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Abstract

This thesis deals with two aspects of the impact of extremely cold periods on sedimentary systems during
the last European glacial cycle, i.e., the Weichselian glaciation. The first part focuses on spatial and
temporal radon degassing patterns in the Quaternary sediments of Schleswig-Holstein (Northern
Germany), which were primarily deposited by the Weichselian glaciers advancing from Scandinavia
during the Last Glacial Maximum (LGM). In order to obtain information about the spatial heterogeneity
of radon exhalation from soil to the atmosphere and its causes, we established radon flux profiles in
three research areas, which are located above deep-rooted tectonic faults or salt diapirs (Kleinneudorf,
Bad Segeberg and Eckernférde). To gain an understanding about typical radon background levels in this
region, we measured radon flux in an area with no tectonic or halokinetic activity, but with steep
topography (near Lanker See). Owing to the fact that radon degassing shows strong diurnal and seasonal
fluctuations, we measured radon flux of each profile with up to 16 devices simultaneously and absolute
flux values from different seasons were normalized for each research area. Areas of increased radon flux
appear to be caused by the mineralogical composition of the subsurface (specifically reddish granites
and porphyries deposited by the Weichselian glaciers), as well as its grain size (maximum flux values
in well-sorted sand / silt strata). Another important factor influencing radon flux is the water content of
the subsurface. Radon exhalation intensifies up to a certain degree of moisture content, whereas
excessive water reduces the amount of radon released from the soil, because then the water acts as a
natural absorber of the kinetic energy. Maximum radon flux, however, occurs above deep-rooted
pathways linked to active tectonic and halokinetic fault systems at depth due to an increased
concentration of ascending fluids, which are rich in parent isotopes of radon. This suggests that the
sediments above salt diapirs and fault structures are very inhomogeneous. Deep-rooted increased
permeability and the boundaries between permeable and impermeable sediment strata appear to

concentrate radon flux.

In addition to radon flux profiles, we studied the temporal variability of radon outgassing in the research
area Kleinneudorf where maximum radon flux was observed during the profile measurements. We

continuously monitored radon exhalation for one year in the centre of the Kleinneudorf depression.



Although many factors can influence temporal radon degassing variations, the main drivers in our
specific monitoring system are air temperature and atmospheric pressure. We identified four different
radon exhalation ‘modes’ representing four different weather regimes: During cold winter months when
the temperature gradients between soil and atmosphere are at a minimum, radon exhalation is
exclusively driven by changes in air pressure (exhalation mode ). In spring, increased radon exhalation
occurs when the air temperature drops below the groundwater temperature, activating the so-called
chimney effect (exhalation mode I1). During sunny summer months, maximum radon flux was measured
in the afternoon when the sun stops heating the soil and the soil is warmer than the surrounding air
(exhalation mode I11). Exhalation mode IV, which was observed during the autumn season, seems to be

an interplay between modes Il and I11.

The second part of this thesis deals with central European climate variations and their causes during the
last glacial cycle, obtained from the sediment records of Holzmaar, Auel infilled maar and several other
Pleistocene infilled maar lakes in the Eifel region (Western Germany). The presented near annual-
resolution ELSA-20 Corg(chlorins) climate proxy record documents multidecadal climate oscillations,
which are related to North Atlantic sea surface temperature variations. The ELSA-20 record matches
well the North Greenland Ice Core Project (NGRIP) §'80 ice core chronology, showing a complete
succession of Greenland Stadials (GS) and Interstadials (GI) back to GI17 when the Auel maar lake
erupted around 60,000 years ago. This sequence of cold and arid stadials and warm and humid
interstadials was also recorded in the sediment records of several other Eifel maar structures, although
not with such a high resolution and completeness as in the Auel record. Based on this stratigraphy, time
series of flooding and slumping phases from event layers in the sediment cores are presented. Periods

of increased flood activity seem to coincide with Heinrich Events in marine sediment records.

Particularly noticeable is a slumped sediment segment during GS12 in all presented sediment cores.
Distinct frozen and fractured sediment packages suggest that the region was exposed to deep frost or
permafrost conditions around 43,500 years ago. These results are consistent with sediment archives and
archeological sites all across Europe that report severely cold and arid climate conditions for this period.
This supports the hypothesis that not only Heinrich layer times, but GS12 in particular was one of the

coldest intervals of the last glacial cycle. A rapid climate shift towards warmer conditions, probably



caused by the Laschamp geomagnetic excursion, then triggered extreme slumping activity in several
maar lakes while the lake floors were still partially frozen. These harsh climate conditions during GS12
accentuate the onset of the Laschamp geomagnetic excursion and must have taken a great toll on regional
populations, potentially effecting the Neanderthals inhabiting central Europe and the subsequent

predominance of the anatomically modern human.

Zusammenfassung

Diese Arbeit befasst sich mit zwei Aspekten von Auswirkungen extremer Kélteperioden auf
Sedimentationssysteme wahrend der letzten europdischen Vereisungsphase, der Weichselvereisung. Der
erste Teil besché&ftigt sich mit raumlichen und zeitlichen Radonentgasungsmustern in den quartaren
Sedimenten Schleswig-Holsteins (Norddeutschland), welche primar von den aus Skandinavien
vordringenden weichselzeitlichen Gletschern wéhrend des Letzten Glazialen Maximums abgelagert
wurden. Um Informationen dber die rdumliche Heterogenitdt der Radonexhalation vom Boden in die
Atmosphare und deren Ursachen zu erhalten, wurden Radonprofilmessungen in drei
Untersuchungsgebieten durchgefiihrt, die UGber tiefreichenden tektonischen Verwerfungen oder
Salzdiapiren liegen (Kleinneudorf, Bad Segeberg und Eckernférde). Um ein Verstandnis fur typische
Radonhintergrundwerte in dieser Region zu erhalten, wurde der Radonflux in einem Gebiet ohne
tektonische oder halokinetische Aktivitét, dafur aber mit steiler Topografie untersucht (nahe des Lanker
Sees). Da die Radonausgasung starken tages- und jahreszeitlichen Schwankungen unterliegt, mafien wir
den Radonflux jedes Profils mit bis zu 16 Geraten gleichzeitig und die in den verschiedenen Jahreszeiten
gewonnenen absoluten Fluxwerte wurden fiir jedes Untersuchungsgebiet normiert. Bereiche mit
erhdhtem Radonflux scheinen durch die mineralogische Zusammensetzung des Untergrunds
(insbesondere rétliche Granite und Porphyre, die von den Weichselgletschern abgelagert wurden), sowie
durch die vorherrschende Korngrolle (maximale Fluxwerte in gut sortierten Sand- / Siltschichten)
bedingt zu sein. Ein weiterer wichtiger Faktor, welcher den Radonflux beeinflusst, ist der
Feuchtigkeitsgehalt des Untergrundes. Bis zu einem bestimmten Wassergehalt wird die

Radonexhalation verstarkt, wahrend eine zu hohe Feuchtigkeit die aus dem Boden freigesetzte



Radonmenge reduziert, da das Wasser dann als natirlicher Absorber der kinetischen Energie wirkt.
Maximaler Radonflux tritt jedoch Uber tiefreichenden, aktiven tektonischen und halokinetischen
Storungssystemen auf, da es dort zu einer Anreicherung von Radonmutternukliden in aufsteigenden
Fluiden kommen kann. Dies deutet darauf hin, dass die Sedimente Uber Salzdiapiren und
Storungsstrukturen sehr inhomogen sind. Eine erhdhte Durchlassigkeit in der Tiefe und die Grenzen
zwischen permeablen und impermeablen Sedimentschichten scheinen daher den Radonflux zu

konzentrieren.

Zusétzlich zu den Radonfluxprofilen untersuchten wir die zeitliche Variabilitat der Radonexhalation im
Untersuchungsgebiet Kleinneudorf, wo wéhrend den Profilmessungen maximale Fluxwerte beobachtet
wurden. Hierzu wurde der Radonflux im Zentrum der Senke in Kleinneudorf flr ein Jahr kontinuierlich
tiberwacht. Obwohl viele Faktoren zeitliche Schwankungen der Radonentgasung beeinflussen kénnen,
sind die Haupteinflisse in unserem speziellen Messsystem Lufttemperatur und atmospharischer Druck.
Wir haben vier verschiedene ‘Modi¢ der Radonentgasung identifiziert, die vier verschiedene
Wetterregime repréasentieren: In kalten Wintermonaten, wenn die Temperaturgradienten zwischen
Boden und Atmosphéare minimal sind, wird die Radonexhalation ausschlielich durch Verédnderungen
des Luftdrucks bestimmt (Exhalationsmodus 1). Im Frihjahr kommt es zu einer verstarkten
Radonexhalation, wenn die Lufttemperatur unter die Grundwassertemperatur sinkt, wodurch der so
genannte Kamineffekt ausgelést wird (Exhalationsmodus 11). Wéahrend der sonnigen Sommermonate
wurde maximaler Radonfluss am Nachmittag gemessen, wenn die Sonne den Boden nicht mehr aufheizt
und die Bodentemperatur warmer ist als die Temperatur der Umgebungsluft (Exhalationsmodus III).
Exhalationsmodus 1V, der wéhrend der Herbstsaison beobachtet wurde, scheint ein Zusammenspiel

zwischen den Modi Il und Il zu sein.

Der zweite Teil dieser Arbeit befasst sich mit Klimaschwankungen in Mitteleuropa und ihren Ursachen
wéhrend des letzten glazialen Zyklus. Erkenntnisse hierzu wurden aus Sedimenten des Holzmaares, des
Aueler Maares und mehreren anderen Pleistozanen Trockenmaare in der Eifel (Westdeutschland)
gewonnen. Der entwickelte ELSA-20 Cog(chlorins) Klimaproxydatensatz mit nahezu jahrlicher
Auflosung dokumentiert multidekadische Klimafluktuationen, welche mit Schwankungen der

Meeresoberflachentemperatur im Nordatlantik zusammenhangen. Der ELSA-20 Datensatz stimmt gut



mit der ,,North Greenland Ice Core Project (NGRIP) 5'80-Eiskernchronologie tiberein und zeigt eine
vollstdndige Abfolge Gronlandischer Stadiale (GS) und Interstadiale (GI) bis GI17 vor etwa
60.000 Jahren, als das Auel-Maar ausbrach. Diese Abfolge von kalten und trockenen Stadialen sowie
warmen und feuchten Interstadialen wurde auch in den Sedimenten mehrerer anderer Trockenmaare der
Eifel aufgezeichnet, wenn auch nicht mit einer so hohen Auflésung und Vollstandigkeit wie im Auel
Trockenmaar. Auf der Grundlage dieser Stratigraphie wurden Zeitreinen von Uberflutungs- und
Rutschungsphasen aus Eventlagen in diesen Sedimentkernen kontruiert. Perioden erhéhter Flutaktivitat

scheinen mit Heinrich-Ereignissen in marinen Sedimentaufzeichnungen zu korrelieren.

Besonders aufféllig ist ein Rutschungssegment wahrend GS12 in allen vorgestellten Sedimentkernen.
Gefrorene und zerkliiftete Sedimentpakete deuten darauf hin, dass die Region vor etwa 43.500 Jahren
tiefreichendem Frost oder Permafrost ausgesetzt war. Diese Ergebnisse sind konsistent mit
Sedimentarchiven und archdologischen Fundstellen in ganz Europa, die fur diesen Zeitraum sehr kalte
und trockene Klimabedingungen beschreiben. Dies unterstitzt die Hypothese, dass nicht nur Heinrich-
Ereignisse, sondern auch GS12 eine der kéltesten Perioden des letzten glazialen Zyklus war. Eine rasche
Klimaerwarmung, welche wahrscheinlich durch die Laschamp geomagnetische Exkursion verursacht
wurde, léste dann in mehreren Maaren extreme Rutschungen aus, wahrend die Seebdden noch teilweise
gefroren waren. Diese rauen Klimabedingungen wahrend GS12 akzentuieren den Beginn der Laschamp-
Exkursion und miissen einen hohen Tribut von der regionalen Population gefordert haben, was potentiell
Auswirkungen auf die in Mitteleuropa ansdssigen Neandertaler hatte und anschlieRend zur

Vorherrschaft des anatomisch modernen Menschen fiihrte.
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Preface

This thesis is divided into two parts concerning different geoscientific subjects. The first topic deals with
radon outgassing anomalies in the Quaternary sediments of Schleswig-Holstein, Northern Germany, and
the factors controlling them spatially and temporally. This task was developed within the framework of
the ANGUS Il (Auswirkungen der Nutzung des geologischen Untergrundes als thermischer, elektrischer
oder stofflicher Speicher — Impact of the use of the geological subsurface as a thermal, electrical or
material storage) project, which was led by the University of Kiel and funded by the German Federal
Ministry for Economics and Energy (BMWi). The project’s aim was to study the potential of
underground storage technologies and their integration into energy systems, using the model area of
Schleswig-Holstein. The objective of the workgroup at Mainz University was to detect, characterise and
monitor potential fault zones at the surface, which play an important role in the planning and designation
of underground storage facilities. For this purpose, the radon flux from the subsurface to the atmosphere
was studied in four research areas in Schleswig-Holstein (Lanker See, Kleinneudorf, Bad Segeberg und
Eckernfdrde) with the aim of developing a cost-effective and rapid, yet reliable method to identify near-

surface fault systems and thus be able to determine suitable storage sites and potential leakage pathways.

The second subject of this thesis deals with climate reconstructions deriving from several Pleistocene
Eifel maar sediments. This work is part of the ELSA (Eifel Laminated Sediment Archive) project of the
Institute for Geoscience, Mainz University. Since 1998 the project has systematically drilled many of
the 6 open maar lakes and around 60 Pleistocene maar structures of the West Eifel Volcanic Field,
Western Germany, with the key objective to reconstruct the region’s vegetation and climate and
understand the mechanisms controlling them. This thesis focuses on the establishment of a time series
of flooding- and slumping frequencies for the past 60,000 years and discusses potential drivers with a

closer look at a unique slumping layer that occurred around 43,500 years ago.

This thesis includes chapters that have been published in peer-reviewed journals. At the beginning of
the corresponding chapters a brief introduction is given including title, authorship and journal, in which

the manuscript was published, as well as my contributions to each publication.
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1 Introduction

In light of the ever-intensifying global warming, the study of past climate fluctuations and their
implications are of enormous importance for future generations. Understanding past climate trends and
the mechanisms controlling them, natural and anthropogenic, is the key for predicting and preparing for

future tendencies.

Earth’s climate of the past 60,000 years has been intensively studied in the last couple of decades (e.qg.,
Grootes et al. 1993; Rasmussen et al. 2014). While the climate of our current epoch, the Holocene, is
relatively stable, the last glacial cycle (around 115,000 — 11,700 yr b2k [years before the year 2000])
was marked by an alternation of 26 stadials and interstadials, respectively. Interstadial periods were
characterised by warm and humid climate conditions on the European continent due to a strong North
Atlantic drift. In contrast, cold and arid environments dominated the landscape during stadial phases.
First documented in Greenland ice cores (e.g., North Greenland Ice Core Project Members 2004;
Svensson et al. 2008; Rasmussen et al. 2014), this alternating succession has also been found in
numerous marine and continental records throughout the Northern Hemisphere (e.g., Sirocko et al. 2005,

2013, 2016, 2021; Van Geel et al. 2010; Moreno et al. 2014; Béhm et al. 2015; Pickarski et al. 2015).

During the last glacial cycle, the vegetation of the Eifel region (Western Germany) gradually changed.
Between 60,000 and 49,000 yr b2k a lush spruce (Picea) forest covered the region with abundant
hornbeam (Carpinus) between 55,000 and 49,000 yr b2k (Sirocko et al. 2016). Other present taxa
include Corylus, Ulmus, Quercus, Fraxinus, Tilia, Abies and Alnus. In the following millennia this dense
forest receded stepwise. It first evolved into open woodland dominated by pine and birch trees with
abundant spruces during interstadials, then at 36,500 yr b2k into an open steppe landscape with scattered
trees, into a grass-dominated tundra at 28,500 yr b2k and finally at 23,000 yr b2k into the cold desert of

the Last Glacial Maximum (LGM; Sirocko et al. 2016).

During the last glacial cycle extensive glaciers repeatedly advanced and retreated from Scandinavia into
the central European continent. This is known as the Weichselian glaciation (e.g., Ehlers et al. 2004,

2011; Wohlfarth et al. 2008a; Ehlers 2020). While the maximum ice extent, which occurred between
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24,000 and 19,000 years, did not quite reach the Elbe River in Northern Germany, the Weichselian
glaciers advanced well over 200 km inland in Eastern Germany and further east (e.g., Bose et al. 2012;
Wozniak and Czubla 2015). Large quantities of Scandinavian bedrock material were eroded by the ice
sheet and redeposited in form of alternating glacial till and glaciofluvial sands sequences. The
Weichselian moraines in Northern Germany consist to a large extent of potassium-bearing granitic and
porphyritic material (Ehlers 2020). These glacial deposits are characterised by high levels of uranium,
which is an important contributor to radon concentrations in the Quaternary strata in Northern Germany

due to radioactive decay (Birke et al. 2009).

The Holocene / Pleistocene boundary at 11,700 yr b2k (Walker et al. 2009) marks the end of the last
glacial period when the last remnants of the glaciers retreated to the north and extensive, hazel-, oak-,
elm- and lime-dominated forests with dense undergrow evolved again in central Europe (Litt et al. 2001,

Sirocko et al. 2016).



2 Radon flux measurements in the glacial sediment

deposits of Schleswig-Holstein

The following chapter discusses the impact of glacial sediment deposits and the presence of active fault
systems on the spatial variability of radon exhalation from soil to the atmosphere. For this purpose,
radon flux was measured along profiles in four study areas in Schleswig-Holstein. Furthermore,
laboratory experiments were conducted to determine the influence of grain size and moisture content on

radon emanation.

Because radon exhalation not only shows strong spatial variations, but also considerable temporal
fluctuations, radon flux was continuously recorded for one year in the research area Kleinneudorf to

study the influence of air temperature and atmospheric pressure on radon release from the soil.

2.1 Background information

Radon is ubiquitous in the environment. Being a naturally occurring noble gas, radon is everywhere
around us, in the bedrock and soil beneath us, in the water we drink, and in the air we breathe. The most
abundant isotope is 222Rn (henceforth called radon), progeny of 2%Ra and thus part of the 233U decay
series (Fig. 2.1). Radon is of radioactive character, i.e., it emits alpha particles when decaying into its
daughter isotope ?8Po with a half-life rate of 3.82 days. Other natural isotopes of radon include thoron
(*®Rn) and actinon (**°Rn). However, thoron and actinon have very short half-lives (55s and 4 s,

respectively) and decay more or less right where they form.

Radon is created through alpha decay of radium within mineral grains that contain uranium and its
progenies. The process of radon escaping a grain and entering into the free pore space is called
emanation (Semkow 1990). The emanation power is primarily dependent on grain size, although various

other parameters like prevailing soil temperature and water content also influence it. Due to the mass
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ratio between the produced radon atom and the emitted alpha particle, radon only has a recoil distance
of 20 — 70 nm and solely atoms produced near the grain boundary can escape (Monnin and Seidel 1992;
Breitner et al. 2010). Accordingly, a smaller grain size enlarges the specific surface area which increases
the chance of radon atoms leaving the mineral grain. Another important factor impacting the emanation
power is moisture content; since water absorbs kinetic energy and prevents the radon atoms from

reaching their maximum recoil distances, therefore decreasing the radon emanation power.
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There are two different mechanisms by which radon moves once in the open pore space, by advection
in the pore volume or by diffusion within the pore fluid (Tanner 1964, 1980; Nazaroff 1992). Diffusion,
which is driven by concentration gradients, is usually in the order of 10 to 102 m per day and is
therefore rather insignificant for radon migration. Pressure- and density-driven gas phase flux and
buoyant gas bubble movements on the other hand, which strongly depend on soil porosity and
permeability, are much greater and can even reach values up to 10° m per day in fractured rocks and
karste (Etiope and Martinelli 2002). However, because radon is quantitatively too scarce in the
subsurface to migrate on its own, it needs the presence of a carrier fluid or gas, usually water, CHs4 or

CO,, to ensure notable migration distances (Etiope and Lombardi 1995).
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Depending on the scientific discipline and objective, radon can be measured in different units. Radon
concentrations in soil gas and atmospheric radon are measured per unit volume (Bg/m3), whereas radon
flux, i.e., the quantity of radon which is being exhaled from the subsurface into the air, is measured per
unit surface area and per unit time (Bg/m2s). Radon is being released into the atmosphere from all
terrestrial, ice-free surfaces. The main influences on flux quantities are the mineralogical composition
of the subsurface, its moisture content, porosity and permeability (e.g., Kemski et al. 2001, 2005; Etiope
and Martinelli 2002). Radon exhalation also occurs above open water bodies, although in much smaller

quantities than in terrestrial environments (Schery and Huang 2004).

2.1.1 Scientific applications of radon

Radon is used in a range of practical applications in natural sciences and the healthcare sector (Mc
Laughlin 2012). For example, spatial radon anomalies can trace soil degassing activities along active
fault zones and fractures (e.g., Kiinze et al. 2012, 2013; Chen et al. 2018, lovine et al. 2018). Several
studies also suggest that radon anomalies in groundwater and soil air are indicative for crustal strain
changes and therefore a potential tool to predict imminent earthquakes and volcanic eruptions (e.g.,
Igarashi et al. 1995; Neri et al. 2016). However, because radon anomalies are not exclusively caused by
seismic activities and may have other origins, interpretation about their definite connection should be
done with caution (Mc Laughlin 2012; Woith 2015). Nonetheless, using radon as a prediction tool for
earthquakes and volcanic eruption is an important research field, because measurements are relatively

cost-effective, easy to apply and could potentially save many lives in high-risk areas.

Radon has ideal properties to study vertical mixing processes in atmospheric layers. As the only gaseous
member of its decay chain, radon is being constantly exhaled to the atmosphere and its half-life of
3.82 days is optimal to study turbulent atmospheric systems (e.g., Galmarini 2006; Williams et al. 2011,
Chambers et al. 2019). Martens et al. (2004) effectively used radon as a tracer to study mass exchange
processes between the atmosphere and forest canopies of a tropical rain forest. Radon proved
particularly useful during nighttime when CO»-based measurements are too inaccurate for the low

nocturnal atmospheric turbulences and long air residence times.
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Radon can also be used as a tool in planetary sciences. In 1971 and 1972, the Apollo 15 and 16 lunar
missions showed that there are significant spatial variations of radon and its progeny ?!°Po on the surface
of the moon (Bjorkholm et al. 1973; Gorenstein and Bjorkholm 1973). Additionally, measured #°Po
activities much larger than radon suggested temporal variations of radon exhalation. This led to the
conclusion of the existence of an internal lunar activity. These results were later confirmed by the Lunar
Prospector space probe, which detected localized radon outgassing events (Lawson et al. 2005). #°Po
has also been detected in Martian dust (Meslin et al. 2006). This indirect evidence of radon on Mars is

indicative of a much greater radon exhalation rate on Mars than on the moon.

One application of radon in healthcare was in radiation therapy, where radioisotopes are used to treat
various kinds of cancer (e.g., Binkley 1938; Enker 2010; Mc Laughlin 2012). In Brachytherapy, for
example, tiny gold tubes or seeds, around 1 mm in diameter and 5mm in length, containing
radioisotopes are inserted into tumour cells as treatment (Brucer 1993). These seeds initially contained
a radium solution, also called the “radium cow”, which produced the radon, or “radium milk”. However,
due to a build-up of radiation from its decay product 2°Pb, which is harmful for the human body, radon

seeds are nowadays replaced by 2°I and 1%Pd.

2.1.2 Radon and health risks

Due to its gaseous character, radon can easily enter the human body through the lungs, where the emitted
radiation can seriously damage body cells. This was first discussed in the first half of the last century
when 50 percent of the death causes of German and Czechoslovakian miners were attributed to lung
cancer (Lorenz 1944). Pitchblende, a highly radioactive mineral containing high amounts of radium,
was mined in the mines of Schneeberg (Germany) and Joachimsthal (Czechoslovakia). However, Lorenz
(1944) concluded that radon could not be the sole cause for the high death rate among the workers and
stated that other factors like high dust levels in the mines or even hereditary susceptibility due to

inbreeding must be taken into account.



In the decades following Lorenz’s review, comprehensive studies have shown that radon was not only
responsible for the high rate of lung cancer among underground workers (e.g., Clement et al. 2010;
Tirmarche et al. 2012), but must be considered to be a serious health threat to the general public due to
the effects of indoor radon (e.g., World Health Organisation 2009) and contaminated ground- and

drinking water (e.g., National Research Council 1999a, 1999b).

Extensive experiments on laboratory animals and cell culture research have inarguably proven that radon
and its progenies have a carcinogenic effect on the human lung (International Agency for Research on
Cancer [IARC] 2001; Collier et al. 2005). Other discussed types of cancer caused by radon include
leukaemia, prostate cancer, and other extra-pulmonary malignancies (e.g., Raaschou-Nielsen 2008;
Lopez-Abente et al. 2018). However, the results of these studies are less unequivocal and must be
interpreted with caution (Al-Zoughool and Krewski 2009). Radon primarily targets the human lungs
through inhalation and is after smoking the second leading cause for lung cancer. It was therefore
classified as a class 1 carcinogenic agent by the IARC (www.iarc.who.int). The obtained knowledge
about the health threats of radon encouraged many countries in Europe and around the world to develop
strategies against the impacts of radiation pollution to the public and to systematically map natural- and
indoor radon (e.g., Dubois et al. 2010; Griffiths 2010; Tollefsen et al. 2014; Elio et al. 2019; Bundesamt

fur Strahlenschutz 2020).

With one of the highest aqueous solubilities of all noble gases, radon can easily enter the groundwater
system through diffusion from the bedrock. This may present a potential threat to human health in areas
where the bedrock type is rich in uranium (e.g., granite) and groundwater is the only available source of

drinking water (National Research Council 1999b; Skeppstrém and Olofsson 2007).

A more prevalent human health risk is radon in indoor air. Building materials of walls, floors and ceilings
that contain radium contribute to indoor radon, e.g., concrete, bricks and other masonry materials.
However, building materials are only a secondary source for residential radon (Grzywa-Celinska et al.
2020 and references therein). Its primary source comes from the subsurface. Highest radon levels inside
a house are always measured on the ground floor, where radon can penetrate building structures from

the underground due to pressure differences between inside and outside the house. This happens through
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structural defects, such as cracks and cavities in floors and walls (Appleton 2007). The quantity of indoor
radon thereby primarily depends on building construction and permeability of the ground material
(lakovleva and Karataev 2005). Radon can penetrate more easily into older houses without proper
ground insulation. On the other hand, newly built houses can show higher levels of indoor radon because
of lower air exchange due to an improved insulation of modern windows (Dubois et al. 2010). Other
factors affecting indoor radon levels are the prevailing season and weather conditions, porosity and
permeability of the bedrock and soil, and the nature of carrier fluids (including carbon dioxide gas and

surface- and groundwater; e.g., Bossew and Lettner 2007).



2.2 Radon profile measurements

This chapter was published as:

Albert J, Scharf M, Enzmann F, Waltl M, Sirocko F (2021) Local radon flux maxima in the Quaternary

sediments of Schleswig-Holstein (Germany). Int J Earth Sci 110:1501-1516.
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orientation of each radon profile with the exception of the research area Eckernforde. Radon profile
measurements of research area Eckernforde and laboratory experiments were led by co-author
Maximilian Scharf. Further personal contributions include reading out and processing of measurement

data, literature research, and conception and calculation of normalized Rn-indices.

Abstract

This paper presents radon flux profiles from four regions in Schleswig-Holstein (Northern Germany).
Three of these regions are located over deep-rooted tectonic faults or salt diapirs and one is in an area
with no tectonic or halokinetic activity, but with steep topography. Contrary to recently published studies
on spatial patterns of soil radon gas concentration we measured flux of radon from soil into the
atmosphere. All radon devices of each profile were deployed simultaneously to avoid inconsistencies
due to strong diurnal and seasonal variations of radon exhalation. To compare data from different
campaigns, values had to be normalized. Observed radon flux patterns are apparently related to the
mineralogical composition of the Quaternary strata (particularly to the abundance of reddish granite and
porphyry), and its grain size (with a flux maximum in well sorted sand / silt). Minimum radon flux

occurs above non permeable, clay-rich soil layers. Small amounts of water content in the pore space
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increase radon flux, whereas excessive water content lessen it. Peak flux values, however, are observed
over a deep-rooted fault system on the eastern side of Lake PI6n, i.e., at the boundary of the Eastholstein
Platform and the Eastholstein Trough. Furthermore, high radon flux values are observed in the two
regions associated with salt diapirism and near surface halokinetic faults. These regions show frequent
“Local Radon Flux Maxima”, which indicate that the uppermost strata above salt diapirs are very
inhomogeneous. Deep-rooted increased permeability (effective radon flux depth) or just the boundaries
between permeable and impermeable strata appear to concentrate radon flux. In summary, our radon
flux profiles are in accordance with the published evidence of low radon concentrations in the “normal”
soils of Schleswig-Holstein. However, very high values of radon flux are likely to occur at distinct
locations near salt diapirism at depth, boundaries between permeable and impermeable strata, and finally

at the tectonically active flanks of the North German Basin.

Introduction

The classification of so-called radon risk areas in Germany based on soil gas radon measurements
combined with geological and soil investigations was first introduced by Kemski et al. (e.g., 1996, 2001,
2005). In more recent years the “Bundesamt fiir Strahlenschutz” (2020) commissioned the establishment
of a radon potential map for Germany to determine the health risk posed by radon nationwide based on
approximately 5000 measuring points throughout Germany. Due to the passing of a new Radiation
Protection Act in July 2017, the federated state of Schleswig-Holstein released a statewide radon
potential map at the end of 2020 (Ministerium flir Energiewende, Landwirtschaft, Umwelt, Natur und

Digitalisierung 2020).

In order to validate the connection between tectonically and halokinetically active structures and locally
elevated flux of radon, we studied radon flux and sediment properties in four research areas in
Schleswig-Holstein, Northern Germany (Figs. 2.2 —2.8). The uppermost strata in Northern Germany
are mainly characterised by unconsolidated sediments accumulated during the Middle and Late
Pleistocene glaciations (Ehlers et al 2004, 2011; Bdse et al. 2012). Beneath these Quaternary deposits,

Tertiary silts and sands are intruded by rising salt structures with associated fault systems, which extend
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under large parts of the state (Geotektonischer Atlas von Nordwestdeutschland und dem deutschen

Nordsee Sektor 2001; Fig. 2.2).

The active dynamics of salt diapirism is strongly debated, but at least one of our research areas
(Kleinneudorf, east of Lake PIon; Figs. 2.2, 2.5) underwent a strong local subsidence even during the
last 50 years (Sirocko et al. 2002; Lehné and Sirocko 2005, 2010). Furthermore, we present radon flux
measurements from two other active halokinetic structures, near the Segeberg Sulberg salt wall close to
the city of Bad Segeberg (Figs. 2.2, 2.6) and along the southern shoreline of the Eckernférde Bay
(Figs. 2.2, 2.7). In order to obtain data at radon background levels, a location with no tectonic or
halokinetic activity, but steep topography, has been chosen near Lake Lanker (Figs.2.2,2.4).
Additionally, laboratory experiments explore radon emanation signals of various rock types naturally
occurring in Schleswig-Holstein. Finally, analysis of the influence of exhalation depth is designed to

support obtained field results.

Background information
Radon

The radioactive noble gas radon has three naturally occurring isotopes. The most common isotope ?2Rn
(radon), progeny radionuclide of ?2Ra (radium) and thus part of the 23U (uranium) decay series has a
half-life of 3.82 days. ?*Rn (thoron) is part of the 22Th (thorium) decay chain, and ?°Rn (actinon) is
part of the *U series. Both have a very short half-life (55 s and 4 s respectively) and are thus of less
importance for total radon flux. Because of its main source being bedrock and soil (Turekian and
Graustein 2003), radon is ubiquitous in the environment and therefore of great interest to understand its

behavior in soil / air exchange processes.

Radon is a known cause for lung cancer and is responsible for thousands of deaths in Germany per year
(Menzler et al. 2008; Beck 2017). It has been the subject of many scientific studies in many parts of
Europe (UNSCEAR 1982; Kreienbrock et al. 2001; George 2008; Bundesamt fir Strahlenschutz 2019),

and radon risk maps have been established for many countries, including Germany (e.g., Kemski et al.
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1996, 2001, 2005; Bundesamt flr Strahlenschutz 2020), Spain (Sainz Fernandez et al. 2017), and
Switzerland (Kropat et al. 2017). Furthermore, radon is used as a footprint for natural phenomena
associated to soil degassing along active faults and fractures (e.g., Kiinze et al. 2012, 2013; Chen et al.
2018; lovine et al. 2018; Sciarra et al. 2018), and as a precursor for volcanic activities (e.g., Giammanco

et al. 2009; Neri et al. 2016) and earthquakes (e.g., Richon et al. 2003; Steinitz et al. 2003; Woith 2015).
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Fig. 2.2 Simplified overview of Schleswig-Holstein including the locations of the four research
areas (BS = Bad Segeberg (N53°58'11.9" E10°23'45.6"), EC = Eckernforde (N54°2821.1"
E10°05'04.6"), KN = Kleinneudorf (N54°0624.1" E10°27'10.2"), LK = Lanker See (N54°12'38.4"
E10°19'06.9")). a) Spatial patterns of salt diapirs, distribution of Weichselian glacial deposits
(www.umweltdaten.landsh.de/nuis/upool/gesamt/geologie/guek250_gesamt.pdf Accessed 27 October
2022) and elevated radon in soil gas levels (www.bfs.de/DE/themen/ion/umwelt/radon/karten/boden
Accessed 27 October 2022). b) Depth of base Tertiary along with alignment of Tertiary tectonic faults

and orientation of sampled radon profiles (after Geotektonischer Atlas von Nordwestdeutschland und
dem deutschen Nordsee Sektor 2001).

Radon gas is produced through alpha decay of radium within a mineral grain, but due to recoil effects
only atoms originating near the grain boundary can escape and may emanate into the free pore space
(Semkow 1990). Due to its relatively short half-life, radon can only migrate up to a few meters in the
geosphere. So generally, its primary sources are the radium nuclides present in the surrounding bedrock,
ground water and soil. Furthermore, the emanation power is strongly dependent on grain size because
of its short recoil range of around 20 - 70 nm (Monnin and Seidel 1992; Breitner et al. 2010). A smaller
grain size increases the specific surface area and therefore amplifies the chance of radon atoms leaving

the mineral grain. A further influence on radon emanation is moisture content, as water is a natural
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absorber of kinetic energy and impedes radon atoms from reaching their maximum recoil distances.
Several studies revealed that, up to a certain water content, radon emanation enhances with increasing
moisture on the grain surface (e.g., Strong et al. 1982; Hassan et al. 2009; Yang et al. 2019), but radon

is kept in groundwater until released by a temperature rise or drop of air pressure.

After leaving the mineral grain the gas migrates via two mechanisms, either through diffusion within
the pore fluid or advection in the open pore space (Tanner 1964, 1980; Nazaroff 1992). These processes
are dependent on concentration gradients and pressure gradients, respectively. Diffusive mechanisms
are usually in the order of 10“ — 102 m per day and are therefore negligible for radon migration.
Pressure- and density-driven gas phase flux and buoyant gas bubble movements on the other hand, which
strongly depend on soil porosity and permeability, can reach much greater migration distances, even up
to 10° m per day in fractured rocks and karste (Etiope and Martinelli 2002). However, the quantity of
radon in the subsurface is too insignificant to migrate by convection on its own, but radon atoms can be
transported by a carrier, either in gaseous or liquid form, to ensure greater transport distances (Etiope
and Lombardi 1995). The most common carriers in the subsurface are CH4 and CO., whose migration
behaviors along tectonically active pathways are well understood (Irwin and Barnes 1980; Sciarra et al.
2018). With a half-life of less than four days and short migration distances, most of the radon produced
decays near its formation. Thus, only radon atoms which originate near-surface, or are transported in
permeable strata by a carrier gas from greater depths can reach the geosphere / atmosphere boundary
and exhale into the atmosphere and disperse (Hassan et al. 2009), or accumulate indoors in inhabited

areas (Finne et al. 2019).

Radon exhalation can vary greatly depending on time of day (Schubert et al. 2002; Tareen et al. 2019),
season (Winkler et al. 2001), or even greater timescales. Yan et al. (2017) found a distinct connection
between quasi decadal (8 — 11 years) fluctuations of radon concentration sampled at a hot spring site in
Southwestern China and variations in the spring's discharge rate and water temperature. Mudelsee et al.
(2020) present a first radon flux time series from our research site Kleinneudorf and document different
modes of radon release from the subsurface, predominantly dependent on atmospheric pressure and air

temperature variations.
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Regional geology

Schleswig-Holstein is the northernmost federal state of Germany (Fig. 2.2). It borders Denmark to the
north and the North Sea to the west. To the south, the Elbe River marks the borderline to the adjacent
federated states of Niedersachsen and Hamburg. To the east, Mecklenburg-Vorpommern as well as the

Baltic Sea border the state.

Geologically, the research areas belong to the North German Basin which itself is part of the much larger
central European Basin System, a NW-SE trending tectonic structure stretching from Norway to Central
Germany and from the North Sea to Poland (Bayer et al. 1999; Maystrenko et al. 2008). Hundreds of
meters of salt were deposited in this basin during the Permian and are today overlain by up to 10 km of
Mesozoic and Cenozoic strata. This results in a massive overload causing the salt to react ductile, leading
to the rise of salt diapirs and associated fault systems that can reach up to the surface (Fig. 2.2). The salt

can even penetrate to the surface, as in Bad Segeberg.

The initial salt movement started during the Triassic, although two other major phases of diapirism
occurred during the Jurassic and Cenozoic (Maystrenko 2005). Several studies even show that these
halokinetic processes are still active until present day (Sirocko et al. 2002, 2008; Lehné and Sirocko

2005, 2010; Al Hseinat et al. 2016; Al Hseinat and Hibscher 2017).

The topography of Schleswig-Holstein was shaped by three glacial advances (Saalian, Elsterian, and
Weichselian glaciations) which transported moraine material from Scandinavia and deposited it in
Northern Germany in form of alternating sequences of glacial till and glaciofluvial sands, which form a
landscape with elevated moraines, valleys and abundant lakes (Ehlers et al. 2004, 2011; Bose et al.

2012).

Research Areas

The areas for our radon flux sampling were chosen according to the pattern of salt diapirs and known
halokinetic faults, documented in the "Geotektonischer Atlas von Nordwestdeutschland und dem
deutschen Nordsee Sektor" (2001; Fig. 2.2). We chose research areas where information about the

deeper strata is accessible from seismic surveys, that reveal tectonic structures in the topmost 500 m to
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ensure the presence of permeable faults which extend into the Quaternary sediments with a potential to
reach the surface (Wiederhold et al. 2003; Al Hseinat et al. 2016).The modern topography of Schleswig-
Holstein is available as a GIS computed grid (www.schleswig-
holstein.de/DE/landesregierung/ministerien-behoerden/LVERMGEQOSH/Service/serviceGeobasisdaten

/geodatenService_Geobasisdaten_Dienste Accessed 27 October 2022).

The research area Lanker See (LK) is located in direct proximity east of Lake Lanker and extends in
N-S direction across several, partially forested or farmed ridges and valleys (Fig. 2.4). The region lies
between two salt walls where the "Geotektonischer Atlas von Nordwestdeutschland und dem deutschen
Nordsee Sektor" (2001) documents a complete absence of faults at depth (Fig. 2.2b). This area was
chosen to study the influence of topography on radon flux and to gain information about typical radon

background levels in Schleswig-Holstein.

The sampling area Kleinneudorf (KN) lies two kilometers east of Lake PlIon (Figs. 2.2, 2.5a). The
tectonic feature specific to this location is an actively subsiding depression on the lake's eastern shore
near the village of Kleinneudorf located on the flank of a salt diapir. Its topographic changes have been
described by Lehné & Sirocko (2005, 2010) and Sirocko et al. (2002, 2008). Several independent
eyewitnesses reported visual changes to the characteristic landscape of the site over the last 50 years.
The area is located directly above the contact zone between the Eastholstein Platform to the east and the
flank of the Eastholstein Trough beneath the lake (Fig. 2.5c). The associated faults strike in N-S
direction parallel to the lake's shoreline (Geotektonischer Atlas von Nordwestdeutschland und dem
deutschen Nordsee Sektor 2001) and appear to cause local subsidence of cm/year, which is unusually
high for Northern Germany, but still comparable to local subsidence rates, for example in the city of

Lineburg, southeast of Hamburg (Sirocko 2012).

The third research area is Bad Segeberg (BS), located around 6.2 km northeast of the Kalkberg, a
prominent salt dome in the city of Bad Segeberg (Figs. 2.2, 2.6a). In the vicinity to the chosen sampling
profiles lies the Segeberg Sulberg salt wall, a N-S striking, around 50 km long salt structure mainly
consisting of Zechstein salt. Ross (1998) reports recent uplift rates for the Kalkberg of around 0.5 mm/a,

whereas other authors suggest uplift rates of up to 1.2 mm/a (Meier et al. 2003). The sampling site is
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near the village of Wardersee directly south of Lake Warder and crosses a suspected border fault outcrop

(Fig. 2.6b; Wiederhold et al. 2003). The measured profiles roughly include sampling points of Kiinze et

al. (2013) who also conducted part of their research on radon concentrations in soil gas in this area.

The fourth sampling area (EC) stretches along the Eckernforde Bay shoreline, around 15 km east of the

city of Eckernforde (Figs. 2.2, 2.7a). The measured sections extend from the village of Lindhoft in the

west to Dénisch-Nienhof in the east. A salt structure and several associated deep-rooted faults extend in

N-S direction perpendicular to the shoreline (Fig. 2.7c; Al Hseinat et al. 2016).

Profile Sampl. Sampl. Mean Highest Atm. Air

Name Date length points time 22Rn flux 22Rn-ldx  Temp. press. moist.
[h] [mBg/m? s] [°Cl [hPa] [%]

Bad Segeberg
BS1 4 Apr 2019 3.37 km 13 2 1.71 2.24 13.9 997.7 60
BS 2 16 July 2019 3.69 km 13 2 2.58 2.32 19.5 1012.0 60
BS 3 16 July 2019 3.69 km 11 2 2.04 1.78 17.5 1013.0 67
BS 4 17 July 2019 3.69 km 13 2 2.09 2.00 15.7 1013.9 77
BS5 14 Aug 2018 495 m 14 1 1.03 2.35 23.2 1007.0 65
BS 6 3 Apr 2019 495 m 16 2 2.39 1.52 10.8 10025 89
Eckernférde
EC1 8 Apr 2019 11.76 km 16 2 2.00 3.93 8.1 1011.8 65
EC2 9 Apr 2019 4.70 km 16 2 2.02 3.89 5.5 1015.7 51
EC3 17 July 2019 11.76 km 14 2 1.89 2.45 18.6 1010.9 72
EC4 18 July 2019 4.89 km 14 2 1.48 2.13 18.2 1009.4 77
EC5 18 July 2019 2.79 km 14 2 1.50 2.50 19.1 1007.9 77
EC6 19 July 2019 10.17 km 14 2 212 2.07 19.9 1009.4 78
EC7 19 July 2019 263 m 14 2 1.56 5.05 20.3 10105 71
EC8 20 July 2019 263 m 14 2 151 3.69 22.9 1008.9 56
Kleinneudorf
KN 1 23 Mar 2018 2.45 km 11 1 0.65 5.32 3.1 1007.0 85
KN 2 5 Apr 2019 2.35 km 16 2 271 2.90 9.9 1005.6 81
KN 3 6 & 10 Apr2019  2.91 km 19 1 4.01 3.91 12.8 1008.4 69
KN 4 21 Mar 2018 198 m 13 1 0.72 5.20 4.9 1023.7 75
KN 5 22 Mar 2018 161 m 13 1 1.18 6.36 5.6 1008.2 89
KN 6 7 Apr 2019 103 m 16 2 2.73 2.88 9.5 1009.6 73
Lanker See
LK1 7 & 8 Aug 2019 2.57 km 25 2 141 2.73 18.8 1004.9 81
LK 2 9 Aug 2019 221m 14 2 2.87 2.67 20.3 1011.2 69

Table 2.1 Overview of surveys carried out including prevailing meteorological condition during
time of sampling.

Methods

All data were generated during field campaigns in 2018 and 2019 (Table 2.1). We measured radon with

up to 16 devices simultaneously. This setup does not measure soil radon content but monitors the flux

from the soil into the air, providing composite information on processes related not only to the primary
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radon content of the soil, but also its permeability, and thus depth of active radon convection in the

ground water unsaturated zone of the surface strata, i.e., its potential depth.
Sampling strategy to measure radon flux

Sampling was performed with a commercial radon concentration measuring device (Radona Expert+,
modified by RadonTec GmbH). The display of the instrument was modified to show concentration
values of radon every ten minutes. In addition to measuring radon concentration and temperature, the

instrument was modified to record the prevailing humidity and atmospheric pressure.

a Radon device

20 cm
top soil
removed

Aluminium ring

almost airtight
c sealed plastic box

@/ Radon device
|_—Sample
\/

Fig. 2.3 lllustration of sampling setup. a) Schematic
description and b) picture of radon flux field sampling.
¢) Schematic description and d) picture of radon
sampling under laboratory conditions. Figure d shows
setup prior to attachment of lid.

The Radona system was mounted on an aluminum ring of 14 cm in diameter. Before measurement, the
topmost soil layer 0 — 20 cm was removed. The aluminum ring of the device was pushed around 2 cm
into the soil to allow gas from the subsurface to migrate through, but minimize the effects of wind
entering the detection chamber (Fig. 2.3a, b). Initial and end concentrations after two hours, expressed
as Bq m3, were determined and the differences between the readings are presented as flux values. If
values were significant already after one hour, we stopped measurements to not exceed the detection
limit of the devices (see Table 2.1). In consideration of daily variability of radon activity (Schubert et

al. 2002; Tareen et al. 2019; Mudelsee et al. 2020), all sampling points of a single profile were measured
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with as little time offset as possible, depending on number of research assistants and distances between
individual sampling points. According to Tuccimei and Soligo (2008), high CO; concentrations can
interfere with radon flux signals. However, ongoing studies show that CO; levels in Schleswig-Holstein
lie well below these critical levels and we therefore did not include a correction factor for interfering
CO:; into our data. In addition to radon flux values, the prevailing meteorological conditions were

recorded (Table 2.1) and sediment physical properties were calculated (Fig. 2.8).

Measured radon data were converted into conventional flux values (mBq m2s?) using the formula
described by Perrier et al. (2009). Our flux values cannot be used to define "Radon Risk
Areas" (www.bfs.de), but facilitate to distinguish regional and local anomalies in the flow of radon from
soil into the air. The advantage of this method is to detect the strength of degassing without any drilling
effort. To ensure comparability between our own profiles measured at different days and seasons, radon
values were normalized through division to mean radon flux of respective profiles to obtain synthesized
222Rn indices. We chose this approach because absolute values are arbitrary and depend on time of
measurement. Normalized values, however, are comparable to each other and provide a fast and easy

approach to detect local gas exhalation anomalies over large regions at different times.
Radon Devices

The measurement principle of the Radona device is based on an ionization chamber, where an electric
field is applied between an enclosure (cathode) and an inner electrode needle (anode). The positively
charged alpha particles, which are formed within the chamber during the decay of radon and its progeny
isotope polonium, ionize the air in the measuring chamber. This charged air is accelerated towards the
anode or cathode and causes minimal temporal changes to the electrical field, which are detected and
evaluated as radioactive decay. As humidity and vibrations of the electrode needle cause similar changes
within the electric field, very high humidity or increased vibrations disturb the signal and can lead to
failure of the sensor. The Radona device has an application range of 0.2 — 3700 Bg m and a measuring
error range of +5 — 10%, depending on weather conditions. The efficiency for radon sampling specified
by the manufacturer is 0.5 counts per minute (cpm) at 1pCi/l, or, equivalently, a "harmonized" efficiency

of 81 cph at 100 Bq m™. The operating range of the device chamber is 10 —40 °C. However, the
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chamber is still functional at 0 °C, because temperature is not a primary factor for the reliability of the
chamber. Although temperatures below 10 °C might slightly increase the measurement error, the impact

of this effect is minimal and neglectable for our specific sampling strategy.

Radon flux transects

Gas flux profiles consist of up to 16 single sampling points (16 Radona devices) on transects
perpendicular to faults visible in seismic profiles or the "Geotektonischer Atlas von
Nordwestdeutschland und dem deutschen Nordsee-Sektor" (2001). Fault lines were projected vertically
to the earth’s surface using the information of the "Geotektonischer Atlas" (Figs. 2.5 — 2.7). For profiles
with more than 16 sampling points (see Table 2.1), sampling was performed on two separate days and
measured radon flux values of the second day were normalized to the results of the first day at two points
of sampling. Transects were of 1 — 2 km length to guarantee a sufficient distance to the center area above
fault outcrops. To ensure higher resolution in zones of elevated radon exhalation, sampling distance was
reduced near points of apparent high radon activity. Additionally, we conducted more detailed surveys
in areas of interest with lengths of a few hundred meters. Individual sampling points were selected after

accessibility to the area and soil cover.

Soil samples

Soil samples were collected along selected profiles using a steel tube of known volume. Samples were
taken exactly beneath the location of the radon instruments and weighted to calculate wet bulk density.
Subsequently, samples were dried in an oven at 55 °C for several hours to remove moisture content
without altering soil chemistry (e.g., organic carbon or sulfur content) and, after cooling, weighted again
to determine water content and dry bulk density. Mean grain sizes were identified using a Camsizer
particle analyzer by "Retsch Technology". Permeability coefficients (kf) were calculated using the
empirical formulas of Beyer (1964) and Seiler (1973), which are based on grain size compositions of
samples. To isolate the clay fraction from the silt fraction, the Atterberg experimental method was used
(Stein 1985). The loss-on-ignition (LOI) method was applied to determine organic carbon content (Dean
1974). For this purpose, specimens were weighted, heated at 550 °C for four hours inside a

"Nabertherm™ muffle furnace and weighted again to obtain LOI values, which mainly represent organic
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carbon. Carbonate content was analyzed using the gas volumetric Scheibler method described by

Tatzber et al. (2007).

|:| 222Rn-index
normed to mean

Il Siope > 20°

Fig. 2.4 Study site Lanker
y See (LK; N54°12'38.4"
> E10°1906.9""). a) 22Rn-
indices of profile across
several small ridges near Lake
Lanker. b) Area of interest at a
small ~ flatland in  the
northeastern part of the
research area.

Results

Radon flux transects

From March 2018 till August 2019 a total of 22 radon profiles (323 sampling points) were measured.
Profiles for all research areas are summarized in Table 2.1 and Fig. 2.8. The temperature ranged from
3.1 °C in March to 23.2 °C in August. Atmospheric pressure varied between 997.7 and 1023.7 hPa and
relative humidity between 51 and 89%. Water content of soil samples varies between 2.49 and
50.97 wt% (Fig. 2.8a). Bulk density wet and bulk density dry range from 0.75 to 1.93 g/cm? (Fig. 2.8b)
and from 0.53 and 1.66 g/cm? (Fig. 2.8c), respectively. Mean grain sizes vary between 145 and 729 um

(Fig. 2.8d) and permeability coefficients (ks) range from 1.83E-06 to 7.12E-04 m/s (Seiler; Fig. 2.8¢)
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and from 1.47E-06 to 2.48E-04 m/s (Beyer; Fig. 2.8f). LOI varies between 0.67 and 18.67 wt%

(Fig. 2.8g) and calcium carbonate content between 0 and 1.15 wt% (Fig. 2.8h).

500 iqo m

| e S bl
Faults
Pliocene = Muschelkalk
- Eocene = Lower and Middle Buntsandstein
— Upper Cretaceous — Zechstein
= Marine Lower Cretaceous ‘ 222Rn-index normed to mean
- Keuper

1 Outline salt dome
Y Drilling well
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Fig. 2.5 Study site Kleinneudorf (KN;
N54°06"24.1" E10°27'10.2"). a) 22Rn-
Ostholsteinblock indices of profiles across the actively
sinking depression. b) 22Rn-indices of
profiles through the depression itself.
Gluickstadt- c) 3D-Model of the base Upper
Grabeg Cretaceous in the area of Lake Plén
(after Sirocko et al. 2008).

In the research area Lanker See (LK) mean radon flux was 2.77 mBqg m2 s for profile LK1 (Table 2.1).
Maximum radon exhalation occurred at two sites, which are at the slope toe of the southernmost margin
(**Rn indices between 2.14 and 2.73) and at the slopes bordering a small flatland in the northern part of
the section (?*Rn index between 1.36 and 2.46; Fig. 2.4a). A more detailed profile (LK2) was sampled

across the flatland and showed mean radon flux of 5.63 mBg m2 s. Maximum radon flux was observed
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at the southern, rather smooth slope (?*?Rn indices between 1.91 and 2.67) and minimal radon exhalation

occurred at the lowermost part of the flatland (?*Rn-indices between 0.11 and 0.21; Fig. 2.4b).

In the research area Kleinneudorf (KN) mean radon flux ranged from 1.27 to 7.88 mBg m=2 s for all
profiles (Table 2.1). Maximum radon exhalation was detected within the sinking depression and on the
neighbouring farmlands (maximum ???Rn-indices between 2.90 and 5.32; Fig. 2.5a). At higher spatial
resolution through the depression peak radon flux occurred at the steep flanks of the trough (maximum

222Rn-indices between 2.88 and 6.63; Fig. 2.5b).

Faults

Pliocene — Muschelkalk l] 22Rn-index normed to mean
- Eocene == Lower and middle Buntsandstein ] Outline salt dome
= Upper cretaceous = Zechstein
= Marine lower cretaceous
- Keuper

Fig. 2.6 Study site Bad Segeberg (BS; N53°58'11.9"" E10°23'45.6'"). a) 222Rn-Indices of profiles
across border fault outcrop. b) Seismic profile adapted from Wiederhold et al. (2003).

In Bad Segeberg (BS) mean radon flux was between 2.02 and 5.07 mBg m2 s (Table 2.1). Maximum
radon activity was recorded around 0.93 to 1.15 km east of the salt dome above a suspected border fault

outcrop (maximum 222Rn-indices between 1.52 and 2.35; Fig. 2.6a). The tectonic faults above the salt
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dip with an angle of 35°. We have plotted these faults at the depth of Tertiary strata. The extension to

the surface will shift their position to the east into the region of the radon flux maxima (Fig. 2.6b).

Faults

- Eocene
= Lower and middle Buntsandstein

|:| 222Rn-index normed to mean
1 Outline salt dome

Fig. 2.7 Study site Eckernforde (EC; N54°28'21.1"” E10°05'04.6""). a) 22Rn-indices of profiles across
the fault zone parallel to the Eckernférde Bay. b) Area of interest through a small trough in the
southern part of the research area. ¢) Schematic description of the subsurface, adapted from Al Hseinat
(2016).

In Eckernférde (EC) mean flux values ranged from 2.90 to 4.16 mBq m2 s for all profiles (Table 2.1).
We measured increased radon flux levels in the vicinity to the fault zone (maximum 2???Rn-indices
between 2.07 and 3.93; Fig. 2.7a). Two detailed traverses at the fault zone's eastern margin showed
maximum radon exhalation at the southern, steep slope with 22Rn-indices of 5.05 (EC7) and 3.69 (ECS),

quite contrary to the trough base and at its northern flank (Fig. 2.7b).
Exhalation depth

Due to radon concentrations being significantly higher between 0.7 and 1 m than in shallower depths
(Rose et al. 1990; Kiinze et al. 2013), we compared the radon flux signal at the surface and froma 1 m
deep drilling hole for our specific sampling strategy at seven sampling points. We used the setup

described in the methods section to measure radon flux at the surface. To obtain information about flux
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levels at 1 m depth, we drilled boreholes using a hand-operated drilling implement. We then inserted a
1 m long plastic filter pipe with slits along its complete length into each borehole, which increases the
effective soil area, refilled the space between the pipe and the drill hole wall with the excavation material

and connected the pipe to the measuring device.
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Fig. 2.8 Measured radon flux compared to physical properties of soil samples a) water content,
b) bulk density wet, c) bulk density dry, d) mean grain size, e) permeability coefficient after Seiler
(1973), ) permeability coefficient after Beyer (1964), g) Loss on Ignition (LOI), and h) carbonate
content of soil samples. Shown sample points may exceed detection limit of 7.85 mBg m? s,

Although absolute values are not comparable between the surface and 1 m depth for our sampling
strategy, which is due to an increased soil area inside the borehole, radon flux was two / three times
higher for the 1 m depth measurements. It is most likely the enlargement of actively degassing soil
volume that causes an increase of flux out of the borehole. Therefore, active exhalation depth is an

important factor to determine radon flux. This appears to us as the most probable explanation for
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increased radon flux above faults. Exhalation above permeable faults most likely transports gas from

greater depths to the surface.

However, it is significantly labour-consuming to drill an adequate number of boreholes for an
interpretable profile. For identifying anomalies of enhanced radon flux, it is sufficient to remove only
the top soil, as long as all sampling points are prepared uniformly and grain size distribution of soils and
soil types are comparable between measurement sites. A method to determine the precise influence of

the exhalation depth has not yet been developed, but will be the subject of a future, systematic study.

Laboratory experiments

We measured radon emanation powers of selected samples in the laboratory for i) typical tillitic material
occurring in Schleswig-Holstein and ii) various other natural substances to support our acquired field
results (Fig. 2.9). In total, radon emanation power for 52 sediment samples (silt / sand fraction) of
uniform weight (100 g) were analysed using the Radona system in almost airtight sealed plastic boxes,
to still allow air to enter and gently disperse the accumulating radon (Fig. 2.3c, d). Sampling time for all
specimens was one hour. The technical error of the device is £10%. To minimize additional reproduction
errors, we have considered an error of +40% to be significant. It was found that differences in emanation
values greater than 50% for the various materials were indeed reproducible. However, obtained absolute
values depend on our specific sampling setup (measured quantities, time of sampling) and are thus not
comparable to other studies. The results show very high radon production for primary red-coloured,
feldspar rich granitic, porphyritic and gneissic material (Fig. 2.9). All other samples show none to

slightly increased elevated emanation levels compared to the surrounding air.

In order to gain information about grain size- and water content dependence of radon emanation, we
further measured radon emanation powers for a specific type of granite, the Gotemar-granite (originally
from Sweden), at various grain sizes and moisture contents (Fig. 2.10). After being crushed and grinded,
the material was separated into gravel, sand, silt, and clay fractions, which were measured at different
water contents using the above-mentioned sampling setup. The results present a maximum production
for the silt fraction. The sand and gravel fractions certainly have a high permeability, but the total

specific surface area (m? g1) of gravel grains is much lower than for silt, which combines high emanation
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power from a large specific surface with high permeability. If water is added to the variable system,
radon release is significantly higher for wet samples compared to dry samples for fractions smaller than

2 mm. Maximum radon emanation is reached for the silt fraction at 2 wt% water content.
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Increased permeability in well sorted sand and silt may generally allow for a high gas flow in glacial
melt water sands. A slight wetness of the strata could even intensify the radon flux when these water
films evaporate (Fig. 2.10). Water coatings of mineral grains slow down emanating radon atoms
preventing them from entering adjacent grains and keeping them in the covering pore water. Ongoing
studies are designed to show that this proportion could then be released if the sediment is heated or if
changes in air pressure modify the storing capacity of the water "film". These convective processes
operate only in the unsaturated zone, but not when the pore space is filled with pore water (saturated
zone). Apparently, radon is more effectively released if the open pore space facilitates gas flux.
Contrarily, excessive moisture content would be conducive to the compaction of the soil due to water

surface tension and thereby lessen the emanation power (Tanner 1980).
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Fig. 2.10 Radon emanation power of the
Leitgeschiebe (indicator stone) “Godtemar-
granite” (from Sweden) at various grain sizes and
water contents.

Local Radon Flux Maxima (LRFM)

We could not identify any strong connection between increased radon flux and physical properties of
the soil samples (Fig. 2.8). Radon anomalies cannot be explained by sediment properties directly
beneath single points of sampling and must therefore be of different origin. We identified various
processes, which can cause Local Radon Flux Maxima (LRFM). Fig. 2.11 presents a schematic model

of potential sources for anomalously high radon flux.

We found in experiments under laboratory conditions elevated emanation levels for feldspar-rich,
reddish granites, porphyria and gneisses compared to other samples (Fig. 2.9). Sedimentary structures
of radium-rich sands / silts can lead to an increased radon emanation potential compared to the

surrounding areas (Mineralogical LRFM; Fig. 2.11).

Near Lake Lanker, we measured radon activity in soil gas in an area with no known active fault system,
i.e., an area where we can expect typical background radon flux in Schleswig-Holstein, which is strongly
influenced by the radium-rich sediments of Weichselian tills (see above). However, the radon flux was
not homogenous. Increased exhalation appears to occur at sampling points near contact zones to water-

oversaturated, clay-rich, impermeable sediment deposits (Sedimentary LRFM; Figs. 2.4, 2.11).
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Highest flux values were detected above tectonic and halokinetic fault systems and can be regarded as
an indicator for actively rising, radon parent-rich fluids at the fault, caused by increased permeability.
This deep-rooted flux results in an anomaly linked to structural deformations of the subsurface. Highest
radon flux signals are not limited to areas directly above fault outcrops, but may be scattered in the loose

sediment packages overlying these fault systems (Structural LRFM; Figs. 2.5 -2.7, 2.11).
Structural LRFM (halokinetic / tectonic)
1 222Rn exhalation
' Net 222Rn exhalation . .
K : tLge’Loose sediment

AT Solid rock

Mineralogical LRFM

. Sedimentary LRFM

Fault related
high
permeability

Impermeable
water-saturated clay

Radium-rich sediment
and groundwater

Fig. 2.11 Schematic description of possible sources for different types of Local Radon Flux
Maxima (LRFM). Size of black arrows indicate relative net quantity of radon exhalation.

In Kleinneudorf, we found maximum radon flux levels in the unconsolidated sediments above a deep-
rooted fault system caused by the displacement between the Eastholstein Platform and the Eastholstein
Trough (Fig. 2.5). A 40 m deep drilling core and seismic surveys of the Kleinneudorf depression
document a loose sediment package below this depression between 30 and 40 m (Kéhn et al. 2019;

Rabbel et al. in prep; Sirocko et al. in prep.).

Near the Segeberg Stlberg salt dome, we measured a sudden increase in radon flux directly above the
outcrop of a border fault (Fig. 2.6a). From there, a halokinetic LRFM with values up to 2.5 times higher
than their profiles’ respective means stretches for a few hundred meters eastward, explainable by the
low angle of faults and thus a shifted penetration point (Fig. 2.6b). These results are coherent with the
study of Kiinze et al. (2013), who conducted soil gas analysis across the same border fault and found a

similar distribution of increased radon concentration in soil gas.
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We further found zones of maximum radon activity linked to active halokinetic fault structures near the
shoreline of the Eckernforde Bay, where halokinetic LRFMs form perpendicular to the shore along the

fault’s outcrops or in their close vicinity (Fig. 2.7).

Discussion

Gas exhalation varies greatly depending on time of day or season (e.g., Winkler et al. 2001; Tareen et
al. 2019) and environmental factors, such as temperature and air pressure, strongly control outgassing
cycles (Mudelsee et al. 2020; see chapter 2.3). For the majority of our sampling points, radon flux does
not exceed 5 mBg m2s? (Fig. 2.8). We interpret these values as the typical radon background activity
in Schleswig-Holstein, which agrees well with the radon flux map of Europe by Karstens et al. (2015),
who estimated similar flux levels based on soil properties, uranium content and modelled soil moisture

contents derived from two different reanalysis data sets.

By establishing the radon potential map for Germany, Kemski et al. (e.g., 2001, 2005) showed that
elevated radon background activity in the eastern part of Schleswig-Holstein is contributed to the
mineralogical composition of the subsurface, more precisely to the sediments of the Weichselian glaciers
which cover large areas of the state (Fig. 2.2a). This glacial material mainly consists of potassium
bearing granitic and porphyry deposits, rich in parent radionuclides, resulting in increased levels of
radon emanation (Fig. 2.9). Birke et al. (2009) detected increased uranium concentrations for these
glacial sediments and therefore sufficient source material for radioactive decay to occur. As shown in
Fig. 2.2a, regions of increased radon background levels coincide with the distribution of radium-rich

glacial deposits.

Even if the mineralogical composition of the subsurface is relatively homogenous over large areas, radon
flux is characterised by considerable spatial variations. Clay-rich soil layers in valley depths with water-
saturated pore space act as a natural plug for soil gas release (Tanner 1980), which deviates the rising
radon gas to the flanks of the impermeable strata and cause high radon flux on the boundary of these

clay-rich strata (Figs. 2.4b, 2.11).
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Maximum radon flux is observed in the vicinity of active fault outcrops (Figs. 2.5, 2.6, 2.7) indicating
an enrichment of radon activity in connection with zones of deep reaching high permeability. Areas
above active fault systems do not necessarily have to exhibit enhanced radon in soil gas, but are more
likely to show increased levels of radon exhalation. This is not only given above open faults associated
with thermal wells or CO, fumaroles, but also in regions of strong surface subsidence, which leads to a
loose sedimentary structure. It is quite likely that the exhalation depth in Kleinneudorf reaches well into
these highly permeable cover sands, which are formed by gravitational sinking of the cover sediments

above a deep-rooted tectonic fault (Fig. 2.11).

The subsurface of Schleswig-Holstein is characterised by several vast salt walls and accompanying fault
structures (Fig. 2.2), along which potential LRFM can form. The influence of this process must depend
on the depth and uplift activity of the salt. In Bad Segeberg the salt reaches the surface, whereas in other
locations the top of salt diapirs can be several hundred meters deep. If the rise of salt was strong enough
to create keystone fault structures (as in Eckernférde), the halokinetic process is sufficient to produce

advective pathways for deep-rooted rise of radioisotope-rich fluids.

Increased radon activity in connection with structural pathways can be observed worldwide. lovine et
al. (2018) found a strong connection between increased radon in soil gas and active tectonic structures
in the Calabrian Arc in Southern Italy. Kiinze et al (2012) measured similar anomalous radon signals
above both seismically active and inactive fault systems in the Cantabrian Mountains in Northwest
Spain. Since it has a half-life of only 3.82 days, radon originating in depths of a few hundred meters or
more cannot reach the surface unless it uses the presence of a carrier. Chyi et al. (2010) showed in
experimental studies that an induced CO flux leads to anomalously high radon signals. Since CO; is an
abundant component of soil gases and is able to cover great distances by advection, it can transport
radon atoms upwards from a deeper source to the soil cover, along active fault structures (Perrier et al.
2009; Sciarra et al. 2018). Ongoing research is designed to compare the outgassing cycles of radon and
CO; in Schleswig-Holstein in long time series and study the role of CO, as a possible carrier gas for

radon in that region.
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Conclusion

In this work we present a rapid, yet reliable method for measuring radon flux from soil to atmosphere.
We conducted our research in four geologically unique locations in Schleswig-Holstein and conclude
that there is a distinct connection between the presence of active fault structures and increased radon
flux. Even though absolute radon values differ considerably between measuring campaigns, so-called
LRFM can, but do not have to form in close vicinity to suspected fault outcrops. Furthermore, the
mineralogical composition of the subsurface, in particular the abundance of reddish Scandinavian
granites, and contact zones between permeable and impermeable soil layers can create radon flux
anomalies, although the resulting radon exhalation does not reach quantitative or spatial dimensions like
flux levels caused by increased permeability through faulting activity. In summary, the following LRFM

types, classified into three geological categories, can be distinguished (Fig. 2.11):

= Mineralogical LRFM, strongly affected by the accumulation of radionuclide-rich sediment
deposits,

= Sedimentary LRFM, influenced by diverted migration paths due to clay-rich, impermeable soil
layers,

= Structural (tectonic / halokinetic) LRFM, forming in areas of deep-reaching structural pathways

due to tectonic and/or halokinetic activity.
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2.3 Radon time series and exhalation modes

This chapter contains parts of the results of the publication presented by Mudelsee et al. (2020). The

complete article, which is attached to this thesis, was published as:

Mudelsee M, Albert J, Sirocko F (2020) Weather control in radon flux time series from Schleswig-

Holstein. Int J Geomath 11:23.

Author’s contribution

My contributions to this chapter include reading out and processing of the timeseries measurement data
and compiling of meteorological data. | prepared the figures showing the radon exhalation modes and

contributed to the discussion.

Abstract

Radon flux not only varies spatially due to differing radium contents in the subsurface and the presence
of pathways for radon migration along faults and fractures, but also shows substantial temporal
variations. In order to better interpret the results of the radon profiles presented in chapter 2.2, we
measured the radon flux continuously for one year in the research area Kleinneudorf. The main drivers
of radon flux from soil into the atmosphere in our measurement setup are air temperature and
atmospheric pressure. However, temporal radon flux patterns were not consistent and varied depending
on the prevailing season. We identify four different radon exhalation modes representing four principal

weather regimes.
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Introduction

Radon exhalation is not only characterised by considerable spatial variations, but also strong temporal
fluctuations. Radon flux measured at a single point can vary greatly depending on time of day and
outgassing patterns significantly depend on the prevailing season (e.g., Winkler et al. 2001; Tareen et
al. 2019). Schubert and Schulz (2002) found strong diurnal variations in the radon concentration in the
uppermost soil layers and at the soil / air boundary, which were associated with convective soil gas
migration processes due to variations in the soil / air temperature gradient. Siino et al. (2019) identified
sub-daily, daily and yearly periodicities in radon exhalation in several monitoring sites across Italy and
concluded that short-term fluctuations are mainly dependent on temperature and atmospheric pressure,
whereas long-term variations are additionally influenced by parameters like seasonal rainfall. In order
to gain a comprehensive picture of radon outgassing patterns, it is therefore crucial to develop long-

lasting, high-resolution time series.

Methods

We monitored the radon flux from April 2018 till April 2020 in the research area Kleinneudorf. For this
purpose, a flux box measurement system was set up above a groundwater monitoring well in the centre
of the Kleinneudorf depression (Fig. 2.5b). In contrast to other radon time series, our specific flux box
sampling strategy does not measure the radon concentration in the soil, but rather its changes over time
and obtained radon flux values only reflect the boundary conditions at the Kleinneudorf site for this
specific setup. Thus, absolute values are arbitrary and not comparable to other studies presenting time
series of radon concentrations. However, our sampling method allows a direct analysis of radon
outgassing cycles and the factors controlling them, which is quite relevant in context of potential health

risks.

The uppermost 40 m of the subsurface comprise alternating strata of highly permeable melt water sands
and till (Supplementary Fig. 1). The measuring device is located inside two boxes directly above the

well (Fig. 2.12). This allows for protection from direct sunlight, rain and venting effects caused by wind.
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Quter box Fig. 2.12 Schematic description
Inner box ‘ of radon monitoring above the

Kleinneudorf drilling well. The
topmost 30 m are encased by
impermeable plastic pipes and
clay. The lowermost 10 m are
embedded in filter sand and
—f—= levelat8m allow gas to enter.

Radon device
N

§ _.Filter
: sand

The top 30 m of the well are encased by impermeable plastic pipes and clay and only the lowermost

10 m allow gas to enter the well. The groundwater level at the Kleinneudorf site is at 8 m.

Radon was measured with a commercial Canary Pro monitor (by Corentium). The measurement
principle is based on a Si photodiode. When ??2Rn and its daughter isotopes ?8Po and ?“Po decay inside
the devise’s chamber, some of the emitted alpha particles hit the open diode. These impacts cause the
release of energy, which is counted and interpreted as radioactive decay. Due to the electric charge of
its progeny isotopes, only ?2Rn can enter the detection chamber. The Canary device has an application
range from 0 — 100,000 Bg/m?®. The efficiency for radon sampling specified by the manufacturer is one
count per hour at a concentration of 33 Bg/m?3. In addition to measuring the radon concentration every

hour, the instrument records the prevailing air temperature and atmospheric pressure.

Exhalation Begin of End of Max. radon Temperature Atm. pressure
mode time interval time interval concentration range range

[Ba/m3] [°C] [hPa]
| 10-02-2019 02:00 22-02-2019 02:00 13412.6 -1.8-12.6 979.0 — 1030.0
I 26-04-2018 02:00 06-05-2018 02:00 3102.3 19-224 993.4 - 1027.4
] 18-07-2018 02:00 27-07-2018 02:00 7572.7 14.3-39.5 1005.3 - 1015.8
\ 01-09-2018 02:00 11-09-2018 02:00 4333.1 11.0-28.4 1003.1 - 1024.9

Table 2.2 Extracted time intervals with identified exhalation modes. The table shows the maximum
radon concentration, as well as ranges of respective air temperatures and air pressures.

34



Radon exhalation modes

Radon flux was measured over a time period of 2 years (April 2018 till April 2020). Temporal patterns
of radon outgassing are best visible in time spans of around one week. Four time intervals, which
represent four different weather regimes (i.e., exhalation modes), were taken from the time series
(Table 2.2, Figs. 2.13 — 2.16). In our monitoring system radon outgassing cycles were primarily driven

by surface air pressure and temperature.

Radon concentration Temperature Atmospheric pressure
[Bq/m?] [°C] [hPa]

5,q00 10,900 ? 5 10 9?0 1,OIZO

PR S S S S N

22-02-2019 |

21-02-2019 4

20-02-2019 4

19-02-2019 -

18-02-2019

17-02-2019

16-02-2019

Date

15-02-2019 -

14-02-2019

13-02-2019

12-02-2019 4

11-02-2019 4

Fig. 2.13 Radon exhalation mode I. Time series of radon concentration, air temperature and air
pressure from February 10" till 22" 2019.

Exhalation mode | spans from February 10" till 22" 2019 (Fig. 2.13). No periodic radon flux signal can

be observed. This regime reflects the cold winter months, when temperature gradients between day and
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night are at a minimum. It is here that the influence of atmospheric pressure on radon outgassing is best

observable. Rising air pressure weighs heavily on the ground, pushing the radon back into the strata,

whereas venting effects with significantly intensified radon release from the soil occur during periods

of decreasing air pressure.

06-05-2018

05-05-2018

-

04-05-2018 4

03-05-2018 -

02-05-2018 -

Date

01-05-2018

30-04-2018 -

29-04-2018

-

28-04-2018

B

27-04-2018 A

Radon concentration Temperature Atmospheric pressure
[Bq/m’] [°Cl] [hPa]
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L " " 1 " " 1 L " " " 1 " " " " 1 " " " 1 " 1 1 "

Fig. 2.14 Radon exhalation mode I1. Time series of radon concentration, air temperature and air
pressure from April 26" till May 06" 2018.

Exhalation mode I1 covers the period from April 26" till May 06" 2018 (Fig. 2.14). This mode represents

weather conditions in spring time and has a very prominent radon maximum during the night when air

temperature drops below groundwater temperature. This activates the so-called “chimney effect”, i.e.,

when the temperature and moisture difference between the atmosphere and the borehole causes air

36



density anomalies and literally sucks the gas out of the subsurface. Radon outgassing is significantly
greater during nights of dropping air pressure. Although the chimney effect is intensified due to our

specific borehole setup, it still affects radon outgassing cycles in “normal” soil / strata (Sirocko et al. in

prep.).
Radon concentration Temperature Atmospheric pressure
[Bg/m?] [°C] [hPa]
0 3,000 6,000 20 30 1,010 1,015
L M M 1 M M 1 v L M 1 M 2 " M 1 " 2 M M L M M " 1 " 2 2 " 1 M
27-07-2018 -
26-07-2018
25-07-2018 +
24-07-2018 -

d)

T 23-07-2018 -

(=}
22-07-2018
21-07-2018 +
20-07-2018

19-07-2018 -

Fig. 2.15 Radon exhalation mode I11. Time series of radon concentration, air temperature and air
pressure of the time interval from July 18" till 27" 2018.

Exhalation mode 111, which represents the time span from July 18" till 27" 2018, shows a radon
outgassing peak during the late afternoon when air temperature starts to decrease (Fig. 2.15). Intense
solar radiation heats up the upper subsurface strata during sunny summer days. As soon as direct

insolation begins to cease and the soil temperature just below the surface is warmer than the surrounding

37



air, the onset of thermal convection causes increased radon release from the soil. Radon outgassing is

further intensified on days of dropping air pressure.

Radon concentration Temperature Atmospheric pressure
[Bg/m’] [°C] [hPa]

0 1,500 3,000 16 24 1,010 1,020
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10-09-2018 -
09-09-2018 -
08-09-2018 ~
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Date

06-09-2018 i
05-09-2018 -
04-09-2018 -
03-09-2018 ~

02-09-2018 ~

Fig. 2.16 Radon exhalation mode IV. Time series of radon concentration, air temperature and air
pressure from September 1 till 11% 2018.

Exhalation mode 1V, which ranges from September 01% till 11" 2018, features a prominent radon
outgassing periodicity of around three days following the progression of atmospheric pressure
(Fig. 2.16). Within these cycles, secondary radon flux peaks occur every afternoon and night. This
regime represents a mixture between Exhalation modes Il and 111, i.e., the transition period from summer

to more temperate weather conditions in autumn.
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Conclusion

We present a high-resolution radon flux time series from a well drilled near the village of Kleinneudorf
in Schleswig-Holstein, Northern Germany. The flux of gas into the atmosphere is influenced by many
geogenic and exogenic factors. As a result, radon flux shows substantial time-dependent fluctuations
during the course of a year and absolute flux quantities and outgassing patterns exhibit strong differences
depending on the prevailing season and weather conditions. Because of these significant variations, the
time series had to be subdivided into short segments of around ten days in order to reveal clear

outgassing cycles and identify the mechanisms controlling them.

The dominant driving forces for daily outgassing cycles in our monitoring system are air temperature
and atmospheric pressure. However, other factors such as water level, heavy rainfall as well as strong
winds may also influence the release of gas from the soil into the atmosphere (e.g., Gregori¢ et al. 2014;
Ye et al. 2019). We identified four radon exhalation modes representing four different weather

regimes / seasons:

= No recurring exhalation pattern during times of minimal temperature gradients between soil
and atmosphere (cold winter months) and varying air pressure as the sole influence on soil gas
release (exhalation mode 1),

= Activation of the chimney effect when air temperature drops below the groundwater
temperature during spring nights (exhalation mode I1),

= As soon as the sun stops heating the soil in the afternoon on a hot summer day and the soil
temperature is warmer than the air temperature (exhalation mode 111),

= Aninterplay between modes Il and Il during the transition from summer to a more temperate

autumn season (exhalation mode 1V).
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3 Climate variations and main flooding and slumping
phases during the last glacial cycle from laminated Eifel

maar sediments

This chapter deals with climate variations and major flood and slumping phases in the Eifel region
during the last glacial cycle. Sediment records of several infilled maar lakes are being correlated to the
Greenland Stadial (GS) and Interstadial (GI) succession of the North Greenland Ice Core Project
(NGRIP) ice core stratigraphy (North Greenland Ice Core Project Members 2004; Svensson et al. 2008;
Rasmussen et al. 2014) using pollen and organic carbon (chlorins) data. The near annual ELSA-20
climate proxy record shows a complete GI / GS succession back to G117 around 60,000 years ago and
discusses a connection between the intensity of multidecadal climate fluctuations in central Europe and

North Atlantic sea-ice cover during particularly cold intervals.

A prominent slumping layer stands out in all presented sediment records. Frozen and fractured sediment
packages with a breccia-like texture suggest that the region was exposed to permafrost or deep frost
conditions around 43,500 years ago. A rapid climate shift or some other significant geological

phenomenon must have caused this major slumping event while the soil was still partially frozen.

3.1 Background information

Maar lakes are exceptional climate archives due to their unique geological setting. Lake sediments are
commonly composed of autochthonous biogenic material (e.g., silicates, carbonates and organic matter)
and terrestrially-derived clastic components (Lowe and Walker 2014). Calm sedimentation
environments and long water residence times with anoxic bottom waters often promote annually
laminated sediment layers, i.e., varves. Event deposits, such as tephra- or flood layers, contrast clearly

from the background sedimentation (Lowe 2011). This allows the study of past climate changes in great
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detail and lake sediments have been used to great extent to reconstruct past climate and vegetation

changes (e.g., Brauer et al. 1999, 2001; Litt et al. 2001; Sirocko et al. 2013, 2016).

Although there are many lacustrine basins in central Europe suitable for Holocene climate
reconstructions, lake sediments that allow going further back in time are scarce and limited to a few
regions in Europe (e.g., Ampel et al. 2008; Wohlfarth et al. 2008b). One of these regions is the west
Eifel volcanic field located in Western Germany, which lies in a homogeneous climate zone stretching
across central Europe from Belgium to Poland (Wernli and Pfahl 2009). The Eifel is known for its
numerous maar structures. In total, 68 open and infilled maar basins are located in the region. The ELSA
(Eifel Laminated Sediment Archive) drilling project of the University of Mainz, founded by Prof. Dr.
Frank Sirocko in 1998, set the task to systematically core and study these maar lakes (e.g., Sirocko et

al. 2005, 2013, 2016; Seelos et al. 2009).

3.1.1 Flooding layers

Floodings are one of the most common natural disasters, that affect millions of people and are
responsible for economic losses of around 50 billion US$ each year (UNISDR CRED 2015; AON 2016).
Extreme flood events will likely become even more frequent and more severe in the next couple of
decades due to global warming (e.g., Milly et al. 2002; Huntington 2006; Hirabayashi et al. 2013).
Effectively predicting such hazards and evaluating their risk requires knowledge about past flooding
events. Palaeoflood hydrology, i.e., the study of frequency and intensity of flood events, makes use of
various methods (Baker et al. 2002). Observations and written records from eyewitnesses are utilized to
establish flood time series during the historical era (e.g., Bell 1970; Glaser et al. 2010). Going further
back in time, geoscientific archives provide a valuable source to track palaeoflood frequencies. These
include the growth of tree rings and scars on tree trunks (Ballesteros-Cénovas et al. 2015), water-borne
detritus layers on speleothems (Atkinson et al. 1986; Denniston and Lutscher 2017), and flood deposits
in lakes (Gilli et al. 2013; Brunck et al. 2016) and fluvial systems (Jones et al. 2010). Rivers are often
high-energy systems and information about prior flood events can easily be lost due to erosional

processes (Macklin 1999; Thorndycraft et al. 2005). In contrast, lacustrine basins are a much more
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reliable source of information due to their usually very slow and constant sedimentation rates (Gilli et
al. 2013) and can, potentially, record flood events with a resolution down to the season. The distinct
characteristics of flood layers are often easily recognisable in the background sediments and erosion

processes are much more uncommon than in river systems.

The increased fluvial input into a lake during a flood event originates from heavy rain fall in its
catchment area. Clearly visible detrital laminations occur when sufficient material is delivered during a
flood event via the riverine system (Schillereff et al. 2014). Minerogenic and organic detrital particles
that are eroded from creeks and their slopes, are consequently transported into the river drainage and
lake (Mulder et al. 2003; Wirth et al. 2011). The amount and grain size of the transported material
depends on the intensity of the hydrological energy of the river system, caused by heavy rains. The finer
the detrital material, the further it is transported from the lakeshore to the centre of the lake and the
longer it is held in suspension. Due to the finest particles being deposited several days after the event
occurred, flood layers commonly comprise a clay capping layer, or “clay cap”, at the top (Schlolaut et

al. 2014).

There are several methods to identify such event layers. Optical approaches like microscopy are used to
identify flood layers in thin sections. More severe events can even be detected macroscopically directly
on the core (e.g., Brunck et al. 2016). Further investigations based on sedimentological (e.g., grain size
analysis) or geochemical (micro-scale X-ray fluorescence [u-XRF]) analyses can then be used to
characterise the event layers and distinguish between floods, turbidites and slumps (Fig. 3.1; e.g.,
Croudace et al. 2006; Gilli et al. 2013). A first continuous flood timeseries for central Europe reaching

back to 60,000 yr b2k is presented by Brunck et al. (2016).

3.1.2 Turbidites and slumping layers

Turbidites form during a singular temporal event. This happens through pore water overpressure of the
water-saturated particles or destabilization of the grain structure (Sirocko 2009). The material flows

down the slope and redeposits at the lake’s bottom. Heavier and denser components sink faster and
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accumulate more quickly than the fine-grained, lighter particles, which remain longer in suspension.
This results in an often distinct, continuously graded grain size distribution of a turbidite event layer

(Fig. 3.1b; e.g., Stow and Shanmugam 1980; Schnellmann et al. 2005).
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Fig. 3.1 Idealized characteristics of event layers (Brunck et al. 2016). Typical grain size
distribution, sorting and aluminium content of a) a flooding layer, b) a turbidite, and c) a slumping
layer.

Slumping layers are sedimentary rearrangements within a lake. Formerly deposited, unsolidified
material destabilizes as a whole package and is re-deposited as a gravitational slide down a slope
(Fig. 3.1c). This mass movement can be caused by an overload of a slope, by seismic shocks due to an
earthquake, or through freezing and thawing of the sediment, i.e., solifluction (e.g., Shmuel et al. 1996;
Verpaelst et al. 2017; Christiansen et al. 2021). The sediment package rotates around an axis parallel to
the slope. Typically, internal lamination structures may be preserved to some extent despite distortion.
This results in well-developed folding textures in a scale from millimetres to several metres in the
slumped sediment package. In laminated sediment sequences, folds in the order of millimetres or

centimetres are clearly visible, whereas larger-scale folds can be detected as tilted or bent layers.
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3.2 The ELSA-20 record — Multidecadal climate variations in

continental Europe during the last glacial cycle

This chapter was published as:

Sirocko F, Martinez-Garcia A, Mudelsee M, Albert J, Britzius S, Christl M et al. (2021) Muted

multidecadal climate variability in central Europe during cold stadial periods. Nat Geosci 14:651-658.

Author’s contribution

My contributions to this published article include the development of the lithologies and stratigraphies
of all presented maar sediment records, the construction of the age/depth models and tuning of the

ELSA-20 record to the NGRIP Greenland Stadial / Interstadial succession.

Abstract

During the last ice age, the Northern Hemisphere experienced a series of abrupt millennial-scale changes
linked to variations in the strength of the Atlantic Meridional Overturning Circulation and sea-ice extent.
However, our understanding of their impacts on decadal-scale climate variability in central Europe has
been limited by the lack of high-resolution continental archives. Here, we present a near annual-
resolution climate proxy record of central European temperature reconstructed from the Eifel maar lakes
of Holzmaar and Auel in Germany, spanning the past 60,000 years. The lake sediments reveal a series
of previously undocumented multidecadal climate cycles of around 20 to 150 years that persisted
through the last glacial cycle. The periodicity of these cycles suggests that they are related to the Atlantic
multidecadal climate oscillations found in the instrumental record and in other climate archives during
the Holocene. Our record shows that multidecadal variability in central Europe was strong during all

warm interstadials, but was substantially muted during all cold stadial periods. We suggest that this
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decrease in multidecadal variability was the result of the atmospheric circulation changes associated
with the weakening of the Atlantic Meridional Overturning Circulation and the expansion of North

Atlantic sea-ice cover during the coldest parts of the ice age.

Introduction

The last glacial cycle was marked by a series of abrupt climate transitions between cold (stadial) and
warm (interstadial) periods, known as Dansgaard-Oeschger (D/O) cycles (North Greenland Ice Core
Project Members 2004). Although the ultimate causes of these abrupt climate transitions remain under
discussion, there is an emerging consensus that they were linked to changes in the meridional heat
transport associated with strong variations in the strength of the Atlantic Meridional Overturing
Circulation (AMOC; Rahmstorf 2002; Béhm et al. 2015). However, the strong nonlinear nature of the
D/O cycles suggests that they involve complex feedbacks operating across the ocean, atmosphere and
cryosphere systems (Rahmstorf 2002; Li and Born 2019). In particular, recent studies suggest that rapid
changes in North Atlantic sea-ice cover played a crucial role in amplifying or even instigating ocean

circulation changes (Sadatzki et al. 2019).

The influence of these millennial-scale climate oscillations beyond the high-Ilatitude North Atlantic is
now well established in different marine (Peterson et al. 2000; Martrat et al. 2007; Deplazes et al. 2013)
and terrestrial climate records (Fleitmann et al. 2009; Cheng et al. 2016). However, our understanding
of their impact on European decadal- to centennial-scale climate variability has been limited by the lack
of continuous and high-resolution continental archives. Understanding the relationship between changes
in North Atlantic circulation and European climate on these short timescales seems particularly relevant
in the context of the existing debate regarding ongoing changes in the strength of the AMOC over the

past decades (Srokosz and Bryden 2015; Caesar et al. 2018; Thornalley et al. 2018).

In this Article, we present a new near annual-resolution climate proxy record from the maar lakes of the
west Eifel volcanic field located in the west of Germany, an area that is representative of the climate of

central Europe (Fig. 3.2) The drilling site of the sediment core from Auel is shown in Fig. 3.3, and
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photographs of cores from Holzmaar and Auel are shown in Fig. 3.4. The cores are logged with 1-mm
resolution to determine the organic carbon fraction of chlorins (Fig. 3.5). The temporal resolution of the
glacial section of the record (Fig. 3.6 — 3.11) is unprecedented not only for European terrestrial archives
but also globally (Fig. 3.8a), and allows us to evaluate the relationship between D/O cycles and decadal

climate variability in central Europe (Fig. 3.12, 3.13).

Mean annual air temperature (MAAT) [°C]

Fig. 3.2 Location of the Auel Maar with
respect to modern climatology. a) Mean
annual air temperature (MAAT). b) Mean
annual precipitation. ERAS reanalysis data
for the North Atlantic and Europe is from
Hersbach et al. (2020). c) Digital elevation
model for the Auel Maar catchment. Solid
line indicates the area of the infilled maar
lake. Locations of the NGRIP ice core and
the area of the ELSA lake sediment cores
are shown in the maps.
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Fig. 3.3 The AU3 / AU4 drilling site. a) Photo of the infilled maar lake of Auel with drilling sites
and locations of seismic lines. b) Seismic line 1 and core locations. Core AU2 is included in the
figures, because this core was studied by Sirocko et al. (2016) for the pioneering work on the Auel
Maar.
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The ELSA-20 record

During the past 20 years, the ELSA (Eifel Laminated Sediment Archive) project has drilled more than
50 cores from the 68 open and infilled maar lakes of the west Eifel volcanic field (Sirocko et al. 2013,
2016). In this study, we present new sediment cores from the maar lakes of Schalkenmehren, Holzmaar
and Auel, which are combined to generate a continuous near annual-resolution climate record spanning

the past 60,000 years, the ELSA-20 stack.

After the eruption of the Auel volcano at 59,130 years before 2000 ce (yr b2k), the Auel lake (diameter,
1.3 km; depth, 105 m) was continuously loaded with fine-grained fluvial suspensions collected from a
5-km-long catchment up to the early Holocene, when it was finally filled with gravel (Figs. 3.3, 3.4). To
obtain a continuous record of central European climate variability, the Auel record
(14,801 — 59,130 yr b2k) was supplemented with Holocene sections of two nearby lakes, the
Schalkenmehren Maar Lake (0-—700yrb2k) and late glacial Holzmaar (701 — 14,800 yr b2k;
Figs. 3.4, 3.8), both having a catchment structure similar to that of Auel. The sediments are annually
layered (varved) during all interstadials and the Holocene. Stadial and glacial sediments are also
laminated, but annual varves cannot always be distinguished in the coldest sections (see Methods) due
to the absence of a distinct summer layer and possible micro-bioturbation during times of oxygenated

deep water.

The elemental composition of the different sediment cores was analysed at 0.5-mm resolution (three
months on average) using X-ray fluorescence (XRF) scanning. In addition, the colour reflectivity was
measured at 1-mm intervals (six months on average) using the ISRS670 method (Rein and Sirocko
2002). This method detects the changes at 670 nm in the spectra of visible light, which are a function of
chlorophyll derivates (chlorins) and chlorophylls themselves in the bulk sediment. These in turn are
linearly linked to organic carbon (Cor) content (see Methods). Overlapping millimetre-scale
Corg(chlorins) datasets for cores AU3 and AU4, which show an identical interstadial succession
(Fig. 3.8), were merged into one continuous record, with all drilling disturbances and gaps larger than
2 cm closed by a dynamic time warping of AU3 sections in the AU4 master core (see Methods). The

interstadial succession was dated into Marine Isotope Stage (MIS) 3 using 25 radiocarbon measurements
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Fig. 3.4 Maar lake sediment cores SMf2, HM4 and AU4. a) Photo of freeze core SMf2 from
Schalkenmehrener Maar with *3'Cs profile and varve counts for the last 800 years. b) Core photo
of sediment core HM4 with depth of palynostratigraphical fix-points for the Bayesian age model
of the Holocene section. The ages for the palynological markers are taken from Litt et al. (2009).
c¢) Core photo of sediment core AU4 with depth and age (all yr b2Kk) of interstadials from Rasmussen
etal. (2014). d) Sedimentary disturbances between 75.5 and 78.0 m in core AU4 (see chapter 3.3).
This interval represents GS12 and G112 for which only selected parts of the Corg(chlorins) data have

been used. All ages are given in the yr b2k notation.
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and 10 1°Be analyses at depth of the expected Laschamp 1°Be maximum (Fig. 3.8, 3.14). The time series
revealed the entire succession of Greenland interstadials (Gls, Fig. 3.6) and was thus aligned to the North
Greenland Ice Core Project (NGRIP) ice core stratigraphy (Rasmussen et al. 2014). We used a Bayesian
age model to generate continuous time series of Corg(chlorins) and Si/Al. The resultant time series were
resampled at one-year-resolution, smoothed over three years with a three-point running average, and are

denoted herein as ELSA-20 Cqrg(chlorins) and Si/Al records (Figs. 3.6, 3.7).

Temperature changes play a critical role in controlling both productivity and organic matter preservation
in the maar lakes from the Eifel region (Licke et al. 2003). During summer peak temperatures, the lakes
stratify, and the nutrient content and aquatic primary productivity increase in surface waters. At the same
time, decreased deep water ventilation causes the development of anoxic conditions at the bottom of the
lakes, increasing organic matter preservation in the sediments. Accordingly, the Corg(chlorins) content
of maar lake sediments is sensitive to temperature changes and can be used to reconstruct past climate
variability. The Si/Al ratio monitors the content of biogenic silica in the sediment and represents a
second indicator of productivity changes by siliceous phytoplankton (diatoms and chrysophytes).
Although both productivity indicators can be affected by several complicating factors (see Methods),
the covariance of Corg(chlorins) and Si/Al during all sections with visible diatom layers indicates that
both proxies indeed document the primary production of diatoms and chrysophytes. The covariance of
both proxies suggests that preservation or diagenetic alteration have not strongly affected the

Corg(chlorins) or Si/Al record.

Diatoms and other siliceous plankton growth is mainly driven by temperature and nutrient changes in
the maar lakes (Liicke et al. 2003; Briichmann and Negendank 2004). Other climate parameters such as
wind-driven turbulence of the surface water may also affect phytoplankton growth in the lake, but we
see no evidence from the lithology (in particular grain size and botanical macroremains) that they played

an important role in the Auel lake.

In fact, the ELSA-20 Corg(chlorins) and Si/Al records reveal a close coupling between lake productivity

in central Europe and temperature changes in Greenland and North Atlantic sea surface temperature
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Sirocko 2002). b) Quantification of the Absorption Depth at wavelength of 670 nm. The approach
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chlorins) in marine sediments off Peru (Rein and Sirocko 2002), but is now adapted to the lake
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(SST) records on millennial timescales across all stadial and interstadial cycles of the last glacial cycle

(Figs. 3.6, 3.7). However, the shape of the D/O cycles does not present the sharp sawtooth pattern

characteristic of Greenland ice-core 520 records, which is typically attributed to the large influence of

changes in sea-ice coverage in the Nordic seas and regional changes in precipitation in Greenland

climate (Li et al. 2010; Deplazes et al. 2013). Instead, ELSA-20 stadial / interstadial cycles are more

symmetrical, as expected from North Atlantic SSTs (Fig. 3.7a), Greenland deuterium excess records

and other climate records located in low and mid latitudes, where the influence of sea ice is less
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pronounced (Masson-Delmotte 2005; Martrat et al. 2007; Sanchez Gofii et al. 2009; Deplazes et al.

2013; Cheng et al. 2016).

During the last deglaciation, the ELSA-20 records show a sharp increase in lake productivity coinciding
with the deglacial warming recorded in North Atlantic SST records (around 14,700 years ago).
Similarly, during the period between 48,000 and 60,000 years ago, our tracers indicate high lake
production coinciding with warm conditions in the North Atlantic (Fig. 3.7). These observations
strongly support that productivity changes in the Eiffel maar lakes were indeed driven by temperature
changes over the past 60,000 years, and confirm that atmospheric temperatures in central Europe were

closely coupled to SST changes in the North Atlantic Ocean and Greenland (Van Kreveld et al. 2004).

Methods

The ELSA Project

During the last 20 years, the ELSA Project at the University of Mainz has drilled more than 50 cores
from the 68 open and infilled maar lakes of the west Eifel volcanic field to construct a continuous time
series of climate and environmental change, ranging from today back into the Middle Pleistocene. The
stratigraphy of all ELSA cores is documented by Sirocko et al. (2013, 2016) and Forster et al. (2019).
Sediment cores from the maar lakes of Schalkenmehren, Holzmaar and Auel were chosen for the ELSA-

20 stack.

The Eifel maar lakes

The Eifel is located in Germany, west of the Rhine. It experienced 200 — 300 m of uplift during the
Cenozoic, leading to the formation of more than 60 Pleistocene maar eruption structures (Biichel 1994).
Eight of these maar lakes are today still filled with water, of which six have more than 20-m-deep waters
with anoxic conditions at the bottom. All other maar structures are infilled Pleistocene lakes. The largest
of these maar lakes were dated by the ELSA Project (Sirocko et al. 2005, 2013, 2016) and erupted during

the last 130,000 years (Forster and Sirocko 2016; Forster et al. 2019).
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Fig. 3.6 Temperature changes in Greenland and central Europe over the past 60,000 years.
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The most complete and undisturbed ELSA cores are from Schalkenmehren (the last 658 years, since the
megaflood layer of AD 1342), Holzmaar (MIS1) and Auel (MIS2 and 3). The 22-m-deep lake of
Schalkenmehren was cored with UWITEC freeze core technology. The uppermost 50 cm clearly show
the Chernobyl *Cs spike from AD 1986 (Sirocko et al. 2013), which provides a perfect time marker at
the top of the ELSA-20 stack. The switch from the Schalkenmehren core to the Holzmaar core is at the
AD 1342 megaflood layer (658 yr b2k). The Holocene record of HM4 from Holzmaar is dated by six
palynostratigraphy markers (Fig. 3.4) and reaches down to 14,682 yr b2k, the beginning of the present

warm interglacial.

The Pleistocene part of the stack is based on the cores from Auel, which is 20 km away from Holzmaar.
The Laacher See Tephra (13,056 yr b2k; Reinig et al. 2021) is visible in all cores (AU3, AU4 and HM4),
with the same mineralogy (Forster and Sirocko 2016; Forster et al. 2019). The tie point between the
Holzmaar and Auel sites is, however, the first deglacial increase of Corg at 14,692 yr b2k (Forster et al.

2019).
Seismic site survey of the Auel Maar structure

Before drilling cores AU3 and AU4, the commercial company GeoFakt (Bonn) conducted a preliminary
survey of the central part of the Auel Maar with four high-resolution seismic profiles (Fig. 3.3) to obtain
information on the structure of the maar lake sediments, in particular to detect the deepest location of

the sediment infill.

A total of four seismic profiles were carried out at Auel with P-wave reflections. Geophone spacing was
2 m and shot point spacing was 4 m. Acquisition was performed with 96 to 120 active channels. The
seismic-wave source consisted of a hand hammer. The data processing was hybrid; that is, first breaks
were used for refraction tomography and further reflections were used for seismic profiling. The result
of refraction tomography was a two-dimensional (2D) velocity model down to a depth of ~30 m. The
final depth migration transforms the stacked time section into a depth section and shifts dipping
reflections laterally to the ‘true’ reflector position. The migration velocity was derived from the stacking

velocities.
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Fig. 3.7 Reduced high-frequency climate variability in central Europe during the coldest parts
of the last ice age. a) North Atlantic SST reconstruction (Martrat et al. 2007). b) ELSA-20
Corg(chlorins) record. ¢) ELSA-20 Si/Al record after kernel detrending using a 200-year bandwith
(Methods). d) ELSA-20 Corg(chlorins) record after kernel detrending using a 200-year bandwith. €)
19Be flux record measured in Greenland ice cores (Muscheler et al. 2005), after kernel detrending
using a 200-year bandwith. f) NGRIP1 &0 (black) after kernel detrending using a 200-year
bandwith.

Cores AU2, AU3 and AU4 were plotted onto the seismic profiles (Fig. 3.3). Apparently, the deepest
continuous reflector exactly matches the evidence from the lithology to outline the contact between

eruption tephra fallback and the deepest lake sediments at 102.5 m.

The survey documented that the deepest part of the Auel Maar was near the intersection of profiles 1
and 2, where AU2 had already been drilled in 2014. The new drillings of AU3 and AU4 are thus within

10 m of AUZ2, but positioned to reach the exact deepest part of the infilled maar structure (Fig. 3.3).
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This exact positioning of the core location was important to sample and preserve the extraordinary
quality of the MIS3 sediment. In particular, AU4 reached into a local bathymetric depression, which
was apparently at least seasonally anoxic or even developed a monimolimnion (continuous anoxic
conditions of the deep water during all seasons of the year). This location and the conditions in the
deepest, most anoxic part of the maar basin explain the high content of Corq in the sediments, as well as

its excellent preservation.

Lithology of ELSA-20 cores

All cores are laminated, but the Holocene and many interstadial sections are varved; that is, they show
seasonal layering. Dark Holocene and interstadial sections are either Corg-rich sapropel, unlaminated
gyttja or varved diatom gyttja (Figs. 3.4, 3.8). The glacial section is composed of lithogenic clay, silt
and fine sand layers in varying proportions. The glacial section of Auel is mainly fine-grained sand,
suggesting that the lake was shallow. MIS3 sediments in Auel are continuously fine-grained because of
riverine suspensions that ran into the deep lake with suboxic bottom water, either after seasonal rain or
snow melting. The sediments of the early MIS3 are extremely rich in Coq — mostly sapropel and

sometimes varved diatom gyttja.

The lithology of the ELSA-20 cores is documented in Fig. 3.8c, which includes a visualization of all
sections with a yellow-greenish colour (visible only in the first weeks after drilling). All of these sections
consist of seasonal varves with diatom-rich summer layers. These sections match the depth with high
ISRS670 (in situ reflectance spectroscopy absorption at 670 nm) values, indicating the presence of

chlorins.

Organic carbon

Organic carbon was determined with a Gretag Spectrolino instrument, which measures the reflectance
for each wavelength of the visible light as percent relative to a white colour standard (Fig. 3.5). The
Spectrolino measured the sediment reflectivity over a 2.5 mm-wide area, and the individual
measurements were done in 1-mm increments. The Spectrolino technique was originally developed for

marine sediments by Rein and Sirocko (2002). The absorption at 670 nm was calibrated in the first study
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versus organic carbon and chlorins content, both of which revealed a linear relation to the ISRS670

value, which is subtracted from the interpolated value between 640 and 730 nm (Fig. 3.5). The ISRS670

accordingly detects chlorophyll a, b and ¢ and bacteriochlorophyll ¢ and d (green sulfur bacteria) as well

as their derivates, and can be applied to detect trends in total aquatic palaeoproduction in both ocean and
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Fig. 3.8Age-depth relation. a) The Coy(chlorins) data for cores SMf, HM4, AU3 and AU4 are
shown versus depth to document the basis for the Age-Depth model, calculated according to Fig. 3.9.
The ELSA-20 age is plotted together with 1C dates and 1°Be data. The error is calculated with a
Bayesian approach. The Age-Depth model is compared to other high-resolution marine and
terrestrial records. Cariaco Basin: ODP-1002C (Haug et al. 1998); St. Barbara Basin ODP893
(Cannariato et al. 1999); Guatemala: Lake Petén-Itz4 (Correa-Metrio et al. 2012); China: Jingyuan
loess plateau (Sun et al. 2010); Japan: Lake Suigetsu (Bronk Ramsey et al. 2012); Italy: Lago Grande
di Monticchio (Brauer et al. 2007); China: Sihailongwan Maar Lake (Mingram et al. 2018); S-
Patagonia: Laguna Potrok Aike (Kliem et al. 2013). The sedimentation rate of the SMf and HM4
cores is similar to other global records, but the sedimentation rate of the Auel cores is globally
exceptional during MIS3. b) The Coyg(chlorins) are shown versus depth for cores AU3 and AU4,
which have been drilled with an 0.5 m offset. Both cores reveal an identical interstadial pattern,
which allows for the Dynamic Time Warp of short AU3 sections into the AU4 core. Background
colors are the pattern of Landscape Evolution Zones (LEZ) as defined by Sirocko et al. (2016). 8
tephra have been observed in the cores of HM (Foérster and Sirocko 2016; Forster et al. 2019). The
ages for the Eltville Tephra (EVT), Wartgesberg Tephra (WBT), Dreiser Weiher Tephra (DWT) and
Meefelder Maar Tephra (MMT) are presented here on the updated ELSA-20 timescale. c) The
lithology of all ELSA-20 cores is presented with its main characteristics.

lake sediments (Butz et al. 2015; Michelutti and Smol 2016; Sanchini and Grosjean 2020).

Absorption forms a pronounced minimum in the wavelength range of 640—730 nm in cores from both
Holzmaar and Auel. Reflectivity in this wavelength band (the I-band, 660-670 nm (Louda and Baker
1986; Rosell-Melé et al. 1997); that is, the red part of the spectrum) was shown to relate to sediment
concentrations of chlorophyll a and its degradation products (Das et al. 2005; Wolfe et al. 2006; Méléder

et al. 2018).

The ISRS670 of AU3 and AU4 was calibrated to Coq (total organic carbon, TOC; Fig. 3.8), which was
determined in the laboratories of the Institute of Geography, TU Dresden, using a Total Analyzer system
(TOC-VCPN; Shimadzu). Finely ground sample aliquots (200 mg) were suspended in 200 ml of
0.22 M HCI. While carbonate-derived carbon was purged out, the non-purgeable organic carbon was
catalytically transformed into CO, and measured in replication. For the reference material NIST 1941b
(reference TOC value 2.99 + 0.24%), replicate measurements yielded an overall accuracy and precision
of 2.96 + 0.14%. We selected 10 samples for calibration of the ISRS670 signal relative to Corg COntent.
These 10 samples were spaced along the entire cores of HM4 and AU3. Aliquots (10 g) of sediment
were homogenized and pressed into a plate for which the surface reflection was measured 10 times with
the Spectrolino instrument. The average of the 10 measurements was plotted versus the measured Corg

content (Fig. 3.5c). The relation is apparently linear and can be expressed by the simple relation
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Corg (%) = ISRS670 x 22.7. This equation was used to convert the 200,000 ISRS670 measurements

(100,000 each in cores AU3 and AU4) into a final Corg concentration time series (Fig. 3.6).

The results suggest that the vast majority of organic matter in the Holzmaar lake is autochthonous. This
matches the findings of Liicke et al. (2003), who showed with TOC/TN (total nitrogen) ratios and 6**C
analysis of the organic matter that organic matter from in situ production within the lake system is indeed
the main contribution to sedimentary organic carbon at Holzmaar and Auel. The covariance of
Corg(chlorins) and Si/Al indicates that in situ production is also the main source of organic carbon for
the record from Auel. We observe a few sections of deviations from this general structure. These
intervals are characterised by high aeolian dust content, which adds silicium from aeolian quartz grains
to the total Si content. It is only during the Younger Dryas and well into the early Holocene that the
Si/Al record is lower than the respective Corg(chlorins) record. This could be related to an increase in the
water pH of Holzmaar after the Laacher See volcanic eruption at 13,056 yr b2k; ongoing studies will

evaluate this in further detail.
Micro XRF geochemistry

Semi-quantitative element analysis was performed on cores HM4 and AU4 with an Avaatech XRF core
scanner (Avaatech XRF Technology) at the Max Planck Institute for Chemistry in Mainz. XRF core
scanning is a rapid, non-destructive technique to determine the chemical composition in sediments
(Richter et al. 2006). Before the measurements, the sediment surface was carefully flattened using a
blade to remove irregularities from core slicing, then covered with 4 um-thin SPEX CertiPrep Ultralene
film to avoid contamination and drying during measurements. XRF scans were performed at a tube
voltage of 10 kV with a current of 550 pA and counting time of 10 s. The scanner was equipped with an
Oxford 100-W X-ray source with a rhodium anode and a silicon drift detector. The measurements were
obtained with a down-core resolution of 0.5 mm and a cross-core slit size of 12 mm. Element data are

given in counts per second and were used to calculate elemental intensity ratios, thereby reducing noise.

The Si/Al data series shows mostly the same maxima and minima that are visible in the ISRS
Corg(chlorins) analyses (Figs. 3.6, 3.9 — 3.11). Si/Al is an established proxy for the abundance of diatoms

and other silicifying organisms. However, silicium is also prominent in lithogenic quartz and feldspar,
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Fig. 3.9 Ice core tuning, 23 — 36 ka. §'®0 and chronology of the NGRIP ice core (North Greenland
Ice Core Project Members 2004; Rasmussen et al. 2006, 2014; Vinther et al. 2006; Andersen et al.
2006; Svensson 2008) in comparison to ELSA-20 Cqrg(chlorins) content and Si/Al. The ELSA-20
Corg(chlorins) data are also shown in the kernel detrended version used for the wavelet and spectra as
shown in Figs. 3.7, 3.14, 3.15.
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so the Si record has to be normalized to Al to separate inorganic silicates from the diatom silicate. The
almost perfect match of Si/Al to the Corg(chlorins) content reinforces the interpretation that the organic
carbon in Auel derives from the decomposition of diatoms and other silicifying organisms (see above).
These are visible as discrete summer layers in all interstadial sections of the Auel cores, they produce
the chlorophyll a derivates that cause the ISRS signal, and their opaline tests can be traced geochemically

by the Si/Al ratio.
Stratigraphy

Nine different dating methods have been applied to date the entire suite of ELSA cores (Sirocko et al.
2005, 2013, 2016). Dates from all cores have been synchronized into a consistent stratigraphy. The first
age marker is the ¥'Cs spike in 1986 AD, which is clearly visible in freeze cores from several maar
lakes that were dated (Sirocko et al. 2013) by this chronostratigraphic marker from the Chernobyl
fallout. The second marker is a flood layer representing the Millennium Flood in July of 1342 AD. This
layer is well visible in the upper parts of all Holocene cores, because it contains abundant debris of wood
washed into the maar by the flood event. The layer serves as a tie point to link the Schalkenmehrener
Maar freeze core with the Holocene Holzmaar core (Fig. 3.4), the latter being continuously varved.
However, the Holocene stratigraphy was not based on varve counting, which would have to be anchored
by 4C (Hajdas et al. 1995). Instead, we used palynostratigraphy time markers as determined in the high-

resolution varved pollen profile from Meerfelder Maar (Litt et al. 2009).

We analysed 54 samples from the Auel and Holzmaar cores in the “C laboratories of Heidelberg, Kiel
and Mannheim. Heidelberg sample IDs start with ‘HD’, Kiel sample IDs with ‘KIA’ and at Curt-
Engelhorn-Center for Archacometry, Mannheim, sample IDs start with ‘MAMS’. Although the
laboratories in Kiel and Mannheim utilize AMS for *C measurements, the laboratory in Heidelberg

performed the analysis by **C decay counting.

14C samples consist of a collection of various organic materials. Conventional **C ages are normalized
to a 83C of —25%o. All 1*C ages are universally calibrated using the calibration dataset IntCal13 and the

calibration software OxCal 4.3. The calibrated date ranges are given in units of years b2k as mean
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Fig. 3.10 Ice core tuning, 36 — 48 ka. 530 and chronology of the NGRIP ice core (North Greenland
Ice Core Project Members 2004; Rasmussen et al. 2006, 2014; Vinther et al. 2006; Andersen et al.
2006; Svensson 2008) in comparison to ELSA-20 Corg(chlorins) content and Si/Al. The ELSA-20
Corg(chlorins) data are also shown in the kernel detrended version used for the wavelet and spectra as
shown in Figs. 3.7, 3.14, 3.15.
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calibrated values with a 1-sigma uncertainty. To account for the fact that *4C uncertainties are not

normally distributed, the calibrated dates are also given as 1-sigma date ranges.

Because the calibration dataset covers an age range up to 46,400 yr BP, some of the analysed '“C ages
could not be calibrated. Cases where the *C ages exceeded the range of the calibration dataset were
denoted ‘no cal’. These values were nevertheless included in the plot of Fig. 3.8, but are shown with an
arrow as a minimum age. This figure shows all ages from terrestrial plant macrofossils, but also from
bulk carbon, to be much older than the age of deposition in the maar lake. This is explained by the fact
that Schalkenmehren, Holzmaar and Auel were fed by local creeks and thus have comparable
sedimentation processes. Such an offset is to be expected, because the three independent processes (i)

to (iii) shown below lead to **C values that are too old in comparison to the sedimentation ages.

(i The creek that runs through Auel Maar even today has a catchment with length of 5 km and
erodes old soil particles. Wood fragments in particular, but also seeds, are affected by this
process. Sirocko et al. (2013) have demonstrated for the Ulmener Maar that particles up to
several thousand years older than the time of deposition are washed into a maar lake by
rivers. Holzmaar and Auel sediments have encountered the same process (Hajdas et al.
1995).

(i) Glacial loess has a detrital carbonate fraction of up to 10%, which must have caused a hard
water effect in the MIS2 lake water.

(iii)  Active fumaroles are very abundant in the Eifel and inject CO, from the deep Earth crust

and mantle directly into the lake water column.

All of these processes cause “C ages to appear older than the age of deposition (Fig. 3.8). However, we
do not observe any C ages younger than the tuned age—depth relation, which is a strong argument for
the dominating effect of processes (i) to (iii). Only two dates match the correct deposition age within
the error of the MIS3 1“C calibration. As a consequence, **C values cannot be used to date the sediment,
but the *C values corroborate unequivocally that the sediments have been deposited during the last

48,000 years.
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Fig. 3.11 Ice core tuning, 48 — 59 ka. 80 and chronology

of the NGRIP ice core (North Greenland

Ice Core Project Members 2004; Rasmussen et al. 2006, 2014; Vinther et al. 2006; Andersen et al.

2006; Svensson 2008) in comparison to ELSA-20 Corg(chl

orins) content and Si/Al. The ELSA-20

Corg(chlorins) data are also shown in the kernel detrended version used for the wavelet and spectra

as shown in Figs. 3.7, 3.14, 3.15.
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Holocene palynostratigraphy

Holocene European lake sediments are classically dated by radiocarbon dating, or the successive spread
of trees. Pollen is a well-established proxy for vegetation and climate change and has also been used to
define pollen zones in central Europe. We synchronized the ELSA pollen counts with the pollen profiles
for Meerfelder Maar (Litt et al. 2009), which were presented on an annual layer varve chronology. The
slight discrepancy when comparing the varve chronology with the b2k ice-core notation comes from the
use of varve years, which are often in the BP notation, officially reserved for *C dates. The larger
problem is, however, that the change from one pollen zone to another is defined from the start of the
transition or from the midpoint of the transition, which is not always clear. To take both sources of error
into account, we use the ages as presented by Litt et al. (2009) and add a combined error of £100 years

for the ELSA-20 Bayesian age model (Fig. 3.12).
Ice-core tuning

The first tuning of a 5-cm-resolution Cia curve of core AU2 to the Gls was carried out by Sirocko et
al. (2016). The annual-resolution Corg(chlorins) curve matches the older Ciai Curve in its general shape,
but now shows a resolution that documents every event (beginning and end) of the GI on the GICCO05
timescale (Rasmussen et al. 2014) in detail. We present in Figs. 3.6 and 3.7 the Corg content and Si/Al,

next to the Greenland 580 record (Rasmussen et al. 2014).

The resolution of the NGRIP §*80 record is 5 cm, smoothed to 20 years, and one year for the ELSA-20
stack. The start and end, as well as the internal structure, are most similar for G13 to GI17. It is only for
GI8 that the onset of the interstadial is different—sharp within 20 years at Greenland, but stretched for
about a century in ELSA-20. The overall similar structure of the Greenland / North Atlantic climate
evolution and the central European response is the basis for our age assignments for the beginning and

end of the interstadials, as documented in Figs. 3.9 — 3.11.
19Be analysis

Bulk samples were selected from the interval of the tuned GI8 — GI12 to be measured for °Be content

to determine the depth of the Laschamp °Be maximum (Muscheler et al. 2005). The '°Be/°Be ratios
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were measured at the ETH Zurich AMS facilities and normalized to the ETH Zurich in-house AMS
standards S2007N and S2010N with nominal °Be/°Be ratios of 28.1 x 102 and 3.3 x 107*2, respectively
(Christl et al. 2013). Both standards have been calibrated relative to ICN 01-5-1 with a nominal ratio of
1Be/°Be = 2.709 x 1071 (Nishiizumi et al. 2007), which is associated with a °Be half-life of

1.387 £ 0.012 Myr (Chmeleff et al. 2010; Korschinek et al. 2010).

Data for the pronounced °Be maximum from 71.95 to 74.75 m are documented in Fig. 3.14 and also
included in Fig. 3.8. This depth interval is integrated with ages at 41,000 and 42,000 yr b2k into the

ELSA-20 age model and presents a marked fixed point in the Bayesian age model.
Bayesian error calculation

The tuning, as documented above, provides the age control points for our age model. For a comparison
of the ELSA-20 age to other records that were dated by other methods, we needed to develop a combined
error analysis that includes the ice core error and the error of our synchronization. We achieved this by
developing a Bayesian age model for the Holzmaar and Auel cores. This is based on a set of fix points
through which a curve is fitted and uncertainty bands are calculated by means of a Bayesian statistical

approach.

The majority of fix points stem from mathematical tuning (Fig. 3.12) of Corg(chlorins) from AU4 to 320
from NGRIP for selected stadial and interstadial events (Rasmussen et al. 2014). Holocene fix points
are from the palynological markers and the Laacher See Tephra layer with its established age of
13,056 yr b2k (Reinig et al. 2021). The 1-sigma uncertainties for the visual tuning are determined by
fits of parametric change-point regression models to the Corg(chlorins) and 580 time series (Fig. 3.12).
The models are the ramp (Mudelsee 2000) and the break (Mudelsee 2009). Estimation is performed by
an ordinary least-squares regression combined with a brute-force search for the optimum change points.
For the detected change points, the 1-sigma standard errors in depth (AU4) and time (NGRIP) are
obtained by means of 2,000-block bootstrap resampling. This approach preserves the distributional
shape and autocorrelation in the random components (Mudelsee 2014). In addition to the tuning
uncertainty, there is also the counting uncertainty of the NGRIP timescale (Rasmussen et al. 2014). The

full fix-point age uncertainties are obtained via error propagation (Mudelsee 2014) from the tuning and
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counting uncertainties. The age model (Fig. 3.8) is obtained by fitting a compound Poisson—-Gamma
model to the accumulation rate for core AU4 in a Bayesian framework (Haslett and Parnell 2008). The
employed R software Bchron (by A. Parnell) is a numerical enhancement of the original implementation.
The input data for Bchron are the 41 fix points and the depth points for output (AU4predict). The output

is the age curve (AU4agedeptn) at the depth points, obtained by means of the following Bchron command:

AU4 agedeptn = Behronology (ages = NGRIPage, ageSds = NGRIP1.6 (age),

positions = AU4gepn, positionThicknesses = 2 * AU41.6 depth),

calCurves = rep(‘normal’, 41), predictPositions = AU4pregict).

The output for AU4agedeptn takes into account the 1-sigma tuning uncertainty, NGRIP1.; (age). BChron
outputs the ages together with preselected percentiles as uncertainty estimates. We use the 15.87th and
84.13th percentiles, which correspond to the +1-sigma uncertainty bounds of a normal distribution
(Abramowitz and Stegun 1965). For determination of the full uncertainty, we add the NGRIP counting
uncertainty to the £1-sigma tuning uncertainty by means of error propagation. The resulting age curve

for AU4 with £1-sigma uncertainty bands (tuning or full) is shown in Fig. 3.8.

There are a number of slumps and tephra sections in core AU4 (Fig. 3.8), where, between the top and
base of a section, the material is of constant age. These sections are extracted before the Bayesian
modelling and inserted manually afterwards. The ELSA-20 stack is thus a synthetic record, which
reaches from AD 2000 back to 59,130 yr b2k, the time of eruption of the Auel Maar. The total estimated
uncertainties increase with age, as is the case for NGRIP, but the uncertainty relative to the NGRIP
chronology is mostly less than 100 years. We also cannot exclude time-transgressive behaviour of

chronozones in terrestrial records (Rach et al. 2014; Obreht et al. 2020).

The Bayesian age model was finally constructed on the basis of four fix points for the younger record

of HM4 and the more recent part (Fig. 3.12).

67



NGRIP
5180 (%)

AU4 Corg
(chlorine)
(%)

NGRIP
5180 (%o)

AU4 Corg
(chlorine)
(%)

NGRIP
5130 (%)

AU4 Corg
(chlorine)

(%)

NGRIP
5180 (%)

AU4 Corg
(chlorine)
(%)

NGRIP
5180 (%)

AU4 Corg
(chlorine)
(%)

NGRIP
5180 (%)

AU4 Corg
(chlorine)
(%)

Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
14600 14800 23000 23200 23400 23600 27400 27600 27700 27800 28500 28700 28800 29200
1 a8 L L 38 L 1 T R 23 L a8+ L
-3 40 -40 -40 -40 -40 ﬁ -40
] 42 424 42 424 -42
-0 “2 44 v 44 44 X 44 -44
-44 44 — -48 -46- - 46 46— -4
a4 Gl1e start (GS2.2 start GI2.2 start GI3 end/GS3 start GI3 start Gl4 end/GS4 start GI4 start
: 24 — 4. 4.0
- 24 - 4.0 30 3.0 20
o e s 20_:% 20 209 .b‘ 1.0 -
0.8 08 0.8 : 1.0 " 1.0
— T t T T T 00 0.0-— 0.0 T T 0.0+ T 1
16.16 19.20 18.80  19.00 18.15 19.20 31 342 343 344 348 350 352 394 396 40.0 40.1
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
30000 30500 31000 32400 32600 3320033400 33600 33600 33800 34600 35000 35300 35700 36000 37000 38000
38 -38 38+ - ! 384 - -38
-42 -40 -40 -40- -404 -40 40 =
-aa 424 42 424 424 42 -42
-46 44- 445 n 44 N 44 449 -
— | 45 —_— 6

-48
GI5.1 end/GS5.1 start
12

GI52 start

6 - -46
GI6 end/GS6 start
4.0

GI6 start

-4
GI7 end/GST7 start

GI7c start

b ok

G\B end/GS8 start

. 3.0 1 12 N 32
1.0 8 2.0 3.0 1 . 12 24 __4
08 o8 . 204 08 08
06 10 1.0 04 16
04 — 0.04—— 0.0+ : , 00 —— B o 0.44+—— 08
53‘8 54,0 54 9 55,1 56‘4 56,3 57.36 57 44 62.1 62.3 63 7 63.9 65.2 65.6
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
38000 38500 39700 40100 40100 40300 40700 41100 41300 41700 42100 42300 42900 43300 43700
-36 T L 38— L L -3g L -38 L -8 L L -38 L L -38
0 404 -40 -40 -40 -40 e
42 42 42 42
a4 44 YN -44 Y 44 427 . 2] -44 -
- 6 -46 46 44 44 45
Gl8c start GI9 end/GS9 start GI9 start GI1D end/GS10 start GI10 start Gl enleS11 starl GI11 start
24 24 2.0
4.0 - R ] 2.4 e
- Yt i I I
o 08 08 08 0.8 : 20
[ e e e i 0.0+ T 1 T T 1 T T 1 04 T 1 08 T T T 1.0+ T 1
664 66.8 67.2 69.1 693 7035 7045 71.8 72.0 726 727 753 75.4 76.4 76.6
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
44009 44800 46000 47uau 48000 4850U 48200 48400 495uu souuu 51400 51600 51600 51800
-38 =364 1 1 -40 P Y- JTN S N N 39 -39 1 1 -38 1 J
-40 -40 40
34 o 44 - e - 42 42 42 b -42
B OG-I12 end/GS12 slart I Gl12c start GI13 end/GS13 siart Gl13c start GIM endt‘GSMQSslart Gl14a start Gl14b start
304 T 6.0 u0 4,0- 80 6074 12.0
20 4.0 3.0 4.0 a0
1.04 20 — 20 - 20 40 . 20] :
00F———7F—1 00 T T 1.0 0.0+ T r ) 4.0
77.00 77.04 77.08 776 78.4 87.40 87.90 88.40 89. 58 89.l 62 8‘3 66 39 60 90. 40 91 20 9152 9153 9154 9170 91. 72 91. 74
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
53500 54500 54250 54750 55000 55200 55000 55500 55500 56000 56000 57000 58000 58200
Y 36 L Y A R R v L 38} L 38— | .3 | I
-384 -40 -40 -38
-40 ‘% 40 -40 40 42 42 40
-44 o -42* a4 7 -44 v 44 ol -44 e -42

Gl14e start GHS 1 endfGS15 1 start GI15.1 start G|15 2 end/GS15.2 start GI15.2 start GI16 end/GS16.1 start Gl16.1c start
10.0 — ——
E - - 8.0 4.0
8.07 6.0 5 U 8.0 8.0
6.0 50 = 40 30 y
4.0 4.0 40 4.0 - 4.0
20— T 1 3.0 T 1 T 1 00— T T 2.0+ T
9342 93.44 93.67 9369  93.70 93.72 9380 | 9400 9500 9520 99.60 9970 101.16 101.18 101.20
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
Age (yr b2k) Age (yr b2k) Age (yr b2k) Age (yr b2k)
58050 58150 58250 58200 58400 58400 58600 58100 59300
T, P EF P B 36 38 N i 36 h )
-38 -38
40 40 -0 ~40-]
-42 42 -42 - 44
441 - 44 o -44 -
GI16.2 end/GS16.2 start GI16.2 start GI17 end/GS17.1 start GI7 Ac start
—— 20
2.04 - 8.0 20.0 [
o ST - 1007
40 +0 40 ‘
T T 1 2.0+ T T 00 T T 1
101.18 10120 10128 10136 0140 | 10180 102.28 102.32
Depth (m) Depth (m) Depth (m) Depth (m)

Fig. 3.12 Uncertainty determination. Control points for the Bayesian error calculation of the AU4
Corg(chlorins) to 880 from NGRIP (North Greenland Ice Core Project Members 2004) for selected
Gl events except the disturbed sections of G112 — GS12.



Statistical analysis of ELSA-20 time series

The spectra for the various time intervals (Fig. 3.13) were calculated on the detrended time series
obtained with a Gasser—Muller kernel trend (Mudelsee 2014) estimated with a bandwidth of 200 yr. The
spectral power was determined by means of the Lomb—Scargle Fourier transform combined with
Welch’s overlapped segment procedure (Mudelsee 2014), which is implemented in REDFIT software
(Schulz and Mudelsee 2002). No bias correction was necessary due to the even spacing of the series.
The significances of the spectral peaks were tested against the upper 99% percentile from the chi-
squared distribution for the AR(1) red noise alternative. Because an incomplete detrending appears as
overestimated redness in a spectrum, we employed a conservative approach and additionally tested the

higher-frequency components against white noise.

The sample of peak periods for the warm intervals (Fig. 3.15a—c), calculated without the possibly power-
biased longer-period peaks, has 24 data points. The sample for the cold intervals (Fig. 3.15d-i) has 28
data points. Warm intervals tend to show more longer-period peaks (slower variations) and fewer short-
period peaks (faster variations) than cold intervals, as an unpaired Student’s t-test (von Storch and

Zwiers 2001) revealed (P < 0.0034).

Wavelet power spectra for the detrended time series obtained with a Gasser—Miller kernel trend,
estimated with a bandwidth of 200 yr, were calculated using the methods proposed by Torrence and
Compo (1998). The significances of the different cycles are indicated in Fig. 3.14 by the thick black
contours, which enclose regions of greater than 95% confidence for a red noise process with a lag-1
coefficient of 0.72. The NGRIP 5 cm 380 record (North Greenland Ice Core Project Members 2004;
Andersen et al. 2006; Vinther et al. 2006; Svensson 2008; Rasmussen et al. 2014) and the °Be record
(Muscheler et al. 2005) were linearly interpolated to their respective average sample resolution before

the analysis.
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Fig. 3.13 Statistical Analysis. a-r) Cog(chlorins) Lomb-Scargle spectral power estimation for
selected time intervals for the ELSA-20 Cog(chlorins) record. Employed were a Welch taper and
following estimation parameters: a, number of segments (nso) = 10, 6-dB bandwidth (BW) = 8.0 x
104yrt b, nsg=2,BW=9.9x103yr c,nso=2, BW=8.0x102yr;d, nso=4, BW=8.6x10"
Syrlie nsg=3,BW=84x103yr%; f nsg=5 BW=29x102yr?; g, nso =2, BW =22 x 10
Syrtih nsp=10,BW=17x102%yr% i, nsg=6BW=19x103yr? j, nso=3, BW=3.2 x 10"
Syrti Kk, nsog=6,BW=28x103yr% I, nso=3, BW=8.0x102yr% m, nsop =5, BW =4.8 x 10
Syrlin,nso=7,BW=42x103yr% 0, nso=4, BW=57x102yr?; p,nso =5, BW =4.8 x 10
Syrt g,nso=4,BW=5.0x103yr%; andr, nso = 11, BW = 1.8 x 102 yr. Each panel indicates
(italics) name and time interval (yr b2k) and shows spectral power (black line), AR(1) red noise
upper 99% percentile (red line), white noise upper 99% percentile (grey line) and the periods for
significant and (within BW) separable spectral peaks. The low-frequency peak marked by an asterisk
(a) may have a biased power estimate due to the kernel detrending. The high-frequency spectrum
parts (up to 0.5yr?) do not exhibit relevant peaks. s-aj) Si/Al Lomb-Scargle spectral power
estimation for selected time intervals for the ELSA-20 Si/Al record. Employed were a Welch taper
and following estimation parameters: s, number of segments (nso) = 10, 6-dB bandwidth (BW) = 8.1
x10*yrtt, nsog=2,BW=99x103yr?; u,nsg=2, BW=8.0x102yr?; v, nso =4, BW = 8.6 x
1023 yrt w,nso =3, BW =84 x103yr'; x,nso =5 BW =29 x102yr?; y, nso =2, BW = 2.2 x
103yr?t; z,nso =10, BW =17 x 103 yr?; aa, nso =6, BW =1.9 x 103 yr?; ab, nso = 3, BW = 3.2
x 103 yrt ac, nsp=6,BW=2.8x103yr? ad, nso=3, BW=8.0x 102 yr?; ae, nso =5, BW =4.8
x 102 yrt; af, nso=7,BW=4.2x102yrt;ag, nso=4, BW=5.7 x 1023 yr; ah, nso =5, BW =4.8
x 103 yrt; ai, nsp = 4, BW = 5.0 x 103 yr?; and aj, nso = 11, BW = 1.8 x 102 yr*. Each panel
indicates (italics) name and time interval (yr b2k) and shows spectral power (black line), AR(1) red
noise upper 99% percentile (red line), white noise upper 99% percentile (grey line) and the periods
for significant and (within BW) separable spectral peaks. The low-frequency peaks marked by an
asterisk (a, f, r) may have biased power estimates due to the kernel detrending. The high-frequency
spectrum parts (up to 0.5 yr) do not exhibit relevant peaks.
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Stadial and interstadial multidecadal climate variability

In addition to documenting the entire succession of millennial-scale D/O cycles in central Europe, the
unprecedented resolution of our record uncovers a series of decadal-scale climate cycles that persist
through the last ice age. These Auel multidecadal cycles can be visually identified in most of the lake
interstadials (Figs. 3.6, 3.9 — 3.11), but are not evident in the Greenland ice cores or in the lower-
resolution North Atlantic SST records (Figs. 3.6d,e, 3.7a). Although the cycles occur mainly during Gls,
they are sometimes accompanied by a series of events before and after the Gl (for example, GI3 and
Gl11, Fig. 3.6b,c) and are substantially reduced or disappear during the coldest parts of the glacial and
stadial periods. Our analysis indicates that the reduction / absence of these cycles from the ELSA-20
records during cold periods represents a climatic signal. We cannot fully exclude, that changes in the
climate sensitivity of the lake productivity proxies can occur at temperatures near or below freezing
point, but based on the undisturbed sedimentary structure we consider this possibility unlikely (see

Methods).

To investigate further the nature and periodicity of these cycles, we apply a Gasser—Miiller kernel
detrending (estimated with a bandwidth of 200 years; Mudelsee 2014) to the ELSA-20 record to subtract
the millennial-scale climate variability. The detrended records show that the amplitude of this high-
frequency climate oscillations increases during all warm interstadial periods as well as during the
Holocene (Fig. 3.7). The evolutive wavelet spectra of the record show that these cycles have different
periodicities in the range between ~700 and ~9 years (Fig. 3.14), and illustrate the strong pacing of these
high-frequency oscillations by the stadial / interstadial transitions, particularly in the interval between
14,700 and 48,000 yr b2k (Figs. 3.7, 3.14). The spectral analysis of selected intervals using the Lomb—
Scargle Fourier transform combined with Welch’s overlapped segment averaging procedure (Mudelsee
2014) reveals that a series of multidecadal cycles in the ranges from ~20 to ~140 years are statistically
significant during most of the warm interstadial periods and the Holocene (Figs. 3.13, 3.15). By contrast,
during the coldest parts of the stadial periods, the variability above the 20-year band decreases
substantially. However, significant periodicities above the 20-year band are still observed in several of

the stadial periods, particularly in the Si/Al record (Fig. 3.13, 3.15 and Methods).
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Fig. 3.14 Evolution of decadal- to centennial-scale climate cycles across the stadial / interstadial
events of the last ice age. a—d) Evolution of NGRIP1 80 (a), ELSA-20 Corg(chlorins) (b), ELSA-
20 Si/Al (c) and °Be flux record (d) measured in Greenland ice cores. e-h) Wavelet spectra after
kernel detrending using a 200-year bandwith, corresponding to a—d), respectively. Details of the
wavelet spectra calculation are provided in the Methods. The thick contour encloses regions of
greater than 95% confidence for a red-noise process with a lag-1 coefficient of 0.72. Dashed lines at
either end of the figures indicate the ‘cone of influence’, where edge effects become important.
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High-frequency climate cycles of similar periodicity have been identified in previous studies during past
centuries and across the Holocene period (that is, the past 11,700 years) in multiple climate archives,
including tree rings (Schlesinger and Ramankutty 1994; Mann et al. 1995), speleothems (Fleitmann et
al, 2003), ice cores (Knudsen et al. 2011) and lake (Hodell et al. 1995) and marine (Haug et al. 2001)
sediments. The multidecadal cycles in the band of 30 — 90 years have received particular attention and
are thought to be closely related to the Atlantic multidecadal oscillation (AMO; Knudsen et al. 2011).
The AMO has been identified as a coherent mode of climate variability that traces the average anomalies
of instrumental SST measurements in the North Atlantic basin over the past 150 years (Kerr 2000).
These climate oscillations cause profound impacts in a range of global climate phenomena that have
important societal and economic relevance, such as temperature and precipitation changes over Europe,
North America, Africa and Asia (Sutton and Hodson 2005; Zhang et al. 2019), Atlantic hurricane
frequency and intensity (Goldenberg et al. 2001), shifts in the position of the Intertropical Convergence
Zone (Knight et al. 2006), El Nifilo—Southern Oscillation variability (Dong et al. 2006; Levine et al.
2017) or changes in Arctic sea-ice extent (Li et al. 2018). However, its forcing mechanism is not fully

understood.

Potential drivers of multidecadal climate variability

Current hypotheses regarding the potential drivers of the AMO during the instrumental period (roughly
the last 150 years) as well as in the palaeoclimatic records (through the Holocene) can be grouped into
two categories: external radiative forcing linked to solar variability and internal oscillations of the
climate system tied to the AMOC. The most well-known mode of solar irradiance variability is the one
associated with the reverse in polarity of the solar magnetic field roughly every 11 years. The duration
of this cycle is now well constrained by multiple space-based radiometers and historical observations of
sunspot activity to approximately 9 to 14 years (Lean 2017). Beyond the instrumental era, cycles of
~88 years (Gleissberg), ~205 years (de Vries or Suess), as well as a series of unnamed longer cycles
have been identified in total solar irradiance reconstructions inferred from “C and °Be measurements

in polar ice cores and tree rings across the Holocene period (Steinhilber et al. 2012). Although causal
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links between the solar Gleissberg cycle and the AMO have been proposed (Wang et al. 2005; Ottera et
al. 2010; Seidenglanz et al. 2012), the exact mechanisms by which the relatively weak solar radiation
changes would be transferred into the large climate signals associated with the AMO are still not fully
understood (Lean 2017). Alternatively, other authors have concluded that the AMO cycles observed in
instrumental and palaeoclimate temperature and precipitation records are not primarily driven by
external forcing, but are linked to the internal modes of variability of the AMOC (Schlesinger and

Ramankutty 1994; Mann et al. 1995; Knight et al. 2006; Knudsen et al. 2011; Zhang et al. 2019).
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Fig. 3.15 Lomb-Scargle spectra for selected times of the Holocene, interstadial GI3 and
Heinrich 3. Lomb-Scargle spectral power estimation for selected time intervals (Holocene (a—),
GI3 (d-f), Heinrich 3 (g—i)) for the series of ELSA-20 Corg(chlorins) (a,d,g), ELSA-20 Si/Al (b,e,h)
and NGRIP 880 (c,f,i). Estimation parameters: number of segments (nso) = 3, 6-dB bandwidth (BW)
=2.2x103yrt(a—c); nso=2, BW=9.9 x 103 yr* (d-f); nso = 3, BW = 3.2 x 103 yr ! (g-i). Each
panel shows spectral power (black line), AR(1) red noise upper 99% percentile (red line), white noise
upper 99% percentile (grey line) and the periods (in years) for significant and (within BW) separable
spectral peaks. See Methods for details.
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Study of multidecadal cycles during ice ages has been limited, so far, by the temporal resolution of the
available records, with only the Greenland ice-core records having the appropriate resolution (North
Greenland Ice Core Project Members 2004). However, our analysis of the NGRIP §*20 record indicates
that multidecadal cycles were not statistically significant during the Holocene, nor during the
stadial / interstadial cycles of the last ice age (Figs. 3.14, 3.15). Our records, however, provide evidence
that multidecadal climate variability in the band of the AMO (that is, 30 to 150 years) persisted through

the last ice age in central Europe, but was clearly reduced during most of the cold stadial periods.

So far, there are no indications from ice-core records suggesting that solar intensity changed
substantially on multidecadal to centennial timescales between glacials and interglacials and/or between
stadial and interstadials (Muscheler et al. 2005). Unfortunately, the resolution of the available °Be ice-
core record (~35 years) hampers a complete evaluation of a potential solar origin of these glacial
multidecadal cycles, but no clear stadial-interstadial structure is evident in the power spectra of
centennial-scale cycles (Fig. 3.14e; Wagner et al. 2001; Muscheler and Beer 2006). This contrasts with
the clear stadial / interstadial pattern found in our records and suggests that the reduction of centennial-
scale climate variability during cold periods was unlikely to be caused directly by solar variability

changes.

Although the specific mechanism suppressing or decreasing high-frequency climate variability in central
Europe during stadial periods remains to be fully evaluated, existing climate model simulations suggest
that it may be linked to the combined effect of the Laurentide and Scandinavian ice sheets, increased
sea-ice extent and reduced strength of the AMOC on atmospheric circulation patterns (Justino and
Peltier 2005; Pausata et al. 2011). Glacial model simulations tend to show that, as a consequence of ice-
sheet topographic forcing and ice albedo feedbacks, the surface pressure field of the North Atlantic was
characterised by the existence of four distinct centres of action (over the Labrador Sea, Siberia, the
Iberian Peninsula and the Aleutian Islands), in contrast with the north-south dipole structure that is
characteristic of the present-day North Atlantic oscillation (NAO). This glacial configuration was
associated with meridional wind anomalies over the North Atlantic instead of the more zonal winds

characteristic of the modern NAO. Interestingly, these changes in the structure of North Atlantic

75



atmospheric circulation patterns during glacial maxima boundary conditions resulted in suppression of
the multidecadal variability of sea-level pressure, SST and AMOC strength in the model simulation

(Justino and Peltier 2005), which is consistent with our observations.

In summary, the ELSA-20 records reported here reveal that multidecadal cycles are a characteristic
feature of warm interglacial periods as well as of all interstadial peaks of the last ice age. In addition,
they indicate a reduction in multidecadal climate variability in central Europe during the coldest parts
of the last ice age (the stadial periods and the LGM). We suggest that this decrease in the strength of
multidecadal oscillations was the result of the dramatic changes in atmospheric circulation patterns in
the North Atlantic associated with the weakening of the AMOC and the increase in sea-ice extent during

these periods of extremely cold climate conditions.
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3.3 The Auel Cooling Event (ACE) — Evidence for a severely cold

period during Greenland Stadial 12

This chapter is unpublished as of the submission of this thesis. It was submitted to Quaternary as:

Albert J, Sirocko F (submitted) Evidence for an extreme slumping event prior to the Laschamp

geomagnetic excursion in Eifel maar sediments.

Author’s contribution

I am lead author of this manuscript and prepared all figures and tables. My further contributions include
the development of the stratigraphies and lithologies of all presented sediment records, as well as
literature research and data interpretation. | constructed the age/depth models of the sediment records

and age-tuned the organic carbon (chlorins) data to the NGRIP ice core stratigraphy.

Abstract

We present a timeseries of flood and slumping phases in central Europe from event layers in sediment
cores from infilled Eifel maar basins (Germany). Palynological, petrographic and organic carbon
(chlorins) records are used to understand the precise timings of these events. Periods of increased flood
activity seem to coincide with Heinrich Events in marine sediment records, which are associated with
more arid climate conditions, indicating a vegetation response within the maars’ catchment areas. This
multi-proxy correlation reveals a slumped sediment segment in all cores during Greenland Stadial (GS)
12. Frozen and fractured sediment packages suggest deep frost or permafrost conditions for the region
at around 43,500 yr b2k. The results agree well with sediment archives and archeological sites across
Europe that report severely cold and arid conditions for the stadial. This supports the assumption, that

not only Heinrich layer times, but in particular GS12 was indeed a severely cold period. Furthermore, a
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rapid climate shift or a major geological phenomenon, probably linked to the Laschamp geomagnetic
excursion, triggered extreme slumping activity in several maar lakes while the sediments were partially
frozen. The harsh climatic conditions during GS12 accentuate the onset of the Laschamp geomagnetic
event and mark the beginning of the transition from Neanderthals to modern humans as the dominant

species in central Europe.

Introduction

During the last glacial cycle, the northern hemisphere underwent a series of climate fluctuations, also
known as Dansgaard-Oeschger (D/O) cycles (North Greenland Ice Core Project Members 2004;
Svensson et al. 2008; Rasmussen et al. 2014). Cold and arid stadials were interposed with warm and
humid interstadials. While steppe biomes were wide-spread throughout Europe during stadial periods,
forests evolved during interstadials (Fletcher et al. 2010). Throughout early Marine Isotope Stage (MIS)
3 (60,000 — 49,000 yr b2K), a spruce-dominated forest with hornbeams and other thermophilous tree
taxa was present in the Eifel region (Sirocko et al. 2016). This lush forest receded near the end of
Greenland Interstadial (GI) 13 and open woodland expanded during subsequent Greenland Stadials
(GS). The landscape further evolved at the end of GI8 (36,500 yr b2k) into a steppe with scattered birch
and pine trees, into a tundra environment with abundant Ranunculaceae 28,500 yr b2k ago, and finally

at 23,000 yr b2k into the polar desert of the LGM (Sirocko et al. 2016).

The climate and environmental deteriorations after G113 are thought to be at least partly responsible for
European Neanderthal depopulation and subsequent territorial expansion of anatomically modern
humans (Conard et al. 2006; Conard and Bolus 2008; Nigst et al. 2014; Obreht et al. 2017; Staubwasser
et al. 2018). This cultural transition is known as the Middle-Upper Paleolithic transition and it is
documented across Europe as a severe drop in population density (Morin 2008), as well as shifts in
hunted species (Discamps et al. 2011) and distinct artefact assemblages at archaeological sites (Conard

et al. 2006; Hoffecker 2009; Hublin 2015).
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The stadial / interstadial succession was accompanied by repeated volcanic activity across the Eifel
which caused the formation of numerous maar lakes in the region and the deposition of distinctive tephra
layers in their sediments (e.g., Blichel 1994; Forster and Sirocko 2016; Forster et al. 2019). The ELSA
(Eifel Laminated Sediment Archive) project at the University of Mainz has systematically drilled and
studied more than 50 sediment cores from the open maar lakes and Pleistocene infilled maar structures
of the West Eifel Volcanic Field (e.g., Sirocko et al. 2005, 2013, 2016; Seelos and Sirocko 2007;
Fuhrmann et al. 2020). The near annual-resolution ELSA-20 climate proxy record shows striking
structural similarities to the NGRIP 880 ice core chronology (Rasmussen et al. 2014), showing a
complete succession back to GI17 (Sirocko et al. 2021; see chapter 3.2). The ELSA-Flood-Stack
(Brunck et al. 2016) reconstructs main flood phases in the Eifel of the past 60,000 years and the ELSA-
Tephra-Stack (Forster and Sirocko 2016; Forster et al. 2019) contains the region’s volcanic history from
the Laacher See volcanic eruption 13,000 years ago (Brauer et al. 1999; Reinig et al. 2021) back to

500,000 years.

Methods
Coring sites

This study includes sediment records from the Pleistocene maar basins of Auel Maar, Dehner Maar,
Merscheider Maar, Oberwinkler Maar and Rother Maar (Fig. 3.16). Cores have been recovered using

‘Seilkern” coring technology. A detailed overview for all coring sites is given in Table 3.1.

Diameter Height above Time span Core
Maar lake [m] Core sea level [m] coverage [yr b2k] depth [m] UTM coordinates
Auel Maar 1293 AU2 452.90 10,000 — 59,130 123.0 32 N 328668.00 5572850.00
AU3 452.40 10,000 - 59,120 102.0 32 N 328686.00 5572859.00
AU4 451.50 10,000 - 59,130 104.5 32 N 328732.00 5572977.00
Dehner Maar 931 DE3 565.37 12,000 - 76,250 88.0 32 N 322384.42 5574206.47
Merscheider Maar 771 MS1 528.00 28,600 — 65,700 69.0 32 N 324823.03 5574125.16
Oberwinkler Maar 800 Owl  385.00 25,800 — 72,000 49.0 32 N 352719.74 5556393.10
Rother Maar 823 RM2 453.00 7700 — 66,400 65.0 32 N 330075.77 5570533.04

Table 3.1 Overview of coring sites included in this study.
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The Auel infilled maar with a diameter of 1325 m is one of the larger maar structures of the Eifel (Seib
etal. 2013; Brunck et al. 2016). Today, the Tieferbach, which has a catchment area of 12,187 kmz, flows
through its former centre from west to east. Cores AU2, AU3 and AU4 have respective lengths of 123 m,
102 m and 104.5 m (Supplementary Figs. 4 — 6). Of these, AU2 and AU4 reach well into the maar’s
eruption sequence. Due to its abundant fluvial input, the Auel cores have the highest average
sedimentation rate (2 mm/year) of all ELSA cores and AU3 and AU4 were used for the near annual-

resolution Corg(chlorins) record presented by Sirocko et al. (2021; see chapter 3.2).
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Fig. 3.16 Location of coring sites. a) Overview of Germany. Digital elevation maps of b) West
Germany and c) the West Eifel Volcanic Field with drainage system and maar locations (after
Buchel 1994).

The Dehner Maar with a diameter of 950 m and a near circular basin is still very recognizable in the
landscape. Although there are no traces of a past inflow, there is an outflow to the west (Sirocko et al.
2013). Core DE3 is 88 m long and reaches the basis of the lake sediments (Supplementary Fig. 9). The
sediment record shows annual layer preservations over large parts and is therefore varve counted from
the Laacher See tephra layer (13,056 yr b2k; Reinig et al. 2021) back to 26,770 yr b2k, almost reaching

GI3 (Sirocko et al. 2016).

The Merscheider Maar and the Rother Maar have diameters of 771 m and 823 m, respectively (Seib et
al. 2013). Today, the Mannebacher creek (Merscheider Maar — catchment area of 1.78 km?) and the

Rother creek (Rother Maar — catchment area of 2.33 km?) flow through the former maar basins. The
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69 m (MS1) and 65 m (RM2) long sediment records, which were drilled near the maars’ centres, both

reach into their respective eruption sequence (Supplementary Figs. 12, 18).

Located approximately 25 km east of the other maars (Fig. 3.16), the Oberwinkler Maar has a diameter
of around 800 m (Seib et al. 2013) and is embedded in a smooth valley with two small creeks flowing
through its basin. Core OW1 has a length of 48 m (Supplementary Fig. 15) and although it does not

reach the basis of the lake sediments, it extends into MIS 4 (Engels et al. 2008).

Establishing the ELSA-20 stratigraphy

The ELSA-20 chronology (Sirocko et al. 2021; see chapter 3.2) consists of sediment records from
Holocene maar lakes of Schalkenmehren (SMf) and Holzmaar (HM4) and the Pleistocene maar basin

of Auel (AU3 and AU4; Fig. 3.17).

To decrease the number of gaps in the Auel record, AU3 and AU4 were cored with an offset of 0.5 m
and drilling positions were only 5 m apart (Sirocko et al. 2021). A dynamic time warp algorithm was
applied to the organic carbon (chlorins) data of both cores to determine structural similarities
(Fig. 3.17a,b). Gaps in the AU4 data were then filled with available data points in the AU3 core’s
corresponding segments. In the resulting AUcomp record (Fig. 3.17c), events such as tephra layers,
slumps and drilling artefacts were given zero time in the age/depth model. Slumps and drilling artefacts
were determined visually on the sediment cores, while tephra layers were identified by their petrographic
composition (Forster and Sirocko 2016). The result is the ELSA-20 climate proxy record (Fig. 3.17d),
which was then age-tuned to the stadial / interstadial succession of the NGRIP ice cores (Fig. 3.17¢;
North Greenland Ice Core Project Members 2004; Svensson et al. 2008; Rasmussen et al. 2014) using a

Bayesian age model.

Tephrochronology

Most discrete tephra layers are characterised by distinct coarse-grained, greyish to black event deposits
in contrast to the yellowish to brown finer-grained background sediments. The volcanic layer succession
in the Eifel cores was sampled and processed by Foérster and Sirocko (2016) and Forster et al. (2019).

Six known tephra layers were identified based on their specific petrographic signature in the sediments
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Fig. 3.17 Establishing the ELSA-20 stratigraphy. Cog(chlorins) data of cores a) AU4 and HM4
and b) AU3. Gaps in AU4 data were filled with available data points in AU3 corresponding
segments. ¢) In the resulting AUcomp dataset, events such as tephra layers, slumps and drilling
artefacts were given a time period of formation equal to zero. d) The result is the ELSA-20 climate
proxy record (Sirocko et al. 2021), which was then age-tuned to e) Greenland Interstadials (GI) 2 - 17
of the NGRIP ice cores (Rasmussen et al. 2014).
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of the five presented sites (Table 3.2; Supplementary Fig. 2), i.e., the Laacher See Tephra (LST —
13,056 yr b2k; Reinig et al. 2021), the Eltville Tephra (EVT — 24,620 yr b2k), the Wartgesberg Tephra
(WBT — 28,100 yr b2k), the Dreiser Weiher Tephra (DWT — 40,370 yr b2k), the Meerfelder Maar
Tephra (MMT — 47,340 yr b2k), and the Aueler Maar Tephra (AUT — 59,130 yr b2k). Furthermore,
one tephra of unknown origin (UT1 [Unknown Tephra 1] — 30,300 yr b2k) was found in the sediments.
Accordingly, deposits of the Laacher See and Eltville eruptions were found in Aueler Maar and Dehner
Maar. The WBT and the UT1 are visible in Aueler Maar, Dehner Maar and Rother Maar. The UT1 was
additionally deposited in core MS1. The DWT was deposited in the Aueler Maar, Merscheider Maar
and Rother Maar and the MMT was deposited in all presented cores. The AUT is clearly visible in all
presented records, except core AU3, which does not reach down to the eruption sequence. Age of the
EVT derives from varve counting done on core DE3 (Sirocko et al. 2016). Ages of all other marker

tephra layers except LST are based on the ELSA-20 stratigraphy (Sirocko et al. 2021).

Pollen and organic carbon (chlorins) data

Pollen preparation was done according to the techniques of Berglund and Ralska-Jasiewiczowa (1986)
and Faegri and lIversen (1989). Sediment samples of 1cm3 volume were treated with potassium
hydroxide solution (KOH), hydrochloric acid (HCI) and hydrofluoric acid (HF). Acetic acid (C2H40>)
and a mixture (9:1) of acetic anhydride (C4HsO3) and sulphuric acid (H2SO4) was used for acetolysis.
Samples were centrifugated at 3000 — 3500 rpm for 5 minutes and then sieved at 200 um and filtered at
10 um. To calibrate absolute pollen concentration per cm3, Lycopodium-spore tablets were added.
Samples were mounted using liquid, anhydrous glycerol (C3sHgOs3). Pollen counting was performed using
a six hundred-fold magnification and a minimum of 300 pollen grains were counted for each sample.
Because pollen analysis was intended for correlating the sediment cores to the early MIS 3 warm phase
forest (Sirocko et al. 2016), only Picea and Carpinus percentages are presented in the pollen diagram

(Fig. 3.18; Sirocko et al. 2013, 2016, submitted). For complete pollen diagrams of cores versus depth,
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see Supplementary Figs. 7, 10, 13, 16, 19. For complete pollen diagrams of cores versus age, see

Supplementary Figs. 3, 8, 11, 14, 17, 20.
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Fig. 3.18 Picea and Carpinus pollen percentages versus age (Sirocko et al. 2013, 2016,
submitted). Highlighted in green are the Picea-Zone and the Picea-Carpinus-Zone, which represent
the early MIS 3 warm phase forest covering the Eifel. Highlighted in brown is the Auel Cooling
Event (ACE), a massive slumping event in the maar records during GS12. Additionally shown are
the interstadial succession (GI3 - 19) of NGRIP oxygen isotope time series (Rasmussen et al. 2014)
and the ELSA-20 Cog(chlorins) record (Sirocko et al. 2021). Ages of marker layers (red
abbreviations) derive from ice core tuning of ELSA-20 Corg(chlorins) record. Pollen data were
smoothed using a three-point running mean. Pollen counts were performed by Frank Dreher.

Organic carbon (chlorins) content was determined with a Gretag Spectrolino. The measurement
principle of this method is based on the sediment reflectance of each wavelength relative to a white
colour standard over a 2.5-mm-wide area (Rein and Sirocko 2002; Butz et al 2015). A detailed
introduction to this method is given by Sirocko et al. (2021; see chapter 3.2). Cores AU3, AU4, that
make up the ELSA-20 record (Fig. 3.17), as well as DE3 were measured in 1-mm-wide increments.
OW1 was measured in 2-mm-wide and cores MS1 and RM2 in 5-cm-wide increments. Organic carbon
(chlorins) contents of all presented cores were age-tuned to the ELSA-20 chronology (Sirocko et al.
2021) and the stadial / interstadial succession back to G118 (Table 3.2, Fig. 3.19) using identified marker

tephra layers (Forster and Sirocko 2016; Forster et al. 2019) as anchor points.
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Flood and slump event layers

Sediment cores were visually examined to identify slumps and flood layers thicker than 0.7 cm. This
method, established by Brunck et al. (2016), analyses the variance of the stadial / interstadial flood and

slump frequency in central Europe and does not provide an absolute count of event layers (Fig. 3.20).

Regional discrepancies in frequency and temporal occurrence of slump and flood layers between the
maars can be explained by differing geomorphologic settings and magnitudes of inflow, respectively.
The Auel infilled maar basin for example has both the highest fluvial input and sedimentation rate
(2 mm/a). This results in a greater sensitivity to floods in Auel and thus explains increased flood

deposition and thicker flood layers.
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Fig. 3.19 Corg(chlorins) records versus age. The Picea-Zone and the Picea-
Carpinus-Zone are highlighted in green and red lines represent marker tephra
layers in each sediment core. The Auel Cooling Event (ACE) is highlighted in
brown. Also shown are Greenland Interstadials 3—19 of NGRIP oxygen
isotope time series (Rasmussen et al. 2014), the ELSA-20 Cqrg(chlorins) data
(Sirocko et al. 2021) and the total organic carbon (TOC) record of core AU2
(Sirocko et al. 2016). AU2, MS1 and RM2 records were smoothed using a
three-point running mean. DE3 and OW1 records were smoothed using a 30-
point running mean and a 15-point running mean, respectively. For a detailed
overview of stadial / interstadial succession and volcanic marker layers, see
Table 3.2.
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Results

Alignment of cores

As illustrated in Fig. 3.18, all cores show a long-lasting maximum of spruce (Picea) between G117 and
GI113. During GI14 and GI13, this Picea-Zone is further characterised by a prominent peak of hornbeam
(Picea-Carpinus-Zone). These two phases represent the early MIS 3 warm phase forest covering the

Eifel with abundant thermophilous tree pollen (Sirocko et al. 2016).
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Fig. 3.20 Phases of increased slumping and flood activity in sediment cores (highlighted in
brown and light blue, respectively) and normalized flood index (blue line) with the ACE (Auel
Cooling Event). Additionally shown are Greenland Interstadials 3 - 18 of NGRIP oxygen isotope
time series (Rasmussen et al. 2014), the ELSA-20 Corg(chlorins) data (Sirocko et al. 2021) with
marker tephra layers (red abbreviations), identified Heinrich Events (H1 — 6) in quartz / calcite (blue)
and dolomite / calcite (purple) ratios from North Atlantic Site U1313 (Naafs et al. 2013), the
composite °Be flux record from GRIP and GISP2 ice cores (Muscheler et al. 2004), the GLOPIS-
75 relative paleointensity stack (Laj et al. 2004) and virtual geomagnetic pole (VGP) latitudes from
Black Sea sediments (Nowaczyk et al. 2013).

Although measured with different resolutions, the overall structures of the presented organic carbon
(chlorins) records show clear similarities to the ELSA-20 (Sirocko et al. 2021) and NGRIP ice core

chronologies (Fig. 3.19; North Greenland Ice Core Project Members 2004; Svensson et al. 2008;
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Rasmussen et al. 2014). This allows direct matching of the records using marker tephra layers (Forster
and Sirocko 2016; Forster et al. 2019) as anchor points. In particular, the early MIS 3 warm phase
(GI17 — 13) is clearly visible in all cores as a distinct, long-lasting maximum in organic carbon (chlorins)
production. Due to the maars’ differing characteristics (geomorphologic setting, inflow rate), other
interstadial periods are not as prominent as GI17 — 13 and intensities of interstadial signals vary between
the cores (Fig. 3.19). However, using the volcanic marker deposits as control points, almost all

interstadial periods could be identified in the organic carbon (chlorins) records (Table 3.2).

Flood and slump frequency

Periods of increased slumping as well as flooding frequency could be identified in all sediment records
(Fig. 3.20). Intervals of high and supra-local flood activity seem to align with Heinrich Events in marine
sediment records (Naafs et al. 2013). Phases of increased slumping activity occurred during the early
MIS 3 warm phase (60,000 — 47,000 yr b2k), at 43,500 yr b2k and subsequent to GI3. Slumps between
60,000 and 47,000 yr b2k and after GI3 are characterised by well-developed folding textures within the
sediment ranging from several millimetres to tens of centimetres in thickness, quite contrary to the

slumping event that occurred at 43,500 yr b2k.

Frost at 43,500 yr b2k (The Auel Cooling Event)

The multi-proxy correlation reveals in all cores a massive slumping event during GS12 (Fig. 3.20). Due
to its unique characteristics in the Auel maar sediments (Fig. 3.21a,b), we describe this as the Auel
Cooling Event (ACE). At its type locality, the ACE led to the formation of a slump with a fractured,
breccia-like sediment texture. Fragments of fine-grained, unconsolidated sediment packages with
distinctive edges between individual “blocks” suggest that the sediment was solidified due to deep frost
conditions at 43,500 yr b2k. Individual fragments are clearly distinguishable by colour and can reach
diameters of several centimeters (Fig. 3.21b), whereby larger blocks accumulate at the slump’s base and
smaller ones towards its top. Extensive folding textures within visible laminations and rotation of
individual blocks suggest that the transported material has lost much of its original structure. In the Auel
cores, the ACE thickness varies between 0.32m (AU4), 0.50m (AU3) and 0.74m (AUZ2;

Supplementary Figs. 4 — 6).
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LEZ Time marker Age AU2 AU3 AU4 DE3 MS1 ow1l RM2
[yr b2k] [m] [m] [m] [m] [m] [m] [m]
LEZ 3 LST top 13.80 13.59 14.40 3.40
Boreal coni- LST base 13,056 13.95 13.69 14.50 3.48
ferous forest Onset GI1 14,692 14.65 14.68 15.61 10.00 7.70
LEZ 4 End GI2 23,220 18.31 19.09 20.30
Polar Onset GI2 23,340 18.39 19.19 27.16 20.80
desert EVT top 24.36 24.15 30.48
EVT base 24,620 24.44 24.16 30.57
LEZ5 End GI3 27,540 34.15 34.45 34.25 28.15
Tundra Onset GI3 27,780 34.75 35.04 34.95 36.73 28.55
WBT top 36.66 36.80 36.83 37.80 28.80
WBT base 28,100 36.90 37.02 36.89 37.92 28.92
End Gl4 28,600 39.55 39.82 39.63 39.88 9.19 29.10
Onset Gl4 28,900 39.95 40.17 40.10 40.18 3.30 9.49 29.90
UT1 top 46.43 46.55 46.50 42.76 8.72 31.36
UT1 base 30,300 46.59 46.68 46.59 42.91 8.80 31.41
LEZ 6 End GI5.2 32,040 54.25 54.31 54.44 43.92 10.35 18.30 33.35
Steppe Onset GI5.2 32,500 55.40 55.15 55.03 44.27 10.70 19.00 33.90
End GI6 33,360 56.65 56.83 56.68 44.57 11.65 19.65 35.10
Onset GI6 33,740 57.70 57.73 57.41 12.55 20.03 35.60
End GI7 34,740 61.95 62.11 62.37 21.36 36.40
Onset Gl7c 35,480 63.15 63.32 63.84 22.22 36.85
LEZ7 End GI8 36,580 65.35 65.43 65.47 46.26 14.50 23.87 37.90
Open Onset GI8c 38,220 66.95 66.87 67.05 47.59 18.10 26.02 40.95
woodland End GI9 39,900 69.15 69.50 69.36 49.63 20.65 42.35
Onset GI9 40,160 70.65 70.57 70.46 50.02 21.20 42.55
DWT top 71.14 71.11 70.91 21.46 42.68
DWT base 40,370 71.19 71.16 70.93 21.50 42.70
End GI10 40,800 71.75 71.94 71.84 21.75
Onset GI10 41,460 73.15 72.77 72.60 51.01 22.50
End GI11 42,240 75,30 76.05 75.38 22.75 27.50
Onset GI11 43,340 77.15 76.42 76.46 53.54 23.55 43.60
ACE top 43,500 77.20 76.60 76.62 53.60 24.08 28.00 43.61
ACE base 77.94 77.10 76.94 56.97 24.33 29.00 44.00
End GI12 44,280 77.49 77.07 30.02
Onset Gl12c 46,860 78.35 78.20 77.87 56.99 30.80 46.40
MMT top 81.60 81.74 81.16 57.58 28.07 31.94 47.43
MMT base 47,340 81.63 81.78 81.17 57.63 28.14 31.95 47.45
End GI13 48,340 88.02 87.77 58.28 29.80 35.60 47.80
LEZ 8 Onset GI13c 49,280 88.30 89.92 89.61 59.72 32.55 36.18 48.45
Spruce & End Gl14 49,600 90.87 90.50 60.07 33.20 36.33 49.10
hornbeam Onset Gl14a 51,500 91.75 91.59 61.18
forest Onset Gl14b 51,660 91.91 91.72 61.98
Onset Gl14e 54,220 93.25 93.52 93.44 67.05 37.15 38.64 51.90
End GI15.1 54,900 93.83 93.68
Onset GI15.1 55,000 93.85 93.70
End GI15.2 55,400 93.95 93.97 93.78 69.25 38.84 52.35
Onset GI15.2 55,800 95.10 96.31 95.13 69.56 38.95 52.80
LEZ9 End GI16 56,500 97.75 100.42 99.70 70.32 39.06 53.15
Spruce Onset GI16.1c 58,040 101.28 101.17 38.80
forest End GI16.2 58,160 101.37 101.19
Onset GI16.2 58,280 100.95 101.45 101.31 73.81 53.80
End GI17 58,560 101.70 101.65 101.64
Onset GI17.2 59,080 102.15 101.96 102.31
AUT top 102.33 102.38 76.24 39.80 39.42 56.39
AUT base 59,130 76.30 39.86 39.58 56.58
End GI18 63,840 78.35 46.35 62.40
Onset GI18 64,100 78.43 46.65 62.80

Table 3.2 Stratigraphic tie-points of presented cores. Core depths of tie-points
to the NGRIP Greenland Interstadial (GI) succession (Rasmussen et al. 2014) are
listed in cores’ respective columns. Highlighted are identified marker tephra layers
(red) and the Auel Cooling Event (ACE — grey), a massive slumping event during
GS12. Additionally, Landscape Evolution zones (LEZ) 3 — 9 (Sirocko et al. 2016)

and their characteristic landscapes are shown.
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In core DE3, the ACE has a total thickness of 3.37 m (Fig. 3.21c). In the lower 3 m, it is characterised
by well-developed, massive folds within the slumped sediment. Clearly visible fine laminations, even if
in part extensively folded and tilted, indicate that the transported material has preserved most of its
structural integrity. Overlying this folded segment is a breccia of unconsolidated, fine-grained sediments
(Fig. 3.21d) as described in the Auel cores. However, in core DE3 fractured fragments only reach

diameters of a few centimeters at the slump’s base and several millimeters at its top.
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Fig. 3.21 The Auel Cooling Event (ACE). a) ACE sediment slump in core AU4.
b) Enlarged segment showing a distinct breccia-like sediment texture within the
slump with individual fragments clearly distinguishable. c) ACE sediment slump in
core DE3 and d) enlarged segment of its breccia-like texture.

Due to a lack of lamination, the ACE is hardly visible in cores MS1 and RM2 (Supplementary
Figs. 12, 18). Instead, the slumped segment is characterised by stained or spotted, clayey to silty
sediments. However, a sediment texture similar to the Auel cores and DE3, even though faintly
developed, is present in core RM2. ACE thickness is 0.25 m and 0.39 m in cores MS1 and RM2,
respectively. In core OW1, a massive fold across an entire core meter (28 — 29 m; Supplementary
Fig. 15) representing the ACE shows that the transported sediment has maintained its structural integrity

on a large scale.
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Discussion

Phases of increased and supra-local flood activity in the Eifel region match Heinrich Events in marine
sediment records (Fig. 3.20; Naafs et al. 2013). Variations in flood dynamics are climatically driven,
either directly or indirectly via vegetation and/or permafrost. Shifts in flood frequency represent climate
responses within the catchment area and elevated flood activity mainly reflects climate transitions into
colder periods when a decline in vegetation cover decreases soil stability and therefore elevates the
erosion potential (Vandenberghe 2003; Brunck et al. 2016). Heinrich events are generally associated
with increased aeolian dust flux (Fuhrmann et al. 2020) and extensive glacial advances into the North
Atlantic (e.g., Broeker et al. 1992; Hemming 2004). Accumulating flood layers during Heinrich events

suggest a vegetation response within the catchment area to emerging cold climate conditions.

A prominent slump layer during GS12 (ACE), which is not associated with Heinrich Event times, stands
out in the presented maar records. Slumped segments with distinctive fine-grained sediment fragments
and a breccia-like texture in the Auel sediment records and other maars (Fig. 3.21) indicate that the
sediment must have been frozen during time of the slumping event. This suggests that the region was
exposed to deep frost at around 43,500 yr b2k and rapid thawing then caused solifluction of the lake
sediments. Other authors indeed portray this stadial as a severe cooling step across Europe with deep
frost or permafrost conditions (e.g., Antoine et al. 2016; Staubwasser et al. 2018). A loess-paleosol
sequence at the archaeological site Willendorf 1l (Austria) features a well-developed frost layer,
confined by two palaeosols representing G111 and 12, respectively (Nigst et al. 2014). Further evidence
can be found in a loess-palaeosol record in Northern France, where a distinct permafrost horizon was
dated to 43 — 44 ka calBP (Antoine et al. 2016). Vandenberghe and van der Pflicht (2016) propose that
the Hasselo stadial, which is represented by ice-wedge cast horizons in silty sediment deposits at its type
localities in Eastern (Van Huissteden 1990) and Northern Netherlands (Kasse et al. 1995) and was dated
to 43,220 — 42,290 calBP, likely corresponds to GS12. In the East and South Carpathians, a hiatus and
a very prominent §*C maximum (dated to 43.3 — 44 kau.tn) in two speleothem stable isotope records,
respectively, indicate that a rapid shift towards cold and arid stadial conditions occurred within a few

decades in Eastern Europe, at least in higher altitudes (Staubwasser et al. 2018).
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The fact that such an extreme slumping event occurred at a time when deep frost prevailed in the region,
indicates that either a rapid, unstable climate shift that differs significantly from other D/O cycles or
some other major geological phenomenon occurred during GS12. If we look at potential triggers that
took place around that time, one good candidate is the onset of the Laschamp geomagnetic excursion,
during which the Earth’s magnetic field strength was significantly reduced and reversed (Fig. 3.20; e.g.,
Laj et al. 2004; Nowaczyk et al. 2013). This caused a considerable enhanced flux of high-energy protons
from the sun into the atmosphere (Muscheler et al. 2004), affecting ozone levels globally (Cooper et al.
2021). UV-B radiation levels in Europe increased 10 — 20% due to significant ozone depletion down to
latitudes of 40 —45° (Vogt et al. 2007; Winkler et al. 2008). Although the reversed polarity phase
occurred between 40 — 41 ka (e.g., Singer et al. 2009; Channell et al. 2012), an initial short-termed, yet
distinctive increase can be observed in the °Be flux record during GS12 (Muscheler et al. 2004). Albeit
direct impacts of geomagnetic excursions and reversals and their underlying mechanisms are still
debated in the literature, a connection to geological and ecological phenomena such as increased
volcanism, major global climate shifts, long-term sea level changes and species extinctions have been
proposed (e.g., Raup 1985; Bohnel et al. 1987; Marzocchi et al 1992; Meert et al. 2016; Pavlov et al.
2019; Herndon 2020, 2021). Cooper et al. (2021) suggest that the weakening of the geomagnetic field
directly preceding the reversed state of the Laschamp event promoted major climate changes, extinction

events and shifts in the archaeological record on a global scale.

The climate deteriorations during the GS12 permafrost period and Heinrich Event 4 likely forced
European populations to track their preferred habitats or change their subsistence strategies in order to
survive (Rendu et al. 2019). The environmental impacts caused by the Laschamp excursion and the
Campanian Ignimbrite eruption, a massive volcanic eruption in South Italy approximately 40,000 years
ago (Giaccio et al. 2017; Wulf et al. 2018), could have then taken further toll on stricken regional
populations (Fig. 3.22; Norval et al. 2007; Fedele et al. 2008; Valet and Valladas 2010; Fitzsimmons et
al. 2013). Several archaeological sites in the upper and middle Danube Valley propose a widespread
Neanderthal depopulation across Europe during this time period and a subsequent repopulation by
anatomically modern humans (e.g., Conard and Bolus 2003; Higham et al. 2012). During these major

ecological challenges modern humans probably had the advantage of innovative technologies and
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improved sociality over the Neanderthals, which might have helped them to better adapt to their
changing environment (Conard et al. 2006; Staubwasser et al. 2018). The latest directly dated
Neanderthal remains of central Europe range from 40.66 — 41.95 ka calBP (Semal et al. 2009; Hublin et

al. 2012), which coincides exactly with the age of the Laschamp geomagnetic event.
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Conclusion

During the early MIS3 warm phase a thermophilous spruce and hornbeam forest dominated the Eifel
region (Fig. 3.18; Sirocko et al. 2016). Subsequently, Europe’s climate shifted towards colder and more
arid conditions (e.g., Fuhrmann et al. 2020). Increasingly cold and arid climate and decline in vegetation
during Heinrich events resulted in frequent flood deposition in the Eifel maars. The climate
deteriorations culminated in the formation of deep frost and permafrost across Continental Europe
during GS12 (Figs. 3.21 — 3.22; e.g., Vandenberghe and van der Pflicht 2016; Staubwasser et al. 2018).
However, the onset of the Laschamp geomagnetic excursion, which affected ecosystems worldwide
(Cooper et al. 2021), yielded massive slumping activity in several Eifel maar lakes while the sediments

were frozen.
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The transition interval from Neanderthals to anatomically modern humans as the dominant species in
Europe (Middle-Upper Pleistocene transition) was strongly influenced by the severe cold during GS12
(Nigst et al. 2014; Staubwasser et al. 2018), as well as the environmental impacts of the Laschamp and
Campanian Ignimbrite events (Fig. 3.22; Norval et al. 2007; Fedele et al. 2008; Valet and Valladas 2010;
Fitzsimmons et al. 2013). These hostile conditions must have presented major challenges for European
populations and are quite likely responsible for the demise of the Neanderthals and the subsequent

domination of the anatomically modern humans.
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4 Conclusion

The last glacial cycle had an enormous impact on the environment of the central European continent.
With increasingly cold climate conditions, the forests in the Eifel gradually retreated. Although the
vegetation was able to recover to some extent during warmer and more humid interstadial periods, dry
and cold environments eventually prevailed and the vegetation cover progressively declined.
Interstadials were characterised by distinct multidecadal climate oscillations with a periodicity of around
20 to 150 years. However, a weakening of the AMOC and an expansion of North Atlantic sea ice cover
during stadial periods caused these climate signals to remain essentially muted. The decline in vegetation
cover resulted in soil stability to decrease, which led to an increase in flooding activity in the catchments

of the maar lakes during particularly cold Heinrich layer times.

The increasingly deteriorating climate conditions resulted in the formation of permafrost and deep frost
across Continental Europe during GS12. However, a rapid climate shift or a major geological event
around 43,500 yr b2k ago caused massive, supra-local slumping activity in several Eifel maar lakes
while the sediments were partially frozen. One potential trigger for this Auel Cooling Event
(ACE — named after its type locality of Auel) is the onset of the Laschamp geomagnetic excursion,

when Earth’s magnetic field strength began to significantly decline.

During the LGM extensive glaciers repeatedly advanced into central Europe from Scandinavia, which
is known as the Weichselian glaciation. The Weichselian ice sheets eroded considerable amounts of
Scandinavian bedrock material and redeposited it in Northern Germany as alternating sequences of
glacial till and glaciofluvial sands. These granitic and porphyritic sediment deposits are characterised
by high uranium levels due to its large proportion of potassium-bearing minerals, which consequently
causes increased radon concentrations in the glacial sediments of Northern Germany, as radon is a
progeny isotope of uranium. Because of its relatively long half-life of 3.82 days, radon can migrate
considerable distances in permeable strata or along structural pathways, if transported by a carrier such
as CH4 or CO,. This can lead to the formation of Local Radon Flux Maxima (LRFM), i.e., areas of

significantly increased levels of radon release from the soil into the atmosphere. Mineralogical LRFM
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occur above accumulations of radionuclide-rich sediment deposits. Sedimentary LRFM are caused by
diverted migration paths of radon gas due to clay-rich, impermeable soil layers. However, highest levels
of radon exhalation occur above active, deep-reaching tectonic or halokinetic faults (Structural LRFM).
This can lead to a serious risk to human health in inhabited areas, because radon can easily enter the

human body through the lungs, where it potentially causes lung cancer due to its radioactive nature.

The flux of radon from the soil into the atmosphere is not constant, but shows considerable temporal
fluctuations. Distinct daily outgassing patterns vary greatly depending on the prevailing season with air
pressure and temperature acting as the main driving forces. Four different exhalation modes could be

identified in our specific monitoring setup:

= No periodic gas flux pattern during periods of minimal temperature gradients between soil and
atmosphere (winter months) with air pressure variations as the sole driving force (exhalation
mode 1),

= Maximum radon outgassing during spring nights when the air temperature drops below the
groundwater temperature (exhalation mode 11),

=  Maximum radon release from the soil during sunny summer afternoons when the sun stops
heating the ground and the soil temperature is warmer than the surrounding air (exhalation
mode IlI),

= Primary radon flux maxima with a periodicity of around three days following atmospheric
pressure variations with secondary radon flux maxima during each afternoon and night
(exhalation mode 1V). This represents an interplay between modes Il and Il during the

transition period from summer to autumn.
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7 Supplements

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
BS1 04.04.2019 3.37km 2h 13.9°C 997.7hPa 60%
> > 2 2
G G b= E £ Q
EE| & g3 | B2 | = | =, | ESE | ESE | 5ol - | 2%
88 N | 28| B2 85 | €28 | &8 |25 2 | 88
[mBg/m?s] [-] [wit%] | [g/lcm’] | [glcm?] [m/s] [m/s] [um] | [%] [%]
1 1.68 0.98 15.11 1.23 1.05 5.53E-05 2.13E-05 347 7.00 0.04
2 1.20 0.70 11.43 1.20 1.07 1.00E-04 4.72E-05 434 6.33 0.02
3 0.65 0.38 14.45 1.16 0.99 1.12E-04 5.96E-05 541 8.33 0.03
4 1.07 0.63 9.87 1.28 1.15 9.52E-05 4.01E-05 387 5.67 0.02
5 148 0.87 9.95 1.37 1.24 3.75E-05 2.00E-05 331 7.00 0.02
6 2.43 142 15.71 1.29 1.07 4.17E-05 2.22E-05 380 9.00 0.09
7 2.02 1.19 11.92 1.39 1.23 1.20E-05 8.97E-06 423 8.00 0.07
8 1.78 1.04 11.23 1.19 1.05 7.60E-05 4.05E-05 535 10.00 0.08
9 3.82 2.24 10.39 1.35 121 - 8.82E-06 634 7.33 0.09
10 2.37 1.39 14.14 151 1.30 4.38E-06 4.57E-06 428 8.33 0.08
11 1.98 1.16 15.22 1.22 1.03 1.75E-05 9.07E-06 354 7.67 0.08
12 0.48 0.28 13.06 1.65 1.43 3.38E-06 2.26E-06 265 7.33 0.07
13 1.22 0.71 23.97 1.19 0.90 - - - - -

Supplementary Table

samples of profile BS1.

1 Radon flux values, radon indices

and physical properties of soil

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
BS2 16.07.2019 3.69km 2h 19.5°C 1012.0hPa 60%
2 2 2 2 c
I ‘B = = = Q
e c c > L= x X Egoe £ 7] _ o
58| & |fFE| S8 | 3% | 3 | 223 | o&5 |£%| 3 | &8
[mBg/m?s] [-] wit%] | [g/lcm’] | [g/lcm?] [m/s] [m/s] [um] | [%] [%]
1 1.10 0.43 13.50 1.47 1.27 2.85E-05 1.52E-05 316 8.33 0.11
2 0.98 0.38 12.05 1.19 1.04 7.12E-05 2.65E-05 271 8.67 0.01
3 0.69 0.27 5.88 1.44 1.35 3.23E-05 1.35E-05 181 3.33 0
4 1.76 0.68 8.50 1.14 1.05 - 4.09E-05 223 8.67 0
5 2.78 1.08 7.98 1.29 1.19 3.46E-05 1.29E-05 215 9.67 0.01
6 2.83 1.10 9.40 1.18 1.07 5.03E-05 2.12E-05 243 10.00 0.06
7 2.48 0.96 10.45 1.23 1.11 2.18E-05 1.03E-05 270 9.00 0.09
8 2.87 1.11 12.71 1.20 1.05 1.48E-05 8.80E-06 295 7.67 0.06
9 3.02 1.17 9.91 1.12 1.01 1.44E-05 8.52E-06 309 8.67 0.07
10 2.99 2.32 12.44 1.06 0.93 2.07E-05 1.22E-05 313 7.33 0.06
11 3.11 1.20 9.31 1.12 1.02 1.33E-05 7.10E-06 274 10.00 0.04
12 4.77 1.85 2.85 1.26 1.22 - 2.23E-04 424 1.33 0.73
13 1.16 0.45 13.31 1.45 1.26 6.10E-06 3.61E-06 236 - 0.04

Supplementary Table 2 Radon flux values, radon indices and physical properties of soil
samples of profile BS2.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
BS3 16.07.2019 3.69km 2h 17.5°C 1013.0hPa 67%
> > 2 2
D D = b= p= )
gl 2 |, .zl & | & |33 |¢%83, |5 E
EE| & E3 | B2 | =, | =, | ESEZ | ESE |5l . | 22
88 N | 28| B2 85 | €28 | &8 |25 2 | 88
[mBg/m?s] L] wi%] | [g/lemd] | [gicm?] [m/s] [m/s] [um] | [%] [%]
1 1.30 0.64 13.50 1.47 1.27 2.85E-05 1.52E-05 316 8.33 0.11
2 0.88 0.43 12.05 1.19 1.04 7.12E-05 2.65E-05 271 8.67 0.01
3 1.00 0.49 5.88 1.44 1.35 3.23E-05 1.35E-05 181 3.33 0
4 1.60 0.78 8.50 1.14 1.05 - 4.09E-04 223 8.67 0
5 2.45 1.20 7.98 1.29 1.19 3.46E-05 1.29E-05 215 9.67 0.01
6 2.18 1.07 10.45 1.23 111 2.18E-05 1.03E-05 270 9.00 0.09
7 3.42 1.67 9.91 112 1.01 1.44E-05 8.52E-06 309 8.67 0.07
8 3.64 1.78 12.44 1.06 0.93 2.07E-05 1.22E-05 313 7.33 0.06
9 3.03 1.48 9.31 1.12 1.02 1.33E-05 7.10E-06 274 10.00 0.04
10 231 1.13 2.85 1.26 1.22 - 2.23E-04 424 1.33 0.73
11 0.67 0.33 13.31 1.45 1.26 6.10E-06 3.61E-06 236 - 0.04

Supplementary Table

samples of profile BS3.

3 Radon flux values, radon indices and physical properties of soil

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
BS4 17.07.2019 3.69km 2h 15.7°C 1013.9hPa 77%
> > 2 2
G G b= b= £ o
2l F | Ed| 35| =5 | 22| 532 | B33 |By| o |
na 8 § £ =0 @2 [GS adwn a<m =% r 0o
[mBg/m?s] L] wi%] | [g/lem?] | [gicm?] [m/s] [m/s] [um] | [%] [%]
1 142 0.68 13.50 1.47 1.27 2.85E-05 1.52E-05 316 8.33 0.11
2 0.98 0.47 12.05 1.19 1.04 7.12E-05 2.65E-05 271 8.67 0.01
3 121 0.58 5.88 1.44 1.35 3.23E-05 1.35E-05 181 3.33 0
4 2.26 1.08 8.50 1.14 1.05 - 4.09E-05 223 8.67 0
5 1.69 0.81 7.98 1.29 1.19 3.46E-05 1.29E-05 215 9.67 0.01
6 2.23 1.07 9.40 1.18 1.07 5.03E-05 2.12E-05 243 10.00 0.06
7 2.54 121 10.45 1.23 111 2.18E-05 1.03E-05 270 9.00 0.09
8 2.72 1.30 12.71 1.20 1.05 1.48E-05 8.80E-06 295 7.67 0.06
9 291 1.39 9.91 1.12 1.01 1.44E-05 8.52E-06 309 8.67 0.07
10 4.18 2.00 12.44 1.06 0.93 2.07E-05 1.22E-05 313 7.33 0.06
11 2.59 1.24 9.31 1.12 1.02 1.33E-05 7.10E-06 274 10.00 0.04
12 1.64 0.78 2.85 1.26 1.22 - 2.23E-04 424 1.33 0.73
13 0.83 0.40 13.31 1.45 1.26 6.10E-06 3.61E-06 236 - 0.04

Supplementary Table 4 Radon flux values, radon indices and physical properties of soil
samples of profile BS4.
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Profile Sampling
Profile: Date: length: time:
BS5 14.08.2018 495m 1h
Atm. Air
Temp.: pressure: moisture:
23.2°C 1007.0hPa 65%
2 3
Qo = Lo
£ < & g8
0 o N N
[mBg/m2s] [-]
1 0.59 0.57
2 1.06 1.03
3 0.67 0.65
4 0.70 0.68
5 1.17 1.14
6 0.85 0.82
7 0.58 0.56
8 0.42 0.41
9 0.64 0.62
10 0.47 0.46
11 2.42 2.35
12 1.75 1.70
13 1.00 0.97
14 2.08 2.02

Supplementary Table 5 Radon flux values and
radon indices of profile BS5.

Profile Sampling
Profile: Date: length: time:
BS6 03.04.2019 495m 2h
Atm. Air
Temp.: pressure: moisture:
10.8°C 1002.5hPa 89%
g 3
3 o = Lox
55 & E8
na S § E
[mBg/m3s] [-]
1 1.77 0.74
2 2.71 1.13
3 3.28 1.37
4 2.31 0.97
5 181 0.76
6 3.39 1.42
7 2.17 0.91
8 1.00 0.42
9 1.93 0.81
10 1.98 0.83
11 3.63 1.52
12 2.59 1.08
13 3.41 1.43
14 2.29 0.96
15 1.20 0.50
16 2.77 1.16

Supplementary Table 6 Radon flux values and
radon indices of profile BS6.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC1 08.04.2019 11.76km 2h 8.1°C 1011.8hPa 65%
> > 2 2
D D = b= p= )
EE| & E3 | B2 | =, | =, | ESEZ | ESE |5l . | 22
88 N | 28| B2 85 | €28 | &8 |25 2 | 88
[mBg/m?s] L] wi%] | [g/lemd] | [gicm?] [m/s] [m/s] [um] | [%] [%]
1 0.27 0.13 15.38 1.09 0.92 1.12E-05 4.70E-06 154 6.33 0
2 2.27 1.14 16.69 1.39 1.16 1.02E-05 4.81E-06 193 7.33 0
3 0.43 0.22 16.18 1.46 1.22 4.49E-06 2.99E-06 288 6.33 0.01
4 6.67 3.34 13.72 1.53 1.32 4.28E-06 2.28E-06 197 4.67 0
5 2.42 121 13.05 1.37 1.19 4.28E-06 1.80E-06 198 4.33 0
6 1.33 0.66 12.98 151 1.32 7.50E-06 3.53E-06 162 4.67 0
7 0.88 0.44 15.85 1.16 0.97 5.19E-05 2.19E-05 300 5.33 0
8 1.86 0.93 13.84 1.24 1.07 4.23E-06 2.51E-06 226 5.67 0
9 1.49 0.74 12.59 1.61 141 3.91E-06 2.32E-06 220 3.67 0
10 >7.85 >3.93 11.79 1.62 1.43 4.59E-06 2.45E-06 187 3.67 0.03
11 0.68 0.34 13.98 1.60 1.37 4.13E-06 2.20E-06 188 5.33 0
12 1.33 0.67 16.33 171 1.43 4.13E-06 2.45E-06 207 7.67 0
13 2.16 1.08 12.61 1.48 1.29 4.64E-06 2.75E-06 212 4.00 0
14 0.35 0.17 11.09 1.30 1.16 1.53E-05 7.20E-06 226 4.33 0
15 0.94 0.47 16.05 1.54 1.29 9.79E-06 4.61E-06 181 3.00 0
16 1.04 0.52 8.24 1.67 1.53 8.04E-05 2.99E-05 253 1.67 0.06

Supplementary Table 7 Radon flux values, radon indices and physical properties of soil
samples of profile EC1.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC2 09.04.2019 4.70km 2h 5.5°C 1015.7hPa 51%
2 2 c
) ) = 3]
2z c cx | 8g | . | & So | - | £¢
52| o Y2 | 8| 38 | 88 | £5 | 9 | &8
[mBa/m?s] [-] wit%] | [g/lcm’] | [g/icm?] [Hm] [%] [%]
1 3.06 1.52 36.38 1.83 1.16 271 5.00 0
2 2.82 1.40 10.93 1.74 1.55 265 4.33 0
3 1.11 0.55 12.93 1.39 1.21 201 5.67 0
4 1.93 0.96 13.90 1.61 1.38 274 5.00 0
5 0.92 0.46 14.98 1.54 1.31 349 6.67 0.01
6 1.47 0.73 14.45 1.44 1.23 367 5.00 0
7 0.59 0.29 11.96 1.40 1.23 422 5.33 0
8 3.53 1.75 13.75 1.23 1.06 196 5.00 0
9 1.13 0.56 12.56 1.45 1.27 230 5.00 0
10 0.48 0.24 13.97 1.71 1.47 221 5.00 0
11 >7.85 >3.89 11.64 1.58 1.39 185 2.00 0.03
12 1.14 0.57 18.56 1.27 1.04 381 5.67 0
13 1.61 0.80 12.54 1.45 1.27 373 3.67 0
14 2.55 1.27 14.66 1.39 1.19 212 4.33 0
15 1.25 0.62 19.83 1.47 1.18 217 3.67 0
16 0.82 0.41 12.43 1.55 1.36 319 4.33 0

Supplementary Table 8 Radon flux values, radon indices and physical

properties of soil samples of profile EC2.

132




Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC3 17.07.2019 11.76km 2h 18.6°C 1010.9hPa 72%
2 2 c
S = tx | e T M € .
[mBg/m?s] [ [wt%] [g/cm?] [gicm?] [um] [%]
1 1.17 0.62 12.89 1.18 1.03 166 6.67
2 2.40 1.27 11.30 1.13 1.01 190 7.67
3 0.83 0.44 16.13 1.36 1.14 210 5.33
4 4.63 2.45 10.70 1.03 0.92 196 6.67
5 3.49 1.85 18.75 1.17 0.95 193 8.33
6 1.66 0.88 5.82 1.39 131 184 4.00
7 0.77 0.41 5.05 1.35 1.28 179 3.00
8 0.91 0.48 6.10 1.35 1.27 145 3.67
9 1.15 0.61 6.94 1.29 1.20 181 4.33
10 1.13 0.60 10.64 1.44 1.28 175 4.67
11 2.69 157 6.12 0.97 0.91 286 4.00
12 1.26 0.67 10.77 1.15 1.02 182 4.33
13 1.48 0.78 19.21 1.32 1.07 254 4.33
14 2.64 1.40 15.75 0.75 0.63 210 10.33

Supplementary Table 9 Radon flux values, radon indices and physical
properties of soil samples of profile EC3.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC4 18.07.2019 4.89km 2h 18.2°C 1009.4hPa 77%
2 2 c
) ) = ()
S¢ 2 cx | 82| S | S So | - | 82
g8 YE| S8 | 8% | 3% | 2% | 3| &5
[mBg/m?s] [] [wt%] | [g/lcm®] | [g/lcm?] [um] [%] [%]
1 0.84 0.57 14.83 1.33 1.13 314 6.67 0
2 0.67 0.45 10.82 1.56 1.39 496 5.33 0
3 1.47 1.00 9.50 1.35 1.23 249 7.33 0
4 1.73 1.17 7.73 1.32 1.22 237 6.67 0
5 1.20 0.81 21.13 1.17 0.92 264 6.33 0.03
6 1.27 0.86 7.35 1.58 1.47 207 4.33 0
7 1.93 131 9.49 1.16 1.50 243 7.00 0.01
8 3.15 2.13 5.82 1.27 1.20 226 4.67 0
9 1.77 1.20 7.80 1.20 111 249 5.33 0.01
10 0.81 0.55 5.46 1.37 1.30 233 5.67 0
11 0.49 0.33 4.71 111 1.06 268 5.33 0
12 0.98 0.67 8.39 1.20 1.10 332 4.67 0
13 2.49 1.68 16.93 0.82 0.68 205 6.00 0
14 1.89 1.28 18.68 1.50 1.22 267 7.00 0

Supplementary Table 10 Radon flux values, radon indices and physical
properties of soil samples of profile EC4.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC5 18.07.2019 2.79km 2h 19.1°C 1007.9hPa 77%
2 2 c
2 : .| 8 2 [ g
= = c o c
g ¢ c cx | Bg | . | = So | - | 82
82| 3 T2 28| 2% | 85 | £5 | 9 | 88
[mBg/m?s] [] [wt%] | [g/lcm®] | [g/lcm?] [um] [%] [%]
1 0.27 0.18 19.84 1.43 1.14 274 7.33 0.01
2 0.14 0.10 7.43 1.26 1.16 270 6.33 0.08
3 0.64 0.43 5.86 1.24 117 184 3.67 0
4 1.38 0.92 6.24 1.15 1.08 183 5.00 0
5 1.40 0.94 5.51 1.14 1.08 224 5.33 0
6 1.43 0.95 7.90 111 1.02 205 3.33 0
7 0.95 0.64 7.48 1.07 0.99 259 6.67 1.01
8 2.60 1.74 16.60 1.15 0.96 205 5.33 0
9 2.55 1.71 7.96 1.12 1.03 233 6.00 0
10 1.40 0.94 9.63 151 1.37 275 7.00 0
11 1.30 0.87 12.94 1.36 1.18 227 4.33 0.04
12 1.77 1.18 12.79 1.53 1.33 235 4.67 0
13 3.73 2.50 6.14 1.38 1.29 287 6.00 0
14 1.37 0.91 14.68 1.03 0.88 206 7.67 0

Supplementary Table 11 Radon flux values, radon indices and physical

properties of soil samples of profile EC5.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC6 19.07.2019 10.17km 2h 19.9°C 1009.4hPa 78%
2 2 c
£ E ¢ | & 5 5 :
= c cy | 32 ~ x S o _ | 8¢
g8 YE| S8 | 8% | 3% | 2% | 3| &5
[mBg/m?s] [] [wt%] | [g/lcm®] | [g/lcm?] [um] [%] [%]
1 0.76 0.36 10.85 1.14 1.02 240 5.33 0
2 0.81 0.38 8.55 1.25 1.14 291 5.33 0.07
3 4.40 2.07 11.39 1.07 0.95 212 5.67 0
4 1.51 0.71 12.29 1.53 1.34 223 2.67 0
5 1.30 0.61 9.68 1.38 1.25 283 3.67 0.01
6 2.93 1.38 18.11 1.00 0.82 363 6.00 0
7 4.11 1.94 5.65 1.04 0.98 188 3.33 0.01
8 1.13 0.53 5.38 1.02 0.97 206 3.00 0
9 2.53 1.19 17.68 1.20 0.98 247 4.67 0
10 2.16 1.02 8.14 1.02 0.94 225 2.67 0
11 0.76 0.36 9.35 1.50 1.36 376 0.67 0
12 0.96 0.45 10.34 1.13 1.01 204 2.33 0
13 291 1.37 11.24 1.82 1.61 344 2.00 0
14 3.43 1.62 18.71 1.64 1.34 346 3.33 0

Supplementary Table 12 Radon flux values, radon indices and physical
properties of soil samples of profile ECB6.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC7 19.07.2019 263m 2h 20.3°C 1010.5hPa 71%
2 2 c
S = cx | & ° S <.
ss| & |f2| 8§ | 3T | 2| £§ | @
[mBg/m?s] [] [wt%] [g/cm?] [g/cm?] [um] [%]

1 >7.85 >5.05 19.69 1.42 1.14 247 7.67
2 2.12 1.36 18.13 1.64 1.34 184 6.00
3 1.30 0.84 14.27 1.56 1.33 235 4.67
4 0.62 0.40 29.36 1.35 0.95 3901 11.67
5 0.66 0.43 34.30 1.27 0.83 521 16.33
6 1.12 0.72 18.66 131 1.07 274 8.67
7 0.71 0.46 16.86 1.28 1.07 214 8.00
8 1.00 0.64 15.35 141 1.20 249 5.00
9 0.37 0.23 20.14 1.43 1.15 227 8.33
10 1.04 0.67 6.99 1.20 1.12 244 3.33
11 1.20 0.77 14.25 1.54 1.32 225 5.33
12 0.81 0.52 12.38 141 1.23 287 7.33
13 1.94 1.25 8.69 1.18 1.08 265 4.67
14 1.02 0.66 12.27 1.54 1.35 211 5.67

Supplementary Table 13 Radon flux values, radon indices and physical
properties of soil samples of profile EC7.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
EC8 20.07.2019 263m 2h 22.9°C 1008.9hPa 56%
) 2 c
3= < cx | &8 < > <.
ss| & |f2| 88| 3T | & | £§ | @
[mBg/m?s] [-] [wt%] [g/cm?] [gicm?] [Hm] [%]

1 5.57 3.69 19.69 142 1.14 247 7.67
2 2.45 1.62 18.13 1.64 1.34 184 6.00
3 1.42 0.94 14.27 1.56 1.33 235 4.67
4 2.43 161 29.36 1.35 0.95 301 11.67
5 0.61 0.40 34.30 1.27 0.83 521 16.33
6 1.08 0.71 18.66 131 1.07 274 8.67
7 0.85 0.56 16.86 1.28 1.07 214 8.00
8 0.92 0.61 15.35 141 1.20 249 5.00
9 0.84 0.55 20.14 1.43 1.15 227 8.33
10 0.73 0.48 6.99 1.20 1.12 244 3.33
11 1.35 0.89 14.25 1.54 1.32 225 5.33
12 0.42 0.28 12.38 1.41 1.23 287 7.33
13 1.47 0.97 8.69 1.18 1.08 265 4.67
14 1.01 0.67 12.27 1.54 1.35 211 5.67

Supplementary Table 14 Radon flux values, radon indices and physical
properties of soil samples of profile EC8.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:

KN1 23.03.2018 2.45km 1h 3.1°C 1007.0hPa 85%
‘u;) o

2 5 - S
EL‘E = c X o 5 ~ % ~ ?
[mBg/m2s] [-] [wit%] [g/cm3] [g/cm3]

1 0.30 0.46 26.04 1.32 0.98

2 0.19 0.29 31.51 0.92 0.63

3 0.06 0.09 17.31 1.72 1.42

4 0.10 0.15 14.09 1.58 1.35

5 1.76 2.27 19.06 1.59 1.29

6 3.45 5.32 18.75 1.69 1.37

7 0.87 1.34 18.57 1.57 1.28

8 0.09 0.14 27.53 1.24 0.90

9 0.03 0.05 27.52 1.80 131

10 0.16 0.24 23.20 1.79 1.37
11 0.13 0.20 20.86 1.38 1.09

Supplementary Table 15 Radon flux values, radon indices and physical
properties of soil samples of profile KN1.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
KN2 05.04.2019 2.35km 2h 9.9 °C 1005.6 81%
2 2 2 2
= = = = c
2 3 - 29 | 83 |
= = Do = S ke o 0= ° 2. 2
EE & g8 | 82 | Z. X £ES2 ESS | sa| =
S8 ¥ |28 | &2 25 28 | 228 | 25| 9
[mBg/m?2s] [-] wt%] | [gicm?] | [g/cm?] [m/s] [m/s] [um] | [%]
1 2.23 0.63 9.28 1.28 1.17 1.29E-04 5.43E-05 268 2.67
2 0.78 0.22 13.11 1.17 1.01 2-12E-05 9.96E-06 244 4.33
4 0.91 0.26 12.73 1.31 1.14 7.10E-06 3.79E-06 324 4.67
5 >7.85 >2.90 12.90 1.80 1.57 7.88E-06 3.32E-06 373 3.00
6 0.71 0.20 - 1.51 - - - - 3.33
7 1.32 0.37 - 141 - 8.78E-06 3.70E-06 397 4.67
8 1.44 0.41 14.58 1.64 1.40 3.92E-06 2.32E-06 335 3.33
9 0.41 0.11 14.51 1.40 1.19 6.07E-06 3.60E-06 290 4.33
10 >7.85 2.54 16.47 1.29 1.07 8.02E-06 3.38E-06 245 6.33
11 2.26 0.64 17.48 151 1.25 4.85E-06 2.28E-06 300 5.67
12 >7.85 >2.90 14.77 1.60 1.36 3.93E-06 2.62E-06 326 4.00
13 >7.85 >2.90 16.16 1.50 1.26 3.78E-06 2.01E-06 348 4.67
14 2.50 0.71 11.68 1.08 0.96 - - 315 4.00
15 1.36 0.38 15.10 0.93 0.79 5.31E-06 2.50E-06 268 6.33
16 0.45 0.13 12.59 1.00 0.87 1.61E-05 6.77E-06 234 2.67

Supplementary Table 16 Radon flux values, radon indices and physical properties of
soil samples of profile KN2.
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Profile Sampling
Profile: Date: length: time:
KN3 06&10.04.2019 2.91km 1h
Atm. Air
Temp.: pressure: moisture:
12.8°C 1008.4hPa 69%
2 X |
o b c x
"n o Q N =
[mBg/m2s] [-]
1 1.94 0.48
2 0.78 0.19
3 3.93 0.98
4 1.13 0.28
5 14.27 3.56
6 0.35 0.09
7 1.14 0.28
8 4.52 1.13
9 0.54 0.14
10 7.04 1.75
11 2.84 0.71
12 >15.71 >3.91
13 11.65 2.90
14 1.24 0.31
15 3.60 0.90
16 1.18 0.30
17 2.23 0.56
18 0.88 0.22
19 1.27 0.32

Supplementary Table 17 Radon flux values and

radon indices of profile KN3.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
KN4 21.03.2018 198m 1lh 4.9°C 1023.7hPa 75%
o] P
£ 2 g : >
58| F § 5 e 58
[mBag/mas] [-] [wit%e] [g/cm3] [g/cm?3]
1 0.37 0.52 37.20 1.31 0.82
2 0.17 0.23 - - -
3 3.74 5.20 - - -
4 0.22 0.30 50.97 1.68 0.82
5 0.23 0.32 - - -
6 1.50 2.09 - - -
7 0.55 0.76 - - -
8 0.98 1.36 22.45 1.85 1.43
9 0.54 0.74 21.81 1.60 1.25
10 0.11 0.16 33.05 1.29 0.86
11 0.01 0.02 31.02 1.39 0.96
12 0.22 0.30 27.23 1.47 1.07
13 0.72 1.00 22.78 1.72 1.33

Supplementary Table 18 Radon flux values, radon indices and physical
properties of soil samples of profile KN4.
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Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:

KN5 22.03.2018 161m 1h 5.6°C 1008.2hPa 89%
‘u;) o

2 5 - S
EL‘E = c X o 5 ~ % ~ ?
[mBg/m2s] [-] [wit%] [g/cm3] [g/cm3]

1 1.01 0.86 17.23 1.89 157

2 0.71 0.61 17.22 1.83 151

3 0.27 0.23 13.91 1.76 1.52

4 1.08 0.92 42.80 0.92 0.53

5 0.64 0.54 32.95 1.43 0.96

6 7.49 6.36 16.72 1.70 1.42

7 0.50 0.42 19.82 1.53 1.22

8 0.37 0.31 33.81 1.60 1.06

9 0.65 0.55 42.84 1.34 0.77

10 0.51 0.44 35.60 1.38 0.89
11 0.65 0.55 17.67 1.69 1.39
12 0.85 0.72 11.52 1.69 1.49
13 0.59 0.50 13.90 1.93 1.66

Supplementary Table 19 Radon flux values, radon indices and physical
properties of soil samples of profile KN5.

Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
KN6 07.04.2019 103m 2h 9.5°C 1009.6hPa 73%
2 2 = 2 c
‘@ ‘D = = = Q
€ c c 3 Q2 X X~ g [ o g < © c _ 8
58| § |fE| S5 | 3% | 3% | #23 | 8228 |28 8 | 5B
[mBg/m?s] [-] wit%] | [g/lcm’] | [g/lcm?] [m/s] [m/s] [um] | [%] [%]
1 >7.85 >2.88 11.32 1.70 151 3.00E-06 2.50E-06 328 2.67 0.06
2 2.21 0.81 10.12 1.24 111 5.85E-06 3.90E-06 256 3.67 0.02
3 5.21 1.91 13.47 1.73 1.50 1.83E-06 1.52E-06 312 6.67 0.01
4 3.67 1.35 14.03 1.68 1.45 2.37E-06 1.76E-06 306 5.33 0.04
5 1.11 0.41 14.44 1.71 1.46 1.97E-06 1.47E-06 264 5.33 0.02
6 0.88 0.32 17.86 1.70 1.40 4.11E-06 2.74E-06 273 6.00 0.03
7 2.28 0.84 13.67 1.62 1.40 3.34E-06 2.49E-06 300 4.33 0.02
8 2.82 1.03 12.51 1.60 1.40 4.47E-06 2.98E-06 247 3.67 -
9 0.71 0.26 16.74 1.70 141 3.30E-06 2.46E-06 260 3.67 0.02
10 1.91 0.70 11.60 1.47 1.30 4.53E-06 2.68E-06 226 4.33 0.04
11 2.86 1.05 13.80 1.66 143 5.10E-06 3.02E-06 218 3.67 0.03
12 2.26 0.83 14.54 1.50 1.28 3.40E-06 2.27E-06 250 4.67 0.05
13 3.45 1.26 16.26 1.74 1.46 3.27E-06 2.43E-06 285 5.33 0.02
14 0.72 0.26 15.07 1.78 1.52 2.60E-06 1.93E-06 271 5.33 0.02
15 3.94 1.45 12.07 1.69 1.48 2.36E-06 1.58E-06 254 4.33 0.04
16 1.77 0.65 13.18 1.57 1.36 3.33E-06 2.48E-06 277 3.33 0.02

Supplementary Table 20 Radon flux values, radon indices and physical properties of soil
samples of profile KNG6.

138




Profile Sampling Atm. Air
Profile: Date: length: time: Temp.: pressure: moisture:
LK1 07.&08.08.2019 | 2.57km 2h 18.8°C 1004.9hPa 81%
> > 2 2
D D = b= p= )
EE| & E3 | B2 | =, | =, | ESEZ | ESE |5l . | 22
88 N | 28| B2 85 | €28 | &8 |25 2 | 88
[mBg/m?s] L] wi%] | [g/lemd] | [gicm?] [m/s] [m/s] [um] | [%] [%]
1 1.11 0.79 7.14 1.17 1.09 - 2.48E-04 294 11.00 0.28
2 1.32 0.94 6.17 1.16 1.08 6.37E-06 3.77E-06 223 12.00 1.15
3 1.75 1.25 7.35 1.14 1.05 9.56E-06 5.10E-06 223 6.00 0.06
4 1.08 0.77 - - - 1.07E-05 6.33E-06 253 5.00 0.07
5 2.10 1.49 10.91 0.91 0.81 4.21E-06 2.49E-06 203 6.00 0.11
6 111 0.79 15.33 0.86 0.73 1.67E-05 7.03E-06 207 11.67 0.04
7 3.85 2.73 8.17 1.48 1.36 6.41E-06 4.28E-06 260 7.00 0.02
8 1.87 1.33 3.95 1.52 1.46 4.52E-06 2.68E-06 214 5.00 0.02
9 3.01 2.14 6.38 1.04 0.97 2.55E-05 1.07E-05 207 18.67 -
10 1.63 1.16 5.18 1.16 1.10 - 1.28E-05 156 8.00 0.02
11 0.39 0.28 7.57 1.10 1.02 6.91E-05 4.03E-05 729 - 0.02
12 1.10 0.78 5.69 1.22 1.15 2.02E-05 8.52E-06 177 8.00 0.03
13 243 1.73 - 1.22 - 7.35E-06 4.35E-06 243 6.00 0.03
14 0.53 0.38 - - - 6.71E-05 2.83E-05 304 4.67 0.02
15 0.17 0.12 2.49 1.47 1.44 1.94E-05 9.13E-06 266 7.00 0.45
16 0.71 0.50 7.69 1.46 1.34 8.48E-06 4.52E-06 228 4.00 0.01
17 0.51 0.36 7.75 1.45 1.33 5.33E-06 3.55E-06 284 9.00 0.01
18 3.46 2.46 7.43 151 1.40 - - - 4.33 -
19 191 1.36 6.59 1.70 1.59 4.01E-06 2.34E-06 258 5.33 -
20 2.50 1.77 - - - - - 216 5.67 0.02
21 0.35 0.25 7.69 1.32 1.22 1.04E-05 5.56E-06 254 8.67 0.19
22 0.90 0.64 11.49 1.36 121 8.35E-06 4.46E-06 220 7.33 0.01
23 0.14 0.10 6.04 1.13 1.06 7.26E-06 4.84E-06 306 15.67 -
24 0.27 0.19 18.60 1.31 1.07 6.61E-06 3.11E-06 187 6.67 0.01
25 0.98 0.69 6.91 1.28 1.19 - - - 15.33 -

Supplementary Table 21 Radon flux values, radon indices and physical properties of soil

samples of profile LK1.
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2 X ,
BT - b S x
"n o BN N =
[mBg/m2s] [-]
1 1.95 0.68
2 4.56 1.59
3 4.04 1.41
4 2.38 0.83
5 2.03 0.71
6 5.49 1.91
7 7.67 2.67
8 0.59 0.21
9 0.32 0.11
10 1.03 0.36
11 2.84 0.99
12 1.48 0.51
13 1.94 0.67
14 3.89 1.35

Supplementary Table 22 Radon flux values and
radon indices of profile LK2.

leinneudorf: core KN2 0-40 m

Depth [m] .

Supplementary Fig. 1 Core photo of sediment record
KN2 (Kleinneudorf). Radiocarbon dates are given in the
yr b2k notation.
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Depth [m]
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Supplementary Fig. 2 Age/depth models of cores AU2, DE3, MS1, OW1
and RM2 on basis of the ELSA-20 stratigraphy (Sirocko et al. 2021).
Red circles represent exposed marker tephra layers in each core (LST —
Laacher See Tephra; EVT — Eltville Tephra; WBT — Wartgesberg Tephra;
UT1 — Unknown Tephra 1; DWT — Dreiser Weiher Tephra; MMT —
Meerfelder Maar Tephra; AUT — Aueler Maar Tephra).
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AU3 Ager
Sirocko et. al. 2021
AU3 Events
[m] [yr b2k] [m] [m]

Depth Age Comment Depth top Depth base | Comment
0.000 10000 | Coretop (extrapolated) 0.000 6.410 Debris
13.690 13056 | LST 7.220 7.256 Flood
14.680 14692 | Gil onset 9.000 10.000 Debris
18.310 23220 | Gl2end 10.452 10.462 Flood
18.393 23340 | GI2 onset 10.965 10.975 Flood
24.440 24620 | EVT 11.445 11.453 Flood
34.450 27540 | GI3 end/ onset GS3 11.755 11.764 Flood
35.040 27780 | GI3 onset 11.928 11.940 Flood
37.020 28100 | WBT 12.705 12.714 Flood
39.820 28600 | Gl4 end/ onset GS4 12.731 12.744 Flood
40.170 28900 | Gl4 onset 13.200 13.280 LST Flood
46.680 30300 |UT1 13.590 13.690 LST
54.310 32040 | GI5.2 end / onset GS5.2 15.283 15.292 Flood
55.150 32500 | GI5.2 onset 15.316 15.328 Flood
56.830 33360 | GI6 end / onset GS6 15.469 15.490 Flood
57.730 33740 | GI6 onset 15.732 15.744 Flood
62.105 34740 | GI7 end / onset GS7 16.781 16.792 Flood
63.320 35480 | Gl7c onset 16.823 16.832 Flood
65.430 36580 | GI8 end / onset GS8 16.845 16.853 Flood
66.870 38220 | GI8c onset 16.902 16.911 Flood
69.500 39900 | GI9 end/ onset GS9 17.157 17.170 Flood
70.570 40160 | GI9 onset 17.268 17.279 Flood
71.160 40370 | DWT 17.471 17.482 Flood
71.940 40800 | G110 end / onset GS10 17.536 17.549 Flood
72.770 41460 | G110 onset 17.658 17.670 Flood
76.050 42240 | Gl11 end/onset GS11 17.702 17.713 Flood
76.417 43340 | GI11 onset 17.829 17.844 Flood
76.600 43500 | ACE top (to 77.10m) 17.858 17.885 Flood
77.485 44280 | GI12 end / onset GS12 (by core photo) 17.911 17.920 Flood
78.200 46860 | Gl12c onset (by core photo) 17.927 17.936 Flood
81.780 47340 | MMT 17.942 17.953 Flood
88.020 48340 | GI13 end/ onset GS13 18.274 18.283 Flood
89.920 49280 | Gl13c onset 18.538 18.555 Flood
90.870 49600 | GlI14 end / onset GS14QS 18.788 18.800 Flood
91.750 51500 | Gl14a onset 19.297 19.317 Flood
91.910 51660 | Gl14b onset 19.406 19.415 Flood
93.520 54220 | Gl14e onset 19.562 19.576 Flood
93.830 54900 | GI15.1 end 19.597 19.609 Flood
93.850 55000 | GI15.1 onset 20.523 20.533 Flood
93.970 55400 | GI15.2 end/ onset GS15.2 20.573 20.581 Flood
96.310 55800 | GI15.2 onset 20.613 20.628 Flood
100.420 56500 | GI16 end/ onset GS16 20.641 20.657 Flood
100.522 56700 | GI16 Corg max 20.773 20.790 Flood
101.280 58040 | GI16.1c onset 20.795 20.811 Flood
101.370 58160 | Gl16.2 end 21.244 21.257 Flood
101.450 58280 | GI16.2 onset 21.264 21.272 Flood
101.650 58560 | GI17 end/onset GS17 21.283 21.293 Flood
101.960 59080 | GI17.1c onset 21.298 21.307 Flood
102.000 59120 | Corebase (extrapolated) 21.314 21.322 Flood

Supplementary Table 23 Ager marker points of core AU3. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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AU3 Events AU3 Events
[m] [m] [m] [m]

Depth top Depth base | Comment Depth top Depth base | Comment
21.329 21.339 Flood 48.538 48.550 Flood
21.372 21.384 Flood 49.151 49.210 Flood
21.555 21.567 Flood 50.094 50.102 Flood
21.605 21.613 Flood 50.127 50.142 Flood
21.717 21.729 Flood 50.172 50.190 Flood
21.737 21.751 Flood 50.318 50.351 Flood
21.758 21.772 Flood 50.839 50.851 Flood
21.860 21.868 Flood 52.831 52.851 Flood
22.098 22.107 Flood 53.292 53.302 Flood
22.111 22.120 Flood 55.807 55.835 Flood
22.252 22.261 Flood 56.822 56.831 Flood
22.338 22.347 Flood 57.465 57.478 Flood
22.351 22.361 Flood 58.147 58.158 Flood
22.382 22.390 Flood 60.396 60.404 Flood
22.400 22.411 Flood 60.540 60.580 Flood
22.487 22.496 Flood 60.675 60.682 Flood
22.562 22.583 Flood 61.485 61.516 Flood
22.663 22.673 Flood 61.618 61.626 Flood
22.952 22.961 Flood 63.981 64.221 Slump
23.231 23.242 Flood 71.110 71.160 DWT
23.248 23.261 Flood 73.190 73.220 Slump
23.298 23.319 Flood 76.270 76.410 Slump
24.360 24.440 EVT 78.490 78.560 Slump
24.640 24.649 Flood 81.282 81.294 Flood
25.310 25.336 Flood 81.573 81.581 Flood
25.423 25.431 Flood 81.695 81.724 Flood
26.264 26.274 Flood 81.740 81.780 MMT
26.404 26.416 Flood 82.268 82.293 Flood
26.576 26.586 Flood 82.518 82.533 Flood
27.325 27.333 Flood 83.415 83.423 Flood
27.394 27.403 Flood 84.808 84.822 Flood
36.000 36.210 WBT 85.160 85.210 Slump
36.800 37.020 WBT (main eruption) 85.340 85.400 Slump
37.810 37.820 WBT 85.894 85.902 Flood
41.873 41.888 Flood 86.327 86.363 Flood
42.620 42.631 Flood 86.640 86.651 Flood
42.948 42.956 Flood 88.110 88.160 Slump
43.586 43.598 Flood 91.430 91.440 Slump
44.378 44.386 Flood 91.910 91.930 Slump
44.601 44.610 Flood 92.050 92.070 Slump
44.777 44.787 Flood 93.894 93.968 Slump
46.357 46.393 Flood 95.285 96.280 Slump
46.550 46.680 UT1 96.973 97.420 Slump
46.860 46.881 Flood 98.600 98.842 Slump
48.501 48.518 Flood 100.580 100.660 Slump

Supplementary Table 23 cont. Ager marker points of core AU3. Depths of
event layers (floods, slumps, tephra and drilling artefacts) were subtracted from the
age/depth model.
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AU4 Ager

Sirocko et al. 2021

AU4 Events
[m] [yr b2k] [m] [m]

Depth Age Comment Depth Top Depth Base | Comment

0.000 10000 | Coretop (extrapolated) 0.000 7.700 Debris
14.500 13056 | LST 12.780 12.800 LST Flood
15.610 14692 | Gil onset 13.950 14.000 LST Flood
18.987 22700 | GS2 Corg min 14.400 14.500 LST
19.090 23220 | Gl2.2 end 24.150 24.160 EVT
19.190 23340 | GI2.2 onset 36.500 36.630 WBT
24.160 24619 | EVT 36.830 36.890 WBT (main eruption)
27.200 26430 | dust intensification 37.700 37.710 WBT
34.250 27540 | GI3 end/onset GS3 41.810 41.910 Drilling artefact
34.950 27780 | GI3 onset 46.520 46.590 UT1
39.630 28600 | Gl4 end /onset GS4 70.910 70.930 DWT
40.100 28900 | Gl4 onset 76.020 76.200 Slump
54.443 32040 | GI5.2 end/ onset GS5.2 78.690 78.910 Slump
55.030 32500 | GI5.2 onset 79.400 79.420 Slump
56.680 33360 | GI6 end / onset GS6 81.150 81.170 MMT
57.407 33740 | GI6 onset 84.810 84.950 Slump
62.370 34740 | GI7 end / onset GS7 88.310 88.330 Slump
63.842 35480 | Gl7c onset 92.280 92.360 Slump
65.470 36580 | GI8 end/ onset GS8 93.380 93.430 Slump
67.050 38220 | GI8c onset 95.080 95.110 Slump
69.360 39900 | GI9 end/ onset GS9 95.190 95.270 Slump
70.460 40160 | GI9 onset 96.930 97.340 Slump
71.840 40800 | GI10 end / onset GS10 98.310 98.430 Slump
71.950 41000 | 10Be Laschamp end 98.500 98.600 Slump
72.600 41460 | GI10 onset 98.630 98.680 Slump
74.750 42000 | 10Be Laschamp start 101.000 101.030 Slump
75.380 42240 | GI11 end/ onset GS11 102.110 102.210 Slump
76.459 43340 | GI11 onset

76.620 43500 | ACE top (to 76.94m)

77.070 44280 | GI12 end

77.865 46860 | Gl12c onset

87.770 48340 | GI13 end/ onset GS13

89.613 49280 | Gl13c onset

90.500 49600 | Gl14 end/ onset GS14QS

91.590 51500 | Gl14a onset

91.720 51660 | Gl14b onset

93.440 54220 | Gl14e onset

93.684 54900 | GI15.1 end

93.704 55000 | GI15.1 onset

93.780 55400 | GI15.2 end / onset GS15.2

95.130 55800 | GI15.2 onset

99.700 56500 | GI16 end/ onset GS16
100.310 56700 | GI16 Corg max
101.170 58040 | Gl16.1c onset
101.190 58160 | GI16.2 end
101.310 58280 | GI16.2 onset
101.640 58560 | GI17 end/onset GS17.1
102.310 59080 | GI17.1c onset
102.380 59130 | AUT (top)

Supplementary Table 24 Ager marker points of core AU4. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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AU2 Ager
Sirocko et al. 2016
Update ELSA-20 strat.
; AU2 Events
[m] [yr b2K] [m] [m]
Depth Age Comment Depth top Depth base | Comment
0.000 10000 | Coretop (extrapolated) 0.000 6.410 Debris
13.950 13056 |LST 8.051 8.110 Flood
14.650 14690 | Gl1 onset 8.355 8.379 Flood
34.150 27540 | GI3 end/ onset GS3 9.696 9.720 Flood
34.750 27780 | GI3 onset 9.833 9.850 Flood
36.900 28100 | WBT 9.875 9.884 Flood
39.550 28600 | Gl4 end/ onset GS4 10.439 10.449 Flood
39.950 28900 | Gl4 onset 10.476 10.515 Flood
46.590 30300 UT1 10.614 10.622 Flood
54.250 32040 | GI5.2 end/ onset GS5.2 11.070 11.092 Flood
55.400 32500 | GI5.2 onset 11.618 11.628 Flood
56.650 33360 | GI6 end/ onset GS6 11.852 11.900 Flood
57.700 33740 | GI6 onset 12.197 12.220 Flood
61.950 34740 | GI7 end / onset GS7 13.240 13.280 LST Flood
63.150 35480 | Gl7c onset 13.420 13.480 LST Flood
65.350 36580 | GI8 end / onset GS8 13.800 13.950 LST
66.950 38220 | GI8c onset 14.138 14.152 Flood
69.150 39900 | GI9 end/ onset GS9 15.385 15.443 Flood
70.650 40160 | GI9 onset 15.622 15.634 Flood
71.190 40370 DWT 15.698 15.709 Flood
71.750 40800 | Gl10 end/onset GS10 15.770 15.789 Flood
73.150 41460 | GI10 onset 16.305 16.313 Flood
75.300 42240 | Gl11 end/onset GS11 17.027 17.043 Flood
77.150 43340 | GI11 onset 17.420 17.433 Flood
77.200 43500 | ACE (to 77.94m) 17.506 17.517 Flood
78.350 46860 | Gl12c onset 17.575 17.608 Flood
81.630 47340 MMT 18.402 18.424 Flood
88.300 49600 | Gl14 end/ onset GS14QS 18.457 18.478 Flood
90.400 51100 | Carpinus Peak 18.513 18.539 Flood
93.250 54220 | Gl14e onset 18.622 18.646 Flood
93.950 55400 | GI15.2 end/onset GS15.2 19.717 19.732 Flood
95.100 55800 | Gl15.2 onset 19.807 19.837 Flood
97.750 56500 | GI16 end/ onset GS16 19.853 19.863 Flood
100.950 58280 | GI16.2 onset 24.347 24.370 Flood
101.700 58560 | GI17 end/onset GS17.1 24.585 24.597 Flood
102.150 59080 | GI17.1c onset 26.360 26.378 Flood
102.330 59130 | AUT (top) 26.391 26.406 Flood
26.577 26.592 Flood
26.697 26.705 Flood
26.740 26.774 Flood
26.896 26.929 Flood
27.236 27.261 Flood
27.340 27.351 Flood
27.509 27.517 Flood
27.789 27.814 Flood
28.043 28.052 Flood
35.960 36.040 WBT
36.660 36.900 WBT (main eruption)
37.036 37.046 Flood
37.670 37.730 WBT

Supplementary Table 25 Ager marker points of core AU2. Depths of event layers (floods,

slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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AU2 Events AU2 Events
[m] [m] [m] [m]

Depth top Depth base | Comment Depth top Depth base | Comment
41.599 41.621 Flood 59.686 59.697 Flood
42.096 42.106 Flood 60.378 60.407 Flood
42.643 42.660 Flood 60.520 60.542 Flood
42.822 42.838 Flood 61.393 61.420 Flood
43.738 43.747 Flood 61.524 61.539 Flood
44.345 44.361 Flood 62.344 62.362 Flood
44.613 44.621 Flood 62.818 62.834 Flood
44.837 44.846 Flood 63.860 64.140 Slump
46.270 46.321 Flood 71.140 71.190 DWT
46.430 46.590 UTl 73.160 73.610 Slump
46.777 46.834 Flood 78.740 78.920 Slump
47.688 47.706 Flood 79.400 79.470 Slump
48.296 48.330 Flood 81.510 81.750 Slump (81.60-.63m MMT)
48.490 48.510 Flood 82.400 82.409 Flood
48.720 48.736 Flood 83.373 83.396 Flood
49.097 49.161 Flood 83.467 83.495 Flood
50.061 50.078 Flood 84.447 84.457 Flood
50.165 50.192 Flood 84.785 84.848 Flood
50.335 50.394 Flood 85.120 85.220 Slump
50.603 50.617 Flood 86.355 86.390 Flood
50.858 50.868 Flood 86.684 86.692 Flood
51.386 51.420 Flood 86.737 86.749 Flood
52.818 52.837 Flood 92.280 92.360 Slump
53.193 53.202 Flood 95.420 96.730 Slump
54.620 54.634 Flood 97.600 97.630 Slump
55.875 55.886 Flood 98.310 98.860 Slump
58.488 58.503 Flood 102.330 102.370 AUT (eruption)
59.558 59.574 Flood

Supplementary Table 25 cont. Ager marker points of core AU2. Depths of event
layers (floods, slumps, tephra and drilling artefacts) were subtracted from the age/depth

model.
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DE3 Ager
Sirocko et al. 2013, 2016
Update ELSA-20 strat.
DE3 Events
[m] [yr b2K] [m] [m]
Depth Age Comment Depth Top | Depth Base | Comment
0.000 12000 | Coretop (extrapolated) 3.400 3.475 LST
3.475 13056 | LST 3.499 3.571 Drilling artefact
10.001 15036 | Gl1 onset (nach P); 14692 b2k 3.994 4.017 Drilling artefact
27.158 23309 | GI2 onset (Diatomeen) 4.857 4.906 Drilling artefact
30.565 24720 | EVT 4.941 5.006 Drilling artefact
36.730 27780 | GI3 onset 5.858 6.006 Drilling artefact
37.920 28100 | WBT 6.233 6.280 Drilling artefact
39.880 28600 | Gl4 end/ onset GS4 6.990 7.007 Drilling artefact
40.180 28900 | Gl4 onset 7.992 8.009 Drilling artefact
42.910 30300 | UT1 8.992 9.007 Drilling artefact
43.921 32040 | GI5.2 end/ onset GS5.2 9.848 10.030 Drilling artefact
44.270 32500 | GI5.2 onset 10.873 10.887 Drilling artefact
44.570 33360 | Gl6 end/ onset GS6 10.996 11.015 Drilling artefact
44.810 33740 | GI6 begin 11.472 11.486 Drilling artefact
46.260 36580 | GI8 end / onset GS8 11.500 11.540 Flood
47.590 38220 | GI8c onset 11.997 12.009 Drilling artefact
49.630 39900 | GI9 end / onset GS9 13.570 13.670 Flood
50.020 40160 | GI9 onset 13.750 13.770 Flood
51.010 41460 | GI10 onset 13.990 14.011 Drilling artefact
53.540 43340 | GI11 onset 14.680 14.710 Flood
53.600 43500 | ACE top (to 56.97m) 14.996 15.004 Drilling artefact
56.992 46860 | Gl12c onset 15.120 15.280 Flood
57.630 47340 | MMT 15.994 16.004 Drilling artefact
58.280 48340 | Gl13 end/onset GS13 16.300 16.310 Flood
59.720 49280 | GI13c onset 16.420 16.450 Flood
60.070 49600 | Gl14 end / onset GS14QS 16.996 17.007 Drilling artefact
60.950 51100 | Carpinus peak 17.992 18.017 Drilling artefact
61.180 51500 | Gll4a onset 18.988 19.005 Drilling artefact
61.980 51660 | Gl14b onset 19.989 20.025 Drilling artefact
67.050 54220 | Gl14e onset 20.991 21.006 Drilling artefact
69.250 55400 | Gl15.2 end / onset GS15.2 21.987 22.010 Drilling artefact
69.560 55800 | GI15.2 onset 22.993 23.002 Drilling artefact
70.320 56500 | GI16 end / onset GS16 23.992 24.009 Drilling artefact
71.800 57600 | small Carpinus peak 24.060 24.100 Flood
73.810 58280 | GI16.2 onset 24.520 24.540 Flood
76.300 59130 | AUT 24.840 24.870 Flood
78.350 63840 | GI18 end 25.400 25.420 Flood
78.425 64100 | GI18 onset 25.570 25.610 Flood
84.350 72340 | GI19.2 onset 25.990 26.002 Drilling artefact
84.530 72590 | SMT (by DE3) 26.994 27.000 Drilling artefact
85.850 74100 | GI20 end 27.820 27.860 Flood
88.000 76250 | DET (eruption) 27.991 28.008 Drilling artefact
28.989 29.000 Drilling artefact
29.190 29.200 Flood
29.380 29.390 Flood
29.670 29.680 Flood
29.994 30.005 Drilling artefact
30.330 30.340 Flood
30.480 30.565 EVT

Supplementary Table 26 Ager marker points of core DE3. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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DE3 Events DE3 Events
[m] [m] [m] [m]
Depth Top | Depth Base | Comment Depth Top | Depth Base | Comment

30.989 31.010 Drilling artefact 51.400 51.410 Flood

31.210 31.220 Flood 51.999 52.009 Drilling artefact
31.680 31.710 Flood 52.230 52.248 Drilling artefact
31.992 32.002 Drilling artefact 52.320 52.330 Flood

32.380 32.390 Flood 52.984 53.008 Drilling artefact
32.610 32.620 Flood 57.580 57.630 MMT

32.996 33.006 Drilling artefact 57.999 58.011 Drilling artefact
33.996 34.005 Drilling artefact 58.223 58.231 Drilling artefact
34.139 34.162 Drilling artefact 58.500 58.510 Flood

34.733 34.753 Drilling artefact 58.678 58.734 Drilling artefact
34.861 34.880 Drilling artefact 58.992 59.001 Drilling artefact
34.943 34.954 Drilling artefact 59.325 59.344 Drilling artefact
34.990 35.001 Drilling artefact 59.820 59.830 Flood

36.000 36.600 Slump 59.890 59.900 Flood

36.991 37.010 Drilling artefact 59.993 60.006 Drilling artefact
37.099 37.111 Drilling artefact 60.070 60.130 Flood

37.559 37.580 WBT 60.229 60.248 Drilling artefact
37.799 37.920 WBT (main eruption) 60.289 60.350 Slump

37.920 38.601 WBT 60.748 60.773 Drilling artefact
38.992 39.013 Drilling artefact 60.995 61.006 Drilling artefact
39.991 40.013 Drilling artefact 61.175 61.183 Drilling artefact
40.822 40.836 Drilling artefact 61.239 61.264 Drilling artefact
40.882 40.901 Drilling artefact 61.269 61.861 Slump

40.988 41.015 Drilling artefact 61.980 61.992 Drilling artefact
41.986 42.009 Drilling artefact 61.999 62.006 Drilling artefact
42.410 42.420 Flood 62.025 62.040 Drilling artefact
42.760 42.910 UT1l 62.070 62.079 Drilling artefact
42.996 43.008 Drilling artefact 62.280 62.321 Drilling artefact
43.989 44.004 Drilling artefact 62.723 62.739 Drilling artefact
44.994 45.009 Drilling artefact 63.350 63.380 Flood

45.461 45.469 Drilling artefact 63.640 63.690 Flood

45.999 46.010 Drilling artefact 63.990 64.000 Drilling artefact
46.997 47.009 Drilling artefact 64.829 65.235 Drilling artefact
47.550 47.560 Flood 65.252 65.287 Drilling artefact
47.610 47.630 Slump 65.301 65.550 Drilling artefact
47.659 47.670 Drilling artefact 65.582 65.595 Drilling artefact
47.999 48.010 Drilling artefact 65.603 65.670 Drilling artefact
48.030 48.040 Flood 65.715 65.875 Drilling artefact
48.130 48.140 Flood 65.890 65.960 Drilling artefact
48.380 48.400 Flood 65.988 66.016 Drilling artefact
48.520 48.530 Flood 66.042 66.054 Drilling artefact
48.790 48.810 Flood 66.365 66.375 Drilling artefact
48.995 49.007 Drilling artefact 66.446 66.455 Drilling artefact
49.260 49.270 Flood 66.678 66.740 Drilling artefact
49.999 50.020 Drilling artefact 66.971 67.235 Drilling artefact
50.204 50.212 Drilling artefact 67.280 67.300 Drilling artefact
50.440 50.450 Flood 67.408 67.430 Drilling artefact
50.480 50.490 Flood 67.528 67.635 Drilling artefact
50.669 50.680 Drilling artefact 67.804 68.030 Drilling artefact
50.853 50.879 Tephra 68.275 68.295 Drilling artefact
50.981 51.006 Drilling artefact 68.754 68.769 Drilling artefact
51.213 51.232 Drilling artefact 68.999 69.005 Drilling artefact

Supplementary Table 26 cont. Ager marker points of core DE3. Depths of
event layers (floods, slumps, tephra and drilling artefacts) were subtracted from

the age/depth model.
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DE3 Events DE3 Events
[m] [m] [m] [m]

Depth Top Depth Base | Comment Depth top Depth base | Comment
69.205 69.222 Drilling artefact 75.294 75.307 Drilling artefact
69.401 69.410 Drilling artefact 75.350 75.370 Drilling artefact
69.550 69.561 Drilling artefact 75.504 75.514 Drilling artefact
69.754 69.760 Drilling artefact 75.780 75.798 Drilling artefact
69.770 69.780 Drilling artefact 75.998 76.029 Drilling artefact
69.900 69.908 Drilling artefact 76.223 76.240 Drilling artefact
70.050 70.058 Drilling artefact 76.240 76.300 AUT
70.060 70.067 Drilling artefact 76.309 76.375 Drilling artefact
70.072 70.080 Drilling artefact 76.385 76.399 Drilling artefact
70.189 70.281 Slump 76.405 76.415 Drilling artefact
70.300 70.320 Drilling artefact 76.425 76.432 Drilling artefact
70.757 70.764 Drilling artefact 76.535 76.550 Drilling artefact
70.809 70.816 Drilling artefact 76.620 76.635 Drilling artefact
70.999 71.008 Drilling artefact 76.664 76.670 Drilling artefact
71.015 71.040 Drilling artefact 76.695 76.790 Drilling artefact
71.230 71.240 Drilling artefact 76.821 76.830 Drilling artefact
71.775 71.780 Drilling artefact 76.845 76.868 Drilling artefact
71.940 71.949 Drilling artefact 76.999 77.013 Drilling artefact
72.080 72.090 Drilling artefact 77.195 77.210 Drilling artefact
72.275 72.285 Drilling artefact 77.419 77.471 Drilling artefact
72.295 72.303 Drilling artefact 77.522 77.532 Drilling artefact
72.694 72.702 Drilling artefact 77.690 77.705 Drilling artefact
72.790 72.800 Drilling artefact 77.999 78.012 Drilling artefact
72.996 73.005 Drilling artefact 78.060 78.090 Drilling artefact
73.026 73.071 Drilling artefact 78.185 78.205 Drilling artefact
73.289 73.471 Slump 78.760 78.781 Drilling artefact
73.473 73.479 Drilling artefact 78.997 79.073 Slump
73.649 73.680 Drilling artefact 79.233 79.250 Drilling artefact
73.710 73.725 Drilling artefact 79.330 79.346 Drilling artefact
73.750 73.780 Drilling artefact 79.523 79.531 Drilling artefact
73.819 74.085 Slump 79.570 79.579 Drilling artefact
74.230 74.242 Drilling artefact 79.600 79.610 Tephra
74.419 74.900 Drilling artefact 79.710 79.725 Drilling artefact
74.908 74.925 Drilling artefact 79.888 79.895 Drilling artefact
74.950 75.010 Drilling artefact 84.450 84.530 SMT
75.051 75.058 Drilling artefact 84.660 85.370 Drilling artefact
75.104 75.110 Drilling artefact 86.710 88.000 DET (eruption)

Supplementary Table 26 cont. Ager marker points of core DE3. Depths of
event layers (floods, slumps, tephra and drilling artefacts) were subtracted from
the age/depth model.
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MS1 Ager
Sirocko et al. 2016
Update ELSA-20 strat.
[m] [yr b2k] [m] [m]
Depth Age Comment Depth top Depth base | Comment
0.000 28600 | Coretop (extrapolated) 4.970 4.988 Flood
3.300 28900 | Gl4 onset 5.738 5.749 Flood
8.800 30300 |UT1 5.950 6.600 Drilling artefact
10.350 32040 | GI5.2 end/ onset GS5.2 8.390 8.420 Tephra
10.700 32500 | GI5.2 onset 8.720 8.800 UT1
11.650 33360 | GI6 end / onset GS6 9.428 9.4370 Flood
12.550 33740 | GI6 onset 10.950 11.090 Drilling artefact
14.500 36580 | GI8 end / onset GS8 11.767 11.811 Flood
18.100 38220 | GI8c onset 14.527 14.538 Flood
20.650 39900 | GI9 end / onset GS9 15.363 15.419 Flood
21.200 40160 | GI9 onset 16.455 16.468 Flood
21.500 40370 | DWT 17.910 18.090 Drilling artefact
21.750 40800 | GI10 end / onset GS10 18.304 18.328 Flood
22.500 41460 | GI10 onset 18.500 19.090 Drilling artefact
22.750 42240 | Gll1l end/onset GS11 19.220 19.400 Tephra
23.550 43340 | Gl11 onset 20.950 21.050 Drilling artefact
24.080 43500 | ACE to (to 24.33m) 21.460 21.500 DWT
28.140 47340 | MMT 22.128 22.138 Flood
29.800 48340 | Gl13 end/ onset GS13 22.327 22.341 Flood
32.550 49280 | Gl13c onset 22.900 23.100 Drilling artefact
33.200 49600 | Gl14 end / onset GS14QS 23.120 23.390 Slump
35.700 51100 | Carpinus peak 25.981 26.000 Flood
37.150 54220 | Gl14e onset 26.910 27.340 Drilling artefact
38.800 58040 | Gl16.1c onset 27.710 28.070 Drilling artefact
39.860 59130 | AUT 28.070 28.140 MMT
46.350 63840 | Gl18 end 28.706 28.720 Flood
46.650 64100 | GI18 onset 28.860 29.140 Slump
48.250 65700 | Corebase (extrapolated) 29.391 29.428 Flood
29.543 29.555 Flood
30.069 30.078 Flood
34.760 35.140 Slump
34.871 34.898 Flood
35.404 35.415 Flood
35.448 35.463 Flood
36.910 37.090 Drilling artefact
39.800 39.860 AUT
40.816 40.828 Flood
41.130 41.450 Slump
41.851 41.868 Flood
42.445 42.471 Flood
42.910 44.240 Drilling artefact
44.512 44.597 Flood
46.493 46.519 Flood
46.910 47.290 Drilling artefact
48.250 69.000 Eruption

Supplementary Table 27 Ager marker points of core MS1. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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ow1

Ager

Albert et al. subm

OW1 Events

[m] [yr b2k] [m] [m]
Depth Age Comment Depth top Depth base | Comment
0.000 25800 | Coretop (extrapolated) 7.410 7.600 Slump
9.190 28600 | Gl4 end/ onset GS4 7.900 8.410 Drilling artefact
9.490 28900 | Gl4 onset 8.830 8.920 Drilling artefact
18.300 32040 | GI5.2 end / onset GS5.2 9.477 10.043 Drilling artefact
19.000 32500 | GI5.2 onset 10.073 10.145 Drilling artefact
19.650 33360 | GI6 end / onset GS6 10.240 10.430 Drilling artefact
20.030 33740 | GI6 onset 10.997 12.547 Drilling artefact
21.360 34740 | GI7 end/ onset GS7 12.607 12.679 Drilling artefact
22.220 35480 | Gl7c onset 12.707 12.893 Drilling artefact
23.870 36580 | GI8 end/ onset GS8 12.999 14.070 Drilling artefact
26.020 38220 | GI8c onset 27.760 27.780 Tephra
27.500 42240 | Gl11 end/onset GS11 30.200 30.320 Tephra
28.000 43500 | ACE top (to 29.00m) 31.944 31.950 MMT
30.020 44280 | Gl12 end 33.930 34.090 Drilling artefact
30.800 46860 | Gl12c onset 35.170 35.510 Slump
31.950 47340 | MMT 36.500 36.630 Drilling artefact
35.600 48340 | Gl13 end/ onset GS13 37.130 37.780 Slump
36.180 49280 | Gl13c onset 39.363 39.605 AUT
36.330 49600 | Gl14 end/ onset GS14QS 40.119 40.173 Tephra / drilling artefact
38.150 51100 | Carpinus peak 40.260 40.590 Tephra / drilling artefact
38.640 54220 | Gl14e onset 42.985 43.120 Tephra
38.840 55400 | GI15.2 end / onset GS15.2 45.300 45.500 SMT
38.950 55800 | GI15.2 onset 45.500 47.000 Drilling artefact
39.060 56500 | GI16 end/ onset GS16 47.000 47.570 Drilling artefact
39.250 57600 | small Carpinus peak
39.610 59130 | AUT
45.500 72590 | SMT
49.000 76000 | Corebase (extrapolated)

Supplementary Table 28 Ager marker points of core OW1. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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RM2 Ager
Sirocko et al. 2016
Update ELSA-20 strat.
RM2 Events
[m] [yr b2k] [m] [m]
Depth Age Comment Depth top Depth base | Comment
0.000 7700 Coretop 4.630 4.646 Flood
7.700 14692 | Gil onset 4.667 4.675 Flood
20.300 23220 | GI2.2 end/ onset GS2.2 6.467 6.481 Flood
20.800 23340 | GI2.2 onset 6.846 6.857 Flood
28.150 27540 | GI3 end/ onset GS3 7.065 7.082 Flood
28.550 27780 | GI3 onset 8.568 8.579 Flood
28.920 28100 | WBT 9.642 9.650 Flood
29.100 28600 | Gl4 end/ onset GS4 9.693 9.701 Flood
29.900 28900 | Gl4 onset 10.907 10.946 Flood
31.410 30300 | UT1 12.083 12.112 Flood
33.350 32040 | GI5.2 end / onset GS5.2 13.726 13.741 Flood
33.900 32500 | GI5.2 onset 14.000 14.250 Drilling artefact
35.100 33360 | GI6 end/ onset GS6 14.800 15.400 Drilling artefact
35.600 33740 | GI6 onset 15.913 15.921 Flood
36.400 34740 | GI7 end/ onset GS7 16.261 16.271 Flood
36.850 35480 | Gl7c onset 16.330 16.550 Drilling artefact
37.900 36580 | GI8 end/ onset GS8 18.000 18.500 Drilling artefact
40.950 38220 | GI8c onset 19.000 19.250 Drilling artefact
42.350 39900 | GI9 end / onset GS9 22.273 22.298 Flood
42.550 40160 | GI9 onset 22.647 22.659 Flood
42.700 40370 | DWT 26.450 26.900 Slump (GI3)
43.600 43340 | GI11 onset 27.273 27.282 Flood
43.610 43500 | ACE top (to 44.00m) 28.512 28.520 Flood
46.400 46860 | Gl12c onset 28.800 28.920 WBT
47.450 47340 | MMT 29.781 29.792 Flood
47.800 48340 | Gl13 end/ onset GS13 30.161 30.173 Flood
48.450 49280 | Gl13c onset 30.631 30.639 Flood
49.100 49600 | GI14 end / onset GS14QS 31.113 31.122 Flood
50.850 51100 | Carpinus Peak 31.360 31.410 UT1
51.900 54220 | Gl14e begin 34.900 35.100 Drilling artefact
52.350 55400 | GI15.2 end / onset GS15.2 40.831 40.843 Flood
52.800 55800 | GI15.2 onset 40.950 41.150 Drilling artefact
53.150 56500 | GI16 end/ onset GS16 41.441 41.456 Flood
53.80 58280 | GI16.2 onset 41.562 41.581 Flood
56.580 59130 | AUT 42.680 42.700 DWT
62.400 63840 | Gl18 end 43.190 43.360 Slump
62.800 64100 | GI18 onset 43.482 43.494 Flood
65.000 66400 | Corebase 45.250 45.350 Drilling artefact
45.337 45.352 Flood
45.742 45.756 Flood
46.915 46.924 Flood
47.430 47.450 MMT
47.492 47.501 Flood
50.247 50.259 Flood
50.500 50.840 Slump
51.401 51.409 Flood
51.595 51.603 Flood
56.390 56.580 AUT
56.839 56.848 Flood

Supplementary Table 29 Ager marker points of core RM2. Depths of event layers (floods,
slumps, tephra and drilling artefacts) were subtracted from the age/depth model.
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RM2 Events
[m] [m]

Depth top Depth base | Comment
56.913 56.922 Flood
57.247 57.262 Flood
58.000 58.180 Slump
58.527 58.535 Flood
58.671 58.681 Flood
59.458 59.469 Flood
59.503 59.514 Flood
64.000 64.200 Tephra

Supplementary Table 29 cont.
Ager marker points of core
RM2. Depths of event layers
(floods, slumps, tephra and
drilling artefacts) were
subtracted from the age/depth
model.
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Abstract

Indoor radon exposure is a serious hazard to human health. The radon concentration in
surface air varies spatially as a result of the uranium content in the underlying rocks.
However, there exist also considerable knowledge gaps about temporal variations. Here
we document the high temporal variability of radon flux from exhalation in high-
resolution (hourly) time series from a site near Kleinneudorf, Schleswig-Holstein,
Germany. By means of advanced techniques of statistical time series analysis, we show
a close association between radon and meteorological variables (air temperature and
air pressure). We identify four principal weather regimes that lead to different radon
exhalation modes. For each of the modes, we construct a statistical linear model for
radon prediction via the meteorological variables and their derivatives or time-lagged
versions. The model explains between 53 and 86 percent of the variance. Many model
deviations consist in excessively high measured radon values and hint at nonlinear
effects. Other model deviations hint at non-meteorological forcing.
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1 Introduction

The noble gas radon (Rn) has only radioactive isotopes, of which 2>?Rn has the longest
half-life (3.8 days, alpha decay). ?Rn is part of the decay chain of the uranium isotope
2387

Inside the human body, the alpha radiation produced by 2>?Rn and its decay products
may damage body cells. Hence, 2*Rn is considered as one of the main causes of
lung cancer (Yoon et al. 2016). Accordingly, the EU has launched an initiative to
map Rn concentrations in natural soils and rocks (Elio et al. 2019). The purpose is
to determine Rn risk areas, where newly built houses have to be protected against
infiltration from the subsurface strata into the basement. The problem is particularly
pressing for old houses without a baseplate, which were usually built directly on
bare soil. If additionally a strong thermal insulation is installed, then the indoor Rn
concentration for such houses can reach extremely high values, above 10,000 Bg/m?
(Huber et al. 2001), a value otherwise observed only in mines. The WHO (Zeeb and
Shannoun 2009, p. xi therein) proposed a “reference level of 100 Bq/m? to minimize
health hazards due to indoor radon exposure” and, “if this level cannot be reached
under the prevailing country-specific conditions, the chosen reference level should
not exceed 300 Bq/m?>.” See also the EU’s Council Directive 2013/59/Euratom.

As a result of these policies, the natural Rn concentrations in soils and rocks have
to be analyzed. Pioneering work on this for Germany has been performed by Kemski
et al. (2001, 2005, 2009). For Germany, a map (Fig. 1b) was constructed on basis
of measurements done between 1992 and 2003, which is also available from the
website of the Bundesamt fiir Strahlenschutz (https://www.bfs.de/DE/themen/ion/
umwelt/radon/karten/boden.html, last access 15 October 2019). These maps show
large regions of increased Rn content in the southern parts of Germany and also in all
other regions where granite or metal ores (i.e., uranium) are found (Fig. 1b).

The noble gas Rn can be dissolved in groundwater or the open pore space of soils
and subsurface strata. The rate of production and venting from the water will usually
be in steady state, and accordingly the Rn content in the pore water (groundwater)
will be mostly constant over time. The Rn flux from the pore water, however, may
change when the water warms. This can mean up to several degrees between winter
and summer at a given location. In addition to this slow groundwater-related process,
the Rn can be released from the open pore space (often the upper metres of strata)
to the surface by thermal convection in the sediments, in particular along faults and
fractures. On the relation between Rn release from the groundwater and temperature,
see Akawwi (2014). On the influence of thermal convection in sediments, see Mogro-
Campero et al. (1980) and Burkhart and Huber (1993).

Rn concentrations in the Quaternary strata of Northern Germany are generally low
or intermediate. This is the case, for example, in the region of moraines from the
last ice age in Schleswig-Holstein. However, local maxima of Rn have been observed
intermittently at practically all places in Northern Germany. Such local maxima are
thought to be mainly caused by locally high concentration of Rn-bearing rocks (e.g.
granites, in particular those with abundant K-feldspar); see, for example, Kemski et al.
(2001).
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The data for the mapping of the Rn risk areas are measured in distinct time windows.
The “normal” exposition time of a commercial exposimeter (the cheapest and most
effective Rn measurement device) is in the order of a month. However, this exposure
duration appears to be one of the main obstacles towards a consistent map because, as
long time series reveal, the seasonal structure of Rn concentration is rather complex.
For example, at our measurement site (Sect. 2), the monthly average Rn concentrations
in February 2019 is 6183 Bg/m?>, while that in June 2019 is just 1343 Bg/m>.

The availability of high-resolution time series of soil Rn concentrations has
increased over the past few years. This allows to study space-time variability for
critical geographical regions. For example, Moreno et al. (2016) study the Amer fault
zone in Spain at a resolution of one day (and higher) for a 4-year time span; Siino
etal. (2019) examine nine Rn stations from the Italian Radon Monitoring Network at a
resolution of 2 h (and higher) for time intervals between 1 and 5 years; and Tareen et al.
(2019) analyse a series from Muzaffarabad, a town sitting on top of a fault zone in Iran,
at 40-min resolution (and downscaled) for a time span of 1 year. What distinguishes
the present study is the fact that our measurements directly reflect the outgassing Rn
(not the Rn in the soil), which makes it relevant from a health perspective.

The regular structure and the superimposed variations in the time series (Sect. 2)
hint at a meteorological (co-)explanation of the causes of the temporal variability.
Therefore, we measured surface-air temperature and surface-air pressure in the same
device as the Rn concentrations. This allows us to compare selected time windows
from the series by means of statistical methods (Sect. 3). The analytical results (Sect.
4) feed into the discussion (Sect. 5) of the separation of the weather regimes (i.e., Rn
exhalation modes) with the purpose of predicting the Rn concentrations over time.

This paper is about ongoing work within the project ANGUS II. The aims of
this paper are (1) to explore the above mentioned exhalation modes by means of
an advanced high-resolution, direct measurement technique and (2) to compare the
different modes by means of statistical time series analysis. The obtained results are
the basis for a successful prediction of the Rn exhalation. There are two companion
papers to be published elsewhere (Albert et al., manuscript in preparation; Sirocko et
al., manuscript in preparation), to which we briefly refer to in the text.

2 Data

We have monitored the Rn flux above a well, which was drilled into last glacial
meltwater sand and till down to a depth of 40 m. The location is near to the village of
Kleinneudorf, east of lake Plon, Schleswig-Holstein, Germany (Fig. 1).

The drilling at Kleinneudorf is located in a small depression of active subsidence
and highly permeable Quaternary sediments in the uppermost 40 m, which facilitates
high permeability and causes a local “hotspot” of Rn flux (Albert et al., manuscript in
preparation). To understand the role of this specific geological process at Kleinneudorf,
we developed a fluxbox measurement system directly in the subsidence center. The
fluxbox presents a novel approach to measure continuously Rn concentrations in a
chamber, which allows a controlled gas flux from the soil to the air in a system of two
boxes (Fig. 2).
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<20.000
Bq/m*

Fig. 1 Study site and Rn map. a Map of Europe, with Germany indicated; b Rn map for Germany
with concentration levels (shaded) and indicated study area (inset box); also indicated is the Bundesland
Schleswig-Holstein (SH, north of the dashed boundary); ¢ study area, with study site (red marker) indicated.
Modified and reproduced with permission (a Wikipedia; b Bundesamt fiir Strahlenschutz (German Federal
Office for Radiation Protection); ¢ OpenStreetMap) (color figure online)

The schematic drill section (Fig. 2) shows that the groundwater level is at 8 m. The
surface of the well is open, but covered with two boxes, which protect against rain,
direct sun and wind. The casing of the well is solid plastic, so that the inner space of
the casing is filled with gas exhaled only from the groundwater. The gas exhaled from
the soil is trapped in the outer box, intrudes into the inner box, where it is shielded
from direct venting by wind, which is a serious methodological problem in studies of
Rn in houses, tunnels or direct air measurements.

We measured the Rn concentration in the inner box next to the bore hole. The two
boxes are closed, but allow slow convection to the outside. Thus, our measurements
reflect the Rn exhalation and not the soil Rn concentration. That means, the absolute
values of Rn concentration are a function of this setting and cannot be used directly
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Fig.2 Schematic profile of well. Also shown are the two boxes for the detection of the exhalation flux

to compare to soil concentrations (as used for the mapping of the Rn risk areas).
Accordingly, the absolute values in this study are arbitrary, and the variability structure
of the time series (relative changes) is the main source of information. It was mandatory
to keep the boundary conditions constant during the entire time of the experiment,
which was run from April 2018 to September 2019.

The Rn measurements are done with a Canary Pro monitor (manufactured in 2017
by Corentium) (Radon Analytics 2020), modified for scientific use. The measurement

@ Springer
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principle of the Canary device is based on a Si photodiode. When ?>’Rn and its
progeny isotopes 2!8Po and 2'*Po decay within the instrument’s dome, a few of the
released alpha particles hit the open photodiode and the event, where the energy
is released during the impact, is counted. This allows the number of decays to be
measured. This measuring principle can be used to detect both Rn and its daughter
isotopes. However, only Rn can enter the measuring chamber, because the daughters
are electrically charged and get caught in the filters of the device. The modified Canary
monitor has an application range from zero to 100000 Bq/m?>. The efficiency for Rn
sampling specified by the manufacturer is one count per hour at a concentration of
33 Bg/m?. Additionally to hourly Rn sampling, the device can record temperature,
air pressure and humidity. However, due to repeated technical failure of the humidity
sensor, this variable was not considered in this survey.

The full series for the variables Rn concentration, air temperature and air pressure
are shown in Fig. 3. The nominal time spacing is d(i) = t(i) —t(i — 1) =d =1
hour, however, there exist two major gaps for Rn and a few other, minor gaps.

The time series (Fig. 3) shows pronounced Rn maxima for June 2018 and January
2019, that means, during rather different seasons. The processes controlling the Rn
flux are best visible in shorter (about one week) series. Four different modes can be
deciphered. Mode II (Fig. 4) is characterized by a Rn maximum during the night.
Mode III (Fig. 5) exhibits two maxima, one during the night and one in the afternoon.
Mode IV (Fig. 6) has the maximum in the late afternoon. Mode I (Fig. 7) has no
relation to temperature but to decreasing surface air pressure. Apparently, surface air
temperature and surface air pressure are the main control variables for the Rn flux in
our monitoring system.

Hence, we selected four time intervals (Table 1) as representatives of the different
weather regimes (i.e.. Rn exhalation modes)

3 Methods of data analysis

The general aim of climate data analysis is to make an inference about the data gen-
erating system (i.e., the climate) on basis of a set of data values. The data for the Rn
project are in the form of time series. Let 7(i) denote the time value and x (i) denote
the value of a climate parameter (e.g., Rn concentration). The time values may in prin-
ciple be unevenly spaced, although here in the project the case is even spacing (Table
1). Let n denote the sample size. The compact notation for a univariate time series
is {#(i), x(i)};_,. Even spacing means that (i) — t(i — 1) = d(i) = d = constant
fori = 2,...,n. For multivariate time series, we have additional time series, and
we write either x(7), y(i) (bivariate) or x1 (i), x2(i), ..., xp (i) (p-dimensional). The
inference consists (1) in the estimation of values of parameters of a statistical model
for the climate and (2) in the testing of hypotheses about the climate. The models rel-
evant for the project (cross-spectra, trend and regression) are detailed in the following
subsections.

Sincen < oo and the data are affected by measurement noise (Sect. 2), the inference
shows uncertainties. For parameter estimation, the uncertainties are expressed as error
bars, confidence intervals, and so forth. For hypothesis testing, the uncertainty is
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Fig.3 Data, time series of a Rn concentration, b air temperature and ¢ air pressure for the full time interval
(03-04-2018 02:16 to 07-08-2019 10:47). Also indicated (shaded) and numbered are the four intervals used
for statistical analysis (Table 1)
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(@ (b) ()
Radon concentration (Bg/m3) Air temperature (°C) Air pressure (hPa)
1000 2000 3000 10 15 20 990 1000 1010 1020 1030

26_04_20187‘\\\\‘\\\\‘\\\\‘\\\\\‘\\\\‘\\\\‘\\\\‘\\\\
27-04-2018*
28-04-2018*
29-04-2018*
30-04-2018*
© ]
801-05-2018*
02-05-2018*
03-05-20187
04-05-2018*
05-05-20187

Fig.4 Data, time series of a Rn concentration, b air temperature and c¢ air pressure for the time interval 1
(Table 1). This series represents exhalation mode II (“night mode”); see Sect. 5

(a) (b) (c)
Radon concentration (Bg/m3) Air temperature ("C) Air pressure (hPa)
2000 4000 6000 1005 1010 1015

18_07_2018,\uu\uu\uuMH \‘\H\‘HH‘HH‘HH‘H\ N T SR I AT
19-07-2018;
20-07-2018;
21—07—2018;
22—07—2018;
23-07—2018;
24-07-2018;
25-07-2018;
26—07—2018;

Fig.5 Data, time series of a Rn concentration, b air temperature and ¢ air pressure for the time interval 2
(Table 1). This series represents exhalation mode III (“day mode”); see Sect. 5

Date
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(@) (b) (c)
Radon concentration (Bg/m3) Air temperature (°C) Air pressure (hPa)
1000 2000 3000 4000 10 15 20 1005 1010 1015 1020 1025

01_09_2018 ‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\\\\‘\\\\‘\\\\‘\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
02—09—20187
03—09-20187
04-09-20187
05—09—20187
o ]
g 06-09-201 8 -
07-09-20187
08—09—20187
09—09-20187
10-09-20187

Fig.6 Data, time series of a Rn concentration, b air temperature and c¢ air pressure for the time interval 3
(Table 1). This series represents exhalation mode IV (“day + night + air pressure mode”); see Sect. 5

(a) (b) (c)
Radon concentration (Bg/m3) Air temperature (°C) Air pressure (hPa)
5000 10000 10 980 1000 1020

10-02-2019 [ U SR SO o
11-02-2019;
12022019
13-02-2019
14022019
15-02-2019;
éﬁ’ 16022019
17-02-2019
18022019
19022019
20-02-2019
21-02-2019

Fig.7 Data, time series of a Rn concentration, b air temperature and c¢ air pressure for the time interval 4
(Table 1) This series represents exhalation mode I (“air pressure mode”); see Sect. 5
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Table 1 Database, selected time intervals. Also shown (roman numbers) are the corresponding Rn exhala-
tion modes

Interval Mode Start End n d (h)

Air measurement data

Interval 1 I 26-04-2018 02:16 06-05-2018 01:16 240 1
Interval 2 I 18-07-2018 02:16 27-07-2018 01:16 216 1
Interval 3 v 01-09-2018 02:51 11-09-2018 01:51 240 1
Interval 4 1 10-02-2019 01:55 22-02-2019 00:55 288 1
Groundwater measurement data
Interval 1 I 26-04-2018 08:00:00 06-05-2018 00:00:00 117 2
Interval 2 111 18-07-2018 13:58:59 26-07-2018 23:58:59 102 2
Interval 3 v 01-09-2018 09:23:42 11-09-2018 01:23:42 117 2
Interval 4 I 10-02-2019 08:33:29 22-02-2019 00:33:29 141 2
Rn regression model data
Interval 1 I 26-04-2018 14:16 06-05-2018 00:16 114 2
Interval 2 I 18-07-2018 14:16 27-07-2018 00:16 102 2
Interval 3 v 01-09-2018 15:51 11-09-2018 01:51 114 2
Interval 4 1 10-02-2019 14:55 22-02-2019 00:55 138 2
h hour

expressed as P-value, also denoted as false-alarm probability. To allow the assessment
and climatological interpretation of the inferential results, the uncertainties have to be
reported. Estimates without error bars are useless. For more background on climate
and statistical inference, see, for example, the textbooks by von Storch and Zwiers
(1999) or Mudelsee (2014).

3.1 Cross-spectral analysis

Consider a stationary process in continuous time, X (7"), which has a spectral repre-
sentation (Priestley 1981). This means,

X7(T) = 2n)'/? / ) Gri(f) e T df, (1)

—00

where X7/(T) is the truncated process (i.e., X7/(T) = X(T) for =T’ < T < T’ and
X7/(T) = 0 elsewhere),

Gr(f) = @Qm)" '/ / " Xy (1) eI Tar )

—00
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and f is frequency. Then the one-sided nonnormalized power spectral density
function—shortly denoted henceforth as autospectrum—is given by

n(p) = tim {E 27 |Gr(p?) /1), 3)

where E[-] is the expectation operator. The autospectrum is the Fourier transform of
the autocovariance function (Priestley 1981). It measures the variance contribution
of a certain frequency to the overall variance, S2, of the process. Other roads to the
definition of a spectrum exist.

Given a discrete, possibly unevenly sampled time series of size n, {t(i), x({)}]_,,
the task is to estimate the autospectrum. The Lomb—-Scargle periodogram (Lomb 1976;
Scargle 1982) is given by

2
[ X0 X (@) cos (27 f5TG) — Trom)) |
Y [eos (27 £ilT () — romb])]

Ls(fj)=d-

2
[ S0 X (@) sin (2 f7G) = zLom) |
Sy [sin (27 £ G) = tLoms])]”

, “)

where

Sy sin (47 fT(0))
Sy cos (4 f; T (i)’

the search frequencies are f; = 1/ (nd), ..., 1/(2d) and the average temporal spacing
is given by d = [t(n) —t(1)]/(n—1). In the case of even spacing, where d (i) = 1(i) —
t(i — 1) = d = d = const., the Lomb—Scargle periodogram corresponds to the usual
periodogram (Mudelsee 2014). The frequencies f; are employed to search for peaks
of ILs(f}). One drawback of the periodogram is that it is an inconsistent autospectrum
estimator (Bartlett 1955), which means that with increasing n the estimation variance
of the autospectrum does not decrease.

For autospectrum estimation, we therefore followed the common practice (Schulz
and Mudelsee 2002) and employed time series segments (with 50% overlap), segment-
wise linear detrending, segment-wise tapering and averaging of the Lomb—Scargle
periodograms for the segments. We also corrected for autospectrum estimation bias
via Monte Carlo simulations of an AR(1) noise process. The idea is to compare the
theoretical AR(1) spectrum (Priestley 1981) with the average autospectrum over the
simulations in order to obtain a frequency-dependent bias correction factor (Schulz and
Mudelsee 2002). The existence of peaks in the spectrum was tested via the upper 95th
percentile of the distribution for the AR(1) red-noise alternative (Schulz and Mudelsee
2002), which was determined by means of 1000 Monte Carlo simulations. We addi-
tionally assessed peaks by means of Siegel’s test at the 95% confidence level on the
Lomb-Scargle periodogram (Schulz and Stattegger 1997). In the case of a strongly
dominating peak in the estimated autospectrum, Schulz and Stattegger (1997) recom-

)

tan (47 f; TLomb) =
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mended to first subtract this spectral component by means of a filter (Ferraz-Mello
1981) and only then to estimate the AR(1) parameter. We followed this recommen-
dation since Rn concentration and air temperature exhibit strong daily components
(Sect. 4.1). Multitaper estimation may for even spacing provide a superior estimation
since it employs optimal tapers (Mudelsee 2014).

Next, consider two stationary processes, X (7') and Y (T'), with autospectra hx (f)
and Ay (f). The coherency (Schulz and Stattegger 1997) is defined as

2 lhxy(D

_ _ortE 6
X )by (D ©

where hyy(f) is the cross-spectrum, that is, the Fourier transform of the cross-
covariance function (Priestley 1981). The coherency is a dimensionless measure
between 0 and 1, which quantifies the degree of the linear relation between two pro-
cesses in dependence on frequency.

Given two discrete, possibly unevenly sampled time series, {fx (i), x (i )};’ﬁ , and
{ty (@), y(@ )};Zl , the task is to estimate the coherency. Note that the set of time values,
{tx (@ )}:Z |» eeds not to be equal to {ty (i )}?L- The Lomb—Scargle periodogram can
also be used for the estimation of the cross-spectrum (Schulz and Stattegger 1997).

For coherency estimation, we employed segmenting (50% overlap), segment-wise
linear detrending, segment-wise tapering, averaging of periodograms and tests against
the AR(1) red-noise alternative (Olafsdéttir et al. 2016). The upper percentile for the
red-noise alternative was determined by means of 1000 Monte Carlo simulations. The
interpretation of coherency estimates is only meaningful for frequencies where both
X(T) and Y (T) have a significant peak in the autospectrum.

In the case of a meaningful and significant coherency estimate at a certain fre-
quency, the estimate of the phase may shed light on lead-lag behaviour between the
two processes at that frequency. We estimated also the phase via the Lomb-Scargle
periodogram and the estimated cross-spectrum (Olafsdéttir et al. 2016, Eq. (9) therein).
The 95% confidence interval for the phase estimate was determined by means of 1000
Monte Carlo simulations.

For tapering in the estimations, we consistently employed the Welch I type, anumber
of seven overlapping segments and an oversampling factor (which corresponds to
interpolation in the frequency domain in order to better visualize spectrum curves) of
16. The resulting spectral bandwidths (which determine the frequency resolution) for
the Rn concentration and air temperature spectra (Sect. 4.1) is between 2.21-1072 h™!
(n = 288)and 2.94 - 102 h~! (n = 216). See Schulz and Mudelsee (2002) for more
detailed technical explanation.

We used the software REDFIT-X (Olafsddéttir et al. 2016) for autospectrum,
coherency and phase estimation. We used the software TAUEST (Mudelsee 2002)
for the estimation of the AR(1) parameter in the presence of uneven spacing, which
includes a bias correction after Kendall (1954).
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3.2 Kernel trend and derivative estimation

Consider a nonstationary process in continuous time, X (7'), which can be decomposed
into trend, extremes and noise components,

X(T) = Xtrend(T) + Xext(T) + S(T) . Xnoise(T)- (7)

Mudelsee (2014) calls this the climate equation. The noise, Xppise (T), is a zero-mean,
unit-standard deviation process, which may have a spectral representation (Sect. 3.1).
The noise may also describe the memory (i.e., autocorrelation, red noise) of the climate.
The climate variability, S(7), is a positive function. The trend component, X end(7),
is the long-term, possibly time-dependent climate mean. The terms Xieng(7) and
S(T) - Xnoise(T) represent the definition of climate in terms of mean and variability
(Briickner 1890; Hann 1901; Koppen 1923). The extreme component, Xex((7), was
added by Mudelsee (2014) to allow for a separate analysis of climate extremes and
related parameters (e.g., risk).

Given a discrete, possibly unevenly sampled time series, {¢(i), x(i)}/_,, the task is
to estimate the trend component. In many situations, the data analyst aims for trend-
model flexibility and avoids the restriction imposed by parametric models (e.g., linear)
by means of a kernel smoothing technique. The approach by Gasser and Miiller (1979,
1984) is:

n

_ s() T —
e E[ [ o

i=1

where T(i — 1) < s(i — 1) < T(i). (The integration bounds, s (i), are described in a
subsequent paragraph.)

The kernel is a continuous and usually positive and symmetric function, it inte-
grates as [ K (y)dy = 1. The kernel function employed by us is the Epanechnikov
kernel, K(y) = 0.75 - (1 — yz). Another common choice is the Gaussian, K (y) =
@r) "2 exp(—y?/2).

Whereas the choice of K (Epanechnikov, Gaussian, and so forth), is more of
“cosmetic” (Diggle 1985) interest, the bandwidth parameter, , is crucial because
it determines the uncertainty measures for the trend estimate. Although there exist
bandwidth selectors for optimal smoothing (Mudelsee 2014), we prescribed 7 = 1
day in order to smooth over the daily cycle.

Note that the selection of the sequence s(i) in particular, and the Gasser—Miiller
smoothing procedure in general, can be performed on unevenly spaced time series. The
trend can be estimated for all time points within the observation interval, [#(1); #(n)].
The kernel functions are modified near the interval boundaries (Gasser and Miiller
1979, 1984), so that the trend can be estimated also there.

KERNEL (https://www.manfredmudelsee.com/soft/kernel/index.htm, 30 August
2019) is a Fortran software based on routines originally developed by Theo Gasser. It
places the integration bound, s(i), in the middle between two time points. KERNEL
further sets

s(0)=15-¢(1)—-05-¢(2) 9)
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and
sm)y=15-t(n) —0.5-t(n — 1). (10)

Also the first derivative of the variable, d X (T")/dT, and its long-term time depen-
dence, can be studied by means of the kernel technique. This goes via the first derivative
of the kernel function (Gasser and Miiller 1984).

An uncertainty measure for the estimated trend or derivative curves is essential
for assessing the significance of the ups and downs in the estimate, whether these
variations constitute real features or are generated by noise.

Let fgxd(i) be the estimate (sample level) at time 7(i). Date minus trend estimate
define the unweighted nonparametric regression residuals, e(i) = x (i) —ft?é\rfd (i). The
time series of residuals is {¢(i), e(i)}]"_;.

The moving block bootstrap (MBB) resampling procedure (Kiinsch 1989) draws
random blocks of length / (0 < I < n) from the residuals. Mudelsee (2014) presents /-
selectors, which are based on the autocorrelation properties of the data. The MBB then
concatenates the blocks until a series of size n is obtained. The random series, denoted
as {r(i), e*(i)}]_,, preserves the statistical properties of the random component of the
data generating process. These are distributional shape and serial dependence (over
D).

The so-called replication of the trend estimate is obtained via re-application of the
kernel technique. This procedure resampling—estimation is repeated B times (we use
B = 400). The bootstrap standard error, se(T”), of the trend estimate at a certain time
point, T, is defined as the standard deviation over the B replications at 7”.

A pointwise standard-error band can be constructed from the standard-error inter-
vals for the trend estimate as follows. The standard-error interval for the time value 7" is
givenby [XSM (T")—se(T"); XM (T')+se(T")]. The band is obtained by concatenat-

trend trend

ing the upper bounds, X\tcr’é\r’fd(T’)+se(T/),f9\r the full time interval, £(1) < T’ < t(n),
and by concatenating the lower bounds, Xffé\gd(T’ ) — se(T"). For the Rn project,

we show in a conservative approach the wider two-standard-errors bands, which are
obtained from the interval [ngfd(T/) —2se(T); Xgel\r/fd(T’) + 2se(TH].

The book by Mudelsee (2014) contains more details about kernel estimation, MBB
resampling, block length selection and the construction of uncertainty measures.

3.3 Multiple linear regression model

Let Y (i) denote Rn concentration in discrete time. Let X1 (i), X2(i), ..., X ,(i) denote
anumber of p air and groundwater variables. Assume that there exists a simple linear
relation,

Y(@)=pBo+ Bi-X1(0) + B2 X2() + -+ Bp - Xp(i) + Sy (@) - Ynoise(@) (11)

fori = 1,...,n. This is a multiple linear regression model (Montgomery and Peck
1992), where Y (i) is the response variable and X1 (1), X2(i), ..., X, (i) are the predic-
tor variables. The term Sy (i) - Yioise (i) is the noise component. The model can be used
to predict unobserved Rn concentrations on basis of observed air and groundwater
data.
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In order to derive theoretical properties of estimates obtained by means of the
regression model, the assumptions are often made that Sy(i) = Sy is constant
(homoscedasticity) and Yyoise (1) is a purely random Gaussian stochastic process. How-
ever, in practice the model may be useful also in the presence of (1) heteroscedasticity,
(2) autocorrelation and (3) non-Gaussian distributions. Indeed, for practical purposes
the linearity of the model may also be sufficiently accurate in the presence of mild
forms of nonlinear dependence. To quote Box and Draper (1987, p. 424 therein): “
Essentially, all models are wrong, but some are useful. However, the approximate
nature of the model must always be borne in mind.”

Given a discrete, possibly unevenly sampled time series of size n, {1 (i), y(i), x1 (i),
x2(i), ..., Xxp (i)}?zl, the task is to estimate the regression parameters, fBo, B1, 52,
..., Bp. This can be achieved by minimizing the sum of squares of deviations between
data and linear fit. The formulas for this least-squares estimation (Montgomery and
Peck 1992) are as follows. Let

[y(1)
y(2)

y=|". | (response vector), (12)
Ly ()

[ xi (1) xa(1) -+ xp(1)
x1(2) x2(2) - xp(2)

x = (data matrix), (13)
| i) 2 - xp ()
then
5
ﬁ = '3:2 (parameter estimate vector) (14)
r
is given by
B= (x’x)71 x'y. (15)

In this matrix notation (Dahlquist and Bjorck 2008, Appendix A therein), if A is a
matrix, then A’ is its transpose and A~ is its inverse. We used the Im function within
the R computing environment (Dalgaard 2008) for the calculations.

The “classical” uncertainty measures (Montgomery and Peck 1992) for the param-
eter estimates are based on assumptions such as a purely random Gaussian noise. In
case of autocorrelated noise, the estimates can be obtained via the effective data size
Mudelsee (2014, Chapter 2 therein), the determination of which can be achieved via
the time series of the residuals and AR(1) fits (Mudelsee 2002). If there are indications
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that also the distributional assumption is violated, then bootstrap uncertainty measures
(via the MBB) can be determined.

However, the actual parameter estimates (and their uncertainties) are less of interest
in the present paper. The focus is on a strategy for prediction and the selection of
predictors. For this, a measure of the quality of the fit of the model (Eq. 11) to the
data is relevant. Literature (Montgomery and Peck 1992) recommends to calculate the
adjusted coefficient of multiple determination, Rgdj, as follows. Let

n

y=Y y/n, (16)

i=1

n
Syy =Y y@?*—n-y* (17)
i=1

yiuli) = Bo+ Br - x1G) + B2 - x2(D) + -+ By -x,(0), i=1,...,n, (I8)

SSE =Y [y() — ya (), (19)
i=1
R>=1— SSE/Syy, (20
then
Riy=1-(1=R) =1/ i=p-1. e

2
adj’

overfitting with too many predictors. Rgdj and R? are both between 0 and 1. The values
can be used as a measure of the data variance explained by the model.

We made an extension of the model to take into account prior knowledge, namely
that the Rn concentration cannot be less than zero. Hence, we augmented the model
(Eq. 11) as follows: if yg¢(i) < O, then set yg;(i) = 0. This augmented model has one
extra parameter (which has a value of zero). The calculation of Rgdj in Eq. (21) has to
take this into account by an increase of p by one.

The advantage of using the adjusted measure, R2,., instead of R? is that this penalizes

4 Results
4.1 Cross-spectra

The results of the cross-spectral analyses for Rn concentration and air temperature in
the various intervals are presented in numerical form (Table 2) and as plots (Figs. 8,
9, 10 and 11). The phase estimate for the relation between Rn concentration and
air temperature for the daily cycle (Tperioa = 1.0 days) can be used to support the
regression model (Sect. 4.3) via the inclusion of lagged predictor variables. The other
air or groundwater variables do not exhibit strong daily cycles (results not shown).
Forinterval 1, both Rn concentration and air temperature show a clear, highly signif-
icant daily cycle (Fig. 8a, b). The coherency for that cycle is also significant (Fig. 8c).
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Table2 Results, cross-spectral analyses. Tperwd period (one over frequency) of the major spectral peak; a’

bias-corrected AR(1) parameter estimate; <1> phase estimate with 95% confidence interval (<1) > (0 means
that air temperature leads over Rn concentration)

Interval Mode Rn concentration Air temperature )

Tperiod a Tperiod (d) a
Interval 1 I 1.0d 0.44 1.0 0.61 141°[96°; 183°]
Interval 2 111 1.0d 0.13 1.0 0.69 19°[—4°; 44°]
Interval 3 v 8.0h 0.66 1.0 0.54 NA
Interval 4 I 72h 0.56 1.0 0.08 NA

Also shown (roman numbers) are the corresponding Rn exhalation modes. Units: d day; & hour. NA not
applicable

This allows to study the phase, which is estimated (with 95% confidence interval) as
141°[96°; 183°] (Fig. 8d). This means that for the daily cycle, air temperature leads
over Rn concentration by an estimated time lag (with 95% confidence interval) of
(141/360) - 24 h=9.0h [6.4 h; 12.2 h].

Also for interval 2, both Rn concentration and air temperature show a clear, highly
significant daily cycle (Fig. 9a, b). The coherency for that cycle is also significant
(Fig. 9c). The phase is estimated as 19°[—4°; 44°] (Fig. 9d). This means that for the
daily cycle, air temperature leads over Rn concentration by an estimated time lag of
1.3 h [—0.3 h; 2.9 h]. Since the confidence interval includes zero, the time lag is not
statistically significant.

For interval 3 (Fig. 10) and interval 4 (Fig. 11), Rn concentrations do not show a
significant daily cycle. Hence, phase estimation is not applicable here.

On basis of the phase estimates, we included lagged temperature as predictor vari-
able. To accommodate for estimation uncertainties in the phase, and perhaps also of
the peak period, a liberal approach (i.e., many time lags and for all intervals) was taken.
That means, air temperature before O h, 1 h, 2 h, ..., 12 h were used as predictors for
Rn concentrations.

4.2 Trends and derivatives

The results of the analyses of time-dependent trends and time-dependent first deriva-
tives of the air pressure are shown as plots (Figs. 12, 13, 14 and 15). Air pressure and its
changes may constitute relevant meteorological control variables of Rn concentration.
Therefore, they are included as predictors in the regression model (Sect. 4.3).

The shown time intervals in the plots are those for the Rn regression model data
(Table 1). Note that the predictors include air temperature lagged by up to 12 h (Sect.
4.1). This means that the air-pressure data that are available for trend and derivative
estimation (shown as filled symbols in Figs. 12a, 13a, 14a and 15a) extend somewhat
beyond the shown interval boundaries. This explains, for example, the trend estimate
at the earlier interval boundary (10-02-2019 08:55) for interval 4 (Fig. 15a).

The estimated persistence times, T, with standard errors for the fits of an AR(1)
autocorrelation model under uneven spacing (Mudelsee 2002), obtained on the resid-
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Fig.8 Cross-spectra, interval 1
(mode II). See Sect. 3.1 for
methodical details and Table 2
for result numbers. The vertical
bar in panel (d) shows the 95%
confidence interval for the phase
estimate at the daily cycle
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Fig. 12 Kernel trend and derivative estimation, interval 1 (mode II). Shown are data (a; filled symbols),
estimation curves (a, b solid, wiggly lines) and two-standard-errors bands (a, b; shaded). See Sect. 3.2 for
methodical details

uals, e(i), are: interval 1, T = 4.8 &+ 1.0 h;interval 2,7 = 1.1 + 0.2 h; interval
3,7=2.1 & 0.3 handinterval 4, T = 19.8 £ 5.4 h. The variations among these
numbers indicate that the memory of air-pressure fluctuations depends on the general
weather situation. The persistence time estimates, together with samples sizes (Table
1), translate after Mudelsee (2014, Eq. 3.28 therein) into following block lengths, /,
for the MBB: interval 1, [ = 20; interval 2, [ = 7; interval 3,/ = 11 and interval 4,
[ =55.

The MBB confidence bands attest that there occurred significant changes in air-
pressure trends and derivatives on daily and longer timescales (Figs. 12, 13, 14 and
15). This features are taken into account for the regression model of Rn concentrations.
In addition to the smoothed series (h = 1 day) of trend and first derivative, we employ
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Fig. 13 Kernel trend and derivative estimation, interval 2 (mode III). Shown are data (a filled symbols),
estimation curves (a, b solid, wiggly lines) and two-standard-errors bands (a, b shaded). See Sect. 3.2 for
methodical details

as predictors also the original air-pressure data, x (i), and the first differences, x (i) —
x(i — 1), that means, versus before 1 h.

4.3 Regression model

Table 3 shows the description of the 19 predictors for Rn concentration. Since the
model is constrained to yg;(i) > 0, the calculation of Rfdj in Eq. (21) employs a value
of p = 20. The results of the regression model fits are shown as plots (Figs. 16, 17,
18 and 19).
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Fig. 14 Kernel trend and derivative estimation, interval 3 (mode IV). Shown are data (a filled symbols),
estimation curves (a, b; solid, wiggly lines) and two-standard-errors bands (a, b; shaded). See Sect. 3.2 for
methodical details

The overall visual appearances of the fits for the four intervals is good. This is
reflected in the high numerical values of Rgd-, which are not very much smaller than the
theoretical maximum of one. The constraint yg(i) > 0 brought a slight improvement
of fit quality (in terms of RZdj) for intervals 1 and 4. It is remarkable that the rather
simple linear regression model yields such good fits for the four different weather
situations reflected in the four intervals.

Still, there are deviations between data and model. These deviations appear espe-
cially prominent in cases where the data exceed the model fits. One example of such a
prominent peak is between days 8 and 9 for interval 3 (Fig. 18). These peaks of “excess
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estimation curves (a, b; solid, wiggly lines) and two-standard-errors bands (a, b; shaded). See Sect. 3.2 for
methodical details

Rn” (i.e., higher Rn than assumed on basis of the weather conditions) are subjected to
further consideration (Sect. 5).

Another point for further discussion is the separation of the different weather
regimes. This is important for “out-of-sample” prediction. This point is further pursued
in Sect. 5.

5 Discussion

The fits of the relatively simple regression model to the Rn concentration data for the
four time intervals (Figs. 16, 17, 18 and 19) enjoy rather high Rgdj values, between 0.53
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Table 3 Regression model

predictors for Rn concentration

(in units of Bq/m3)

Radon concentration (Bg/m3)

Number Description Unit
1 Air temperature °C
2 Air temperature before 1 h °C
3 Air temperature before 2 h °C
4 Air temperature before 3 h °C
5 Air temperature before 4 h °C
6 Air temperature before 5 h °C
7 Air temperature before 6 h °C
8 Air temperature before 7 h °C
9 Air temperature before 8 h °C
10 Air temperature before 9 h °C
11 Air temperature before 10 h °C
12 Air temperature before 11 h °C
13 Air temperature before 12 h °C
14 Air pressure hPa
15 Air pressure, first difference hPa
16 Air pressure, trend hPa
17 Air pressure, first derivative hPa/d
18 Groundwater level m
19 Groundwater temperature °C
d day

4 —— Measurement

2 3

5 6 7

8 9

Interval 1, 26-04-2018 14:16 to 06-05-2018 00:16 (9.42 days)

Fig. 16 Rn concentration data and regression model fit, interval 1 (mode II). Also shown (shaded) are the
deviations between data and fit. See Sect. 3.3 for methodical details
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Fig. 17 Rn concentration data and regression model fit, interval 2 (mode III). Also shown (shaded) are the
deviations between data and fit. See Sect. 3.3 for methodical details

—e— Measurement

Radon concentration (Bg/m3)

[ LI ‘ LI ‘ LI ‘ LI ‘ L ‘ L ‘ L ‘ L ‘ L ‘ T
0 1 2 3 4 5 6 7 8 9
Interval 3, 01-09-2018 15:51 to 11-09-2018 01:51 (9.42 days)

Fig. 18 Rn concentration data and regression model fit, interval 3 (mode IV). Also shown (shaded) are the
deviations between data and fit. See Sect. 3.3 for methodical details

and 0.86. Also if judged per eye, the fitted models appear to have a good descriptive
power. An interesting methodical extension would be to consider fit measures other
than Rgdj , that means, measures that take into account the persistence in the time series
data. This can be achieved by means of the effective data size Mudelsee (2014). For the
present paper, however, this extension seems to be beyond the scope, and we believe
that the fit assessments would not strongly change.
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Fig. 19 Rn concentration data and regression model fit, interval 4 (mode I). Also shown (shaded) are the
deviations between data and fit. See Sect. 3.3 for methodical details

The largest deviations between model and data (indicated by the shaded areas in
Figs. 16, 17, 18 and 19), are the excess Rn peaks, for which the Rn measurement values
clearly exceed those of the weather-derived model fits. Many of those measurement
peaks appear at times when also the model has a peak (but not so high), as, for example,
around day 8.75 in Fig. 18. This hints at amplifying mechanisms, which may be taken
into account by means of adding nonlinear terms to the regression model. However,
some of the excess Rn measurement peaks may have no counterpart in the model, as,
for example, around day 5.5 in Fig. 18. An explanation of such excess Rn peaks may
be the occurrence of sporadic events affecting the ground, where a kind of “bypass”
is formed to Rn stored in the depth. Microearthquakes can be one type of such an
event (Al-Hilal et al. 1998; Steinitz et al. 2003; Walia et al. 2010). Therefore it would
be interesting to compare the series of excess Rn peaks to seismic time series for
the region. This will be done in a future paper. Other driving factors may be events
of high precipitation and high wind speed (Schumann and Gundersen 1996; Martin
et al. 2004; Gregoric€ et al. 2014). Furthermore, the series of excess Rn peaks may
also be analysed by means of statistical tools from climate risk analysis (Mudelsee
2014, Chapter 6 therein). One typical inference would be the estimation of the return
period of excess peaks, and another inference the analysis of the time-dependence in
the occurrence rate of such events.

A hint for the reader who searches for literature on nonlinear models and data anal-
ysis. Standard references on nonlinear time series analysis are provided by Priestley
(1988) from a statistical viewpoint and Kantz and Schreiber (1997) from a nonlinear
dynamical system viewpoint. Tong (1990, 1992) took the notable approach to build a
bridge between the two areas. Although these research areas are in development, it is
probably a good learning strategy to start with the mentioned works.
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The four time intervals (Table 1) have been selected as representatives of the differ-
ent weather regimes (i.e., Rn exhalation modes). The “in-sample” model fits (Figs. 16,
17, 18 and 19) were on the one hand “necessarily good.” On the other, the good descrip-
tive power of weather has a root in physics. The Rn flux is to a large extent controlled
by only two weather parameters, the surface air pressure and surface air temperature,
which explain a large fraction of the Rn variance (indicated by the Rgdj values). The
physical processes that govern these patterns are likely related to convective meteo-
rological processes. These may influence the partial pressure of a gas above a liquid
(Henry’s law), see, for example, Westphal (1970, p. 245 therein). In particular, it is the
thermal convection in the open pore space in the loose Quaternary sediments above
the groundwater level, from which the Rn is released.

For the practice of prediction, however, it has to be decided on basis of the weather
data which regime, which Rn exhalation mode prevails. What are the defining weather
properties for our site (Fig. 1)?

Exhalation mode 1. The effect of the air pressure becomes best visible during the
weeks of reduced temperature variations, that means, during days of minimal tem-
perature gradients between day and night in October or March. However, particularly
the October is associated with strong air-pressure gradients. This situation leads to
increased flux from the strata into the air during times of rapid pressure reduction (as
the opening the cover of a pot with hot water). The weather regression model for this
exhalation mode explains 86% of the variance.

Exhalation mode II. The maximum of Rn is during the night, when air temperature
falls below the temperature in the borehole, that is, when air temperature is below the
groundwater temperature. This process (called chimney effect) dominates the Rn flux
during winter and can be used as an indirect measure of groundwater temperature.
This process works perfectly in a borehole chimney, but is less effective in normal
soil/strata. Despite this limitation, the Rn maximum during the night is a typical feature
at many other locations outside a borehole (Sirocko et al., manuscript in preparation).
The weather regression model for this exhalation mode explains 53% of the variance.

Exhalation mode III. This regime is a mixture between mode II and mode IV. It
characterizes the transition between these two primary modes. The transition time is
in the order of a few weeks. The weather regression model for this exhalation mode
explains 68% of the variance.

Exhalation mode IV. The precise synchronicity between (1) the maximum Rn flux
during the late afternoon and (2) the beginning of the decrease of air temperature is
typical for the months from May to August (Fig. 17). It can be best explained by
the warming of the subsurface strata during a sunny day, and the onset of thermal
convection/expansion of the soil gas in the open pore space of the upper subsurface
strata. The daily warming of the upper soil strata must lead to convective processes in
the sediments as soon as the direct insolation begins to cease, that is, when the soil at
about 2 m depth is warmer than at the surface. This is the same process as the formation
of fog in a cold air overlying a heated substrate. This explains the Rn maximum in
the late summer afternoon. The weather regression model for this exhalation mode
explains 67% of the variance.

The variations of the Rn concentration in the fluxbox system are apparently strongly
related to changes in air pressure and air temperature, which explain 53—-86% of the
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total measured Rn variance. Accordingly, the largest proportions of degassed Rn is
related to meteorological processes. Our fluxbox system, however, shows that this is
not caused by venting of the detection system (as often occurs in measurement systems
within houses or tunnels), but is indeed related to thermal convective gas flux from
the permeable sediment pore space.

Ongoing work on a 2-year-long time series indicates that the majority of the unex-
plained variance is due to changes in the speed of the wind, which can “suck” gas out
of the ground at high velocities. This third meteorological process will be presented in
an ongoing project, and will likely explain most of the—yet—unexplained variance.

In the statistical area, we are currently experimenting with more or less direct
implementations of the weather regime segmentation via the temperature—air pressure—
season approach described above (Sirocko et al., manuscript in preparation). More
advanced options via machine learning (Breiman 2001; Deloncle et al. 2007) will
eventually also be explored in the future.

6 Conclusions

The flux of Rn from soil to air exhibits considerable time-dependent variability during
the course of a year. This is documented by our new high-resolution measurement
series from a well drilled near Kleinneudorf in the Bundesland Schleswig-Holstein,
Germany.

Statistical time series analysis reveals that the variability is dominated by the daily
cycle and weather variations (temperature and air pressure). It is possible to construct
a Rn prediction model on the basis of weather variables and a segmentation into
four principally different weather regimes (Rn exhalation modes). Still, there remains
additional Rn variability, mainly in the form of excess Rn peaks. This will be pursued in
future papers. Certainly the presented statistical approach can also be applied to other
observed series that record a system with high variability and nonlinear interactions.

Since high Rn concentrations in the surface air are dangerous to human health, risk
analyses of the excess Rn peaks have a high socioeconomic relevance. This type of
analysis can deliver information about the return period of the excess peaks and the
time-dependent occurrence rate of such dangerous events. This allows to better assess
health impacts for a study site.

Our conclusions are based on fundamental process from geology, physics and mete-
orology. Therefore, we expect that the time-dependent variability of Rn is observable
not only at our site but also at other places in Germany and the EU.

The current programmes for spatially mapping the long-term Rn concentrations
in high resolution across the EU are important. However, this endeavour should be
augmented by plans to also monitor the Rn concentrations over time. Such high-quality
spatiotemporal Rn data, analysed by state-of-the-art statistical methods, will provide
a basis for making better Rn risk predictions.
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