Furthermore,
an irternal calibrationwith a multielement standard in five different dilutions was run every
10" sample to correct for internal drift of the mass spectrometer during the measurement. For
ICROES, a multi element standard of four different dilutions was used and run at thefend
analysis. To verify the quality, precision and accuracy of thdvi€Rnd ICES results, five
different certified reference materials (CRM) with an organic matrix were processed with each
series of 21 samples. They were measured in regular intesaddsth instruments$uppl. Table

1). These CRMs were: GBW603 (bush branches and leaves), NISTI5 (apple leaves), NIST
1547a (peach leaves), N9¥1 Carex¥sedge peat) and N3¥42 Sphagnunpeat). Procedural
blanks were addionally processed throughout the digestion and measured to monitor possible
contamination or systematic errors during the digestion process. A total number of 168 solutions
(140 samples, 24 CRMs and 4 blanks) were measured on a QuadiQpMS Agilent 300 CE
(QICPRMS at Observatoire MidPyrénées Toulouse, France. Before that, 72 of them (60
al YLX Sax ¢ /waa> o o6flylaov 6SNB YSIFadaNBR 2y
ICROES at EcoLab, Toulouse, France.

6S.
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The ICFOES measurements @lled an estimate of theampleconcentrations, which gave an
indication for the dilutions that had to be prepared for HUIB. Apart from Sulphur, all elements
that were measured with IGBES were covered by WS as well Therefore, S is the only
elementtaken into account from IGRESThe spectroscopically measured concentrations in the
CRMs and their respective deviations from the certified values as well as the afariisen in
Suppl. Tablel. None of the blanks showed any significantly elevated concentrations, which
demonstrates that no systematic contamination occurred during the sample preparation in the

clean laboratory or measurements.

Except for a few outliers, the measurements of Al, Ca, TZ®RDb, K, S, Sb, Sr (outlier of 48 %
in Nist1515 c), V (outlie26.5 % in NIST1515 b) and Al (outlier of 81 % iROMI\d) deviated
less than 20 % from the certified values.M@ssystematcally lower by10 to-30 % with larger
negative deviations at concentrations < 2 mg*kghe lanthanidese. rare earth elements (REE)
Nd and Sm deviated less tha2b % from the certified values. The errors for As, Cr, Ni, Sc but
also Mn and Fe wereidgher but not systematically, so they shoulddmnsidered with caution.

For the potential reference element Jerohaska et al. (199@bserved spectral interfences

on ICPMS. Stetzenbach et al. (1994}tributed possible interferencesvhichcould affect the
measurement of Scto organic compaoents. Although organic matter should have been

removed by the complete wet geochemical digestion, such an effect cannot be excluded.

A general observation is that most of the deviations are negafiymssible explanation could
be a dilution effect, caged by the uptake of air humigiof the powdered CRMs durirgnger
storage time and frequent use (opening and closing). However, this effect most likely did not

affect the peat samples, as they were processkdrtly after freezedrying.

3.4.2 Portable XRF apning

Portableor handheld Xay fluorescence scannefigXRFare common instruments for the quick
chemical analysis of all kinds of materigtheywere applied for archaeological artefadisritzis
and Zacharias, 20110 food safetyPalmer etal., 2009)and for the detection of pollution in
environmental samples, including soils and other sediméiktdnicky and Singhvi, 200Bor

these purposes, the instrument uses internal calibratithat yield quantitative values.

Theuse of portable/handheld XRF to obtain geochemical data from peat or other highly organic
sedimentsis stillrather scarcd YR 2yt & | KFyRTdAg 2F aiddzRASa KI
potential on samples with such a matiikalnicky and Singhvi, 2001; Mefia et al., 2016;

Shand and Wendler, 2014; Shuttleworth et al., 20H@wever studiesusing pXRF on peadth
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a paheoenvironmental backgroundre rare(e.g.DF 01+ S& Ff ®X wamt T YI Lld:
Despite being a relatively quick and simple method, it is sprantitative for peat and still bears
manyuncertainties. Elemental concentrations are usually very low, wieigtis to low counts.

The waterand organic conterstare affecting XRBpectroscopy even mor@oning et al., 2007,

Ravansari and Lemke, 2018; Sahraoui and Hachicha, 2017; Tjallingii et alHH2@0&)parallel

measurements by quantitative methods and CRivis neededo calibrateli K S Ldutpu€ Q &

Figure3: The pXRF with connected sampling chamber.

A pXRF Thermbisher Niton XL3t was used in this study. It is equipped with zanAde and a

50 kV Xray tube. The limit of detection (LOD) defined bythe 3-sigma value As this is
influenced byfactors like measurement timand samplematrix, the LOD may vary slightly
between samplefor each elementAll 406dried andhomogenised peat samples from theee

main cores Tablel) were filled into 12.5 ml RiAals and closed with Fluxana-Z#0-255 film

and rubber bandUsing dry samples can already remove potential effects related to moisture.
The sample powder was neither compressed nor weighed befoamning Among the406
samples140 samplesvereanalysed by IEMS. In addition, nine organéd two mineral CRMs
were prepared in the same manner. Begdlee five organic CRMs that were measd by ICP

MS, the following materials were scann&CER-060 (aquatic plants), IAE386 (lichen), IRE76
(reed/Phragmite} and NISTL575a pine needles) and the two mineral CRMs GBW11
(polluted soil) and LKS® (lake sediment). The pRS FTA Y SR2 RiSi2 Adl & dzaASR &
minimum of 180s measurement time for both the maimnd lowfilter, which is 60 seconds

above the minimum duration recommended by Shuttleworth et al. (2014).
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The CRMs as well as the 140-M® peat samples were scanned for at lehsee times. Every

time a sample was measured more than once, the container was shaken before the next scan
to control the reproducibility (precision). Repeated measurements were the first step to develop
a calibration for pXRF via independent values #mabtain quantitative values by a solid
regression analysis. The corresponding squared Pearson correlation coefficient, or coefficient of
determination, is expressdd this workas R2. In this chapter, elemeraee brieflydiscussed and
pre-selected, basd on the comparison to CRMs; either for further calibration with theNSP
results or to be discarded from further consideration.

Table2: Mean values of CRMs measured with pXRF, nhumber of measurements (n), percental sangk stand

deviation of pXRBcans of certified reference (sd in %) and certified concentration (nig*Kglues in yellow are
informative or indicative values. Red columns mark mineral sediment CRM.

BR | GBW | GBW [ IAEA| IPE [ LKSD| NIST | NIST | NIST | NJV | NJV
Unit 060 | 07411)|07603]336 | 176 |3 1515 | 1547a| 1575a 941 | 942
As [l 238 | 2026 | 144 16 5.4 27.3 | NA NA NA 6.9 3.0
n B 8 11 5 4 5 5 NA NA NA 8 6
sd [9%6] 126 | 4.1 7.7 163 | 11.0 | 6.2 NA NA NA 7.7 18.3
Cert | [mg*kg | NA 205 1.25 0.63 | 263 |27 0.038 | 0.06 NA NA NA
Ca |([ 54012 | 36232 | 42760 | 8262 | 8736 | 16772 | 44634 | 41795 | 8882 33936 | 4024
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [9%6] 2.0 2.7 0.4 5.2 6.1 0.9 1.9 0.1 0.3 4.4 25
Cert | [mg*kgy | NA NA 16800 | NA | 4160 | 16438 | 15260 | 15600 | 2500 | 10200 | 1200
Cr [ 2957 | 64.61 | NA 46.06 | 32.80 | 95.55 | 117.67| 100.88 | 115.71 | 57.98 | 13.7
n [ 7 11 NA 4 5 5 3 3 3 8 2
sd [%6] 58.9 | 5.1 NA 522 | 537 |70 350 | 408 35.2 311 | 189
Cert | [mg*kg?] | 26 59.6 NA NA 87 NA NA NA NA NA
Cu |M 119.36| 70.31 | 4240 | 50.98 | 47.55 | 45.14 | 92.81 | 8258 | 7456 | 50.05 | 39.1
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [9%6] 143 |53 11.8 16.6 | 194 | 114 | 248 | 299 21.4 12.7 | 13.0
Cert | Img*kg? | 51.2 | 65.4 6.6 3.6 9.97 |35 564 | 3.7 2.8 2 1.7
Fe [-] 4468 | 61815 | 2368 | 1233 | 14293 | 48299 | 347 813 190 11959 | 3252
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [96] 137 | 06 6.3 101 | 137 | 102 | 19.9 | 17.9 19.2 5.4 6.7
Cert | [mg*kgy | NA 55790 | 1070 | 430 | 6410 | 40000 | 80 218 46 NA NA
K [ 46709 | 19285 | 25248 | 5395 | 37925 | 19986 | 54636 | 80449 | 14183 | 137 | 126
n [ 8 11 5 4 5 5 3 3 3 8 6
sd (%] 1.0 2.6 0.5 4.6 4.4 1.6 15 0.4 0.8 317 | 367
Cert | [mg*kg?y | NA 13982 | 9200 | 1840 | 13000 | 18262 | 16100 | 24300 | 4170 | 3900 | 1300
Mn | [ 3136.4 | 10010.5| 57.8 83.5 | 164.6 | 1524.6| 139.1 | 265.8 | 1575.0 | 23.6 | NA
n [ 8 11 5 4 5 5 3 3 3 5 NA
sd [96] 135 |08 13.3 242 | 224 | 107 |282 |252 13.6 247 | NA
Cert | [mg*kg? | 1760 | 9700 61 63 113 1440 | 54 98 NA 36 8
Ni [ 252 | 974 NA NA NA 357 | 16.6 | NA NA NA NA
n [ 7 11 NA NA NA 5 1 NA NA NA NA
sd [96] 58.8 | 8.2 NA NA NA 275 | NA NA NA NA NA
Cert | [mg*kg¥ | NA 24.2 1.7 NA 7.86 | 47 NA 0.69 1.47 NA NA
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BAR | GBW | GBW | IAEA| IPE LKSD| NIST | NIST | NIST | NJV | NJV
Unit 060 07411 07603 | 336 | 176 3 1515 | 1547a| 1575a| 941 | 942
Pb | [ 9255 | 2617.25| 73.68 | 6.18 | 13.40 | 35.16 | NA NA NA 233 | 143
n [ 8 11 5 4 5 5 NA NA NA 8 6
sd [%] 43 0.8 3.0 101 |87 7.4 NA NA NA 108 | 3.4
Cert | [mg*kg? | 64 2700 | 47 49 [ 824 |29 047 | 0.87 NA 24 | 101
Rb | [ 256 | 1064 | 7.2 52 | 391 |8L5 | 144 | 289 23.7 43 | 11,2
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 3.2 0.9 41 31 |43 5.3 1.3 2.4 0.5 36 |29
Cert | [mg*kg? | NA 111 45 1.76 | NA 78 NA 19.7 16.5 NA | NA
& M 6204 | 1418 | 8924 | 702 | 2687 | 840 | 2182 | 1873 | 986 3530 | 2365
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 1.2 6.8 1.7 49 |43 5.8 1.4 42 6.8 44 |20
cert | [mg*kg?y | NA NA 7300 | NA | 2360 | 1400 | NA NA NA 2900 | 2170
Sc | [ 51.88 | 21.79 | 36.49 | 829 | 485 | 13.35 | 42.90 | 41.10 | 8.40 35.12 | 5.46
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 3.6 12.0 3.8 70 |146 |77 9.5 8.2 1.5 56 |92
Cert | [mg*kg? 11 0.32 0.17 | NA 13 NA NA NA NA | NA
Sr [ 2384 | 1293 | 3199 | 163 | 462 | 2764 | 376 | 77.1 146 50.7 | 27.2
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 2.5 1.0 1.0 30 |47 4.7 2.7 2.4 2.4 1.8 |21
cert | [mg*kg?y | NA 131 246 93 | NA 240 | 251 |53 NA NA | NA
Ti [ 2805 | 4544.4 | 2144 | 2196 | 11725| 3211.9| 159 | 187 15.3 641 | 262.
n [ 8 11 5 4 5 5 1 2 2 8 6
sd [%] 116 |20 41 60 |68 0.6 NA 0.1 12.4 188 | 2.9
cert | [mg*kg? | NA 4100 | 95 NA 3330 | NA NA NA NA | NA
vV [ 10.85 | 116.64 | 5.13 13.82 | 3250 | 10850 | 25.58 | 19.39 | 15.67 | 16.22 | 9.17
n [ 6 11 1 4 5 5 3 3 3 8 2
sd [%6] 250 | 85 NA 362 | 120 |44 226 | 27.8 36.1 218 |45
cert | [mg*kgy | NA 88.5 2.4 1.47 82 0.26 | 0.367 | NA NA | NA
Zn | [ 665.22 | 3623.95| 129.91 | 78.72 | 77.65 | 158.96 | 33.78 | 51.41 | 113.70 | 16.50 | 13.9
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 102 |08 4.9 56 |104 |94 9.4 15.3 6.9 36.7 | 10.3
Cert | [mg*kg? | 313 | 3800 | NA 304 | 402 | 152 | 1245 | 17.9 38 NA | NA
7y [ 215 | 189.0 | 154 144 | 678 | 1941 | 129 | 155 13.7 145 | 151
n [ 8 11 5 4 5 5 3 3 3 8 6
sd [%] 413 | 1.9 15.8 36 |140 |88 1.1 3.6 0.7 93 |48
Cert | [mg*kg?y | NA 192 NA NA | NA 178 | NA NA NA NA | NA

As a first step, elements with a percental standard deviation > 40 from n measurements of
organic CRMs were exempted from further consideration in the-sptecific calibration®f

pXRF. The value of 40 is arbitrary. However, too many elements would have had to be removed,
due to a limited number of certified values, if a more restrictive limit was chosen. Moreover,
most of the CRMs consist of almost pure organic from all kingdaot material, which might

not be fully representative for a matrix that is typically found in peat. A more detailed regression
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analysis is going to be conducted later in the -specific chapters, when IQ®S and pXRF

measurements of peat samplese compared.

Ahighsdof 30 to 50 %vasobservedfor examplefor Cr and NiTable2). Contrastingly, Cr was

well measured in the mineral CRMs with a sd below 10 %. Beside these two elements, Cu, V,
Mn, Zn and K showed a relatively high sd of up to 30 % in some of the o@jidis. However,

for Zn and K, this high sd was limited to the scans ofadlV

Most values that were acquired via pXRF from the organic CRMs were significantly elevated
compared to the certified concentrations. In contrast, the values for the mineralsSOBRBW

07411 and LKSBsystematicallyvere not too high and relatively much closer to their certified
values than the organic CRMBirect comparisosare shown inFigure4 as crosgplots of pXRF
values versus certified values of organic CRMeear regression cungewere plotted and
preliminary coefficients of determination (R#)e given. Theeare based only on very few data

points and the regressiocurves are therefore not likely to represent a stressable function.

Ti had one certified reference value in GBW®603 (95 mg*kd). Only with an indicative
concentration (of IPE76) a linear relationship could be established. These high concentrations
are, however, not representative for typical peat. After removing the mineral CRMs from the
regression, Pb, Ca, Rb, S, Zn, Sr, Fe, K and Mn had a promising R2 of odmo0Si5seemed
promising for organic materials with a R2=0.9. However, the urdaat@y ICPMS results for Sc

are obstructing a decent calibration of the elemgedeéspite its usas a conservative reference
element in peafShotyk et al., 2002Measurements of As, V and Cu had a relatively high sd, at
least in the range of lower concentrations, which would be expected in peatlsanihe same

is true for Cr, for which the regression analysis suggested that it could be used for sediments

with elevated Cr concentrations (> 25 mg*kg
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Figure4: Regressioanalysis of CRMs vs pXRF measurements and @m@siof determination (R?) if applicable.
Mineral CRMs in re&Except for Ti, Pb, V and Cr, mineral CRMs (red)mestyexcluded fronthe regression
analysis except fofTi, V and Cr

When factoring in the two nowrganic CRMs, theadividualplots inFigure4 illustrate that some

elements changeheir correlation between organic and mineral matrix. Thedements

comprisefor exampleAs and V, whit both correlatelinearly at higher concentrations (or in
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mineral sediments). Copper, on the other hastipwsa strong deviation between pXRF and
certified concentration in both organic and mineral material. For the elements Ca, K, Fe, Mn and
K, the mineal CRMsre outside of a possibly linear regression. The discrepancy between the fit
of organic and mineral materiais least pronounced for Pb, S and Sr and it can be suggested
that these elements are less affected by matrix effetsparticular,Ti, B, Fe anderhapsV

would need more samples (CRMs) in an intermediate range between maximum anduminim
concentrationsso thatthe type of regressiogan be describedThe regression curves of some
elements(potentially Ti, Rb, Vin Figure4 leavethe possibility of establishing a ndimear
function (polynomialof 2" order). For Mn, Zn and Pb, intermediate concentratiom® under-

represented in the CRMzs well

Due to the issue of a limited concentration range in the available and investigated CRMs and
because site specific effects may appear from different factors, like the local geology or peat
type, the outcome of pXRF U\€RPMS/OESs addressedseparatelyin each of the three study

area chapters. Based on these individual regression analysepossible to produce nosite-
specific transfer functions for certain elements, which could allow their quantification by-pXRF
measurementseven in peat samples of any source. A global evaluation witMi€Rersus pXRF

of all peat samplets presented later in this thesi€hapter7.1).

3.4.3 XRF core scanning
XRHcore)scanning is an established method used on marardake sediment core@Boyle,

2000) which is currently run on two different systems: the ITR8Xnner(Bloemsma et al.,
2018; Croudace et al., 2006nd the Avaateciscanner(Richter et al., 2006)it allows very
efficient geochemical analyses of sediment core profiles in high resolution (up towsyb
Nevertheless, it has the disadvantage of being only sgrantitative, measuring intensities,
translated to counts per second, instead of concetitras. Several attempts of cross calibrating
XRFcounts to quantitative methods have been carried out. But issues of varying organic content
(Chawchai et al., 2016; Léwemark et al., 20%lijfaceand particle inhomogeneity, pore water
content and matrix effect{Weltje and Tjallingii, 2008re high obstacles that cannot be
overcome easilyWeltje et al., 2015)In peat cores, very low amounts of mineral matter léad
low counts, while high wateand organic matter content are producing noise. Therefore, the
scanning of peatores is not very common and only few studies used it, either directly on the
wet core (Chawchai et al., 2016; Unkel et al., 200)on resin impregnated slicee
Vleeschouwer et al., 2008} oweverPoto et al.(2015)directly compared XRéore (Avaatech

system) with ICIMS measurements on a split core of ombrotrophic peat and demonstrated high
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correlation estimates of R2 up to 1 for Pb, Cd, Cr, Sr, Ti and Zn, white ¥uGa and Ca were

still good oracceptable with R2>0.5. Another methodological study-afigman et al(2018)
compared a core scanned with an ITRAXtem to ICEDES measurements on the same material

and came to a similarly positive general conclusion, suggesting that results are best for Fe and
Ti. Despite their results, the quality still depends strongly oncthredition of the core and the
available means to prepare it for scanning (e.g. clean and plain surface). As peat can be very
heterogeneous, already the presence of a wood particle or other larger macrofossils could

heavily influence the output.

For thisstudy, four coresTable 1) were scanned on an Avaatech XRF core scanner at the
Institute of Geosciences at Kiel University, Germany. The instrumenuippedq with a Rh

anode and aeliumt flushed pillow between the bearamitting chamber and the core. Scans

were performed on the core segments in a 10 mm resolution in two different settings. The
instrument was set to an excitation time of 10 s at 10 kV &0 yuA without filter, covering the

lighter elements Al, Si, S, K, Ca, Ti, Mn and to 20 s at 30 kV and 2000 pA witiT thekHiker

setting for the heavier elements Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Zr and Pb. The filter cancels out
excitations from thdight elements. Four powdered mineral standards were measured before

and after every scanning session (morning/eveninghtmitor internal drift.

Unlike the ITRAXthe Avaatech corgcanner is not designed to work on round surfadéss is

of great imprtancefor the 5-cm Russiacores The flat side of these cores is most susceptible

to vertical crosscontamination, gets easily disturbed during transfer from corer to the storage
tube and is usually not plain. Any modification to get a levelled suvfacad lead to the loss of

more, already scarce, sample material. This is even more complicated in undecomposed peat or
when wood or roots are present. For the full Usinger core, it would require a lengthwise cut of
the full core (plus proper equipment), \Widh would risk disturbing, breaking or contamination

of the core. The latter is also relevant for the full Usinger cores. As a consequence, the cores
were scanned as they were. Because peat is usually soft enough, the head of the scanner can
move onto thecore without leaving an emptyair filled- space in between. Even if the peat
surface is slightly compressed, it allows scanning of the round core surfaces with the Avaatech.
The resultare partly interpreted in form of ratios. For single element profjlge signal should

be normalised to account for effects of matrix changes, for example, a changing proportion of
organic matter, which could dilute the sigrlabwemark et al., 2011 Aluminium (Al), which is

an oftenused element for normalisatiofe.g. Lowemark et al., 2011needs long exposure
times and has a low detection limit, which is problematic for peat sediments and is therefore
not suitable in this study. Therefore, a normalisation to the total counts per second (tcps) was

chosen as suggested for sediment cores by some stuidaguéGdf et al., 2016; Haenssler
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et al., 2013; Ohlendorf et al., 2015his method reduced otherwise prominent effects of surface

irregularities or smaller ruptures in the core, especially for the lighter element range.

3.4.4 CarbonMNitrogen ratio
C and N analgs can provide information about the degree of decomposition and therefore

about wetter or drier episode@Biester et al., 2014)he C:N ratio is strongly connected to the
type of peat, i.e. the vegetatiofKester and Favier, 2005and age of the peafWwang et al.,
2015) Its significance for patoclimatic interpretations igherefore debated andcan be

ambiguougHansson et al., 2013)mplying that C:Mlata should not be interpreted onsitown.

Here, 63 C:Mamples were selected from the already homogenised geochemistry peat sample
powder. Around 5 mg of each sample were weighed in for the final analysis on ¥e€top

Elemental Analyser 3000.

3.4.5 Enrichmenfactors andnineralaccumulatiorrates

Enrichment factors (EF) are a way to illustrate either enrichment or depletion of a certain
elemental ratio in the respective layer of peat relative to the natural ratio in the local geology or
pre-anthropogenic sedimentHence, they area proxy to etect, interpret and discuss the

possible mechanisms behind fluctuations in this signal.

An EF is generally calculated by taking the ratio of the element A to a conservative reference
element B and divide it by the ratio of A to B that represents the Ugmmtinental Crust (UCC)
or the regional or local natural background. Thenaéntal composition of the UCC ataken

from McLennan2001)

0. 1} &
500 J- v vyrLx s

0jO y /10 AAAECOI 61 A
Concentrations of A and B in sample and UCC or background in-fng*kg

To give an example, the enrichment factors of Pb (Pb EF), Sb (Sb EF), Cu (Cu EF) and Zn (Zn EF)
can be taken as indicators for anthropogenic pollution by mining, rfuetgl a in some cases

for coaland leaded gasoline combustigNieminen et al., 2002; Shotyk, 1996a, 1996b; Weiss et

al., 1999) However, an EFshould only be calculated under the condition that element A is
immobile in the investigated peat section, if conclusions on the timamg) time of deposition

are drawn. In ombrotrophic peat this requirement is fulfilled for the abowentioned elements

(Novak et al., 2011)Otherwise, a different behaviour i&$olution and transport) in the
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minerotrophic part of a core could lead to false interpretatig8totyk, 1996a)A lower binding
capacity or Iss effective complexation of metals can be induced by the much higher presence
of competing binding partners, like #eMg*, C&*, for fulvic or humic acid¢Benedetti et al.

1995; Iglesias et al., 2003; Zhou et al., 2005)

Table3: UCC valuesf relevant elements frorivicLennanZ001)

Element Ti Pb Zn Cu Sb
UCGvalue jmg*kgt 4100 17 71 25 0.2

Moreover, the reference element B has to meet a humber of requirementsieltdsto be
conservative and immobile in the peat colunihshould not be affected by physicochemical
(e.g. dissolution and diffusion) or biological processes (e.g. plant cycling of nutrients) under
changing conditions of pH, water saturation, etc. Furthemiist be equally distributed in
mineral source material without significant partitioning during (chemical) weathering,
entrainment, transport and sedimentation or in biological processes. Finally, precise and
accurate measuring of the element of choicrig be ensured. Studies dfa. Aubert et al.
(2006, Boés et al(2011), Cloy et al(2011), Krachler et al(2003), Shotyk et al(2001, 1992,
Shotyk (1988and Zaccone et al2008)discussed the behaviour of several lithogenic elements
in terms of enrichment and mobility. As a quintessence ofrtresults, Ti, Sc, Al, Pb, Y and REE,
Rb and V could be judged as immobile and conservatiteast in ombrotrophic peaglthough

some results contrasted each other

Yet, Weiss et al.(1997) underlined the importanceof choosingthe conservative element
individually in every study or locatipgsince conditions may varghotyk et al(2001)reviewed

and predestined Sc as the most suitable lithogenic reference element for atmospheric
deposition, as it is not bound to any crustal rock or mineral in particulag fltrtermore, only

used sine recent times, e.g. in aerospace techniqgyBwyset and Ryum, 2005nd is only
enriched in bauxite deposit®innemans et al., 2015After Henderson (1982), it does not get
residually enriched or depleted in the crystallization of magma and in contrast to other
elements, chemical weathering affects the Sc inventory the Iigdestbitt and Markovics, 1997)
Krachler et al(2003) proposed Al as the best reference after Sc and studieMaotler et al.
(2008 and Shotyk et al(2001)backed this findingBennett et al.(1991) andDamman(1978)
reported some Al mobility in parts of the peat colummurtRermore Nesbitt and Markovics
(1997)observed a enrichment of Al in aerosols. The behaviour of REE in peat was disgussed
several studiegAubert et al., 2006; Krachler et al., 2003; Kylander et al., 200¥all agred on

their immobility in peat. Unfortunately, the analytical quality of Sc in bothM3Pand pXRF
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analyses hampers its use in this study and neither Al nooRERre covered by the pXRF soil

mode spectrum. Therefore, Ti, Zr and V remapassible choices.

Ti and Zr are not susceptible to dissoluti@e. to leaching from minerals within the pedoit

can be subject to physical fractionation processes. They are most abundant in heavy accessory
minerals like rutile, ilmenite, titaniteral zircon (Goldschmidt, 1954), which are resistant to
chemical weathering (Jackson and Sherman, 1953). The density of these minerals can lead to
sorting effects during weathering and transport, making them generally less abundant in small
and light particks (Schitz and Rahn, 1982). At the same time, Zr can be depleted relative to Ti
in clays and aerosols derived from weathering (Krachler et al. 2003), which would infer that Ti is
less affected. Furthermore, Zr gets more easily fractioned during transpdrsedimentation
processes, due to its abundant occurrence in heavy minéFfaldick and Kronberg, 19971h
contrast, Ti has been widely used to quantify mineral inputs into peatl¢®aiskota et al., 2007)

and is, in contrast to Pb and(&loy et al., 2011)ot enriched by anthropogenic pollutionwas
alsoused byLe Roux et a{2004)as a reference element to calculate Pb EF in daaddition,

V has higher measurement errors and avdo correlation between IGRIS and pXRF
measurements and the CRMs. As Zr is not covered by the organic CRMs and lacks an
independent control, Tis used as the conservative reference element in this study. Now, to
finally calculate an EF, some of the raelevUCGsalues can be found ifable3. However, as
already suggested bgempter et al(1997) the combination of Ti and Pk a powerful set of
proxies to detect metal emissions and changes in land use history.

Il OO2NRAy3Ife&s ¢A Aa OK2aSy Fa I GNIYOSNJ F2NJ azA
UCC, it allows quantifying the annual deposition of mineral matteii 0SS Y A NB Qa & dzNJF | ¢
be addressed as Mineral Accumulation Rate (MAR) or Atmospheric Soil Dust (ASD) in an
ombrotrophic mire. MAR is accounting for the total amount of mineral matter deposited on the
mires surface, whereas ASD is, as the name impliegasure for material deposited solely by

the atmosphere. Even if the UCC may not be completely representative every\@migk et

al. (2002)used the Ticcvalue to quantify the annual atmospheric mineral input on a Swiss mire.
Thus, the same approadhiused here to calculate the mineral accumulation rate (MAR in‘g*m

Za1) with the following formula:
08y PTG 2 YR 2h 6
Ti concentration in sample (Ti in mg*Rgdry bulk density’{ in g*cm3); peat accumulation rate (pa in cm#x

As this calculation of deposition ratescludesthe factor oftime (in the formof accumulation

rates drawn fromthe agedepth model), it overcomes the issue§looking at concentration
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profiles versus depth or time only, because it normalises effectieodmposition, compaction

or lower peat accumulation.

3.4.6 Principal Component Analysis

Principal Component Analysis (PCA) is a statistical method allowing to handle big and complex
datasets with numerous variables and to reveal patterns and relations wit{@hlens 2014).

In brief, PCA filters out a component by rotating the coordinate axes of a-diulé&nsional
dataset and aligning it along the vector with the highest variance of variables. The PCA approach
is used in all kinds of research fields. Ishaready been applied in @aloclimatic and-
environmental studies in peat hya. Mauquoy et al. (2004), Muller et al. (2008) and Hansson et

al. (2013). Here, its used to analyse relations within the available datag. geochemical
elemental concentrions or ratios, but also depth, density and accumulation rate. The analysis
was computed with the open source software R version 3R.Zore Team, 201@nhd the
AYGSNY L E aLIND2YLE LI Ol 3Sd C2NJi.& hobfdlisdsthss G K S

variables to get a mean of zerocto account for large variations within the dataset.

3.5 Core descriptions andacrofossibnalysis

Visual core descriptions were carried out on the fresh cores, aided by thedgghution line

scan photos of the Avaatech ceseanner, which provides an adequate and uniform light source

to still detect colour changes. Besides, observations from massidfanalysis (see belovg

considered in the description. In this way, it is possible to distinguish between certain peat layers
YR (2 ARSY(AFe OKlFIy3aSa o6Sed3ad 2F (GKS @S3aSdal i
surface. This is important begse the quickly oxidising surface of the peat core blurs changes in

colour to a large extent. Furthermore, interchanging illumination in the field or other relative

factors (e.g. subjective vision) have to be considered as well.

A coarse macrofossil analysvas carried out on a minimum sample volume-@frhlin a petri

dish with bidistilled water under a binocular microscope, partly in parallel to the picking of
samples for radiocarbon dating. Although it is a rather subjective approach, the content of
suspended organic matter and the state of preservation of plant remainspltagnunieaves)

gave an idea about the degree of decomposition and humification. Furthermore, the frequent
occurrence of charcoal and mineral grains yields information about foes and increased

sediment content. The presence or absence and type of macrofossils (like wood patrticles, leaves,
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needles, mossQribatidia macrocharcoal, etc.) also add&aluable information on past

vegetation and trophic status.

3.6 Pollen

A volumeof 2 ml was taken from 14 samples of cores-BRInd HFC in the overlapping section.
These samples were selected at depths were trends or events were visible in the preliminary
geochemical profilesThe samples were prepared for pollen analysis by fatigwhe method
described byMoore et al. (1991)The raw material was pieeated in separate steps in 10 %
KOH and 10 % HCI to get rid of humic substances and carbonates. Macro remains were sieved
out with a 200um mesh. Afterwards, the samples were cooked for 4 minutes in a 9:1 solution
of acetic anhydride and concentrated sulphuric acid and then centrifuged. With ultrasonic
sieving, particles smaller than 6 um were removed. Coarser silicicladtinent layers did not

occur in the analysed samples, so that the application of HF was not necessary. Pollen were
counteduntil a sum of 200 tree pollegrainswas reached Although this relatively low counting

rate might miss especially rare pollen, theneral trendsand higher signalshould appear
clearly in the samplesn addition Coryluspollen were not considered as tree polléor the
definition of the point where to end pollen countimgcause thepotentiallybias the result due

to their high abundance when theyere present in the aredern spores without perine were

counted as indeterminatgteridophytes.

3.7 Terminology of chronological classification

In the scientific disciplines ofrchaeology and historytemporal classification into cultural
periods is based on technological and cultural transitions. These terms are not globally
convertible to calendar ages but must be defined in the context of the investigated region and
the cultural level of the pako-communities. It means that a certain region already transgion
from period A to B, while another region remathin period A. The transformation from
Mesolithic cultures- sustaining themselves by hunting and gatheringo the Neolithic is
supposed to bé¢he point when humans started to alter their environmehtoughagro-pastoral
activities. This is also the point whemuman presenceshould have started to leave
(geochemical) traces in @&oenvironmental archivesvhich is importanfor the scope of tis

study. Following a compilation published IRoepke and Krause (2013he Neolithic began
around 7450 cal BP in tmrthern Central AlpsTheir studied site in theorthern Central Alps

(Montafon) region is south of the Kleinwalser Valley in the state of Vorarlberg in Austria and
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thus not far from the other studied areas as well. Their classification is thus adopted in the scope
of this study. As an orientation, thegges ofcultural periods in thenorthern Central Alpsvere

additionallytransformed to absolute agg3able4).

Table4: Chronological classification of cultural periods, baseRagpke and Krause (2013)

Cultural period Age

Modern Times < 450BP (>150CB

Late Middle Ages 750-450BP (1200 1500CHB
High Middle Ages 1050- 750BP (900 1200CH
Early Middle Ages 1450- 1150BP (500 800CH
Roman period 1965- 1500BP (1BCE 450CH
Late Iron Age 2400- 1965BP 450- 15BCE
Early Iron Age 2750- 2400BP(800- 450BCI
LateBronze Age 3250- 2750BP(1300- 800BCE
Middle Bronze Age 3500- 3250BP(1550- 1300BCE
Early Bronze Age 4150- 3500BP(2200- 1550BCHk

Neolithic 7450- 4150BP(7500- 2200BCE
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4 Kleinwalser Valley
4.1 Introduction (Kleinwalseralley)

The first out of three study areas is the Kleinwalser Valley, which is located at the northern
boundary of thenorthern Central Alpslts name is derived from the Walser people, migrating

from the Swiss Wallis region to this part of the Allgau Algbe Late Middle Ageld20Q;1500

CB. Wagner (19503poke of five Walser families, wieateredthe valley from the south in 1310

CEandbuilt up permanenhousing andettlements. The connection towards the foothills of the

southern Allgau region and Swabia remained thin and ran across a bridle path until the
construction of a proper road to OberstdoFRi¢ure5) in 1572CHFritz, 1981as the main trade

connection. Until tourism became the most important economic sedtoingthe 20" century,

the landscape was shaped by forestry and animal husbandry for dairy prod{@tiagner,

1950) Many localites still bear names thgprovide information about their past usefor

SEFYLX ST 4a{OKsSYyRSé¢ 069y3IfA&AKY &6ARRSYO0 Aa RSN
GNBESa> aKNHza FyR ¢SSRa o0& 3A NRUOAdYND & oyidal OKIANE/TA
compilation about life and economy of the valiegiven byFink and Klenze (1891he holders

oflocd fFyR YR FTIN¥Y¥a 60FftSR IfLWO R20dzYSyadSR Gf
these single copies were partly transcribed\Wjlland & Amann (2013nd provide valuable

knowledge about the extent of Walser pde@ & | @ thé @lkeyi &

However, fom the time before thearrival of theWalser people, there igo proof of any
permanent prehistoric settlements in the Kleinwalser Val@ylisano (1994, 199%)as among

the first towork onthe question of earlier human occupation of the Kigalser Valley in more
detail. Until today and only in the last decade of thé"2@ntury, three major archaeological
siteshave beendiscovered, revealing a so far unknown human presence, dating back to the
Mesolithic, about 9000 years ago. The most famevidence is related to the discovery of one

of the oldest and most elevated flint mines in Europe, located at the southern end of the valley
(Leitner, 2007; Gemstel Valleffigure 1 site c). The latest mining of this radiolarite stone
resource has been radiocarbon dated to around 4200 cal BBablinetzer (2017)Another
archaeologichsite called Egg (séagureb, site g has first been mentioned gulisano (1995)

It is located on a gentle rise between the rivers Schwarzwasser and Breitach, west of the village
of Riezlern, and has been interpreted as addlithic open campground yachnetzer (2017)
Radiocarbon dates from a third site are covering time windows in a period from 9000 to 2000
cal BP(Leitner, 2003and evidence the recurring presence of hunters or herdsmen at a rock
shelter on the western slopes of the valley (Schneiderkirenalgigure 5, site §.
Palaeovegetation studies from mires in the valléRieffenbachFries, 1981; Grosse

Brauckmann, 2002yave indications for vegetation changes, possibly induced by prehistoric
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pastaal and agricultural activitybut they are lacking a more defined adepth model. An
important piece on the Holocene climate development in the valley is given by the speleothem
record of the Holloch cave Myurth et al. (2004)

Going further south towards the inner alpine valleys, the studies of lake sediments in the
neighbouring Tannberg are&igure5) by Walde and Oeggl (2004, 2008y pollen records
around the Montafon region in western Austria and eastern Switzer(@rchgemeier et al.,
2015; Roepke eal., 2011; Roepke and Krause, 2088)e valuable information about the
regional vegetation anthnd usehistory at higher elevations, south of the Kleinwalser Valley.
Other studies covering thélpine Foreland(e.g.Clark et al., 198%erbig, 2009; Lieséleiber,
1993; Rosch, 1992, 1993; Stojakowits, 20d€éd to be considered when investigating the
history of theKleinwalser Vallelecause it is connected to the foreland and a possible pathway

into the mountains.

Interestingly, no evidence for direct Roman influence in form of structures or documentation
exists for the Kleinwalser Valley. The RonEampire had conquered the region of the Raetia
province, of which the valley was a part of, arodhBCEAD or 1950 cal BPWeber, 1995and
fortified its northern borders against Germanic tribes. The former Celtic settlement of
CambodununtKempten) became an important provincial city in tlpine ForelandJus north

of the valley, an easwest trading route ran fromBrigantium (Bregenz) at eastern Lake
Constance through Sonthofen to Innsbryg¢keuberge, 1955; Schonberger, 1969Yore and

more civilian settlements were established (Weber 1995) in the province of Raetia, but although
human impact in theAlpine Forelandose coevally under Roman authority, recurring raids by
Alemannic tribes are belied to have discouraged widespread and extensive cultivation of crops
in this part of the provincéClark et al., 1989; Stojakowits, 201#he last Romans left with the
SYLANBQa RS ZBMatkenseh,l$®hdnt took until the Middle Ages for human
impact to become stronger again with the foundation of new settlements and increased land
cultivation.The rising population and its need for space to live, fuelwood, arable land, roads and
resources, particularly for glass and metal production in this region, led to regional, heavy

deforestation(Kata, 1995; Merbeler, 1995)

Despite this, little is known about this transition zone in the Kleinwalser Valley, between
lowlands and high mountains. Especially the archaeological evidence is spotty and can only act
as evidence to say that humans were present and maybe even why theye ¢flint,
pastoralism). But this information does not alléavdraw conclusions on the impact of human
presence on the landscape of the valley. If at all, how did they shape it? Also, the lack of

continuity of archaeological traces is not sufficientlwe®d by the existing pollen studies
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(DieffenbachFries, 1981; Grosdgrauckmann, 2002)as their agalepth mockls are not well
constrained by radiocarbon dating, and they are not yielding information about erositre

extent of human impact

This study aims at answering the following research questihgt did the landscape look like

in prehistoric times? Wén, how and to what extent was it impacted and changed by human
activities and climate factors compared to its previous state? Were the Walser people really the

first occupants, which not only used baisoalteredr y R a K LJISR G KS @l ff SeéQa

Theseguestions seek to be answerdy investigatingoeat cores from mires in the Kleinwalser
Valley, using a combination of geochemical proxies and pollen analysis, coupled with

radiocarbon dating to compare the acquired data to relevant studies.

4.1.1 Geographial and geological setting (Kleinwalser Valley)

Although it is part of the federal state of Vorarlberg in nevibstern Austria, the Kleinwalser
Valley is notirectly connected to the rest of the country by a rodeidure5). Most of its area

is situated in the lower montane zone but connects the higher altitudes witiAtpime Foreland

in the north.The valley is located at the junction of the gagital units of Northern Limestone
Alps, Flysch and Helvetikufa6lk, 2001) While the valley floor is located between 1086 and
1215 m a.s.l., it is framed byountains rising well over 2000 m a.sAt:its southern end, the
Great Widderstein (2533 m a.s.l.) is the highest peak, which belongs to the main dolomite of the
Upper Triassic, while the eastern slopes with the Fellhorn (2083 m a.s.l.) belong tg<tle FI
Nappesof mainly the Upper Cretaceo(®6lk, 2001)The latter are striking norteast to south

west and their northern boundary to the Helvetic Nappesroughly drawn by the river
Schwarzwasser before it joins thiger Breitachclose to the village of Riezlern. The Breitach is
then continuing this geological line before it enters theer lller at Oberstdorf (se€igure5 for
orientation). Flysch is a rathspft rock formation, which is composed of interchanging layers of
sandstone and marl. The silicate rich products of weathering and erosigmaably the major
natural source of lithogenic elements like Ti, Zr, Rb, FeahthPb in local sediments. However,
silicate rich layers with a higher proportion of sand, silt and clay can be found within the Helvetic
Nappes as well, of which the s@itwrmation Schrattenkalk is part @afs well This competent
lower Cretaceous limestone formation is responsible for the prominent morphology of Hoher
Ifen (2230 m a.s.l.) and forms the highly karstified Gottesacker plateau to its north. As a
consequence, sevarkarstic cave systems existthe study arean the northwestern flank of

the valley, resulting in a complex hydrolo@yoldscheider, 1998)
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Austria

Figure5: Map of the Kleinwalser Valley and surrounding areas. Archaeological sites (red dotted circles): Egg (a),
Schneiderkirenalpe (b), Neolithic flint mine (c). Sampled mire sites: Hoefle Mire (HFL), Ladstatt Mire (LAD), Halden
Hochalpe (HHA). Mountains (white iangles). Modified from source: state of Vorarlberg;
http://data.vorarlberg.gv.at

The valley itself was shaped by glaciers, which advanced from the south and covered the whole
valley during the last glacial maximus® G SNJ ( KS &aDaOKY A (1 élvy@chs RA L £ |
et al., 2006)t the latest the valley bottom at elevations below 1200 m was free of(i6@k,

2001) The receding glaciersft several side moraines parallel to the rivers Schwarzwasser and
Breitach and glacial till on parts of the valley floor. In the aftermath of the glacier regression,

lake clays formed in the area of the upper Schwarzwasser (¥ak, 2001)just before it joins

the Breitach.

Although the Kleinwalser Valley is not known for any metallic ores, sevepalsids exist in

adjacent areasvithin 35 km distancécf. Figurel):

- Ooaolithic Iron ore deposits at the Grinten in Sonthofen, known and exploited at least

since 147XCE(Merbeler, 1995; Oblinger, 2002)
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- Pboresat the mouth of the neighbouring valley in the east, south of Oberstdorf at
Himmelsschrofen(von Giimbel, 1861)

- Triassic sedimentary heavy metal sulphide ores withadl Zn contents of.5 to 7 %
at RoRkopf in the upper Ostrach Valley, east of Oberstdorf, known already inCEB520
(Obinger, 1996)

- Polymetallic copper ores in the south at Bartholomab@ngpper et al., 2011)

- PbZnores in the Arlberg area, south of the valley: at Zug/Gstua{Migdermayr et al.,
2014) at Zirs, St. Christoph and St. An{Qerny, 1989; Vavtar, 1988)

- Permian copper ores in th@sgth-east at Flirsch and Gaf@rutsch and Martinek, 2012)

4.1.2 Climate(Kleinwalser Valley)
The climate is temperate with an annuakan temperature of 5.7°C and a precipitation total

of 1863 mmin a period from 1961 to 199(Hydrographischer Dienst Osterreich (HDO), 1994)
with a monthly mean of over 200 mm from June to August. These higher proportions, falling as
rain during the vegetation period from May to October, provide optimal conditions for peat
growth and accumulation. In combination with clayey impermeable sediments of glacial er post
glacial lacustrine or fluvial origin at the bottom, several mires coeleelop across the valley

(Balti et al., 2017; Schutzer et al., in press 2019; Volk, 2001)

4.1.3 Coring siteslescription (Kleinwalser Valley)
Thefirst study site, the Hoefle Mire (HFL, GPS: 47°21'52.5"N 10°10'37.1"E), lies in the direct

vicinity of Egg (archaeological sitd=&gure5) at 1020 m a.s.l., on the western side of a small rise
inbets SSyYy (1 KS @Gwebtériaid QauthediteMis|épes. This rise is almost in the middle

of the valley bottom, just between the rivers Breitach and its tributary Schwarzwasser. The small
mire covers an area of about 50x100 Rigure5). It is situated well above the riverbed of the
Schwarzwasser. The underlying sediment consists of glacial ground moraine material and
localised lake clay$Zacher, 1990Q)which are both rather impermeable and allow eir
development. Due to its sheltered position, the mire is protected from both river erosion and
surface sediment input from the souttastern and northwestern slopes of the valley. This
characteristial setting is making the mire a suitable archive tdgudially record atmospheric

signals, which should be undisturbed by small scale processes.
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Figure6: Photo of Hoefldire (centre), northward view toward river Schwarzwasser. Footpath with small ditches left
and right to it.

The current vegetation in the centre of the mire is dominated by the ombrotrophic species
SphagnumEriophorumEricacea@andVaccinium The surroundings maintpnsistof meadows

with goats and cattle, several groves and stands of spruce. Several buildings (houses, hotels and
farm buildings) are clustered east of the mire, upon the top of the rise. Anthropogenic factors,
affecting the mire nowadays, are regular mowingdalitches, which are draining off the mire
along its eastern edge to the river Schwarzwasser. Along this ditch, a gravelled hiking road
(Figure6), leadsdown to the river and separates the mire from a gentle slope. The local name

F2NJ GKS I NBIF | NRdzyR GKS YANB Aa a{OKgSYyRSez A

Figure7: Surface vegetation and boreholes of HFL (left) and(tigti).
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Only 1.7 km to the southwest of Hoefle Mire lies the Ladstatt Mire (LAD, GPS: 47°21'28.1"N
10°09'26.9"EFigure5) at 1140 m a.s.l. This sewbstudy site is situated just at the foot of the
forested slope of the Gottesacker karst plateau, 400 m beél@vimportant archaeologicalite
oSchneiderkirenalpe Figure5, site b). This dry slope, called Kiiren Valley, is characterised by
the lack of surface runoff, as most of the precipitation is disappearing into the karstic
underground(Goldscheider, 1998)n terms of size and vegetation, Ladstatt Mire is more or less
similar to Hoefle Mire, although the bog vegetation is more pronounced here in the form of
dominatingSphagnummoss Figure?). In contrast to Hoefle, it is almost surrounded by forest.

A gravelled forest road, accompanied by ditches, runs in between the mire and ttieernor
dzLJLISNJ aft 215 G2 GKS D20dSal Ol SN®» Wdzad 4G GKS Y
act as natural gullies and are probably related to a nearby karst (@eédscheider,1998)

Furthermore, a crossountry ski route is running across the peatland.

Both HFL and LAD are in the vicinity of or interconnected by the abewtioned archaeological

sites (Schneiderkiren and Egigure5, sites a + h

Figure8: Photo of HHA, takeinom a westward view from the Gehrachsattel, showingglreammeanderinghrough
the mireand cattle (left centre).

A third peat profile was surveyed and briefly investigated in the subalpine zone at Halden
Hochalpe (HHA, GR&.°20'19.5"N 10°03'48.7,Eigureb). Itdoes not belong to the Kleinwalser
Valley anymore but is only a few hundred metres west off the municipal boundlaeyHHA

mire developed on an elevation @660 m a.s.l. in a sedimefitled kar or glacial cirque form

(de Graalff et al., 2003¥lightly west of Gehrachsattel between the crestsStdinmand| and
Hahlekopf. Compared to HFL and LAD, it covers a much larger area. The peat profile was about
130 cm deep and is readily incised by the meandering uppermost part of the river Subersach,

which is however, no tributary to the river Breitach.he Subersach drains to Lake Constance
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through a bottleneck at the northern end of the kar, which naturally gets blocked from time to
time and floods the mire. The surface vegetation indicates a fen mire type, although small
patches of Sphagnumwere found. Although the mire site is below the forest line, the

surrounding area is almost bare of trees. From spring to fall, cattle are grazing in the area.

4.1.4 Coring and subsampling (Kleinwalser Valley)
Field sampling in the Kleinwalser valley was performed ily @argust 2016 on the highest point

of Hoefle Mire. A peat sequence of 2dh was recovered in three parallel, overlapping cores
(HFL-B,-C,-D) using a Russian peat co(Br50 and 5x100 cmA 10x10x3@&m monolith of the
topmost part was additionally sapled with a serrated ceramic bladénother core (HFL17) was
taken in HFL with the Wardenaar one year la@milarto HFL. an 83cm-long uninterrupted
sediment core and an additional 281-long monolith were recovered at the centre of LAD

2016 At HHA, only a single radiocarbon sample was collected from a charred wood debris layer
at the bottom of the open peat profiléc. 145 cm depthio date the approximate onset of peat

accumulationTree rings oftie charred piecavere counted taapprox 60 yeargFigure9).

PR . AR
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Figure9: Open profile of HHA and charred waadiocarbon sampléelreerings counted toapprox 60years.
Slicing and subsamplingeve conducted on core sections B and C by following the procedure

described in the methods sectigohapter3.2). BothLAD sections yielded 86 samples while HFL
yielded a total of 232 samples.
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To cover the disturbed part between the first two core sections in HFL, an overlapping part of

core (C) was fitted to the main core (B) by comparing the dry bulk density profilisstirst

estimation was later confirmed by bringing the geochemical profiles of both seatitmghase

The same was done to synchronise the core and monolith recovered in LAD.

4.2 Results & discussion (Kleinwalser Valley)
4.2.1 Core description(KleinwalseWalley)

Hoefle Mire (HFL composite)

Table5: Core description of the composite HFL peat sequence.

Depth (cm)

241-237
236-232
232-227
228214
213203
192-180

179125
125115

114101

10090

89-60
5951

5047
46-40
39-38
37-33

Description of HFL

fine, grey organic rich mineral sediment

wood

dark, highly humified peawith few small wood pieces

lower decomposition, wood at 222 cm, treRi¢ed needles

dark, decomposed peat, very high wood content

very dark decomposed peat, highly humified peat with rhizomes and
small wood pieces

dark brown decomposed peat, wood at 152 cm

very dark peat, higher humification and decompaositisadiment grains.
appears in cores B and C, f&phagnumeavesOribatida

dark fibrous peat, less decomposed but humifiedpphorumand
Sphagnum

dark brown peat, very porous, 4 cm with little material, less fibrous,
Eriophorumand Sphagnum

dark peat, lower humification, well preserv&giophorumand Sphagnum
dark peat, higher humificatiorgriophorum decomposedphagnum
Oribatida

lower humification Eriophorumand Sphagnum

higher humificationEriophorum few Sphagnum

dark peat, lower humification

brown peat, higher decomposition and humificati&rjophorumwith

sparseSphagnumcharcoal at 36 cm
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32-27 mediumlight fibrous brown peat, lower decompositiorEriophorum
spindles andSphagnum charcoal zone ¢(Gmm), Quartz and whitisl
mineral grains

27-21 mediumlight brown fibrous peatEriophorumand Sphagnum

21-0 light brown peat,Sphagnundominance, slightly higher humification

around 21 cm

A line scan of HFL can be foun&umpl. Figurd.. The second parallel core (D) shexha similar
development, which auld be inferred from the darker marker layer that appears around-115
MHp OY® ! fiK2dAK AG KI arigdodlly §ig See trink dof &raudd2®R A Y

puf

cm thicknessvith a strongly charred upper sideas buried in a depth of 21595 cm.

Ladstatt Mire (LAD)

Table6: Core description of the composite LAD sequence.

Depth (cm) Description of IAD

103101 grey, slightly yellowish fine/clayey mineral sediment with org. materia

100-86 highly humified dark peat/gyttja with high mineral content, wood from ¢
96 cm

8577 dark, highly humified peat with few small wood pieces

7671 pure wood

71-66 dark humified peat, fevEriophorumspindles

65-56 humified peat, greyish sediment at @1 cm

5540 dark humified peat, sparderiophorumspindles

3933 transition from dark brown to brown peat, still highly decompos:

charcoal and mineral grains 38 cm

32-25 brown peat, lower humification and decompositideiophorum
spindles Oribatida
250 light brown peat withSphagnundominance, low decomposition, darkel

layer around 22 cm

A line scan of LAD can be foundsumppl. Figurd.
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4.2.2 Radiocarbon dates and agepth models (Kleinwalser Valley)
Table7: List of radiocarbon sampldsom Kleinwalser Valleyincluding information about site origin,

depth, dated materialuncalibrated*Gages and additional information.

Lab. No. Site Depth (cm) Material YGage (BP) Comment
Poz101727 HFL1B 21.3 Sphagnunstems and 127 + 0.35
leaves, few pMC

Eriophorumspindles
Poz104865 HFL1B 29.9 Eriophorunspindles, 65+ 30 0.5mgcC

Sphagnunstems and

leaves
P0z92252 HFL1B 36.0 Eriophorumspindles 1110+ 30 0.7mgC
(Figurel0)
P0z101728 HFL1B 48.3 Sphagnunstems and 1525 + 30
leaves Eriophorum
spindles
P0z92255 HFL1C 80.0 Sphagnumeaves 2410 £ 30
P0z92251 HFL1B 120.3 Sphagnunstem, 3065+ 35
Eriophorunremains
P0z86728 HFL1B 152.0 Bulk peat 4105 + 35
P0z96113 HFL1B 176.7 Wood and 4710 + 40
Eriophorunremains,
P0292253 HFL1B 202.0 Ligneous material, 2730+ 35  Excluded outlier,
wood 0.2mgC
P0z86726 HFL1B 235.0 Wood 5330 + 40
P0z86729 HFL1D 175.0 Bulk peat 4400 = 35
P0z95963 HHA ~145.0 Charred wood, outer 3195 + 35 (Figure9)
age ringmin. tree
age60 years
P0z99319 LAD 24.8 Sphagnunstems and  127.74 + 0.7mgC
Monolith leaves 0.37 pMC
P0z103202 LADI1A 31.2 Eriophorunmspindles 40 + 30 0.8mgC
P0z99198 LAD1A 63.5 Eriophorumspindles 3185 +35
P0z86730 LAD1A 102.5 Bulk peat/gyttja 5320 + 40

The agedepth models for HFL and LAD were run with the radiocarbon dates summarised in
Table7. As only a single date exists for the basal layer, no model was created for the HHA profile.
The settings thatliffered from the default settings in rbacofBlaauw and Christen, 2014hd

influence the behaviour of both models are giverTable8.
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Due to a high degree of decomposition in the lower parts of the cores, not atication
samples consisted of identified plant remaifalfle7). P0z92253 in HFL1B turned out to be too

young.In addition,because of the very lowacbon content, itwas treated as an outlier and

excluded from the agéepth model. Both models aggresentedin Figurell.

Figurel0O: Eriophorum vaginatum spindles and Sphagnum leaf. Part of radiocarbon sample materia2252z

The outer ring of charred wood of HHA was dated to 33880 cal BP, implying that peat
accumulation cannot have started earlier. A minimum tree age of more than 50 yees
determined by counting the year rings of the sampled piece of charred wood. UpnidiSt
samples in the upper part consistedShagnunandEriophorunspindles Figurel0). The basal
radiocarbon sample was dated to a period around ®@® 6200 cal BP. This date is setting the
onset of mire development shortly afterwards, as a slightly older age should be taken into
consideration because of the type of sample material (wood). Over the deepest part, HFL had a
peat accumulation rate (AR)f almost 0.9 mm*& until around 5500 cal BP, after which it
decreased to rates around 0.03 mm*antil 3500 cal BP. A slow increase wakulatedfor the

next 700 years, reaching 0.06 mm¥ebefore the AR returned to a rate around-80 mm*at
between 2350 and 1100 cal BP. The following period of around 900 years saw a very low AR
between 0.02 and 0.006 mm*aover just 10 cm. Only in the uppermost layess 28 cm (100

cal BP to the surface), the AR in HFL accelerated significantly and reaene&iImm*at in the

upper 8 cm. However, as thayer had been part othe living layers, the term peat accumulation

rate should beaeplaced byépeat growth raté.



Kleinwalser ValleylZl

Table8: Settings in rbacon for the agkepth models of HFL ah@D

Site  thick acc.shape mem.strength mem.mean acc.mean
HFL 2,0 0,5 9,2 0,25 20
LAD 1,2 0,5 9,0 0,7 50

° 7 k‘\& HFL ° \ LAD

50
50

100
1
100
I

Depth (cm)
Depth (cm)

150
1
150
l

200
l
200
l

T T T T T T T I I I I I I !
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

cal yr BP cal yr BP

Figurell: Agedepth models of HFL (left) and LAD (right). The red dotted line denotes the median age and the grey

shadedarea the 95% confidence interval.

In LAD, the agdepth modelin Figurell is pointing to an almost simultaneous date for the

onset of peat accumulain (se€Table7 for comparison ot*Gage). The AR was generally lower
than in HFL and did not exceed 0.02 mrhtaer the lower 65 cm (around 6100 to 500 cal BP).
Yet again, similato the development in HE the AR (or peat growth) strongly increased to

values of up to 10 mm*ain the upper/surface layers.

Both cores weralated using radiocarbononly. Thisis generallyproblematic for dates younger
than 350 yeargHua, 2009)which ispartly due to the Suess effe@Revelle and Suess, 1957)
Theseissues add a higherrelative uncertainty to the description and interpretation of recent
centuries. However, both models includadadiocarbon date of the bombulse (Goodsite et

al., 2001; Piotrowska et al., 201@yhich could confine the uncertainty of the higiRAn the
upper sections. Furthermore, it turned out that characteristic atmospheric Pb pollution by
leaded gasoline and coféPacyna and Pacyna, @0 and resulting Pb EF profiles for European
peat bogqShotyk et al., 1998; Weiss et al., 19@@ye consistent with the Pb EF profiles of this
study (seee.g. chapterst.3and5.3.50r 7.2.4). The decline of Pb E#ter the ban of leaded

gasoline around 1980CEwas therefore used as a chronological marker for both models.
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Consequently, both bompulse radiocarbon dates could be set to the rise of the bguulse,

as theyotherwisewould have intersected with thpoint of o EF decline

4.2.3 Geochemistry (Kleinwalser Valley)
For geochemical analysis of the Hielre, 172 samples were selected for pXRF of which 51 were

measured with IGIMS and 40out of these 51with ICROES. For the analysis of the LAD
sequence, 63 samples were selected for pXRF. The measureofiéffit samplesere used to

perform a regression analysis

4.2.3.1 Regression analysis (HFL)

After having preinvestigated the performance of pXRF on organic CRMs, this seetiathe
correlation of pXRFand ICAEMS/OES measurements in the 51 peat samples of HFL by a site
specific regression analysis. The elements Sc, Ni, and Cr were alxehaied because of their
unsatisfactory measurements (see chafet.2). The crosgplots of the comparison for the HFL
samples are illustrated iRigurel2, with thetwo lowermost samples at or close to the mineral

sediment bottom coloured in red.

While the regression curve of Ti in the CRMs (chapt#f) suggestalmost quantitative values
for high concentrationsi.e. in a minerogenicsedimert matrix, the HFL peat samples draw a
different picture. In factyaluesin the peat samplesvere generally stronglyverestimated by
pXRF. Nevertheless, a high fit (R2=0.87)bserved for concentrations up to 500 mg*%g
correspondingo a signal of abut 1600 in pXRF. A polynomial{degree) regression model
could be assumed the mineral sediment samples were included. However, two samples with
a higher mineral contenére barely enough to cover the transition between a linear and a
polynomial regession.The results illustratéhat concentrations of Ti in samples with a higher
mineral sediment load would be underestimatedhen using the linear regression function for

peat (seeFigurel?).

The regression analysis of Pb measuremeessilted inan almost perfect linear fit (R2=0.99),
without a visible matrix effect, as also the mineral samplesdling on the linear regressio
function. In contrast to Ti, the pXRBluesare alsdelow ICRMS-concentrations, but to a lesser
extent. As already expected from the CRM measuremdritpirel2 shows that the fit for Cis

low (R2=0.19, indicatingthat it is not quantifiablen peat by pXRF, at least rattconcentrations
below 20 mg*kd. In contrast the measured values of S, Sr and Zn behave coherently, with
fitting linearregression models (R0.98, R&=0.98, R4~=0.99), and without major differences

between peat and mineral sample¥he mineral samplesange only slightly above the
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regression curve. However, transfer functiars individual for each element, with the ghest
slope (a) for S (a=0.83) and the lowest for Zn (a=0.24). Calcium and Fe (both R?=0.95) as well as
Zr (R?=0.87) and Mn (R?=0.9%d an almost linear regression for the peat sampl@se two
mineral samplesvere off the line, most pronounced for Fe drCa Figurel2). For Zr, a large
proportion of the samplesangedaround a minimum of 1.5 mg*Kg whichtranslated to a pXRF
signal minimum of 148, suggestinghat the LODis reached. Furthermore, concentrations
higher than 7 mg*kg exhibited a larger offset from the linear regression functioh.special
behaviour can be observed for the two elements As andirRbBigure 12. Although high
deviations occurred for As at certified concentrations <0.01 mg*kguse for contaminated
sites couldstill be possible. While Rb measurements in the uppee¢mif (above 125 cm,
where Sphagnumwas detected firsthad a linear fitwith R2=0.84, the lower part (mineral
sediment excluded) id not show any recognisable trend or relation. In contrast to Rb, the
measurements of As in the deeper sectlada very good fit of the regression model (R?=0.97).
To a limited extent, this is true for the upper half as well, but with a significantly lower slope and

two outliers. These outliers tugd out to be the two shallowest correlated samples.

Obvious matrixeffects between peat and sediment samples appear in the regression analysis
for the HFL samples. As a first interpretation, this depth dependent behastuld be related

to the trophic status of the layers, as theyere probably loaded with elements lelaed from

the sediment and influenced by enriched groundwater from lateral sources (cf. chagt8r2).
Furthermore, partly mobile elementsere possiby transported from the top layers dowward.

This generally higher element load colidve affected the matrix of the sample Yet, it
demonstratesthat pXRF can be used for geochemical analysis of mire samples from the
Kleinwalser Valley. At least for Pb, Ca, S, Zn, Sr, Fe, K, Btid V, the regression analysis
suggests aeliable calibration orquantifiability of peat measurements, which allows the
potential use of these elements for interpretatioRor As and Rb, thergere serious matrix

effectsinfluencingthe measurements.

For K VV and maybe Ti, the fit between both measurements could be described by a polynomial
of 2" degreeinstead of a linear transfer functigrspecifically when minersdamples are
involved. However, more samples in iatermediate concentration range (or transition matrix
between peat and mineral sediment) would be needegbrove this, becausthe presence of a

non-continuous functiorcouldalso bepossible.
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Figurel2: Regression analysigith crossplots of ICRMS/OES vs pXRF measurements in HFL peat samples. Transfer

functionsof the regression analysis and their respective coefficients of determinations (R?) in bl&Redextmineral

rich, green = ombrotrophic, orange = minerotropEicor bars depict the standard deviation of thetrument
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4.2.3.2 Elemental profileisn HFL

Before interpreting the elemental concentration profiles versage regarding climate and
human impact in the valley, this chapt@escribeslement concentration profiles versus depth
in Figurel3. First,in order toget an idea about the behauir of each element with depth and
second,becaug data points inthe uppermost part wouldbe indistinguishablalue to their
characteristialagedepthrelations. If notindicatedotherwise, all profiles are based on the pXRF
measurementswhich were transformed into concentrations by their respective transfer

functions(Figurel2). The errors of all pXRF measuremenigse transformed in the same wa

At first, the matrix effect is illustrated bya (Figure 13) where the bottom sediment
concentrationscould notbe calibrated with theransfer function given inFigure12. The true
concentration (from ICIMS) for the bottom samplés 10,000 (red-curve) instead of the
estimated 3000 mg*kg (blue-curve) To a lesser extenthis underestimationalso affecs the
following three samplect. outliers of Ca ifrigurel2). Asimilar behaviourcan beobserved in
the Feprofile. Also, for Ti, Mn and Zr, the lowermost four samplesbiased byaninsufficient

depiction of mineral samples by the linear transfer functions

Ca:Goncentrationsin the deeper peat samples (>175 carg still higher tha in the mineral
sediment base. They decrease continuously from >14000 mgak@25 cm to below 6000
mg*kg? at around 122 cm. Aboyeéhe concentrationsggo below 4000 mg*kg and to around
2500 mg*kdt in the upper 65 cmiThefact that thesurface sampldifferentiates from the others
can be explainetby its function as a biologicallyycled macronutrient in vegetation. Takiat
of these observationsinto account or can be stated thathey siggest a postlepositional

leaching, which leagto an enrichment ofCain the deeper peat layer&.g.Shotyk, 1988)

Ee Ironshowsthe same trends as Ca. It deckrfeom over 10000 mg*kgand keepsa level of

around 1000 mg*kg, interrupted only by a short increase to 3000 mg*kgound 16 cm.

Sr: Not being affected by the matrix effecBrbehaves similaly to Ca and Fewith 70 mg*kg!
at the bottom, decreasingowards 122 cm and keeping a lee¢lLO to 20 mg*kd above.

S:Sulphuris very low in the mineral sample (500 mg#kdput high in the peat layers up 022
cm (4000 to 6000 mg*ky. An abrupt drop to less than2000 mg*kgt was recordeduntil a
temporaryrising trend at 50 cm and a climax at 25 cm (3000 mgjkgespite its generally
mobile character in pedfNovak et al., 2005jhe comparison to theore-description showthat

a higher decomposition and humificati@ould be related to a higher S content. Tisuld be

in line with Lowe and Bustin (1985)who observed a positive correlation between

decamposition and Sontent in pea
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Mn: The profile ofMn is below the LOD(around 12 mg*kg) between 140 and 21 cnAsa

micronutrient, it strongly increassagain in the livingegetationlayers.

Cu:The ICPMS derived concentrations @uillustrate its distribution in HFThey aregenerally
elevated in the lower part (:80 mg*kg') and decrease to concentrations mosaigound the
range of 2 to 5 mg*kgafter 130 cm. A stable period of a still low signal from 100 to 5@scm
followed by a rising trend with a maximum of 10 mg*kground 24 cmAs the concentrations
are generally above &g*kg?, larger deviations from the reference (see chafet.1) should

not be of great sigficance.

Zn:The concentrations in the deepdayers fluctuate stronglyfrom 35 to484 mg*kg' and back
to values around 20 mg*Kgat 200 cm. Another peak (>100 mg*kpappearsrom 184 to 181
cm. Afterwards, a slow decline down to 5 to 10 mg*kgntinuesuntil 150 cm depth. This level
is keptuntil 47 cm, with short periods of elevated concentrations over 20 mg#itd 44 cm and
around 93 cm. Between 47 and 14 cm, a rising trend clisyaith 96 mg*kg' but decreagsto

29 mg*kg! again at the srface.

All the above described elements (Ca, Sr, S, Fe, Mn, Cu aack El®vated in the lower half of
the core, with a generally decreasing trend ending at approximately 122 cmdifficsilt to
distinguish between an element load that is distributeddownwash from the upper layers and
elements that are transported upward by richer groundwater or originate from dissolution from
peatmineral interfaces. It carhowever, be stated that a post depositional redistribution by
diagenetic processes is ligkefor these seven considered elements. As the decreasing trend of
these elements stapat 122 cm, it can be assumed that the inflgerof groundvater endsat

this point as well. Particularly the markedlgcrease of Suggests a change in the ghgdro-
chemical regime. AlreadyBrown (1985) and Vitt and Chee (199@f)served elevated -S
concentrations in pedayerswith a richer trophic status. The stabilisation on a lower level above
122 cmpoints tothe transition of HFL from fen to bog, i.e. from minerotrophic to ontimphic

or oligotrophic conditionsbetween120and 125 cm. This interpretation of the -profile was
usedin other studiesas well(Le Roux et al., 2005; Shotyk and Krachler, 2@04) is supported

by the subsequent first appearance $bhagnumnin the macrofossiléchapter4.2.1) and pollen

record(chapter4.2.4) of HFL.

Having identified the transition point of mire development, the recorded signalsast
elements should reflect atmospheric input at the time of growth/deposition above 122 cm,
whereasconcentrations in the lower part should be considered with caution. Although Cu and
Zn are both micronutrients, they can like Pb¢ be used as proxies for past mining and

metallurgic activities in peat recorddviartinez Cortizas et al2016; Mighall et al., 2002;
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Nieminen et al., 2002However, Plcan beimmobile, even under conditions of a fluctuating
water table (Rothwell et al., 201Q)and original deposition signals can benserved in
minerotrophic peat(Baron et al., 2005; Shotyk, 2002, 199db)contrast, Cu and Zn get more
easily mobilisedrbm i.a. adsorption toSphagnumand Carexpeat under certain conditions
(Ringgvist and Oborn, 2002)nd could thus be affected by postiepositional redistribution
(Dumontet et al., 1990)This would be even stronger in layers with a higher decomposition or
peat mineralisationBiester et al., 2012wherethey would be released from their bonds to
humic and fulvic substances and thus be availablébifological cycling again. The effect of a
much higher competition for binding sites in organic matter of the minerotrophic peat probably
plays a major role as wéBenedetti et al., 1995; Impellitteri et al., 2002; Kinniburgh et al., 1999;
Ma and Tobin, 2003)

Rb:In the second rovof Figurel3, both the pXRF and I@FS profiles oRbare shown. Due to
the describedssues of pXRF in the deeper p@hapter4.2.3.7), the red curve (ICMS) shows

the real concentrations. The blue curve (pXRF) demonstratess,the profile would looMKike if

the linear regession was appliednthe whole coreBevated concentrations (114 mg*kpywere
recorded in the mineral sediment, followed by a relativaibleprofile until around 45 cm. Only
one noteworthy peak (6 mg*kt) appeas around the fen to bog transition. @oentrationsup

to 4.5 mg*kg' showfrom 60 to 25 cm. Except for lower concentrations around 23 cm and from

14 to 4 cm, the concentrations stay on an elevated level above 10 mg*kg

Ti: The profile ofTistartswith almost 1000 mg*kgin the basal sampleontinueson a low level

(20 to 60 mg*kd) from 225 to 125 cm and esdavith a major peak of 380 mg*Kgaround 122

cm. Thereafter, moderately low Ti concentrations continue until 60 cm before a rise to 360
mg*kg! at 32 cm. This treshis interruptedbriefly around 48 cm. After 31 cm, concentrations

decrease stepwise, to < 30 mg*kgt the surface.

Zr. It sharesthe same trends and peaks with Ti, with maximum concentrations of 50 mgitkg

the bottom and 7.5 and 10 mg*Kgn the ugper two peakspointingat similar input sources.

V: Anongoing decreasérom the bottom to 200 cm suggest slight mobility ol close to the

mineral base. The rest of the profilesembleghe Ti and Zr profiles.

K: Despite its function as a macronutrient and an associated solubility and mobility, the
concentration profile oKdoes not suggest a significant upward migration from the mineral base
(13200 mg*kd). It rather resembles # course of Ti until 30 cm. The increase intthyelayers

could be explained by a rising influence of living vegetation.
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Pb:Leadwas well measured by pXRF amdf greatimportance for this studyn order todetect
enrichment and trae human activityand pollution. The bottom sampleas onlyll mg*kg.

Until 190 cm, concentrationare below the detection limit of pXRFL(5 mg*kg'). Also due to

the strongly elevated concentrations in the upper quarter, more subtle signals around 178 and
144 cm are less visible in the deeper sections. A significant rise to over 25 Tagikmeasured
around 96 to 90 cm. Although concentratioare generally higher than in the lower half of the
core, an accelerating trend of increasing®mtent sesin after 50 cm, rising from around 12
mg*kg! and exceeding 110 mg*Kgat 20 cm. However, a steep decline folbthis peak At a

depth of 6 cm, Pizoncentrations arrive at concentrations around or belb@D again.

Sh Antimonywasonly measiured successfullpy ICPMS but is consideredhere nonetheless,
becausetiis an anthropogenically enriched (toxic) elem#rat can be retained in ombrotrophic
peat, althoughnot as strongly as Pb or (Rothwell et al., @10). The profiles almost flat in the
lower half exceptfor the deepest part. A fluctuating profikhowsabove 122 cm. A first more
distinct rise to 3 mg*kg at 43 cmtransfornmsinto a sharp increase to 11 mg*kgt 31 cm. This

maximum value deciases again below 1 mg*kgin the uppermost peat layers.

Another aspect concerns the discussion of potential reference elements. Taking Nd (or Sm) as
representative for the REE, they were more concentrated in the deeper, minerotrophic part of
HFL. This iustrated by the ratios of the two REESs to TFigurel4, staying almost completely

flat from 122 cm to the top layer. Interestingly, the local sediment (bottom sample) has a very
low Nd/Ti ratio of less than 0.01 @gnifiedby 6 inFigurel4), while a maximum of 0.125 appears
between 225 and 200 cm. A direct comparison with the ratio of Cu/Ti shows a striking analogy
to the Nd/Ti ratio, whictsuggestsa relation between Cu and REE. At the same tiniedlitates
mobility in minerotrophic peat and competition with other cations as potential binding partners
to humic and fulvic substances in these layers. Whibdility of Cu under certain conditis is

not surprising (see abovedther studies described a conservative behaviour of REES in peat
(Aubet et al., 2006; Kylander et al., 200Avhich can be confirmed here only for the

ombrotrophic part.
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Figurel4: HFL deptiprofiles for Nd/Ti in HFL (left) and for Pb and Zn (botho$R¥scanner) in parallel core HFL17.

Profile of Nd/Ti is magnified by the factor of 6 for illustrational purposes.

Besides testing the potential of XRF eeoanning when comparing it to IGFS and pXRF results

of the Kleinwalser Valley, another purpose ofsitto have an independent meament (or
record) to confirm signals, in either the master core or a parallel one. Scanning data for Pb and
Zn fromthe parallel core of HFIE{gurel4) shows significantly increased signals, almost parallel
to the Pb or Zn signal in the HFL main core. This is at least the case for the signaid178

cm, from 96 to 90 cm and for the large peak around 25Asrin the pXRPprofiles of these two
elements, the Zrsignal seems to be slightly off phase with thedRimal (e.g. in the peaks around

93 cm), which anbe explaird by its higher mobility and a displacement of the element in the
peat column. Furthermore, differences between the depths ofdheerved peaks in both cores
canbe related tothe fact that the presented parallel core was taken one year later and in about
1 to 2 m distance from the master core location. Hence, a slightly differing stratification is

possible.

Figurel5 demonstrates that the XRéore-scanner signal for Ti resembles the calibrated pXRF
profile of Tj dthough the corescan was conducted on a parallel coféesignal for Si shows a
profile that follows the pXRF profile of Ti everore. Thisresult suggess that Siis the better
choiceto detect layers with higher mineratontent in peat coreswith the Avaatech system.

These concurrent but independently measurgdnals of twoseparate cores illustratdike Pb
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and Zn inFigure 14, that the signals are representative for the mire. Moreover, significant

contamination, errorsor malfunctionsduring preparatioror measurementre unlikely
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Figurel5: Profile of quantitative Ti (pXRF) in HFL in comparison with qualitative Ti and Si (XRF) of a parallel core
HFL17. Grey shaded aredenote similarly elevated phases.

4.2.3.3 Elemental profiles in LAD
Although the regression analyghapter4.2.3.1) wasconductedon the HFL peat sample$iet

element specific transfer functions were applied on the pXREasurements of the LAD
samplesas well It shares both the watershed and the geology witkL However, he visibly

higher sediment content couldaveaffected themeasurementgmatrix effect).

Ca Fe: Because of matrix effectsthe regression function Rigure 12) would strongly
underestimate the true content of Caihe mineral rid layers of LABConsequently, Ca and Fe

were relinquished from further discussion in this core.

Sr:In contrast, Sprobablymirrorsthe true trends of Ca in HRhecause the two elements are
closely associated due ®milar size. Mmeover,none ofthe pXRFmeasuremens of Srhad a

significant offset from the regression function. It decifi®m around 50 mg*kgin the bottom
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mineral sediment to 12.5 mg*Kgat 78 cm. Except for an increase to over 25 mg*&g61 cm

and lower concentrations in the emtelm, the profile stagaround 12.5 mg*kg.

S:The profile ofSshows a partly contrasting behaviour, starting with less than 400 migikg

rising to a maximum of 3000 mg*kagaround 30 cm before decreasing again. In HFL, S was
associated to the deegy peat layers that were geochemically influenced by mineral rich
groundwater, but it also coincided with higher decomposition. Here in LAD, a high
decomposition of the layers around 30 cm was also observed during the core description
(chapter 4.2.1) which supports the suggestions made earlier for S. The high content of
conservative mineral matter (see e.g-profile) in the deeper layergxplains thelow S

concentration, despite a supposedly minerotrophic character.
Mn: The elementvasbelow LODN the core, except for the living vegetation.

Zn: Thecourseof Znin LADis different than in HFL anddsnot show an increase with depth.
Instead, theconcentrations rangebetween 10 to 20 mg*kg until 35 cm, after which an
increasing trend stag, reachinga maximum of >70 mg*kat 19 cm. Over the following 10 cm,

the profile decreaseto 20 mg*kg! beforerising agairin the living surface layers.

Ti: Titaniumneedsto be discussed carefull{pecause of its importande this studyand due to
possiblematrix effecs. Because ofmuch higher Fconcentrationsthan in HFL the polynomial
regression function wassed for calibratiorinstead of the lineaone (Figure12). While the
application of either one or the other function would not have made a significant difference in
HFL Figure16 showsthe significancen LAD:The linear function (blueurve) would strongly
underestimate the Ti signéth more mineral layersso thatthe polynomial functiorhadto be
applied (red-dashedcurve). The mineral bottom sedimentseach almost 5000 mg*kg but
concentrations declinéo <1000 mg*kg around 80 cmAbove a level around 1000 mg*Kgs

kept between75 and 31 cm, before the coentrations continuously decreas®wards the

surface. Therés, however, a short but distinct pe&&000 mg*kg) at 61 cm.

Zr, V, Rb and Krhe profiles othese elementsre similar to Ti and diffemainlyin their relative

peakheight (e.g. Zr higheat 61 cm). Only K and Rb increaddehe surface. The regression
analysis of Rlgchapter4.2.3.7) suggestd that pXRF measurements could be problematic in
minerotrophic peat.Neverthelessjn contrast to HFL, Rb shows a high accordance to the Ti

profile, indicating thattiwas measured coectly in LAD samples.

Pb: The concentratios of Pbin the mineralsamplesrange around 25 mg*kg and below or

around 15 mg*kg between 75 and 50 cm. Shortly afterwards, an accelerating increage en
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with a maximum of over 180 mg*kat 25 cm Similaras inHFL, Pldeclines sharply afterwards

to valuesbelow theLODin the upper 10 cm.

In generaland mostly expresseir the lithogenic elements, the concentration peak around 61
cm is the most distinct feature in LAD. addition,the peaks in the profiles of Pb and Zn just

above 25 cm are remarkable and very muesemble pofiles inHFL.
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Figurel6: Elemental concentration vs. depth profiles of calibrated pXRF (with calibrated errors) in LAD. Ti results

calibrated with polynomial transfer function plotted as dashed line.

4.2.3.4 Reference values (Kleinwalser Valley)

In order b useTi, Pb(and Cu, Sb, Zn) calculate Efand MAR in HFL and LADis assumed

that the ratio within the mineral bottom sedimentreflectsthe local background. Despite the
successful calibration of the pXRF for Ti and Pb, the concentrations of these elements in the
mineral layer of HFL were taken from the B measurementfor calculation In this way, the
uncertainty was kept aew as possible, especially since the linear transfer functionditi Tiot

work in mineral sedimenand the polynomiakould be further elaborated. With Pb at 10.9

mg*kg?! and Ti at 2932 mg*ky the resulting ratio of 0.0037 is close to the ratio in tHEC
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(0.004). It indicates that the signature of local sediment is not very different fidfuse

atmosphericmput. The ratios of Cu, Zand Sb to Ti were 0.0046, 0.012 &@01 respectively.

4.2.3.5 PCA (HFL)

PCA: HFL - complete core PCA: HFL - complete core
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Figurel7: PCA of th ICPMS results of the complete core of HFL.

The PCA was conducted on the-M® results only. Samples frometluppermost 15 cm were
excludedas they would be largely influenced by the living vegetation. The criteria behind the
selected range of elements were the quality of measurementsthed quantifiability by pXRF.
The outcomdFigurel?) illustrates and statistically supports some of the patterns and findings
that were inferred from the geochemical profiles in the previous chaptéhree components

could explain over 90 % of the totalriance.

1. Ti, Zr, Al, V, K, Sm, Nd
2. Ca, Fe, Cu, Mn, Zn, Sr, As
3. Pb,Sb

The elements of group 1 are mostly classified as conservative in peat, lithogenic and possibly
derived from mineral soil dust, whereas group 2 comprises partly micronutrients. The close
connection of mobile elements (e.g. Ca, Fe, Mn) to Cu, As anichghesthat the latter could

be mobile as well. Group 3 consists aflyo Pb and Shwhich can be distinguished as
anthropogenic pollution. They have no biological function and are toxic nsms(Shotyk et

al., 2004) At the same time, they are coexistingnmrany mineralgNriagu, 1983)When looking

at Nd and Sm iRigurel7, their association to group 1 is less strong and they tend a bit towards

the clustering of group 2, which supports the previous assumption of REE mobility.
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As the HFL core is divided into anamotrophic and an ombrotrophic half, measurements of the
upper half vere treated with a separate PGé look for differences in the element behaviour.

As expectedthe results irFigurel8show group patterns that are slightly differentfagurel?,

even though three components are again responsible fo®®f the total variance in the
considered data. Here, the group of mobile elements (Mn, Fe, Sr ancuStrswithout As,

Cu and Zn, which are now associated with the anthropogenic group of Pb and Sh. This points to
a conservative behaviour or reducedhility of these metals and metalloids and a potential

preservation of their initial deposition pattern in the ombrotrophic section of HFL.

PCA: HFL - ombrotrophic core PCA: HFL - ombrotrophic core
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Figurel8: PCA of IGPIS measurements in the ombrotrophic upper section of HFL.

4.2.3.6 C:Nanalysis (HFL)
Aside from looking at elements and their patterns of original deposition, damN provide

indications for postiepositional processes in the peat. The profile of C:N was measured down
to a depth of 140 cm in HFThe profile inFigurel9increasesabovel20 cm from a ratio below

20 to partly over 60 between 100 and 80 cm depth. The positive trend ainound afterwards
andcomingto 20 again between 60 and 50 cm. A sHoréd increase to 40 is observed around
48 cm, but again, the ratio drggo about 15 in a depth around 30 cm. The following steep
increase towards a ratio of 60 at the surfasprobably linked to the high contef Sphagnum
paired with a low degree of decompositi¢iioster and Favier, 2009jurthermore, the profiles
of S and C:N irrigure 19 show completely opposing fluctuations. The @aio can be
ambiguous, as it depends on the decomposition but also on vegetation and méeeliatent
content (Biester et al., 2014; Hansson et al., 2018)thiscase however, the observations
support the previously made assumption that elevatedoBtents could be related to higher

decomposition and hence to a lower C:N.
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Figurel9: Profiles of C:N (green) and S (black dotted linefrin(8 is downscaled by factor of 70).

4.2.4 Pollen (HFL)
Pollen fromCannabaceaer Cerealidike Secaleand Triticum/Hordeurmbut also fromPlantago

and Rumexare indicatorsof human activity in general, either agriculuor pastoralism. In
particularpollen ofPoaceaeand Cyperaceaas well as most entomophilic plants, but also ferns
like Thelypteris palustrisand light demanding shrubs lik€orylus,indicate a more open
landscape. Bracken ferRteridium ag.xan indicate forest pasture or at leashiaher grazing
pressure(Fritz, 2000; Rdsch, 1996Joreover,Pteridiumand Callunaare more tolerant tofire

andtheir assertivenessan be promoted by recurring bouing (Goldammer et al., 1997)

For further interpretation, pollen from certaiplants were thus divided into sigroups (see
Figure20), representingndicators for a more or less strong human impact from a very local up

to a regional scale:

Cultural and pastoral (1):Triticum/Hordeum Secale, Humulus/Cannabis, Rumex acetosa,
Plantago lanceolata/major, Artemisia, Ranunculus acris, Cirsium, Chenopodium, Pteridium

aquilinum, Juglans
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