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Abstract

Speleothems are recognised as valuable palaeo climate archives. This has lead to an
increasing number of analysed speleothem proxy time series from caves that are distributed
on a global scale. In particular speleothem §'%0 and §'2C time series are investigated. A
hotspot of analysed speleothem proxy time series is Europe, which makes it possible to
perform spatio-temporal coherency analysis of speleothem proxy time series. For this aim a
method is developed that is based on Principal Component Analysis (PCA). The method
is based on a Monte Carlo approach and accounts for the speleothem age uncertainty and
the different temporal resolution of speleothem proxy time series. This method is applied
to compilations of European speleothem 680 and §'3C time series. It is demonstrated
that the results of the PCA for the compiled §'%O time series can be interpreted as a
temperature proxy and as a precipitation/hydrology proxy for the compilation of §'3C
time series. Furthermore, it is showed that the spatio-temporal coherence between the
analysed speleothem 60 and §'3C time series varied with time. Moreover, a change of the
predominant pattern is observed at 4.0 ka.

The second aim of this study is to analyse the change the observed speleothem 620
gradient for European speleothems. A multi-box Rayleigh approach model is developed
(Stable Isotope in Precipitation (SIP) model) that computes the stable isotope composition
of precipitation, infiltrated water and calcite. The model is validated with measured
precipitation §**O and 6D values from the GNIP dataset. It is demonstrated that the SIP
model agrees with the observed §'*O and dD values for the analysed Central European
and Northern European transect. Moreover, it is showed that the precipitation 6'*0 (6D)
gradient depends on the North Atlantic Oscillation. This is interpreted as a change of the
amount of moisture in the atmosphere for Central Europe. The application of the SIP
model of palaeo climate speloethem §'80 gradients suggests that the climate was drier in
the early- and mid-Holocene compared to present-day. In addition, the past §'*O gradients
suggest a transition of the atmospheric circulation from a very negative NAO like pattern
in the early-Holocene (11 ka) to a very positive NAO like pattern in mid-Holocene (4 ka)
and that a reorganisation of the atmospheric circulation occurred at approximately 4 ka
when present-day atmospheric circulation established.
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Zusammenfassung

Speldotheme werden als aufschlussreiche Klimaarchive angesehen. Dies hat dazu gefiihrt,
dass eine Vielzahl von Speldothem Proxy Zeitreichen untersucht wurden. Die analysierten
Speldotheme stammen von Hohlen die iiber die ganze Welt verteilt sind. Insbesondere
werden die 680 und §'3C Zeitreihen von Speldotheme erforscht. Vor allem in Europe
wurden innerhalb des vergangenen Jahrzehnts eine grofie Menge an Speldothem Daten
erhoben, welche ein dichtes raumliches Netz aus Speldothem Proxy Zeitreichen ergeben. Dies
ermoglicht es zeitlich koharente Variationen in den Speldothem Zeitreichen zu erforschen.
Zu diesem Zweck wurde eine Methode entwickelt, die auf Principal Component Analysis
basiert. Die Methode benutz einen Monte Carlo Ansatz und berticksichtigt die Altersun-
sicherheiten von gemessenen Speldothem Altern und die unterschiedliche zeitliche Auflésung
von Speldothem Proxy Zeitreichen. Die Methode wurde auf verschiedene Zusammenstel-
lungen von Speldothem §'¥0 und §*3C Zeitreihen angewendet. Es konnte gezeigt werden,
dass die berechnete gemeinsame zeitliche Komponente der verschiedenen Spelidothem 620
Zeitreihen als Temperatur Proxy interpretiert werden kann, wahrend die gemeinsame
zeitliche Komponente der verschiedenen Speldothem §'3C Zeitreihen als hydrologischer
Proxy aufgefasst werden kann. Ferner konnte gezeigt werden, dass sich die dominanten
Muster der Korrelation zwischen den untersuchten Speldaothem Proxy Zeitreihen und der
errechneten gemeinsame zeitliche Komponente um 4000 Jahren vor heute verandert hat.
Das zweite Ziel dieser Arbeit war die Interpretation des Speldaothem 680 Gradienten der fiir
Europe entdeckt wurde. Hierfiir wurde ein multi-box Rayleigh approach Modell entwickelt
(Stable Isotope in Precipitation (SIP) Modell), dass die stabile Isotopenzusammensetzung
des Niederschlags, der Infiltration und des Kalzits berechnet. Die Ergebnisse des Modells
werden validiert mit gemessenen Niederschlags §'*0O und 6D Daten die durch das GNIP
Netzwerk erhoben wurden. Es wird gezeigt werden, dass die Modell Ergebnisse mit den
gemessenen Niederschlags 6'*0 und 6§D Werten iibereinstimmen. Dariiberhinaus wird der
entdeckte Zusammenhang zwischen der Nordatlantische Oszillation und dem Niederschlag
5180 Gradienten darauf zuriickgefiihrt, dass sich die Luftfeuchte der Atmosphére dndert fiir
die zwei verschiedenen Phasen der Nordatlantische Oszillation. Des Weiteren wird das SIP
Modell dazu verwendet um die Veranderung des Speldothem 680 Gradienten im Holozén
zu erkliren. Die Verianderungen des Speliothem §'*0 Gradienten stammen méglicherweise
von einem trockenerem Klima im frithen und mittleren Stadium des Holozén ab. AuBerdem
kann gezeigt werden, dass es eine Verdnderung der Atmosphérischen Zirkulation gibt die
sich vom frithen zum mittleren Stadium des Holozéan vollzieht. Vermutlich findet um 4 ka
BP eine Reorganisation der Atmospharischen Zirkulation zur heutigen hin statt.
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Part 1

Introduction






~Speleothem: from the Greek spelaion
(cave) and thema (deposit) “

Moore (1952)

Speleothems and climate change

1.1 Speleothems

Speleothems are natural cave deposits that occur in caves world wide. Normally they
are composed of calcite, a crystal type of calcium carbonate (CaCQOg). The origin of
the precipitated mineral lies above the cave within karst zone where limestone (CaCOj)
is dissolved by the percolating water (HoO) that springs from the precipitation above
the karst and soil zone. Thus, the limestone is the provider of the constituent parts of
speleothems and the percolating water the conveyor of the dissolved constituents. However,
the precondition besides the occurrence of limestone and precipitation is the presence of
gaseous carbon dioxide (CO;) within the soil zone (e.g. Ford and Williams, 2007; Fairchild
and Baker, 2012). The CO, accumulates within the soil zone, because of the activity of the
vegetation that is growing on the surface and by the decay of organic matter within the soil
zone. Usually, the COy concentration within the soil zone is much higher compared to the
CO4 concentration of the atmosphere (e.g. Salomons and Mook, 1986). The CO, within
the soil zone is the key ingredient for the formation of speleothems, because it controls the
dissolution of limestone. This is due to the fact that COs in combination with HoO forms
carbonic acid (HoCOg3). In turn, that dissolves CaCOj in the karst zone. Hence, the CO5 in
the soil zone is for speleothems what wind is for a sailing-ship. A speleothem is forming if
COg is present in the soil zone and the growth of the speleothem stops if the CO, is absent
within the soil zone. A schematic illustration of the involved processes is given in Fig. 1.1.

The cascade of the processes pictured in Fig. 1.1 is the dissolution of CO, by water within
the soil zone forming HyCOj3, which is described by the chemical reaction

COQ + HQO — HQCOg. (11)
The solution percolating through the soil zone. It gets in contact with CaCO3 within the

3
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Fig. 1.1: Illustrated are the cascade of processes that occur before ultimately a speleothem
is formed. See text for detail (adapted from Fairchild et al., 2006b).

Dissolution

i

karst zone, where CaCOQgj is dissolved:

CaCOs + Hy,CO3. — 2 - HCO; + Ca®*. (1.2)

The solution, that transports at this stage all constituents that are required for the formation
of speleothems, ultimately enter a cave by fractures of the karst zone. If the cave atmosphere
has lower CO5 concentration equivalent with respect to the CO5 concentration of the entering
solution, the CO, that is dissolved within the solution begins to degas from the solution.
This causes that the solution becomes supersaturated with respect to calcite (CaCOs).
Calcite is then precipitated from the solution. This is described by the following reaction

COy + HyO + CaCO3 ~— -HCO; + Ca**. 1.3
3

The precipitation of calcite causes a great variety of different speleothem shapes inside
caves. An example of stalagmites and stalactites shapes is given in Fig. 1.2 that illustrates
a picture from the interior of Crag Cave (Ireland). One of the most common stalagmite
shapes are "candle like" stalagmites (front stalagmite).

4



1. Speleothems and climate change

Fig. 1.2: Illustrated is a picture taken inside Crag Cave: stalagmites are growing on the
surface and stalactites are forming on the cave ceiling (cc-by Deininger M., 09.08.2012).



1.2. Speleothems as climate (change) recorder

1.2 Speleothems as climate (change) recorder

Speleothems are considered as environmental recorders, that is the reason why speleothems
and in particular stalagmites, are so valuable for environmental and climate investigations.
Speleothems are recording various changes of a multitude of proxy cycles during the their
formation by incorporating the individual proxies either directly into the crystal lattice or
within the crystal lattice. The different proxies are likewise transported into the cave by the
percolating water as the constituents of calcite. Hence, the connection element between the
environment (proxy cycles) above the cave and the speleothem-recorder is the percolating
water.

A scheme of the role of the speleothem-recorder or the environment is given in Fig. 1.3.
It pictures internal and external processes of the environmental (climate) system that
determine or modify the different proxy cycles.

Temperature changes in the atmosphere Atmosphere
and hydrological cycle composmon and
I

circu? tion e.g NAO, SOI)

Changes in
Solar Inputs

Windblown Dust

Sulphur Aerosols
‘& —_—
Cooli RN =
ooling y \Rainout + % Rayleigh y aa
\\\ L Fractionation Volcanic Activity

Evaporation 189 Enrichment

Cryoshere: Sea

A Ice, Ice sheets,
Glaciers
80 Depletion Sulphur
Aerolsols lce Sheet
— Human Influences
n Land uses
=
Ea'_alh?‘s__\__ Soil - Bioshere Interaction Al
(change in response to
Ocean (changes in circulation e.g. RUA precipitation, temperature etc)
ADW, sea level etc)
| U2 AUA
AL L e Allagenic Water RUA e

] Lowland cave system

Fig. 1.3: A schematic illustration of the role of the speleothem-recorder within the
environment. The figure pictures processes that determine and modify the proxy cycles
recorded by speleothems (adapted from Fairchild et al., 2006b).

The most common proxies analysed from speleothems are the stable oxygen isotope compo-
sition, the carbon isotope composition and trace element concentration (e.g. Mg, Sr, U,
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1. Speleothems and climate change

Si, Al) of the calcite (McDermott, 2004; Fairchild and Treble, 2009). Also, speleothems
can be dated with a high precision by the use of U-series disequilibria techniques (Richards
and Dorale, 2003). This allows to date speleothems until an age of c. 500,000 years using
the isotope ratio of the radioactive isotopes 233U and ?*°Th and even until the age of the
earth if Pb is used instead of Th (Richards and Dorale, 2003). Hence, speleothems are
environmental and respectively climate archives that provide several recorded proxy time
series from which information on changes of the proxy cycle can be gained. In other words
speleothems are high quality palaeoclimate archives. This has induced an abrupt rise of
publications that are related to speleothem studies since the 1990s (c.f. Fig. 1 of Fleitmann
and Spotl, 2008). Henderson (2006) states: "For paleoclimate, the past two decades have
been the age of the ice core. The next two may be the age of the speleothem."

However, the considerable potential of speleothems as palaeoclimate archives was first
identified in the late 1960s and 1970s made possible by the foregoing advancement of
dating and sampling techniques for the proxies (Hendy and Wilson, 1968; Duplessy et al.,
1970a; Schwarcz et al., 1976; Harmon et al., 1979; Gascoyne et al., 1978). Since this early
years more than 500 speleothems (with increasing number) were analysed world wide to
investigate for past climate changes and from which information have been gained on the
climate system (e.g. Bar-Matthews et al., 1996; Neff et al., 2001; Wang et al., 2001; Frisia
et al.; 2003; Niggemann et al., 2003; Fleitmann et al., 2004; Mangini et al., 2005; Spotl
et al., 2006; Winograd et al., 2006; Cruz et al., 2009).
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Motivation

The growing number of speleothem studies is steadily increasing the temporal coverage
back in time. But another benefit is, that also the spatial coverage is enlarging. This
allows for spatio-temporal investigations of speleothem proxy time series of regions and
continents which have a high density of analysed speleothems. Omne particular hotspot
of speleothem studies is Europe and the analysed (and published) datasets allow for
quantitative investigations of the spatio-temporal coherency of speleothem proxy time series
(McDermott et al., 2011; Wackerbarth et al., 2012). McDermott et al. (2011) analysed
53 European speleothems that are distributed all over Europe and determined a linear
relationship between present-day speleothem §'80 values and the longitude of the respective
speleothem location for a selected speleothem 6180 time series. In addition McDermott et al.
(2011) demonstrated that the 6'*0 gradient changed during the Holocene. McDermott et al.
(2011) analysed time slices of 1000 years from 0 ka to 12 ka with a temporal resolution of
100 years. Wackerbarth et al. (2012) performed a more sophisticated method by comparing
measured speleothem 620 at a 6 ka with modelled speleothem 6*¥0 values. The modelled
5180 values were calculated by using the 'Oxygen isotope Drip water and Stalagmite Model"
applied on the computed §'80 values derived by the ECHAMS5-wiso General Circulation
Model (Werner et al., 2011; Langebroek et al., 2011).

The framework of this work ties in with McDermott et al. (2011) and analyses the spatio-
temporal coherency of speleothem 50 AND §'3C time series. However, the aim of this
work is to determine the common general long-term trends of speleothem §'*0 and §'3C
time series, and the short-term variability of 6¥0 and §'3C time series. For this purpose
Principal Component Analysis are performed on different compilations of speleothem §80
and 6'3C time series that cover the last 10,000 years. The used speleothems are covering
most parts of Europe, except the Mediterranean, and allow therefore spatio-temporal
coherency analysis for the Holocene. Furthermore, a "Stable Isotopes in Precipitation"
model has been developed to investigate the causes of the temporal change of the §80
gradients discovered by McDermott et al. (2011).

9



This work is divided in several parts: The first part in the Chapters 3-9 gives a compre-
hensive overview on the physics of speleothems. The second part is aimed to the description
of the Principal Component Analysis and the application of Principal Component Analysis
on speleothem proxy time series (Chapter 10). In Chapter 11 the "Stable Isotopes in
Precipitation" model is explained an applied on present-day precipitation stable isotope
data. The results of the Principal Component Analysis and Stable Isotopes in Precipitation
model are discussed in Chapters 12-17.

10



Part 11

Speleothems
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The formation of speleothems

Speleothems are formed in caves all around the globe and occur in spectacular shapes.
Each cave environment is unique and so is the "Lebensraum" for speleothems inside a cave
which is also stated as the speleothem incubator Fairchild and Baker (2012). The growth
of speleothems is a simple result of the cause-and-effect chain of the CO5-Hy0O-CaCOg
system and has been described in many published studies (e.g. Hendy, 1971; Buhmann and
Dreybrodt, 1985a,b; Fairchild et al., 2006a,b) and books (e.g. Dreybrodt, 1988; Ford and
Williams, 2007; Fairchild and Baker, 2012). The cascade of processes ultimately forcing the
formation of speleothems is schematically pictured in Fig. 3.1.

HiG+ 00, — HCD, 3

Dissolution

Catil, + HOO, —= Cat+ PHEO,

P e T TR [

Decrock

1 § A L, T |r \‘1'|": e
- —-1 |
[ cate EHCO—eCalO,+ H O,

)
L™

Fig. 3.1: Simplified chart of the karst
system and the reactions of the CO»-
H,O-CaCO3 system that take place

within the karst system (adapted from
Fairchild et al., 2006b).
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Just as for living organisms, water is indis-
pensable for the development of speleothems,
transporting the principle constituents of
speleothems into caves. These are the car-
bon bearing species of the CO,-H,O-CaCOs5
system and calcium ions. When a precipita-
tion event occurs in a region where a cave
is located the water penetrates the soil zone.
Due to plant respiration and the decay of
organic matter, which is the source of CO,
within the soil zone, the soil zone usually
has a higher COy concentration compared
to the atmosphere above the surface. There-
fore, when the water infiltrates the soil zone,
the infiltrated water is undersaturated with
respect to CO,. This results in the dissolu-
tion of gaseous COs and the dissolved CO,
is transformed into carbonic acid, HoCO3 in
the presence of water. This is indicated by



3.1. The carbonate system - The chemical properties of the CO5-H,O-CaCO3 system

the reaction COy+H,O — HyCOgj in Fig. 3.1. HyCOj3 dissociates into hydrogen carbonate,
HCOj3, and carbonate CO3™.

The portion of the carbon bearing species within the solution depends on the gaseous CO,
concentration in the soil zone, usually quotes as the CO, partial pressure, pCO,, and the
temperature of the soil zone. Because CaCOQOj is usually absent in the top layer of the soil
zone, the solution is undersaturated with respect to CaCOs. When the highly corrosive
solution penetrates deeper into the soil zone, the solution gets into contact with CaCO3 at
the boundary between the soil and the karst zone. From the moment on that the solution
is in contact with CaCOg3, CaCOj5 is dissolved, while the solution is still penetrating deeper
and deeper into the karst zone, until the solution is in chemical equilibrium. This can be
expressed by the reaction: CaCO3+H,CO3 — Ca?"+2.-HCOj3 in Fig. 3.1. The chemical
equilibrium state of the solution is determined by the chemical laws of the CO4-H;O-CaCOg
system. Within the karst zone caves have developed on geological time scales and are pose
a different environment compared to the karst zone above a cave. The key property of caves
is that the CO5y concentration is normally smaller compared to the CO5y concentration of
the soil zone. When the percolating solution enters a cave on its way through the karst
zone, it changes its chemical property of being in a chemical equilibrium state into being
in a chemical disequilibrium state caused by difference between the pCO; of the cave and
the soil zone. The chemical disequilibrium forces the degassing of CO, from the solution
and causes the supersaturation of the solution with respect to calcite. Ultimately, calcite is
precipitated from the solution and a speleothem is formed. This is expressed through the
reaction Ca?t+2-HCO; — COy+H,0+CaCOj3 in Fig. 3.1

A short summary has been given in the previous paragraph describing the fundamental
processes of speleothem formation. In the following section, the chemical properties of the
CO3-H50-CaCOj system shall be discussed in detail. In subsequent sections the focus is
on the formation of speleothems. In subsequent sections, a focus shall be layed on the
formation of speleothems.

3.1 The carbonate system - The chemical properties
of the CO,-H,0-CaCQO;3; system

The growth of speleothems is determined by the chemical properties of the CO5-HyO-CaCO4
system, which is characterized by the relationship of the chemical reactions of the following
species: gaseous carbon dioxide, COy(g), aqueous carbon dioxide, COy(aq), carbonic acid,
H,COg, hydrogen carbonate (bicarbonate), HCOjg, carbonate, CO2™, calcium ions, Ca?*
and calcium carbonate, CaCQO3. Many investigations have been performed in the 20"
century to understand the complex relationships of the carbonate system, which have
been culminated in comprehensive books on karst and speleothem science (e.g. Dreybrodt,
1988; Ford and Williams, 2007; Fairchild and Baker, 2012). The following discussion on
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3. The formation of speleothems

speleothem formation based on these mentioned books and references therein.

To investigate the chemical properties of the CO9-HyO-CaCOj3 system, a thought experiment
is performed. A vessel is considered that is located in a chamber with a N,-CO4y atmosphere
with variable CO, partial pressure, pCOs. The experiment vessel is filled with water, HyO,
and the bottom of the vessel is made of CaCOgs; without any limitation of our derived
results, the walls of the experiment vessel are made of glass.

In a first though experiment the properties of the CO5-H,O-CaCOj3 system in chemical
equilibrium are investigated, whereas in the second thought experiment the properties
of the CO5-H0O-CaCOj3 system for a chemical non-equilibrium (disequilibrium) scenario
are investigated, i.e., the chemical kinetic properties of the carbonate system. The latter
includes the dissolution and precipitation of CaCO3.

3.1.1 The chemical properties of the CO,-H,O-CaCOj system for
chemical equilibrium

The first thought experiment shall illuminate the equilibrium conditions of the CO5-H50-
CaCOj system. For this, the solubility of COs(g) in HyO is investigated. This is described
by Henry’s law, which states that the equilibrium concentration of the gas (COz(aq)) in
the liquid (H,O) is directly proportional to the partial pressure of the gas (COs(g)).

COs(g) 2 COy(aq) (3.1)
~(Co3Y)
Kn="5. (3.2)

Eq. (3.1) and Eq. (3.2) are the related chemical reaction and Henry’s law, respectively, for
the exchange of gaseous and aqueous COs in the equilibrium state. The dissolved COs is
further transformed into HoCOg3 when it gets in contact with H,O. This is described by the
chemical reaction in Eq. (3.3) and the related mathematical expression Eq. (3.4).

COs(aq) + HyO 22 HyCOs (3.3)

I (HCO3)
K ~ (COs(ag)) 4

It is very common to use the abbreviation HoCO3; for the sum of the concentrations of
COs(aq) and HyCO;3. Eq. (3.2) and Eq. (3.3) can be then combined to
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1 (H,CO3)

" R T (COsag)

(3.5)

H,COj dissociates then into HCO3 (Eq. 3.6 and Eq. 3.7) and in a subsequent step HCO3
into CO%™ (Eq. 3.8 and Eq. 3.9).

H,CO3 = HCO; + H* (3.6)

(H*) (HCOy)

K — 3.7

L (HC0) (37)

HCO; 2 CO¥ + H* (3.8)
H*) (CO2~

o (H*) (CO3) (39)

(HCOy)

Finally, CO3~ and Ca?* reacts with the surface of the CaCOj3 crystal, which is described by

CaCOy =2 Ca?t + 0O, (3.10)

K¢ = (Ca®*) (COF). (3.11)

Eq. (3.1), (3.3), (3.6), (3.8) and (3.10) can be summarized to

CO, + HyO + CaCO;3 = 2 - HCO5 + Ca®*. (3.12)

Eq. (3.7) and Eq. (3.9) reveal that the first and second dissociation step of HoCO3 depends
on the concentration of H ions, i.e., on the pH value of the solution in first and second
order, respectively. Consequently, the proportion of the carbonate species (HoCO3, HCOg3,
COg3 ) varies with changing pH value. This is illustrated in Fig. 3.2 for chemical equilibrium
conditions.

Fig. 3.2 depicts the proportion of HyCO3, HCO3 and CO3 for pH values between of 0 to
14 for a temperature of 25 °C and TCO, of 2 mmol per kg. At a pH range from 0 to c. 6,
H,COg3 is the dominant species; from c. 7 to 9 HCO3 dominates and from 11 to 14 COs3.
At a pH value of c. 6.3 and c. 10.2, HoCO3 and HCO3 and HCO3 and COg, respectively,
have the same proportion.
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Fig. 3.2: The figure shows the portion of species of the carbonate system in depen-
dence on the pH (adapted from Zeebe, 2007)

3.1.2 The chemical properties of the CO,-H,0O-CaCOj system for
chemical non-equilibrium conditions

In contrast to the first thought experiment where the properties of the CO5-HyO-CaCOs3
system for chemical equilibrium conditions were studied, the second and third thought
experiments are for chemical non-equilibrium conditions - expressed as chemical disequilib-
rium in the following. This means that the species of the carbonate system are not in a
chemical equilibrium, which leads to different reaction rates for the forward and backwards
reactions of Eq. (3.1), (3.3), (3.6), (3.8) and (3.10). In the following paragraph, three
different chemical disequilibrium scenarios are presented which are conceptually similar to
a natural karst system.

In the second thought experiment, the chemical behaviour of the CO5-H5O system are stud-
ies for the case when water gets in contact with a No-COs atmosphere. In the experimental
setup, this is realized if the vessel is filled with H,O and the chamber atmosphere contains
only Ny (the solution of the vessel is stirred with a magnetic stirrer in order to prevent
diffusive processes inside the solution). Then COs; is injected into the chamber until the
pCO, value of interest is established. Since the CO5 molecules diffuse into the HyO, COy is
continuously pumped into the chamber to maintain a constant pCOy value. The thought
experiment is conceptually identical to the upper soil zone, without the presence of CaCOs3.
The CO4 concentration of the soil voids depends on the CO, flux between the atmosphere
and soil zone, the CO, production by root respiration and the decay of organic matter,
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3.1. The carbonate system - The chemical properties of the CO5-H,O-CaCO3 system

respectively.
The third thought experiment demonstrates the dissolution of CaCO3. CaCOj is dissolved
when

1> (Ca%)K(CCO?’_) = Q. (3.13)

() is the saturation state of the solution. This is the case for a solution that was in
contact with a CO, containing atmosphere but without any physical contact to CaCOs
at the same time. A solution, which fulfils the condition of equation Eq. (3.13), is called
an undersaturated (corrosive) solution. For a corrosive solution, there is no equilibrium
between the left and right side of equation Eq. (3.11), which leads to a net flux from the
left to the right sight of equation Eq. (3.10), i.e,

COy + Hy0 + CaCO5 — 2 - HCO3 + Ca®*. (3.14)

In nature, the third thought experiment is conceptually identical to the situation of a
percolating solution that infiltrates the soil zone. The percolating solution has a higher
CO; concentration compared to the atmosphere (first thought experiment) and enters the
upper karst zone, which contains CaCO3z. Plummer et al. (1978) concluded from their
experimental results that the dissolution of calcite is a sum of three different reactions
Eq. (3.15), (3.16), (3.17) and that the dissolution of calcite can be divided into three
different regions (Fig. 3.3).

In region 1 (Fig. 3.3), i.e., for low pH values, the dissolution rates have a linear dependence
on the pH value of the solution. Furthermore, the results of Plummer et al. (1978) show
that the dissolution rates in this regime also depend on the stirring rate, which indicates
that the dissolution rate in this regime is controlled by the transport of HT ions to the
surface of the calcite crystal (Plummer et al., 1978; Dreybrodt, 1988). The extension of this
dissolution mechanism into region 2 depends on the pCOy value: At 1,000,000 ppm (1 atm)
the limit shows a pH value of 3.5, whereas at 0 ppm (0 atm) it is pH = 4.5. Fig. 3.3 depicts
that in regime 1 the dissolution rates do not depend on the pCO, value; this behaviour
of the dissolution rates changes and the dissolution rates split into different branches for
different pCO, values. In region 2, the dependence of the dissolution rate on the stirring
rate decreases with increasing pH and is independent at a pH value of c. 5. This indicates
that the dissolution rates are limited by surface reactions (Plummer et al., 1978). However,
Dreybrodt (1988) states that this can be used as an approximation as long as the diffusive
boundary layer is not less than 10 pym. In region 3, the three branches of dissolution rates
for different pCO4 values show inflection points that depend on the pCO, value and a sharp
drop of the dissolution rates. The pH value of this drop represents the equilibrium pH
value of the solution with the corresponding pCO, value (Plummer et al., 1978; Dreybrodt,
1988).
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Fig. 3.3: Illustration of the calcite dissolution rate against the pH value. In Region 1
and 2 the dissolution occurs under strong disequilibrium conditions. The dissolution
rate is a function of the pCO4 value of the solution in Region 2 whereas it is independent
on the pCO, value in Region 1. The dissolution rate decreases rapidly in Region 3
when the equilibrium pH value is reached (adapted from Plummer et al., 1978).

CaCOs + HyCO, = Ca®t +2- HCO;,

CaCO3 + H,O = Ca®" + HCO; +OH ™.

CaCO; + HY = Ca®" + HCO;

(3.15)

(3.16)

(3.17)

Plummer et al. (1978) proposed three elemental reactions that take place at the surface of
the calcite crystal (Eq. 3.15, 3.16, 3.17) and derived a rate equation for the dissolution:

Rp=ky- (H") + ky - (HCO3) + ks - (H20) .

(3.18)

Eq. (3.18) is valid in region 1 and 2; in region 3 the dissolution rates are compensated by

the precipitation of calcite.
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Fig. 3.4: The figure illustrates the three different dissolution mechanisms in depen-
dence of the pH value of the solution and the pCOy value of the atmosphere. The
thick lines indicate that the dissolution rate of the related dissolution mechanisms is
equal for the given set of parameters (adapted from Plummer et al., 1978).

Fig. 3.4 depicts the contribution of the different dissolution reactions (Eq. 3.15 - 3.17) to
the total dissolution of calcite at 25 °C for a pCOs range of 0 to 1 atm (0 - 1,000,000
ppm) and pH values between 3 and 10. The non-shaded areas indicate the dominant
dissolution reaction, H stands for reaction (3.15), HoCO} for reaction (3.16) and HyO for
reaction (3.17). The pH value of natural waters is usually between 6.5 and 8.9 for limestone
and dolomite areas (Ford and Williams, 2007); hence reaction (3.17) is the dominant process
that contributes to calcite dissolution for these waters since pCO, vales are in the range
between 1,000 and 100,000 ppm (0.1 atm). Plummer et al. (1978) demonstrated that
Eq. (3.18) needs to be modified to account for calcite precipitation. This is the topic of
the fourth thought experiment. Calcite is precipitated, if the solution is supersaturated
and the precipitation rate dominates the calcite dissolution. In this case, Eq. (3.11) is not
fulfilled, as the right side of Eq. (3.13) is greater than K¢, i.e. 1 <
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3. The formation of speleothems

(Ca**) (CO37) |

1<
K¢

(3.19)

To perform this thought experiment in our experiment vessel, the chamber atmosphere is
flushed with a No-CO5 gas mixture, but with a smaller pCO, value compared to the first
thought experiment. Consequently the solution is supersaturated with respect to calcite.
For a supersaturated solution, the products are on the left side of Eq. (3.12) whereas the
reactant are on the right side. For precipitation Eq. (3.12) is formulated as:

COy + Hy0 + CaCO53 +— 2 - HCO3 + Ca®*. (3.20)

To translate this thought experiment, i.e., the precipitation of calcite, into the physical
karst world, the solution of the third thought experiment need to enter a hollow space
within the karst zone, e.g., a cave. The atmosphere of this hollow space has a smaller pCO,
value compared to the pCO, value at which the solution is in chemical equilibrium. Based
on the three dissolution reactions (Eq. 3.15, 3.16, 3.17), Plummer et al. (1978) concluded
that the back reaction rate, i.e., precipitation rate, is:

Rp = Rpi + Rpy + Rps = kay - (Ca**) (HCO3 ) + {kay (HCO3 ) } - (Ca**) (HCOy)
+{kis (OH™)} - (Ca?*) (HCOY ) = by - (Ca®") (HC?ggl)

Plummer et al. (1978) discovered that the constants k;, ko and ks depend only on the
temperature, whereas k; depends also on the pCO, value. In region 3 (Fig. 3.3), the
precipitation rate becomes more important and Eq. (3.18) is extended by Rp (Eq. 3.21) and
results in a comprehensive rate equation. This rate equation is often called PWP equation,
after the first letter of the surname of the authors, i.e. Plummer, Wighley, Parkhurst:

R=ky - (H*) +ky - (HyCO5) + ks - (Hy0) — ky - (Ca**) (HCO3 ) . (3.22)

In a following investigation, Busenberg and Plummer (1986) and Dreybrodt et al. (1997)
demonstrated that Eq. (3.22) needs to be modified for inhibiting effects for calcite (and
aragonite) precipitation for a saturation state between 1.5 < 2 < 100 (2 < ©Q < 100).
Dreybrodt et al. (1997) introduced a factor f that describes the inhibiting behaviours. This
can be expressed as in Eq. (3.22):

R=ky- (H") + ks (HyCO3) + ks - (H0) = f - ks - (Ca®") (HCOy ) . (3.23)
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2
f is defined by ([C’a2+]eq / [C’a2+]app) , whereas [C'a®*],, is the theoretical equilibrium

concentration. [C’a2+]app is the apparent quasi-equilibrium concentration (Dreybrodt et al.,
1997) found a value of 0.8 for f. Busenberg and Plummer (1986) introduced an equivalent
equation for the precipitation rate:

Rp=hy- (C-E - (Ca®*) (HCO;)) . (3.24)

In Eq. (3.24), C is a constant that equates 1/f (Dreybrodt et al., 1997) and E is (Ca®"),
From f it follows, that the apparent calcium ion concentration is

¢

= % (3.25)
w08 '

It follows further, that the Eq. (3.25) is the apparent quasi-equilibrium concentration of
the calcium ions is elevated by factor of 1/4/0.8 > 1 compared to chemical equilibrium.
Dreybrodt et al. (1997) interpreted this observations as inhibiting effects, which might be
caused by impurities.

[Ca®]

3.1.3 The chemical properties of the CO,-H,;O-CaCOj system for
thin films

In the previous section we discussed the chemical kinetics of the CO5-HyO-CaCOj3 system
but neglected physical kinetics of the chemical species within the solution. We argued
that due to the continuous stirring of the solution, which can be realized with a magnetic
stirrer, physical transportation processes are negligible in comparison to the reaction rates
of the chemical reactions, i.e., only the chemical reactions are rate limiting. Buhmann and
Dreybrodt (1985a) and Buhmann and Dreybrodt (1985b) investigated the precipitation
and dissolution rates for nature-like conditions for open and closed systems, respectively,
at which open means an unlimited COy(g) source and closed a limited CO4(g) source.
(Buhmann and Dreybrodt, 1985a) demonstrated that the dissolution and precipitation rate
are limited by (¢) the chemical precipitation and dissolution mechanisms at the crystal
surface, described by the PWP-equation, (ii) the slow conversion of hydrogencarbonate
(HCO3) into aqueous COy and (ii7) the molecular diffusion of the ions within the solution
layer. The results of the authors demonstrate that the dissolution or precipitation rates
are a linear function that depends on a rate constant, o; (i = D for CaCOj dissolution;
i = P for CaCOj precipitation) and on the difference between the solution’s actual Ca?*
concentration and the apparent Ca?* concentration; the latter is a function of the pCO,
value of the solution’s surrounding cave atmosphere.

R; = a; - ([Ca**] = [Ca*"]uy) (3.26)
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In the following paragraph, an emphasize shall be but on open-system conditions and on the
precipitation kinetics, as these are the conditions which describe natural cave environments.
Based on the work of Buhmann and Dreybrodt (1985a), Baker et al. (1998) determined the
value for ap for nature-like conditions. ap has been calculated for different solution film
thicknesses in the temperature range between 0 and 25 °C. Further results of Baker et al.
(1998), suggest that ap is independent from the cave’s pCO, value illustrated by Fig. 3
in Baker et al. (1998). Close to chemical equilibrium the functional relationship of ap on
temperature and film thickness might be not valid due to the inhibiting effects for calcite
precipitation at the crystal surface (Dreybrodt et al., 1997; Baker et al., 1998).

3.2 Speleothemgrowth

Speleothemgrowth is the effect of a net flux of calcium ions (Ca?*) and carbonate species
on an existing crystal surface caused by supersaturation of the solution (£2 > 1). The
flux of Ca?" ions to the crystal surface can be calculated with Eq. (3.26) (Buhmann and
Dreybrodt, 1985a; Dreybrodt, 1999; Baker et al., 1998).

Rp=ap- ({Ca%“} - [C’a”}app) (3.27)

To calculate the temporal derivative of the Ca?t concentration we apply the continuity
equation (Eq. 3.28),

gt-ngdiv (0-7) =0, (3.28)

on Eq. 3.27, at which p is replaced by the calcium excess, ([C’a2+] — [Ca2+]ap), and v by
the precipitation rate constant, ap. This yields Eq. 3.29.

o (Joe] ~[ea] Y+ o (([oa] - [oa] Yoar) =0 (329)

For a thin solution layer with height §, the differential 9/0z can be replaced by 1/§.
Transposing Eq. (3.29) for the temporal change of the calcium ion concentration, Eq. (3.30)
is obtained, which allows to calculate the precipitation rate for thin solution films.

g (o] =lear],,) == ([ea] ~[ea],,) @

Solving equation Eq. (3.30) results in equation Eq. (3.31) and Eq. (3.32), respectively.
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([ca2+] (t) - [Ca*'] app) _ ([caﬂ (to) — [caﬂapp) -exp{—a; (t — tg)} (3.31)

[(Ca?*] () = ([caﬂ (fo) — [Gaﬂapp) eaxp {—Og’ (t - to)} + [ca?] (3.32)

app

The temporal evolution of HCO3; can be derived from Eq. (3.32). Since HCOg3 is the
dominate carbon bearing species of the CO5-H,O-CaCO3 system for natural karst waters,
the electro neutrality conditions require that 2- [Ca®*T] = |[HCO3 } Hence, the temporal

evolution of HCOg3 is given by Eq. (3.33). [HCO3 4y, is the apparent HCO3 concentration
and account the inhibiting effects of the calcite precipitation. [HCOgz],,, can be calculated
by [HCO3 ] = [HCO3].e/v/0.8 whereas [HCO3]., is the equilibrium concentration of
HCOj3 with respect to the pCO5 of the atmosphere above the solution.

(HCO7] (1) = ([HCOS] (to) — [Hcog}app) -e:z:p{—ap (t — to)} +[HCO;]  (333)

) app

Since every single Ca*" atom (together with a species of the carbonate system) constitutes
a CaCOj3 molecule, which is incorporated into the calcite lattice, Eq. (3.27) can be used to
calculate the speleothem growth rate for a given calcium ion excess and a set of parameter
for temperature and solution film thickness, which determines the precipitation rate constant
ap. If we substitute the Ca?* concentration with the functional relationship of the calcium
ion concentration on time (Eq. 3.32), Eq. (3.27) changes into a function of time, that can
be formulated as follows:

Re (1) = ap - ([CW] (1) — [caﬂapp) | (3.34)

Eq. (3.34) allows to calculate the mean growth rate over a time interval, At. With discrete
time steps of length dt, the time interval At can be divided in n summands. The mean
growth rate, Gspeicothem, is the sum of precipitated CaCOj3 at a given point in time divided
by the number of time steps Eq. 3.35.

(R if} R, () = Tll - apf:l ([ca*] (1) — [Ca?*] (¢ + b)) (3.35)

For limes dt — 0, the sum in equation Eq. (3.35) becomes an integral (Eq. 3.36) and can
be formulated as:
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to+At
1

G speleothem = Az / dt - ap - ([C’a%} (t) — [C’a%}app) : (3.36)

to

The solution of equation Eq. 3.36 is (Dreybrodt, 1999)

G speteothem = A(St : ([C’a”} (t) — [C’a“hpp) : <1 —exp {O;P (to + At — tg)}> . (3.37)

Equation (3.37) can be applied to different sets of parameters allowing to calculate a
theoretical growth rate of a forming speleothem (e.g. Kaufmann, 2003; Kaufmann and
Dreybrodt, 2004; Miihlinghaus et al., 2007).
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Dating of speleothems

For speleothems several dating techniques can be applied. First speleothem investigations
were based on radiocarbon dating (e.g. Broecker et al., 1960) and uranium-series disequilib-
rium (e.g. Rosholt and Antal, 1962). Today, pushed by the advances of mass spectrometry
development, the commonly the commonly used technique is based on uranium-series dise-
quilibrium (Edwards et al., 1997; Hoffmann et al., 2007). 4C dating and lamina counting
are mostly used to receive additional age information. “C is frequently applied to verify if
speleothems are actively growing tracing the *C bomb-peak, caused by surficial atomic
bombs tests between 1945 and 1963 (e.g. Scholz et al., 2012a). C and §'3C is also used
as an environmental tracer of the biological activity in the soil zone (Rudzka et al., 2011)
and also to investigate past hydrological conditions in the soil and karst zone (Griffiths
et al., 2012). C measurements in speleothems are also used for the calibration of the past
atmospheric radiocarbon content (Hoffmann et al., 2010). All the mentioned examples
of the application of *C, beside radiocarbon dating, have one thing in common: to have
dated ages along the growth axis not basing on radio carbon dating. This is mostly done
by uranium-series disequilibrium techniques.

Uranium-series disequilibrium techniques are based on the disturbance of the secular equi-
librium between parent nuclei (*¥U, 23°U) and the intermediate and long-lived daughter
isotopes (#3°Th, #'Pa) of the radioactive decay-series. From the disequilibrium state be-
tween 22U and 2*°Th it is possible to date samples with ages up to <~ 500 ka; for 2**U and
231Pa, samples can be dated with ages <~ 200 ka. Applying the radioactive decay-chain
U-Th-Pb samples with ages up to the earth’s age can be dated Richards and Dorale (2003).
The common procedure is to take carbonate samples along the growth axis, to prepare the
samples for the mass spectrometry measurements by separating the uranium and thorium
elements by chemical fractionation described by Frank et al. (2000) and Hoffmann et al.
(2007).

In the following section the basics of the uranium-series disequilibrium shall be explained
following the structure and content of Richards and Dorale (2003). For a comprehensive
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decay-series: General principles

review on uranium-series chronology, the reader shall be referred to Richards and Dorale
(2003) and references therein.

4.1 Dating of speleothems by uranium-series disequi-
librium - The ?**Th-?U-?**U decay-series: Gen-

eral principles

In any material that occurs in nature being undisturbed for millions and millions of years, the
parent and daughter isotopes of the 23*U radioactive decay series are in secular equilibrium.
This is due to the reason that the half-life of parent nuclide is much greater than that of
it’s daughters. For the 23¥U decay chain, the most important half-lifes are that of 238U,
231U and the long lived daughter 2°Th being Ta3s = 4.4683 + 0.0048:-10° years (Ag3s =
IH(Q)/T238) (Jaffey et al., 1971), T234 == 234,250 + 490 years ()\234 = 1H(2)/T234) (Cheng
et al., 2000) and Ta39 = 75,690 + 230 years (Ao = In(2)/Ta30) (Cheng et al., 2000). In the
earth’s continental crust, the average abundance of uranium and thorium are 1.7 and 8.5
1g/g (Wedepohl, 1995). The secular equilibrium between the parent and its intermediate
daughters of a decay chain can be disturbed in secondary precipitates caused by chemical,
physical or nuclear fractionation processes. Hence, they are in a disequilibrium state at
the time of precipitation. The evolution of the daughter to parent activity ratio can be
calculated, if intermediate and daughter products of the decay chain were absent, or in case
not, their concentrations are known and the activities can be corrected for. Furthermore,
the system has to be closed since the time of formation, i.e., there were no sinks and sources
of parent and daughter nuclei. For the 28U radioactive decay-series, this, the extreme
fractionation of the parent nuclei 28U and #**U and it’s long-lived daughter 23°Th in the
hydrosphere, is, what makes it possible to date speleothems (Richards and Dorale, 2003)
The fractionation between the 238- and 234-uranium isotopes and 230-thorium is caused
by the different solubility of the elements, respectively. Uranium is in contrast to thorium
readily soluble. This is due to the fact that uranium exists in nature basically as the highly
soluble uranyl ion (UO3"). In karst waters, the uranyl ion also forms stable carbonate
complexes. Thorium usually occurs in nature in it’s +4 oxidation state. This results in a
very high hydrolysis potential and causes that thorium is highly particle-like (inorganic or
organic) and very mobile. This explains why secondary carbonates have negligible thorium
concentrations while uranium is precipitated with CaCO3 and so abundant in secondary
carbonates (Richards and Dorale, 2003).

The activity ratio between 23°Th and 23U for a closed system under the conditions that
the 230-thorium concentration at the time of precipitation is negligible and that the ratio
between 231U and ?*®U is unity can be calculated with Eq. (4.1) (Richards and Dorale,
2003). (*9Th/?3U) 4 is the activity ratio between 2*Th and 28U, A\g3o the decay constant
of 2°Th and ¢ the time.
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4. Dating of speleothems

230Th
<238[]>A =1- exp {—)\230 . t} (41)

However, the condition that (*3*U/?¥U) = 1 is usually not fulfilled in natural waters and so
also for secondary carbonates. This is caused by physical fractionation processes between
238U and 21U during the dissolution of rocks. However, if the ratio between **Th and 23U
during the formation of secondary carbonates can be estimated, the temporal evolution of
(34U /38U) can be calculated with Eq. (4.2) (Richards and Dorale, 2003). 623U (t) gives
the relative degree of the deviation from the secular equilibrium between 23¥U and 234U at
time ¢ and is given by the term: §?4U = (#4U/?380),,/(***U/*3¥U),,-1. The subscripts "m"
and "eq" denotes the measured mass ratio and the mass ratio for the secular equilibrium.
Ma3a is the decay constant of 234U. Usually 623U is given as

(5234(] (t) = 5234(] (to) - exXp {—/\234 : t} (42)

If 624U (to) can be adequately estimated, Eq. (4.2) can be used to calculate carbonate
ages. However, generally 623U (t,) variations are observed and are thus limiting the use of
Eq. (4.2) (Richards and Dorale, 2003). As a consequence of the disequilibrium between
2387 and 21U activity ratios in natural waters, the use of Eq. (4.1) is also limited. Usually,
(34U /?8U) 4 is larger than unity and can have values up to 30 (Osmond et al., 1983;
Richards and Dorale, 2003). Hence, Eq. (4.1) must be extended to account for the state
of disequilibrium between 2**U and 23U and is resulting in Eq. (4.3) (from Kaufman and
Broecker, 1965).

230Th
( 23877

) = 1—exp {—Ag30 - L} 624U (t)- (ﬂ) (1 —exp {(A2za — Aago) t}) (4.3)
A 230 234

The solution of Eq. (4.3) is illustrated in Fig. 4.1 for different §2*'U (to) values. Further
assumptions have been, that the system is closed and that the initial concentration of 23°Th
= 0. With evolving time, a secular equilibrium between parent and daughter nuclei is
reached and the activity ratio between 2°Th and #*8U reaches unity. Using Eq. (4.3), the
age of a carbonate sample from a speleothem can be calculated iteratively using numerical
algorithms.
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4.2. Dating of speleothems by uranium-series disequilibrium - The ?*°Th-?38U decay-series:
Correction for initial conditions

3.0
43
5 —
: =10 T
e inyg = ———
= _ Thwmto
?-:-l_ ul.n1=145 ]
— =—
'ﬁzﬂumh =0

T L} L

400 600 800 1000
Age (ka)

Fig. 4.1: Temporal evolution of the activity ratio between #°Th and 238U,
(B4U/38U) 4, for different 634U (ty) values under closed system conditions and the
assumption that initial 22Th were absent (adapted from Richards and Dorale, 2003).

4.2 Dating of speleothems by uranium-series disequi-
librium - The ?*°Th-?®U decay-series: Correction
for initial conditions

One assumption of the derivation of Eq. (4.3) is that the initial **Th concentration is
negligible at the time of formation of secondary carbonates. However, when analysing
whole-samples of carbonate, not only the autigenic phase is contributing to the radiogenic
isotopes but also a detrital component composed of particles having adsorbed Th**. Hence,
the condition that the initial ?*°Th = 0 is not fulfilled (Richards and Dorale, 2003, and
references therein). To correct the measured (*9Th/?**U) activity ratio for the detrital
230Th component, the long-lived ?*Th is used with a half-time of 1.401-10'° years (Richards
and Dorale, 2003). For this, the initial 2°Th/?*?Th ratio of the detritus is assumed and
the measured (**°Th/*%U) activity ratio is corrected for it yielding Eq. (4.4). With the
corrected (#9Th/?8U) activity ratio, the age of the carbonate sample can be calculated

applying Eq. (4.3).
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4. Dating of speleothems

230Thcorr 230Th 232Th
(238U>A - (238U>A - (238U> - R - exp {—Aazot } (4.4)

(33°Th/*8U) ,, is the measured activity ratio including the autigenic and detrital **Th
component. The last term is accounting for the detrital 2*°Th component. (*32Th/*8U) , is
the activity ratio between ?32Th and 238U, Ry is the initial activity ratio between 2*°Th and
232Th and the exponential function is accounting for the decay of the initial 2*°Th isotopes.
For Ry, several values are published and Richards and Dorale (2003) states that "there is a
significance difference the arbitrary value adopted in published studies". However, where
there is little contamination, the effect of an incorrect Rg is minimal (Richards and Dorale,
2003). To determine Rg, drip water samples can be investigated. Richards and Dorale
(2003) cite studies giving values for Ry of 1.7+1.4 (2-sigma) basing on (shells, molluscs,
tufas) (Kaufman, 1993) and Ry = 0.840.8 (2-sigma) predicted from the U/Th ratio in the
upper continental crust (Taylor and McLennan, 1995; Wedepohl, 1995) and the secular
equilibrium between 2°Th and 23*U (Rogers and Adams, 1969).
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Isotope fractionation - Part I

Molecules are composed of a certain number of elements. CaCOj is composed of the
elements calcium (Ca), carbon (C) and oxygen (O). Elements are composed of an atomic
core, composed of the element’s specific number of protons and a certain number of neutrons,
and electrons being distributed around the atomic core. However, the element’s atomic core
can be composed of different numbers of neutrons, and these compounds are called isotopes.
The name "isotope" is deduced from Greek and it’s meaning is "equal place" expressing
the fact the isotopes of the same element occupy the same place in the periodic table of
elements. The isotopes of an element can be divided into groups of stable isotopes and
instable isotopes (radioactive). The latter are decaying by «,  and ~ decays, depending
on the radioactive decay chain of the isotope. The different mass of isotopes from an
element causes small changes in their physiochemical properties, called "isotope effects".
This leads to a considerable fractionation of isotopes with different masses during physical
processes and chemical reactions, stated as "isotope fractionation". The isotope effects of a
chemical reaction, e.g., calcite precipitation, or a physical process, e.g., condensation or
evaporation of water, causes fractionation of isotopes with different masses and provides
insights into ongoing physiochemical processes. Therefore, the scope of applications of stable
isotopes is wide (Mook and de Vries, 2000; Mook, 2006; Sharp, 2007; Hoefs, 2009). For the
environmental system, isotopes are used as tracers to gain information on the multitude
of processes that occur (e.g. Dansgaard, 1964; McDermott et al., 2011). In the following
section, a brief introduction shall be given on the principals of isotope fractionation whereas
the rest of the chapter shall be dedicated to isotope fractionation in speleothem science.

5.1 Different states of isotope fractionation

Isotope fractionation can be subdivided into two classes, equilibrium isotope fractionation
and kinetic isotope fractionation and an intermediate class between equilibrium and kinetic
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5.2. Nomenclature of isotope fractionation

isotope fractionation stated as disequilibrium isotope fractionation (e.g. Mook and de Vries,
2000; Mook, 2006). Assuming a chemical reaction or a physical process between two
substances A and B,

A= B, (5.1)

where isotopes are exchanged continuously, whereas the substance with the rare isotope is
quoted with an %, Eq. (5.1) reads as follows:

A"+ B= A+ B (5.2)

Now, the difference between equilibrium and kinetic isotope fractionation is that for
equilibrium isotope fractionation the two substances A and B are interacting with each
other by chemical or physical processes and are in an equilibrium state, which can be
expressed by & in Eq. (5.1), whereas for kinetic isotope fractionation, it is a "one-way"
reaction or physical process, respectively. The = in Eq. (5.1) must be replaced in this
case by —. Hence, the substances are not interacting with each other. The consequence
for the isotopic composition of substance A and B is that in case of equilibrium isotope
fractionation the isotopic compositions of A and B are constant with time; they are in
an isotopic equilibrium with respect to the isotope fractionation processes. For kinetic
isotope fractionation however, the isotopic composition of A and B are constantly changing
because of the isotope selective behaviour of the chemical reaction or physical process.
Disequilibrium isotope fractionation is an intermediate state between equilibrium and
kinetic isotope fractionation, expressing that the process is neither a pure equilibrium nor a
pure kinetic one.

5.2 Nomenclature of isotope fractionation

The isotopic composition of a substance is usually expressed in it’s isotope ratio R, whereas
as R is calculated by the ratio between the rare and the abundant isotope. Like for COs,
the carbon isotopic ratio between '3C, the rare carbon isotope and 2C is given by

n'3C

13R _
CO2 —
2 pl2e’

(5.3)

at which n*®*C and n'2C is the number of CO, molecules bearing a *C or a 2C isotope,
respectively. For better comparisons, the isotopic ratio of a substance is usually given
through it’s d-notation which expresses the relative deviation from a standard isotopic ratio
Rstq. For the carbon isotopic ratio of COs, the d-notation of Eq. (5.3) yields
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5. Isotope fractionation - Part I

13 RCOQ

13 _
0Coo =
st

~1. (5.4)

Due to the small value derived by the d-notation it usually given in per mill (%o).

The effect of the isotope fractionation between two substances is expressed with the isotope
fractionation factor « for a given chemical reaction or physical process, respectively. For
Eq. (5.1) the isotope fractionation factor is

Rp
= — 5-5
ap/A RA’ ( )

whereas Rp and Ry is the isotopic ratio of substance B and A, respectively. If ap,/4 is >1,
the rare isotopes are preferentially incorporated by substance B and if ap/4 <1, it is vice
versa. Due to the fact that the value of ag 4 is usually ~1, it is also expressed by the so
called isotope enrichment factor eg/4 (Eq. 5.6) given in per mill (%o).

€pja = apja — 1 (5.6)

A comprehensive overview on isotope fractionation and the application in earth sciences is
given by Mook and de Vries (2000), Mook (2006), Sharp (2007) and Hoefs (2009).

5.3 Stable isotopes in speleothem science

In speleothem science the most common isotopes being used are stable oxygen and carbon
isotopes. For oxygen isotopes, the isotopic ratio between #O and °0O is analysed and for
carbon isotopes the isotopic ratio between 3C and '2C. The reason for this is rather simple:
calcite, the most common crystal structure of secondary carbonates in nature, is composed
of carbon and oxygen isotopes. By measuring the oxygen and carbon isotopic composition
of a speleothem, the analysed calcite provides isotopic information at the time of formation.
For this, the oxygen and carbon isotopic ratios are measured long the growth axis of a
stalagmite being most representative location of the isotopic composition of the drip water
falling from the cave ceiling. Another advantage of measuring the isotopic composition
along the growth axis, is that the growth rate is highest at the impact point of the drip
water allowing to measure at a higher spacial resolution.

In the following sections, an overview of the carbon and oxygen isotopes of the CO5-H5O-
CaCQOg system shall be given and discussed. In Chapter 6 and 7, the processes are discussed
in detail and the dependency of the oxygen and carbon isotope composition of calcite on
various parameter shall be discussed. In the subsequent chapters (Chapter 8), processes
shall be discussed that determine the oxygen and carbon isotopic composition of the drip
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5.3. Stable isotopes in speleothem science

water inside caves. In Chapter 9, the second part of "Isotope Fractionation" shall present
the latest investigations and observations.

5.3.1 Isotope fractionation effects of the CQO,-H;O-CaCOj3 sys-
tem

The precipitation of calcite inside a cave is the reaction of the CO5-H,O-CaCO3 system
and is caused by the outgassing of CO, from the solution due to a smaller pCO; of the cave
atmosphere compared to the pCOs of the solution (Chapter 3). Each chemical reaction is
accompanied by oxygen and carbon isotope fractionation effects. A first comprehensive
study on the isotopic system was published by Hendy (1971) who distinguished between
three different kinds of isotope fractionation of calcite precipitation. The first two, being
separated by the rate of CO, loss. If the rate of CO4 loss is sufficiently slow, isotopic
equilibration between the carbon and oxygen bearing species can be maintained. This is
in particular important for the oxygen isotope of composition of the precipitated calcite,
because an isotope exchange between water and the carbon bearing species is only possible
via the dehydration of HCO3; and hydration of aqueous COs. But these two chemical
reactions are the slowest of the CO2-HyO-CaCOs system (Hendy (1971) and references
therein). If the COs loss is rapid, Hendy (1971) states it as kinetic isotope fractionation
because there is no time to maintain chemical equilibrium conditions and hence no isotopic
equilibrium. The third class of isotope fractionation is the precipitation of calcite caused
by evaporation of water. However, since most caves have an relative humidity above 95 %,
evaporative effects might be of subordinated order (Deininger et al., 2012; Dreybrodt and
Deininger, accepted manuscript).
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for solid.



5.3. Stable isotopes in speleothem science

Recent publications suggest that calcite precipitation occurs under kinetic or disequilibrium
isotope fractionation effects as derived by the comparison of the oxygen isotope composition
of cave drip water and calcite (Mickler et al., 2006; Tremaine et al., 2011; McDermott
et al., 2011) or from measurements from the underwater cave Devil’s Hole with calcite
precipitated on the ground of the cave Coplen (2007). Also the loss of COs from the
solution is rather fast compared to the exchange time for oxygen isotopes between HCO3
and HyO (Dreybrodt, 2012) provoking that the precipitation of calcite occurs under kinetic
or disequilibrium isotope conditions. The isotope fractionation factors and -enrichment
factors for each chemical reaction or physical process of the carbon and oxygen isotopes,
respectively, are listed in Tab. 5.1; Tk is the temperature given in degree Kelvin.

5.3.2 The big debate - Part 1

The comparison between the oxygen isotopic composition of calcites and those of the
solutions, indicates that calcite precipitation occurs under kinetic or disequilibrium isotope
fractionation effects (Mickler et al., 2006; Coplen, 2007; Tremaine et al., 2011; McDermott
et al., 2011). However, to be able to compare the calcite and water oxygen isotope
compositions a oxygen isotope fractionation factor must be applied to account for the
isotope fractionation effects between calcite and water. For the oxygen isotope fractionation
B atcite/ m,0) between calcite and water, this is the widely accepted relationship derived by
Kim and O’Neil (1997). However, Coplen (2007) questioned the "®ovqcite/m,0 derived by
Kim and O’Neil (1997) claiming that it underestimated oxygen isotope fractionation effects
for the analysed samples, assuming that the analysed calcite was precipitated under isotope
equilibrium conditions. The studies of Tremaine et al. (2011) and McDermott et al. (2011)
do also observe an underestimation of oxygen isotope fractionation effects and supports
Coplen (2007) conclusion that "*cceeite/m,0) measured by Kim and O’Neil (1997) does not
describe equilibrium isotope fractionation effects, or that at least disequilibrium effects
modify the isotopic composition of speleothem calcite. However, the question whether the
relation of avgcite /1,0) derived by Kim and O’Neil (1997) describes equilibrium isotope
fractionation or not, is yet not answered. Another complication to answer this question is
that disequilibrium isotope fractionation effects do modify the oxygen and carbon isotopic
composition of precipitated calcite as demonstrated by laboratory experiments (Wiedner
et al. (2008); Polag et al. (2010)). Furthermore, theoretical models have been derived to
explain the observed disequilibrium effects. These models indicate that the oxygen and
carbon isotopic composition depends besides from temperature on the drip interval, the
drip pCOs value and the cave pCOs value (Miihlinghaus et al., 2007, 2009; Deininger et al.,
2012).
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Oxygen and carbon isotopes in
speleothems: Basic concepts

Speleothems provide an unique climate archive that has recorded variations in the proxy
cycles of hydrogen, oxygen and carbon isotopes. First studies used these environmental
tracers in the late 1960s and 70s pushing speleothem science forward and highlighting
the potential of stable hydrogen, oxygen and carbon isotopes in speleothems (Hendy and
Wilson, 1968; Duplessy et al., 1970b; Harmon et al., 1978; Gascoyne et al., 1978). At the
same time that investigations of stable isotopes in speleothems were conducted, concepts
were missing that keep at hand explanations for observed variations. A milestone was
achieved by Hendy (1971)s investigation of the processes in karst zones and caves that
were responsible for the modifications of the carbon and oxygen isotopes of speleothems.
Usdowski et al. (1979) applied an approach originally published by Rayleigh (1902) to
calculate the isotopic evolution of a solution during the precipitation of inorganic CaCOs.
This approach has inspired many studies in the last decade focussing on the complex
relationships of the isotope system of the CO,-HyO-CaCOj3 system (Miihlinghaus et al.,
2007, 2009; Dreybrodt, 2008; Scholz et al., 2009; Deininger et al., 2012). Completive studies
were conducted to understand the whole proxy-cycle of carbon and oxygen isotopes (e.g.
Salomons and Mook, 1986; Dansgaard, 1964). Salomons and Mook (1986) summarised
processes in the weathering zone affecting the carbon isotope composition of aqueous
solutions. Concerning oxygen and hydrogen isotopes in precipitation, Dansgaard (1964)
published a comprehensive review that highlights several processes that could change the
stable isotopic composition of precipitation.

In the following section, a focus shall be put on the Rayleigh approach that has been
applied in many publications in order to understand variations in calcite’s §**O and §'3C
values (Usdowski et al., 1979; Salomons and Mook, 1986; Miihlinghaus et al., 2007, 2009;
Scholz et al., 2009; Deininger et al., 2012). The cited studies were addressed to explain the
observed disequilibrium effects in natural §'%0 and §'3C values of speleothems (e.g. Mickler
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et al., 2006; Coplen, 2007; Tremaine et al., 2011; McDermott et al., 2011). A comprehensive
overview of Rayleigh approach and its applications is given by Mook and de Vries (2000).

6.1 The Rayleigh approach

The concept of the Rayleigh approach (Rayleigh, 1902) describes the isotopic evolution of
a reservoir from which fractions are removed constantly. This is exactly the case for the
precipitation of calcite whose reservoir is HCO3. However, two assumptions are necessary
to be made to apply a Rayleigh approach: (i) the reservoir must be in a state of isotopic
equilibrium with the fraction being removed and (iz) the removed part can not interact
with the reservoir after it’s separation. This scenario is schematically illustrated in Fig. 6.1.
The grey box on the right pictures the state of the reservoir before the removal of a fraction,
with a volume or amount of particle/molecules N and an isotopic ratio R; the grey box
on the left represents the state of the reservoir after the removal of the fraction with a
changed volume or amount of particles/molecules N+dN and a changed isotopic ratio
R+dR. The isotopic ratio of the removed fraction (dark grey box) is determined by the
isotope fractionation factor o and the isotopic ratio of the reservoir. In the same manner,
addition sources and sinks can be added to the boxes illustrated in Fig. 6.1 (e.g. Mook and
de Vries, 2000). Nevertheless, for the explanation of the Rayleigh approach, the description
is limited on the boxes of Fig. 6.1.

N R p N+dN R+dR

Fig. 6.1: The chart pictures the very basic concept of a Rayleigh process. From a
given reservoir with volume or amount of particles, N, with isotope ratio R, a specific
amount dN of volume or particles is removed by a physical or chemical process. The
removal is accompanied by isotope fractionation processes, forced by the physical laws
beyond the ongoing processes, causing that dN has a isotope ratio determined by the
isotope fractionation factor o and the isotope ratio R.

The basic scheme of the Rayleigh approach illustrated in Fig. 6.1 highlights a simple fact
beyond the concept: the mass conservation between the box(es) on the left side and the
boxes on the right side. This can be expressed in an equation. The reservoir N is composed
of abundant (light) N, and rare (heavy) N, molecules and N is simply the sum of both of
them.
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N=N,+ N, (6.1)

Since R is the ratio between rare and abundant molecules, N, and N, can be calculated
with the following equations using only N and R:

N

Ny=——, 6.2
1+R (62)
R-N

N, = 6.3
1+R (63)

To calculate the evolution of R in dependence of the amount of removed fractions from
the reservoir, Eq. (6.3) can be used to express the mass conservation for rare molecules,
resulting in following equation:

R R+dR a-R
w1 Y irrrar W T T (6.4)
The left side of Eq. (6.4) is the amount of rare molecules before the fraction -dN was
removed from the reservoir. The fraction -dN was composed of rare N, molecules, which is
expressed by the second term on the right side of Eq. (6.4). The first term on the right of
Eq. (6.4) is the amount of rare molecules that remain in the reservoir after the removal of
-dN; dR quotes the change in the isotopic ratio of the reservoir. The evolution of R can
be calculated by solving Eq. (6.4) after separating the variables and assuming that (1+R)
~ (1+R+dR) = (14+aR), because the change dR is small compared to R and a ~ 1 (e.g.
Mook and de Vries, 2000) . The solution is

R(N) = Ry - (;\Z)la | (6.5)

If N is a function of time, Eq. (6.5) can be formulated as:

N (t)) e |

R(t) =Ry - < 5 (6.6)

The solution of Eq. (6.4) describes the isotopic evolution of the reservoir, expressed by R and
is dependent on the evolution of N, whereas N is a function of time and so is, consequently,
R. The temporal evolution of R is determined by the ratio between N and Ny, which is
the amount of molecules at time t=0; Ry is the isotopic ratio of the reservoir at time t=0.
Furthermore, R depends on the isotope fractionation factor a.
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6.2 Limitations of the Rayleigh approach

As stated in the previous section, the Rayleigh approach is based on the two assumptions.
Namely, that the reservoir is in a state of isotopic equilibrium and that the fraction being
removed is not interacting with the reservoir after it’s removal. The first assumption is
likely not fulfilled and has been questioned by Dreybrodt (2008) where he presented a
kinetic model for the stable isotope evolution of the CO5-H,O-CaCO3 system. The main
argument of Dreybrodt (2008) is that equilibrium isotope fractionation factors are applied
by most studies using a Rayleigh approach (Miihlinghaus et al., 2007, 2009; Scholz et al.,
2009; Deininger et al., 2012). However, even though this argument is true, it is lacking one
important fact: kinetic isotope fractionation factors are unknown for the CO5-H,O-CaCOs3
system that is stated in the mentioned articles. Furthermore, comparison of the Rayleigh
approach and the kinetic approach has shown that the difference in the isotopic evolution
of carbon and oxygen isotopes in HCOj is small during calcite precipitation (Deininger
et al., 2012; Dreybrodt and Deininger, accepted manuscript). Consequently, the difference
in the oxygen and carbon isotope ratio of the precipitated calcite should be small. Another
challenge of the kinetic approach of Dreybrodt (2008) is a new parameter v which is not
verified by laboratory experiments yet. A proof, whether the Rayleigh approach or the
kinetic approach describes the evolution of the oxygen and carbon isotope ratio is still
missing. Though the use of the Rayleigh approach is acceptable for calculating the isotopic
dependencies of calcite’s 6180 and §'3C values and shall be discussed in Chapter 7 and
subsequent chapters. In Chapter 5 and 9 the aspects of isotope fractionation shall be
discussed in detail. In particular Chapter 9 shall illuminate the question on the validity of
oxygen isotope fractionation factor derived by Kim and O’Neil (1997).
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Oxygen and carbon isotopes in
speleothems: Processes

To understand, speak and write a foreign language, we need to learn the vocabulary of the
language and the pronunciation of each word. After a lot of effort, we are able to speak the
language fluently and we can have lively debates with our new learned skill. The situation
is comparable with the isotope language of speleothems; to understand the meaning of the
oxygen and carbon isotopes in speleothems, an "isotope dictionary" is needed to translate
the speleothem’s story into climate history. Hence, it is necessary to know where the oxygen
and carbon isotopes we would like to read, have their origins. The oxygen and carbon
isotopes of speleothems have their origin in the liquid components of the CO5-H,O-CaCOs5
system (e.g. Hendy, 1971). Therefore, to understand changes in the isotope composition
of speleothems, namely, the isotope composition of CaCQOs, the processes causing these
changes need to be investigated. The formation of speleothems can be described by the
summarizing chemical reaction (3.12), which is valid if HCO3 is the dominant carbon
bearing molecule. This is the case in most natural karst areas (e.g. Ford and Williams,
2007).

COy + HyO + CaCO3 = 2 - HCO; + Ca** (3.12)

The speleothem that is created by the precipitated CaCO3 incorporates the fingerprint
caused by specific signals of oxygen and carbon isotopes in HCO3; (Eq. 3.12). To formulate
an "isotope dictionary" applying the 6'¥0O and 6'3C values specific for speleothems, two
processes need to be investigated: (i) the processes that modify the isotope composition of
HCO3 and (i7) the isotope fractionation effect that occur by the precipitation of CaCOg3
between HCO3; and CaCQOg, respectively. Several studies have been performed during the
last decades to investigate for this processes (e.g. Hendy, 1971; Usdowski et al., 1979); the
first study, investigating these effects in detail was published by Hendy (1971). In the
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7.1. The change of carbon isotope composition of HCO3 during the precipitation of calcite

following section, a focus shall be put on the Rayleigh approach. The content of this chapter
shall further be based on several selected, published studies (Miihlinghaus et al., 2007, 2009;
Scholz et al., 2009; Deininger et al., 2012) and shall summarize key-points therein. The
selected studies used the Rayleigh approach to calculate the oxygen and carbon isotope
evolution of HCOj3; during the precipitation of CaCQO3. Three processes determine the
isotopic evolution of HCOj3 and as well as of the precipitated CaCO3 (Hendy, 1971): ()
the precipitation of CaCOj itself; (i) the oxygen isotope exchange between water and
HCOj3 and (#ii) the evaporation of water. The latter modifies the isotopic composition
in two different ways: first, the evaporation of water causes an increase in the amount
of precipitated CaCQOs. This forces stronger disequilibrium effects, i.e., by changing the
influence of the precipitated CaCOj itself (7). Second, the evaporation of water favours light
water molecules and causes an increase of heavy water molecules in the solution, altering
the oxygen isotope composition via (ii). To complete this section, a forth processes shall
be mentioned as well: the CO, exchange with the cave atmosphere. However, Dreybrodt
(2008), Scholz et al. (2009) and Dreybrodt and Deininger (accepted manuscript) state that
the effect of the CO5 exchange of the solution with the cave atmosphere on the oxygen and
carbon isotope composition of HCOj3 is negligible because the exchange time is too long, to
have a significant influence on the isotopic composition. The estimates of the mentioned
three studies were based on theoretical considerations but an experimental examination of
their assumption is not conducted yet.

In Sec. 7.1, the Rayleigh approach for the calculation of the carbon isotope composition of
HCOj3 shall be presented. The subsequent Sec. 7.2, discusses the Rayleigh approach for the
oxygen isotopes of HCOj3 is discussed. The last section, Sec. 7.4, shall give an introduction
to the sensitivities of the oxygen and carbon isotope composition of calcite. Chapter 7 as a
whole can be seen as one chapter of the "isotope dictionary". The other dictionary chapters
include source effects (Sec. 8.1) and processes in the soil and karst zone (Sec. 8.2 and 8.3).

7.1 The change of carbon isotope composition of HCO3
during the precipitation of calcite

For the two different carbon isotopologues of HCO3, H?CO3 and H!3COj, the isotope
fractionation effects need to be accounted, that are associated with the conversion of HCO3
into COs(aq) and CaCOj3 need to be accounted. Applying the Rayleigh approach on this
carbon isotope system, two sinks for the carbon isotopes need to be considered: COy and
CaCOj (Salomons and Mook, 1986). This is illustrated in Fig. 7.1. The box on the left side
equates the state of HCO3 (N) before the removal of the fraction dN of HCOy; the carbon
isotopic ratio is quoted as R. The 1°* box on the left side (from top to bottom) represents
the changed reservoir of HCOj3 molecules with its new carbon isotopic ratio R+dR and
with a changed amount of molecules N+dN. The second box represents the 1% sink, the
released COy, which has an amount of -f;dN and a carbon isotope ratio of a1R; oy is the
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7. O and C Isotopes in Speleothems: Processes

carbon isotope fractionation factor between HCO; and CO,. The third box represents
the precipitated calcite, which has an amount of -f3dN a carbon isotopic ratio determined
by asR; as is the carbon isotope fractionation factor between HCOj; and calcite. The
factors f; and f; are determined by the fraction of carbon isotopes being distributed by the
reaction (3.12). Since the carbon isotopes are equally distributed between COy and CaCOs,
fj=fy=1/2 (reaction 3.12).

HCO5 N R N+dN R+dR HCOs

-f; dN

o4R Co,

CaCO,

Fig. 7.1: Schematic chart of the carbon isotope system for the precipitation of calcite
based on a Rayleigh approach (see text for detail).

The mass conservation for the rare isotopologue H*COj is according to Fig. 14.1 given by
Eq. (7.1). The subscripts "13" and "HCOj3 " of R denote that R is the stable carbon isotopic
ratio between C and ?C of HCOj3. Furthermore, nHCOj is the molar mass of HCO;3.
ay and ap are the carbon isotope fractionation factors between HCOj3;, CO, and calcite,

. . _ 13 13
respectively; an = oo, poo; and a2 = P 0ugesrco; -

1 1 (7.1)
o PRy - <—2dnHCOg) s BRyco. <—2dnHCOg)

Eq. (7.1) can be solved by the separation of the variables. The solution is given by the
following equation (Salomons and Mook, 1986; Miihlinghaus et al., 2007):

nHCO; (1 )5(““”)_1 | (1)

PRyco; (1) =" Ryco; (to) - (moom

Equation (7.2) describes the temporal evolution of the stable carbon isotopic ratio of
HCOg3, in dependence on the time-dependent evolution of HCO3 given by Eq. (3.33).
13RH005 (t) depends on the temperature dependent carbon isotope fractionation between

HCOg3, CO2 and calcite, respectively, and on the temperature dependence of the calcite
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precipitation. Furthermore, 13RHCO§ depends on excess of HCO3; molecules, given by

[HCO3](t0)-[HCO3 |4pp, determining the degree of isotopic enrichment (Mihlinghaus et al.,
2007, 2009; Scholz et al., 2009; Deininger et al., 2012). Furthermore, Deininger et al. (2012)
and Dreybrodt and Deininger (accepted manuscript) demonstrated that the enrichment in
13C of HCOj is stronger when the evaporation of water from the solution occurs. However,
Deininger et al. (2012) and Dreybrodt and Deininger (accepted manuscript) stated that
the influence is only significant, if the relative humidity inside the cave is below 85 % and
the wind velocity above the solution is higher than 0.2 m/s. Since the relative humidity is
mostly > 95 % in cave environments, the effect of evaporation on 13RHCO; and consequently

on §3C eite is not discussed in the following section, because it is negligible.

7.2 The change of oxygen isotope composition of HCOg
during the precipitation of calcite

For the temporal evolution of the oxygen isotope composition of HCO3 the two isotopologues
of HCO3, HC'®O3 and HCBOM0O; are part of a complex isotope conveyor system. In
addition to the oxygen isotope fractionation effect caused by the precipitation of calcite
(Dreybrodt, 2008; Scholz et al., 2009), the oxygen isotope exchange between H,O and
HCOj3 (Dreybrodt, 2008; Scholz et al., 2009) and the evaporation of HoO (Deininger et al.,
2012) from the solution must be considered. The Rayleigh approach for this complex
system, composed of oxygen isotope sinks and sources, is illustrated in Fig. 7.2. The grey
box frames the Rayleigh approach of Scholz et al. (2009), considering the alteration of
the oxygen isotope composition of HCOj3; by the precipitation of calcite and the oxygen
isotope exchange between HCOj3 and H,O (reaction 3.12). The mass fluxes of HoO out-
and inside the box consider the loss (arrow 6) and input (arrow 7) of heavy HCOj3; oxygen
isotopologues by evaporation of water from the solution layer and the condensation of water
vapour inside the cave, respectively. The precipitation of calcite is accompanied by the
conversion of HCOj3 into HoO and CO, (reaction 3.12). The three chemical conversions
inhere isotope fractionation effects quoted by the numbered arrows in Fig. 7.2. Arrow 1
quotes the conversion of HCOj3 into calcite, arrow 2 states the conversion of HCOj into
COy and arrow 3 expresses the conversion of HCOj3; into HyO. The oxygen isotope exchange
between HCO3 and H5O is indicated by arrow 4, depicts the loss of rare HCO3 oxygen
isotopologues and arrow 5 illustrates the gain of rare HCO3 oxygen isotopologues.

The mass balance of the rare isotopologue HC¥OQ*0Oy; is based on the Rayleigh approach
for the oxygen isotope system pictured in Fig. 7.2 and is further mathematically for-
mulated in Eq. (7.3). The term on left side of Eq. (7.3) represents the number of rare
HC'®O®0; molecules. The first term on the right side is the number of rare HC¥O®0Oy
molecules after the time dt, calculated by (ISRHCO;+d18RHCO;)-(nHCO;H—dnHCOg_).

(18RHCO§ +d18RHcog) is the changed oxygen isotope ratio and (nHCO3; +dnHCOj3) the
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V (= const.) ®RY,,,o (= const.) H,0 Vapour

6/ 1/(1-h) - dnH,0; "*a,, - "R, 7 |h/(1-h) - dnH,0; *a,, - RV,

nH,0 wR,_ »| (nH,0+dnH,0) ("®R,,o+d"R, ;) H,O Reservoir
)
u.
& % o -1/6- dnHCOB‘ “auzomcoz- : 1BRHcos- H.O
' < S %1 e g, 2
2 S
s
nHCO ™R, (NHCO,+dnHCO,)  (®R +d"R )| HCO,
2
4 2/6-dnHCO, R
- -dn 3 Qeo2mcos" Mheos- co,
-3/6- dano; 18“cw:oz/ucos- : 1£'Rncm- CaCo,
Rayleigh-distilation model proposed by Scholz et al. (2009)
t Pt + dt

Fig. 7.2: Rayleigh approach for the oxygen isotope system of the CO9-H5O-CaCOs3
system. See text for detail (adapted from Deininger et al., 2012).

changed mass of HCOj5 . The second, third and fourth term account for the loss of rare
HC®O0; isotopes by the conversion of HCO3 into COs, calcite and HyO. The weight

factor of each term results from the number of oxygen atoms in each molecule. The last
two terms consider the loss and gain of rare HC*O©Q; isotopes by the oxygen isotope

exchange between HCOj3 and H,O.

®Ryco, -nHCO5 = (®Ryco- +d®Ryco. ) - (nHCOy + dnHCO;)
2 3
+on PRyco; <_6d”HCO3_) +az PRyco- - <_6d”HCO3_) (7.3)

1
+az *Ryco- - <_6d”HC’O§> +ar “Rycoy i dt — oy " Ruo - dt

The solution of the mass balance (Eq. 7.3) of rate HC'¥O'®Qj isotopes is (Scholz et al.,
2009; Deininger et al., 2012):
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dnHCOS .
A Rycoy _ @ e 1 Ryoos () (Zj fi-aj = 1)
1 k1 13 «\ 18 x
(O S R () = Ry ()]
b (2 R () = Ry ()

Eq. 7.4 can be solved numerically using the Newton procedure (Scholz et al., 2009; Miihling-
haus et al., 2009; Deininger et al., 2012) if there is no evaporation and "®Rp,0 is constant.
This is usually the case excluding evaporation, due to the larger number of H,O molecules
compared to the number HCO3; molecules (Dreybrodt, 2008; Scholz et al., 2009). The
time constant 75 stands for the exchange time between HCO3; and H,O and lies in the
range between c. 125,000 and c. 10,000 s within a temperature range between 0 and
20 °C (Dreybrodt and Scholz, 2011). a4 and «j, are the kinetic isotope fractionation
factors between HCO3; and H,O and vice versa. In case of evaporation, the oxygen isotope
evolution of HyO must be calculated. Likewise for the rare HC'800;, a mass balance
can be developed for the rare H*O. The mass balance follows the oxygen isotope system
shown in Fig. 7.2 and is given by (Deininger et al., 2012):

¥ Rip,0 - nH0 = (" Rio + d* R0 ) (nH>0 + dnH,0)

1 _ . .
B 18RHCO; (_dHCO3) + gy P R0 (udt) — an 1831{005 (idt) (7.5)
h 1
—aj, 1832”@ (—dH30) + e 18RH201 — (—dH>0).

The term on the left side of Eq. (7.5) shows number of rare HC'® 0605 isotopologues of H,O
before the mass nH,O has changed by dnH,O. The term (** Rp,0 + d*® Ry,0) (nHoO + dnH,0)
on the right side is number of rare HC'¥O%Q; isotopologues after the mass change of
H,0. The second term on right side accounts for the gain of H*O. The second and third
terms consider the loss and gain of HC*¥*OQO; by the oxygen isotope exchange between
HCOj3; and H,O. The last two terms show the gain and loss of HC*¥*O*O; through the
condensation of vaporous HoO from the cave atmosphere and the evaporation of H,O from
the solution layer; h denotes the relative humidity inside the cave. aye and aj, are the
kinetic oxygen isotope fractionation factors between HyO in the liquid and vaporous phase
and vice versa. 18R220 is the oxygen isotope ratio of the water vapour inside the cave and
is assumed to be constant (Deininger et al., 2012). The solution of Eq. (7.5) is stated by

18RH20| _ o Q)1 Alih dn{ii?O - dnfl{tzo o nHCO3;— 18 R
ar dH0 (1) dnH,O (%) 75 dnH,O (t*) 20 o)
_ 7.6
_ dnHCO. * h_ dnH>0
n nHCO; 013% T RE Op2 75~ ar 18 pV
T, nH20 nH,0O HEOs nH,O o
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In case of evaporation, Eq. (7.4) and Eq. (7.6) must solved numerical with the Newton
procedure, as they are a coupled differential equation system (Deininger et al., 2012).
However, the enrichment of water with '¥O that is caused by evaporation has only a
minor influence on the oxygen isotope composition of HCO3 in the time range that calcite
precipitation occurs. The reason for this is, that the exchange time between HCO3 and
H50 is much longer compared to the precipitation time constant that lies within the range
of ¢. 2000 and 300 s between 20 and 0 °C (Deininger et al., 2012; Dreybrodt and Deininger,
accepted manuscript). In the same manner as the carbon isotope composition, evaporation
has only a strong influence on the evolution of the oxygen isotope composition of HCO3
under the condition that the relative humidity inside the cave is below 85 % and the wind
velocity above the solution layer is higher than 0.2 m/s (Deininger et al., 2012; Dreybrodt
and Deininger, accepted manuscript). Since most caves have a relative humidity higher
than 95 %, the effect of evaporation on the oxygen isotope composition is not discussed
here.

7.3 Multi-box model for the solution layer

When a water drop falls from a cave ceiling and hits a stalagmite surface, splashing effects
can occur. For this reason, Mithlinghaus et al. (2007) introduced a box model to account for
the mixing between the falling drop and the solution layer at the top of the stalagmite. To
achieve this, the solution layer is partitioned into single boxes with a distinct volume, usually
0.1 ml, being a reasonable value for the volume of drops inside caves (Miihlinghaus et al.,
2007). The multi-box model for a solution layer at the top of a stalagmite is schematically
illustrated in Fig. 7.3.

Fig. 7.3: Schematic picture of the multi-box model, that divides the solution layer
into single boxes (azure boxes) (adapted from Mihlinghaus et al., 2007).

To calculate the isotope composition at the growth axis of a stalagmite only the first box of
the multi-box model is of interest (Fig. 7.4). For this reason, the discussion is restricted
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7.3. Multi-box model for the solution layer

to the first box of the multi-box model. The mixing between the first box and the drip is
expressed by a mixing coefficient ¢, quantifying the fracture of the drop that mixes with
the related box at the stalagmite centre. The whole procedure is schematically illustrated
in Fig. 7.4.

Fig. 7.4: Basic principle of the box model for the solution layer (see text for detail).

Two initial solutions with equal volumes are mixed. Box A is the first box of the solution
layer at the stalagmite centre and box B represents the falling drop. The degree of mixing is
determined by the mixing coefficient ¢ that expresses the fraction of the drip that replaces
the fraction ¢ of box A and that mixes with the remaining fraction (1-¢) of box A. This
results in a new chemical composition of box A, quoted as A*. Box C in contrast is
determined in the same way but is the composition of the fraction ¢ of box A and the
fraction (1-¢) of box B. In the same way as volumes, chemical concentrations or masses,
the isotopic compositions are mixed. Nevertheless, this time, the isotope mixing coefficient
¢r for HCO3 is (Miihlinghaus et al., 2009):

1

1—¢ nHCOg solution
[ nHCOg drip

Or =
1+

(7.7)

For HyO, Eq. 7.7

stays the same, only two expressions are adapted: nHyOsolution and nH,Odrip. The
effects of mixing on the isotopic evolution of ¥R nco; and BBR nco; 1s discussed in detail

by Miihlinghaus et al. (2009) and Deininger et al. (2012).
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7.4 Sensitivity of the calcite §'*0 and §'°C values on
cave parameters

The oxygen and carbon isotopic evolution of HCO3 ("R o SR o5 ) that has been

calculated with the Rayleigh approach (Sec. 7.1, 7.2 and 7.3) can be used to calculate the
5180 and §'3C values of CaCOs3. To achieve this, the mean oxygen and carbon isotopic

value of HCOy are calculated (URY -, ¥R os ) by folding the temporal evolution of the

oxygen or carbon isotope composition ( “Ryco; (t) PRyco; (t)) with a weight function II,

which is based on the temporal evolution of the Ca®* concentration (Eq. 7.8) (Miihlinghaus
et al., 2009).

jg RZQCO (At;) - ACa*T(AL)
R o= I - RS, (Aty),i = 13,18, :
RHco [Ca2t] (to) — [Ca2t] (to + d) Z RHCO t;),i 3,18 (7.8)

In Eq. (7.8), the length of At; determines in how many time intervals the drip interval, d, is
split in order to be able to apply a numerical use an numerical approach, namely the Newton
approach; the number of time intervals is given by the number n. Therefore, At; refers to

the j’s time interval. Usually, a value of 1 s is chosen for the length of At;. IRZ?C os (At;) is

the mean oxygen (i = 18) or carbon (i = 13) isotope composition of HCOj3 in the time
interval At;. ACa**(At;) is the change in the Ca®t concentration in the solution during
the time interval At;; the difference [Ca**] (ty) — [C'a®*] (d) describes the change in the Ca**
concentration during the drip interval, d. Hence, the ratio between the amount of converted
Ca*" ions during the time interval At; and the total amount of converted Ca*" ions
within the drip interval (between ¢y and to + d), ACa?T(At;)/ ([Ca**] (o) — [Ca**] (d)),
is the weight factor At; for the time interval. The mean oxygen or carbon isotopic
composition of the precipitated CaCOj3 can then be easily calculated from the mean oxygen
or carbon isotopic composition of HCOy, *R7] o5 by multiplying ‘R . o5 with the isotope

fractionation factor between HCO; and CaCOs, ‘ag,co, JHCO; for the related stable isotope,
i.e., oxygen (i = 18) or carbon (i = 13) (Eq. 7.9) (see Miihlinghaus et al., 2009; Deininger
et al., 2012, for detail).

‘Rifco, = QCaCOs/HCO; RZCO 1= 13,18. (7.9)

The sensitivity of the calcite 680 or §'3C values on specific cave parameter, namely
temperature, T, drip interval, d, pCOzq 4,4, and pCOs cupe, can be calculated from Eq. (7.9)
by varying the parameters of interest and keeping the remaining parameters constant. This
is illustrated for the sensitivity of calcite the §'%0 or 6'3C values on temperature and drip
interval in Fig. 7.5 and on pCOg 4,5 and pCOg cqe in Fig. 7.6, respectively.
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Comparing the sensitivity of the calcite §'80 and '3C values on temperature reveals that
5'80 has a negative sensitivity on temperature changes whereas §'3C has a positive sensitivity
on temperature changes. Furthermore, §**O has a higher sensitivity on temperature changes
compared to §*3C. Only for moderate drip intervals (500 - 1,800 s) and low temperatures
(T < &2 °C), the temperature sensitivity of 6**0 or §'3C is of comparable magnitude and
ranges between -0.16 and -0.18 %o/ °C for 6O and between 0.12 and 0.14 %o/ °C for
§13C (Fig. 7.5 a and b). For short drip intervals (1 and 50 s), the temperature sensitivity
of precipitated calcite 680 values decreases linearly with higher temperatures and has a
temperature sensitivity between -0.24 and -0.23 %o/ °C at 0 °C and between -0.19 and -0.21
at 20 °C. The temperature sensitivity of the calcite §'*C values in contrast, is constant for
short drip intervals, and ranges between 0.05 and 0.07 %o/ °C within a temperature interval
between 0 and 20 °C. However, the temperature sensitivity of the calcite 6*C values is
one order of magnitude smaller compared to temperature sensitivity of the calcite 620
values (Fig.Fig. 7.5 a and b). For moderate drip intervals, the shape of the temperature
sensitivity is similar for §'®0 and 6'3C. However, while the temperature sensitivity for
6180 is increasing for higher temperatures, the temperature sensitivity is decreasing for
§3C (Fig. 7.5 a and b). Deininger et al. (2012) stated that the complex behaviour of
the temperature sensitivity of precipitated calcite §'*O and §'3C values is caused by the
interplay of stable isotope fractionation and precipitation kinetics.

The dependence of the calcite §'80 and §*3C values on the drip interval is illustrated in
Fig. 7.5 ¢ and d for various temperatures. Both stable isotope compositions have a similar
dependence on the drip rate with a decreasing sensitivity on drip interval changes for
longer drip intervals. Furthermore, the sensitivities of the 6'¥0 and §'3C values on drip
interval change have the same order of magnitude and range between 0.002 and 0.008 %o/ s
within the given temperature interval between 0 and 20 °C. Fig. 7.5 ¢ and d reveal that the
sensitivity on drip interval changes has its highest values for smaller drip intervals, with the
highest sensitivity for a temperature of 20 °C and the lowest sensitivity for a temperature
of 0 °C. Deininger et al. (2012) explained this feature of the §'%0 and §'3C sensitivity on
drip interval changes through the change of the amount of precipitated calcite. This is due
to the fact that the precipitation rate is higher for higher temperatures, and consequently,
disequilibrium effects are more dominant for higher temperatures and vice versa. Since the
amount of precipitated calcite decreases exponentially with time, the weight function II;
becomes smaller with a prolonged precipitation time; the effect of drip interval changes
on the mean stable isotope composition of precipitated calcite is higher for drip interval
changes at short drip intervals, and smaller for drip interval changes at longer drip intervals.

In addition to temperature and drip interval changes, variations in pCOg 4,4, and pCOg cqve
can also change the mean stable isotope composition of precipitated calcite (Deininger
et al., 2012). This is depicted in Fig. 7.6: The upper two figures (Fig. 7.6 a and b) illustrate
the sensitivity of the calcite §'¥0 and 6'3C values due to changes in pCOqg.cqe (Fig. 7.6c)
and due to changes in pCOy 45 (Fig. 7.6d). Deininger et al. (2012) demonstrated that the
dependence of the calcite §'*0 and §*3C values on these two variables is based on the same
process, namely the chemical [C'a®"] excess (see Chapter 3 for details about the [Ca?*]
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excess). This explains the different algebraic sign of the 6'®*0 and '3C sensitivity on changes
of pCOs.drip and pCOsy.cave. An increase of pCOs.drip results in a higher precipitation
rate and further in stronger isotope disequilibrium effects; whereas an increase of pCOs.cave
forces a slower precipitation rate and consequently weaker isotope disequilibrium effects
and vice versa (Deininger et al., 2012). The magnitude of changes in the mean calcite 580
and §'3C values is in the range of £ 0.0015 %o/ ppm.
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Panels (a) and (b) picture the sensitivity of the calcite §'80 and §'3C
values on the temperature for different drip intervals. Panels (c¢) and (d) illustrate
the sensitivity of the calcite 80 and §'3C values on the drip interval for different
temperatures (adapted from Deininger et al., 2012).
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Fig. 7.6: Panels (a) and (b) picutre the sensitivity of the calcite 6'*0 and §'3C values
on the pCO, value of the drip water (solution) for different drip intervals. Panels
(c) and (d) illustrate the sensitivity of the calcite 6**O and §'*C values on the pCO,

value of the cave atmosphere for different drip intervals (adapted from Deininger et al.,
2012).
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Processes above the cave: From the
source to the cave

In the previous chapters (Chapter 5-7) the isotope fractionation processes were discussed
that may modify the oxygen and carbon isotopic composition of the precipitated calcite.
However, it was ignored that the oxygen and carbon isotopic composition of drip water may
naturally change during the growth history of a speleothem due to surficial climate changes.
The reason for this is, that the seepage transfers the oxygen isotope composition of the
precipitation and the carbon isotopic composition of the COs in the soil zone through the
soil and karst zone and becomes drip water when entering a cave. On the pathway through
the subsurface a handful of processes, however, can modify the original isotopic fingerprint
of the different oxygen and carbon isotope sources. In the following sections the effects that
alter the oxygen (Sec. 8.1) and carbon (Sec. 8.2) isotopic fingerprint of the sources shall be
discussed.

8.1 The source of the water (isotopes) entering a cave

The water dripping from a cave ceiling originates from the water that is infiltrated in
the karst zone. The latter is the difference between the amount of precipitation and the
amount of water that is lost from the soil zone by evaporation and plant transpiration
(evapo-transpiration). Hence, the oxygen isotope composition of the drip water inheres
the oxygen isotope fingerprint of the local precipitation above the cave. Accordingly, to
understand the oxygen isotope composition of a speleothem during it’s growth history the
processes that alter the stable isotope composition of the local precipitation need to be
considered (e.g. McDermott, 2004; Fairchild et al., 2006a; Lachniet, 2009; Wackerbarth
et al., 2010; Langebroek et al., 2011; Jex et al., 2013). In Fig. 8.1 a schematic chart of
the hydrological cycle and the involved fractionation effects are illustrated. It includes all
processes that occur until a stalagmite is formed, beginning with the evaporation of oceanic
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surface waters and ending with the fall of the drip from the cave ceiling.
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Fig. 8.1: The figure is illustrating the hydrological cycle and the fractionation effects
that occur during the various processes until ultimately the drip falls from the cave ceiling
(adapted from Lachniet, 2009).

From a simplified point of view, caves drip waters origin from the largest water reservoirs
of our planet, the oceans, and are an intermediate component of the hydrological cycle. In
this respect the discussion of the various processes affecting the stable isotopic composition
of the precipitation starts with the processes that determine the stable isotopic composition
of the oceans. The ocean stable isotopic composition is determined by the stable isotopic
composition of the sources and sinks of the fresh water (e.g. Mook and de Vries, 2000; Gat,
1996). The two main sources are the runoff of freshwater from the continents and input of
freshwater by the deglaciation of the ice sheets. The latter has an effect of approximately
0.011 %o/m (Fairbanks, 1989). Moreover, the evaporated water (60, gpour) from the surface
ocean waters causes a preferential selection of light water isotopologues and is determined
from the stable isotopic composition of the ocean surface water (6'®0,eeqn) and the stable
isotope fractionation effect of the evaporation (Merlivat and Jouzel, 1979) (source effect).
The stable isotope fractionation of the evaporation depends on the sea surface temperature
(SST), the relative humidity and the wind velocity above the ocean surface (Merlivat
and Jouzel, 1979). The evaporated water is lifted and transported by the atmospheric
circulation. The uplift of the atmospheric moisture causes a cooling due to the conversion
of thermic energy into potential energy. As long as the air temperature is higher than the
dew point the cooling can be described with a dry adiabatic uplift and if the temperature
is below the dew point, the condensation of the atmospheric moisture occur, i.e., the
formation of clouds and precipitation, and cooling can be calculated with a moist adiabatic
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uplift (Dansgaard, 1964). The isotopic composition of the condensate depends on the air
temperature at the moment of condensation and the isotopic composition of the atmospheric
moisture and can be calculated with a Rayleigh approach (Rayleigh, 1902; Dansgaard,
1964) (temperature effect). The continuous condensation of atmospheric moisture over the
continent and the subsequently precipitation causes a progressive depletion of heavy water
isotopologues in the atmospheric moisture. Hence, the stable isotopic composition of the
precipitation is decreasing as an effect of the depletion of heavy isotopes in the atmospheric
moisture (continental effect). Recently, McDermott et al. (2011) demonstrated that the
continental effect observed in the European precipitation is preserved by speleothems §%0
values. Moreover, in tropical regions convective rainfall events are causing a depletion of
the stable isotopes in precipitation that depends on the amount of precipitation (amount

effect)(Dansgaard, 1964).

When the precipitation impacts the surface, with a certain stable isotopic composition
0 180precmtmon, enters the soil zone. Within the soil zone, the soilwater can be lost due to
evaporation or by the take up of plants Gat (1996). Both processes have only a subordinate
effect on the stable isotopic composition of the soilwater (6O ui1water). This is due to the
reason that the take up of water by plants is mainly not accompanied by fractionation
effects (Miinnich, 1978; Gat, 1996). The evaporation of water has usually no effect on
the isotopy of the residual soilwater, because the water that is evaporated within the top
soil is replaced by soilwater from below. However, for semi-arid and arid regions, where
precipitation events are interrupted by a dry intervals, evaporation of water during the
dry intervals can cause an enrichment of heavy isotopes in the soilwater (Zimmermann
et al., 1967; Miinnich, 1978; Gat, 1996). For a steady state system, the isotopy of the
evaporated and transpirated water has the same isotopy as soilwater, i.e., it has the same
isotopic composition as the precipitation (Miinnich, 1978; Gat, 1996) - evaporation and
transpiration are usually referred as evapo-transpiration. The residual soilwater is then
pushed ahead when new precipitation events occur and transfers the isotopic fingerprint of
the precipitation (only for non semi-arid and arid regions) and infiltrates the deeper layers
of the soil zone and subsequently the karst zone. The annual isotopic composition of the
infiltrated water depends on seasonal amount of precipitation and evapo-transpiration and
can be consequently seasonally biased. In the soil zone the water becomes into contact
with gaseous CO, - the major source of carbon isotopes in the soil zone-, that origin from
root respiration and the decomposition of organic mater, and dissolves COy (Salomons and
Mook, 1986).

The oxygen isotope composition of the COy-HoO-CaCOj3 system is determined by the oxygen
isotope composition of the infiltrated water. The carbon bearing species are equilibrating
with the oxygen isotope composition of HoO by the hydration of aqueous CO, and the
dehydration of HCO3 (Mills and Urey, 1940; Hendy, 1971) with respect to the oxygen
isotope fractionation factors between all species. Due to the fact that the amount of water
molecules is much higher (a2 10%) compared to the total dissolved carbonates (CO,, HyCO3,
HCOj3, CO37) the influence on the oxygen isotope composition of water is negligible (e.g.
Dreybrodt, 2008; Scholz et al., 2009). The exchange time for the oxygen isotope exchange
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Tp is according to Dreybrodt and Scholz (2011) between 125,700 s (c. 1. 46 days) at a
temperature of 0 °C and 6200 s at a temperature of 25 °C (c. 1.72 h); for a temperature of
10 °C the exchange time 75 is 35,300 s (c. 9.80 h). After 4 times 75 the oxygen isotope
system of the CO5-HyO-CaCOj system is almost in isotope equilibrium (> 98 %). For the
most European regions with a mean annual air temperature of c. 10 °C and under the
assumption that the temperature in the karst zone equates the mean annual air temperature
the CO2-H,O-CaCOj system is in oxygen isotope equilibrium (> 98 %) after c. 1.63
days. If the transition time through the limestone is longer than the equilibration time the
CO5-H,0-CaCO3 system is in oxygen isotope equilibrium. Hence, if no further effects occur
after the dissolution of CaCQOj in the karst zone until point of time when a stalagmite is
formed on the cave ground (Sec. 8.3), the drip water falling from the cave ceiling has the
same oxygen isotope composition as the precipitation above the cave (e.g. Hendy, 1971).

8.2 The sources carbon isotopes in the subsurface

The atmospheric CO5 concentration has a value of ~395 ppm and is constantly increasing
since the last 100 years. It has been demonstrated by Keeling (1958) that the §*3C value of
the atmospheric CO, concentration has a relation to the atmospheric CO5 concentration,
caused by the combustion of fossil fuels and biospheric activity (Suess, 1955; Keeling, 1979).
However, the input of CO5 in the soil zone, due to the take up of drops is only of subordinate
order (Gorham, 1955) and the major sources of COs in the soil zone are the vegetation and
the decay of organic matter (Salomons and Mook, 1986). The pCO, value within the soil
zone can be between 300 ppm and 11,500 ppm (Atkinson, 1977; McDermott, 2004). Usually,
the CO, concentration depends on the plant activity and can vary within a year (Salomons
and Mook, 1986). The §'3C value of the CO, that originates from plants depends on the
photosynthetic cycle of the corresponding plant; these cycles are the Calvin cycle (Cs), the
Hatch-Slack cycle (Cy4) and the Crassulacean acid metabolism cycle (CAM), which is an
intermediate cycle between the Cs and Cy cycle (see Deines, 1980, for a review). For the
C3 cycle the §'*C values vary between -22 %o -34 %0 with a maximum of the distribution
at -2742 %o. The §'3C values for the C4 cycle are vary between -9 %o and -19 %o with a
maximum of the distribution at 1242 %o (Salomons and Mook, 1986).

The water that is infiltrated into the upper soil zone is equilibrating with the CO, con-
centration within the soil zone and the carbon bearing species of the CO5-H50 system is
in isotopic equilibrium with the present CO,. Hence, the soilwater becomes a corrosive
solution with respect to CaCOg after equilibration with the COy that is present in soil
zone. After the transition the soilwater infiltrates the karst zone, where carbonate rocks
are present (Fig. 3.1).

When the corrosive solution comes into contact with the limestone carbonate, CaCOj is
dissolved in accordance with the overall chemical reaction
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COy + HyO + CaCO3 = 2 - HCO;z + Ca®,

for the CO2-HyO-CaCOg system. Two different modes of CaCOj3 dissolution are possible
(Hendy, 1971) (¢) the dissolution under "open system" conditions where the solution is in
contact with a CO, reservoir that balances the loss of CO5 caused by the CaCOj3 dissolution.
Hence, the CO4 concentration of the solution is unchanged during the dissolution process;
(1) the dissolution under "closed system” conditions where the solution is separated from
any additional COy reservoir in the karst zone until the solution enters the cave. The state
of dissolution of CaCOj3 has two consequences onto the CO5-HyO-CaCOg system: it first
determines the amount of CaCOg that can be dissolved by the corrosive solution. Assuming
a similar pCOs value in the soil zone for open and closed system conditions, then more
CaCQOgs is dissolved under open system conditions, because more CO, is available during
the dissolution in comparison to a closed system state Hendy (1971). As a consequence of
the dissolution, the §'3C value of the original solution is modified because the §'3C of the
limestone is usually ~0 %o(e.g. Salomons and Mook, 1986) and is therefore more positive
than the usual 6'3C value of the solution, which is determined by the vegetation (C3, C4,
CAM) above the soil and karst zone. Hence, the §'3C value of the solution is determined by
the amount of carbon bearing species in the solution before the dissolution of CaCO3 and the
amount of dissolved CaCO3 and the 6'3C value of CaCO3. The amount of dissolved CaCOs
depends on the karst system configuration and so does the §'3*C value of the carbon bearing
species of the solution Hendy (1971). The effect is that after the dissolution of CaCOj3 the
§13C value of the solution for a given pCO; value in the soil zone is more positive for a
closed system than for an open system (Salomons and Mook, 1986). Furthermore, the §'3C
value of the solution depends on the pCO, value of the soil zone. Salomons and Mook (1986)
demonstrate that for a solution that is in chemical equilibrium (i.e., after the dissolution of
CaCO3) the 6'3C value of the solution decreases with increasing pCO,. Another aspect
of the dissolution within the karst zone is the incongruent dissolution, that occurs for
example if the solution comes into contact with dolomite. Assuming that the solution
was in chemical equilibrium with respect to calcite then calcite would be precipitated and
dolomite would be dissolved which would also modify the isotopy of the solution (Reardon
and Fritz, 1978; Wigley et al., 1978; Salomons and Mook, 1986). This context is not further
discussed here. If no additional processes occur during percolation of the solution through
the limestone then the carbon isotopic composition of the drip water inside a cave is similar
to the carbon isotopic composition of the solution after chemical equilibration (i.e., after
the dissolution of CaCOj3) and is determined (for a constant temperature) by the pCO; of
the soil zone and the system configuration of the karst zone. The latter can be an open
system, a closed system or an intermediate between both - an intermediate state is, if
the dissolution of CaCOj3 occurs partly under an open system and a under closed system
configuration (Hendy, 1971; Buhmann and Dreybrodt, 1985a,b; Fohlmeister et al., 2011;
Dreybrodt and Scholz, 2011).
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8.3 Prior calcite precipitation (PCP) - Precipitation
of calcite before the formation of a speleothem

As mentioned in the foregoing sections, the oxygen and the carbon isotope composition
of the drip water equates the isotope composition of the percolating solution if no further
processes have occurred after the dissolution of CaCQO3. However, it is possible that the
solution enters a fracture within the host rock that has a lower pCO, value at which the
solution is supersaturated with respect to calcite. Hence, calcite is precipitated which would
cause an enrichment of ¥O and ¥C in the solution (Hendy, 1971; Salomons and Mook,
1986; Miihlinghaus et al., 2007; Dreybrodt, 2008; Scholz et al., 2009). Another effect forcing
calcite precipitation within the karst zone is the evaporation of water from solution (Hendy,
1971). The precipitation of calcite before the formation of a speleothem is stated as "prior
calcite precipitation” (PCP). The precipitation is different in an "open system' and a "closed
system" (Hendy, 1971; Salomons and Mook, 1986). For an open system the solution is in
active contact with an atmosphere and exchanges CO5 with the atmosphere, whereas for a
closed system the solution is not in contact with a atmosphere and only CO, is degassed
from the solution - the CO, originates from the calcite precipitation. Hendy (1971) states
that open systems behave like closed systems if the pCOy of the solution is higher than
0.1 % atm (1000 ppm). If, however, the pCO; of the solution is 0.03 % (300 ppm) the
system must be considered as an open system Hendy (1971). The pCO; value within the
soil and karst zones is in the range of 0.03 % (300 ppm) to 11.5 % (11,500 ppm) (mean
value 0.9 %; 9000 ppm). For this reason the effect of calcite precipitation within veins is
considered as a closed system. The difference of calcite precipitation within a cave from
the precipitation of calcite inside a vein is, that the COs which forms during the calcite
precipitation is accumulated inside the vein whereas it has a negligible effect on the pCO,
value of the cave because of the large volume of caves.

If calcite is precipitated from a solution the oxygen and the carbon isotopic composition of
the CO,-H,0-CaCOj3 system in solution becomes enriched in 0 and '3C - if the solution
was in chemical equilibrium before PCP, the pH value of the solution is c¢. 8 and therefore
the carbonate system consists mainly of HCO3 (e.g. Dreybrodt, 1988). For this reason
the discussion is restricted to HCO3 instead of the terminus "CO3-HyO-CaCOj3 system'.
Hendy (1971) used a Rayleigh approach to calculate the effect of calcite precipitation under
closed system conditions and demonstrated that the §'3C value of the precipitated calcite
increases with decreasing a pCOy value of the solution. Later studies have also shown
that the 60 value of calcite increases with supersaturation of the solution by applying
a Rayleigh approach (Miihlinghaus et al., 2009). Scholz et al. (2009) have presented that
the 680 and §'3C value of HCOj3 increases during the precipitation of calcite by using a
Rayleigh approach. Therefore, the results of (Scholz et al., 2009; Hendy, 1971; Muhlinghaus
et al., 2009) show that the on one hand the carbon and oxygen isotope composition of
HCO3 become enriched in ¥O and '*C during the precipitation of calcite and that on the
other hand the §'%0 and the 6'3C values of the precipitated calcite increase with decreasing
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HCOj concentration (i.e. supersaturation). The enrichment of calcite in '*0 and *C during
the precipitation has been also experimentally proofed by Wiedner et al. (2008); Polag et al.
(2010) who analysed the §'¥0O and §'3C value of precipitated calcite in a channel. But not
only the precipitation of calcite in veins must be considered as PCP also the precipitation
of calcite on cave ceilings is a form of PCP, i.e., the formation of stalactites. Wiedner et al.
(2008) showed for instance for a temperature of 17.9 °C and a drip rate of 0.12 ml/min
(this equates a drip interval of 50 s) that the §'80 value and the §'3C value is increasing
with a slope of 0.027 %o/cm and 0.031 %o/cm, respectively, with increasing distance from
the drip point (in cm). It has been also demonstrated the slope is a function of the drip
rate with steeper slopes for smaller drip rates (Wiedner et al., 2008). In summary the
precipitation of calcite within the karst zone or on the cave ceiling can be described by a
closed system precipitation (Hendy, 1971) and the 60 and §'3C value and the solution and
of the precipitated calcite increases with the total amount of precipitated calcite (Hendy,
1971; Scholz et al., 2009; Miihlinghaus et al., 2009; Wiedner et al., 2008; Polag et al., 2010).

The enrichment of HCO3 in '#0 and 3C during PCP has a consequence for the oxygen and
carbon isotopic composition of speleothems that are formed from the solution, because the
oxygen and carbon isotopic composition of the solution is modified by PCP. However, the
two isotope systems must be discussed separately, because the oxygen isotope system has a
large reservoir that can balance the enrichment in O of HCOj, the water, whereas the
carbon isotope system has no such reservoir. If the CO5-HyO-CaCOj3 system was in oxygen
isotope equilibrium before PCP occurred, the change of the oxygen isotope composition
caused by PCP, is balanced by the oxygen isotope exchange between H,O and HCOj . If
the transition time of the solution until the formation of a stalagmite from the precipitated
solution is sufficiently long, the oxygen isotope equilibrium of the CO5-HyO-CaCOj3 system
is established again. The time constants for the exchange time 7, are given by Dreybrodt
and Scholz (2011) (see above). The carbon isotope system of the COy-HO-CaCOs3 system
has no reservoir and the shift in the §'3C values are preserved by the percolation solution.
The consequence for stalagmite 680 and §'3C values is, that if PCP occurs within the karst
zone and the transition time is long enough to re-establish the oxygen isotope equilibrium
of the solution, the §'¥O values of the stalagmite reflects the oxygen isotope composition
of the rain water whereas the §'3C value of the stalagmite is modified by PCP. A crucial
case of PCP is the formation of a stalactite above a stalagmite, because the transition
time is not long enough to re-establish the oxygen isotope equilibrium of the solution and
consequently, in addition to the 6*3C, the 6*30 value of the stalagmite is modified and does
not reflect the original oxygen isotope fingerprint of the rain water. Hence, the 6**0O and
the §'3C value of the stalagmite are shifted towards more positive values.
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Isotope fractionation - Part II

In the previous chapters, the oxygen and the carbon isotopic behaviour of the CO9-HyO-
CaCOg system have been illuminated and all aspects of the carbon and oxygen isotope
cycle have been discussed, putting special focus on the isotope-recording speleothem. In
Chapter 5, the isotope fraction of calcite precipitation was differentiated between equilibrium
and kinetic or disequilibrium isotope fractionation, respectively, in dependence on the loss
rate of COy from the solution Hendy (1971). Recently, Dreybrodt and Scholz (2011) have
highlighted that loss of CO,, is 8 s at 0 °C and 2 s at 25 °C, is much faster compared
to precipitation rate, 2,000 s at 0 °C and 230 s at 25 °C. Following the argumentation of
Hendy (1971), the precipitation of calcite is without any doubt a kinetic or disequilibrium
isotope fractionation process. This is based on the fact that the time constant for the
oxygen isotope exchange between HCO; and H,O is between the time range of 125,700
and 6200 s for a temperature range between 0 and 25 °C (Dreybrodt and Scholz, 2011).
Further, it is at least 2 orders of magnitude greater than the precipitation time constant. In
Sec. 5.3.2, the big debate has been intoned has been introduced. An emphasis was put on
the question whether the observed discrepancies between cave-calcite-derived '8avqcite /H20
values and the values for "o g eire /H,0 based on the relationship of Kim and O’Neil (1997)
are caused by kinetic or disequilibrium isotope fractionation effects or not. But is the
kinetic or disequilibrium isotope fractionation the only cause for the observed discrepancies
or could other processes explain the offset between the relationship of Kim and O’Neil
(1997) and the observed By icite /H,0 from cave calcites? This question shall be discussed
in the following sections in more detail as in Sec. 5.3.2 but also at greater distance from
the stalagmites, meaning that not only effects at the speleothem’s surface are considered
but also effects that could happen above it. Effects, that could modify the oxygen isotope
composition of the drip water as well as the calcite.
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9.1 The big debate - Part 11

When Coplen (2007) questioned if ®geite/mo derived by Kim and O’Neil (1997) is
representative for the equilibrium isotope fractionation during calcite precipitation, he set
off an avalanche. Although, it was well known that many speleothems show kinetic or
disequilibrium isotope fractionation effects (Mickler et al., 2006). Tremaine et al. (2011)
summarised values of o geite /H,0, Which were available from several studies, and compared
those values with the temperature relationship described by Kim and O’Neil (1997). An
updated plot of Tremaine et al. (2011) is shown in Fig. 9.1; *aicgieite/m,0 values of Johnston
et al. (2013), Feng et al. (2012) and Riechelmann et al. (2012) are included additionally.
Fig. 9.1 impressively demonstrates, that almost all values of v gicite /1,0 derived from cave
calcites are greater than the values derived by the relation for Bovacite /m,0 after Kim and

O’Neil (1997).
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Fig. 9.1: The figure shows " yeite/mo values derived from speleothem and drip
water 610 values pictured in dependence on the cave air temperature. The straight
line determines the value for ¥ cite /H,0 calculated from the temperature relation of
Kim and O’Neil (1997) (adapted and modified after Tremaine et al., 2011).

Several studies discuss the effect of isotope fractionation and in particular of oxygen isotope
fractionation during the precipitation of calcite with focus on disequilibrium effects (Zeebe,
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1999, 2007; Watson, 2004; Wiedner et al., 2008; Dietzel et al., 2009; Polag et al., 2010;
DePaolo, 2011; Day and Henderson, 2011). Watson (2004) developed a theory based on
solid state diffusion within the calcite lattice. It describes the propagation of trace-metals
within the crystal, but may also be applied to stable isotopes. However, Hendy (1971)
stated a value of c. 1000 years at a temperature of 20 °C for the exchange time of 50
% of the oxygen and carbon isotopes through one unit cell below the surface, based on
experimental results of diffusion coefficients of oxygen and carbon isotopes in calcite (Haul
and Stein, 1955; Anderson, 1969). Hence, solid state diffusion of oxygen and carbon isotopes
is by far too slow to explain the observed kinetic or disequilibrium effects, which is also
stated by (DePaolo, 2011). The studies by (Zeebe, 1999, 2007) demonstrated, that under
the assumption that HyCO3, HCO; and CO3~ contribute to the precipitated calcite in
proportion to their fraction of DIC, the oxygen isotope fractionation factor between water
and calcite is also a function of the pH value of the precipitation solution and not only
of the temperature. A reason for this is the fact that the fraction of the carbon species
depend on the pH value (Fig. 3.2). Since the oxygen isotope fractionation is different
between every species, the overall oxygen isotope fractionation factor is a weighted mean
of all oxygen isotope fractionation factors with respect to their relative abundance. The
concept of DePaolo (2011) is based on the relative strength between the precipitation
and the dissolution rate of calcite. Apart from the theoretical approaches (Zeebe, 1999,
2007; Watson, 2004; DePaolo, 2011), Dietzel et al. (2009) investigated the dependence of
18 Y ealcite /H,0 on several parameters experimentally. The parameters are the temperature,
the precipitation rate and the pH value of the solution. The results of Dietzel et al. (2009)
indicate, that "®ceaicite /H,0 1s also a function of the precipitation rate and of the pH value.

9.2 Prior carbonate precipitation and the effect on
isotope fraction factors

Several experiments (Wiedner et al., 2008; Polag et al., 2010; Day and Henderson, 2011)
have been performed under cave-like conditions in most cases using a ramp on which a
supersaturated solution is flowing down and calcite is precipitating along its way down.
The results of Wiedner et al. (2008) indicate that the precipitated calcite gets enriched
in 0 and '3C isotopes along the flow path. For the oxygen isotope ratio of calcite, it
could be shown that, the enrichment along the flow path depends on the pump(flow) rate.
For a pump rate of 0.24 ml/min and 0.12 ml/min, the enrichment in the 6O values of
the precipitated calcite is approximately 1.0 %o and 1.5 %o for a path length of 50 cm,
respectively, at a temperature of 21.7 °C. Assuming a drop volume of 0.1 ml, the pump rate
of 0.24 ml/min equates a drip interval of 25 s and the pump rate of 0.12 ml/min a drip
interval of 50 s. For §'3C values of the precipitated calcite, it could be demonstrated, that
it is enriched by about 1.4 %o for a path length of 50 cm, at a temperature of 17.9 °C and a
pump rate of 12 ml/min. Similar results were derived by Polag et al. (2010). This could be
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explained by the observation that the mass of precipitated calcite decreases exponentially
with the length of the path due to precipitation kinetics (Polag et al., 2010; Hansen et al.,
2013). Hence, the solution becomes enriched in ¥O and '¥C with increasing flow length.
This is a result of the disequilibrium isotope fractionation effects (Scholz et al., 2009). What
has been demonstrated by the experiments is (i) that whenever calcite is precipitated, the
solution becomes enriched in 80 and '3C with increasing flow distance and furthermore,
(77) that calcite, that is precipitated along a flow path, becomes enriched along its way, too.
What has been demonstrated by the studies of Wiedner et al. (2008) and Polag et al.
(2010), describes furthermore the evolution of the decoration of cave ceilings, namely, the
formation of stalactites and other sinter shapes on the cave ceiling. In caves, it not unlikely
that a stalactite is above a stalagmite or that the drip water is first flowing along the cave
ceiling before it drips from it and falls onto a stalagmite surface or the cave ground. Both
situations are accompanied by calcite precipitation in case of supersaturated solutions. It
is also possible that calcite is precipitated inside veins of the karst zone. Those cases are
usually summarized under the term "prior calcite precipitation” (PCP), meaning, prior
to the stalagmite formation, which is than stated as secondary calcite precipitation. Like
the studies of Wiedner et al. (2008) and Polag et al. (2010) have shown, PCP is also
accompanied by isotope fractionation effects causing an enrichment of the solution in **O
and 3C with the flow length. If a growing stalagmite is under a drip side and is fed by a
solution from which calcite is precipitated by PCP, the stalagmite’s 6'*0 and 6'3C value
would be greater, compared to the case, when no calcite is precipitated from the solution
before the stalagmite formation. This is a simple fact of the disequilibrium isotope fraction
effects proofed by Wiedner et al. (2008) and Polag et al. (2010). The effect can be quite
high: Note that only for a length of 50 cm and a drip interval of 50 s, the enrichment is
already in the order of ¢. 1.4 %o at a temperature of c. 20 °C.

The question is, what has PCP to do with the determination of et qcite/m,07 A lot! The
idea goes as follows: to calculate 18(10@16“6/1{20, two values for the oxygen isotope ratio
are necessary, one of the stalagmite’s calcite sample from the top or the calcite from a
watch glass and the second from the water sample feeding the stalagmite or watch glass,
respectively. Both samples are carried to a laboratory, where the oxygen isotope ratio
is determined with a mass spectrometer. In the end, two values for the oxygen isotope
ratio of calcite and water are determined and 18acalcite/ m,0 can be calculated. But is the
oxygen isotope ratio of the measured water representative for the oxygen isotope ratio
of the solution’s HCO3 7 Yes!, and No! If there has not been any PCP and both HCO3
and water are in oxygen isotope equilibrium, the measured oxygen isotope ratio of water
is representative and the calculated '®ovqcite /H,0 expresses the real isotope fractionation
factor. But in the case that PCP did occur, HCO3 is enriched in ¥0O and '3C at the time of
calcite precipitation and the resulting %0 and §'3C value are greater compared to the case
without PCP. The water sample does therefore not represent the oxygen isotope state of the
solution at the time of the calcite precipitation. This is due to the fact, that the amount of
water is so much higher compared to the carbon bearing species and further the effect of
the greater amount of O isotopes in the solution is negligible for water. Furthermore, the
oxygen isotope exchange between HCO3 and water forces an oxygen isotope re-equilibrium
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between HCO3 and water and would consequently balance the enrichment caused by PCP.
For example, if the sampled solution has a constant temperature of approximately 10 °C,
the oxygen isotope equilibrium between HCO3; and H5O is re-established after c. 1.64 days
(98 %) (Dreybrodt and Scholz, 2011). This is usually the case for water samples being kept
in a fridge for several days until the samples are analysed. Hence, the derived ¥ qicite JH30
is overestimating the isotope fractionation effects in case of PCP.

9.3 The big debate - Part III and concluding remarks

Most of the studies from which the ®aqgicite /H,0 values of Fig. 9.1 origin have not investigated
for PCP. Some of these studies even mentioned kinetic effects or "highly decorative cave
ceiling" as being a hint for PCP. Hence, PCP could explain the offset between the reference-
line set by the relation of Kim and O’Neil (1997) and the ovqcite/m0 values derived from
drip water and calcite samples. As long as PCP is not excluded from processes affecting
the drip water isotopic composition, no Bovicite /H,0 values derived from calcite and drip
water samples should be used to derive ¥aqzite /H.0 values. However, the devil lies in the
detail, because the calcite and water sample analysed by Coplen (2007) originate from an
under-water cave in Nevada, Texas, called the Devil’s Hole. Therefore, no PCP occurs
and can not be the reason for the offset between the derived ®Bagcite /H,0 Vvalues and the
Kim and O’Neil (1997) relationship for "®ovacite/m,0. The argument by Coplen (2007),
that the derived ®agcie /H,0 value represents isotope equilibrium conditions, is that the
calcite precipitation rate is so slow, being between 0.1 and 0.8 u/a (Winograd et al., 2006),
compared to growth rates of speleothems, being between 10 and 1000 p/a (McDermott,
2004), that calcite precipitation is likely to be an equilibrium oxygen isotope fractionation
effect. A possible reason for this could be the circumstance, that the mass transport within
the solution, which is limiting the precipitation rate, is gaining importance for an increasing
height of the solution film (Buhmann and Dreybrodt, 1985a,b). Consequently, the same
applies for the under-water calcite sample of Devil’s Hole. Furthermore, disequilibrium
effects, as discussed in Chapter 7 for thin solution films, might be of subordinate order for
under-water-calcite samples. Assuming a boundary layer with a finite thickness between
the bulk solution above the calcite surface and the calcite surface, the solution within
the boundary layer is constantly renewed by molecular diffusion, or in case of currents,
by turbulent diffusion, too. Considering the exchange time, only molecular diffusion is
considered being an upper limit for the exchange time; the occurrence of turbulent diffusion,
the exchange time becomes smaller. The time constant for the exchange of HCO3; molecules,
being the most abundant carbon bearing species in the solution (pH ~ 7.4 Coplen, 2007),
between the boundary layer and the bulk solution is formulated by dreybrodt1988

— 1 —
Th O = gDﬁCOS 6%, (9.1)
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whereas DﬁCQ‘ is the molecular diffusion coefficient for HCO3; and ¢ the hight of the

boundary layer. The values for Dﬁc% are calculated with the relation of Zeebe (2011).
After 3 - 7p, about 95 % of the HCO3 molecules are exchanged. This occurs after c.
18.3 s at a temperature for 0 °C. Hence, for higher temperatures the exchange time is
smaller. Consequently, it is very unlikely that HCO3 molecules, that are situated within
the boundary layer, get further enriched in 80 and '3C. This is due to the fact, that the
precipitation time constant is at least one order of magnitude greater than the exchange
time. Applying this results on the calcite samples of Devils Hole (with a water temperature
of 33.7 °C) shows, that the calcite §'*0 and §'3C values should be precipitated in oxygen
and carbon isotope equilibrium. This has been already demonstrated by Coplen et al.
(1994) in case for the carbon isotopes. If the argument of Coplen (2007) are right, the
relationship of Kim and O’Neil (1997) does not equates the oxygen isotope equilibrium
state for calcite precipitation. However, the hydrological parameter of Devil’s Hole water
has one major difference to drip waters inside cave, having usually a pH value of c. 8.2;
the water of Devil’s Hole in contrast has a value of ¢. 7.4. According to the theory of
(Zeebe, 1999, 2007), different pH values of the solution form which calcite is precipitated
can have an effect on the precipitated calcite. If the water from Devil’s Hole would have a
pH value comparable with cave drip water the precipitated calcite would be c. 0.5 %o higher
compared to it’s measured value. Nevertheless, this does not explain the difference of c.
1.8 %o between the ®acqeite/m,0 values derived by Coplen (2007) and the ones derived by
Kim and O’Neil (1997). However, Dietzel et al. (2009) demonstrated that the pH-effect on
precipitated calcite can be even stronger than calculated by (Zeebe, 1999, 2007). Fig. 4 of
Dietzel et al. (2009) shows that at a temperature of 40 °C, 18acalcit6/H20 varies by about
8 %o in the pH range between 8 and 10. Hence, for a pH difference of 0.5, the change in
B alcite /H,0 Would be c. 2 Y%o. Although, the water temperature at Devil’s Hole is cooler
by about 6 °C compared to experiment temperatures under experimental conditions in
the laboratory of 40 °C the change in "®aqeite/m,0 is comparable in magnitude and could
explain the offset of c. 1.8 %o between the temperature relationship for ®a qeite /.0 found

by Coplen (2007) and Kim and O’Neil (1997).

The previous discussion has demonstrated, that there is yet no straight forward explanation
for the difference between cave-calcite-derived " egeite/,0 values and that the ®acgicite/m,0
values calculated with the relationship of Kim and O’Neil (1997). PCP, disequilibrium
effects and additional fractionation effects may modify the isotope fractionation effects of
calcite precipitation (Zeebe, 1999, 2007; Wiedner et al., 2008; Dietzel et al., 2009; Polag et al.,
2010; DePaolo, 2011; Day and Henderson, 2011) and a direct comparison of 18acalm~te/ H,0
values is challenging, unless all parameters are known. The question whether Bovcite /H20
derived by Kim and O’Neil (1997) represents isotope equilibrium conditions or not is yet to
be answered.
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Principal component analysis in
speleothem science

Principal component analysis (PCA) is a widely-used statistical method in meteorology
and climate science to investigate coherent variations in data records (Preisendorfer and
Mobley, 1988; Von Storch and Zwiers, 2001; Jolliffe, 2002) and other branches of science
(Jolliffe, 2002). The data records consist of different proxy time series, e.g. temperature,
air pressure or precipitation. All variables have to be measured at the same station over
a period of time or have to be a multitude of proxy time series recorded simultaneously
at different stations. PCA is also referred to as empirical orthogonal functions (EOF)
and it is often not differentiated between these two terminus in literature (Jolliffe, 2002).
The expression empirical orthogonal function adumbrates that the subject is based on
orthogonal functions, which in turn are used to describe the variations of the data record.
An introduction to the mathematical concept behind PCA (EOF) is given in Sec. 10.1.
PCA is a meaningful tool. Both, temporal coherent variations and spatio-temporal coherent
changes can be investigated. Thereby, the investigated data can include different spacial
scales. Wallace and Gutzler (1981) for example used PCA to investigate coherent changes
in the winter geopotential high field in the Northern Hemisphere. Recently, Anchukaitis
and Tierney (2012) used Monte Carlo based PCA to determine spatio-temporal changes
in palaeoclimatic time series derived from lake sediments in East Africa. This is, to the
knowledge of the author, the first time that PCA has been applied on proxy time series
that adhere an age error.

In this work, Monte Carlo based PCA are applied on speleothem proxy time series to
explore coherent spacial-temporal variations in European speleothems during the Holocene.
In addition to the age uncertainty of measured speleothem ages, speleothems have usually
a non-constant growth rate causing a different temporal resolution of the proxy time series
(Spotl and Mattey, 2006). This feature has not been discussed by Anchukaitis and Tierney
(2012). In general, it is no challenge comparing speleothem proxy time series from different
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locations visually. However, it might get difficult when using PCA, due to of different
temporal resolutions (Sec. 10.2). The method presented here considers the age uncertainty
of speleothem ages and the different temporal resolution of speleothem proxy time series.
This allows to investigate for coeval spacial-temporal changes in speleothem proxy time
series. However, there are manifold processes altering the recorded proxies (Chapter 7 and
8). This makes it challenging to search for synchronous variations in speleothem proxy
time series from speleothems that have grown in different regions. Nevertheless, with the
application of PCA on a collection of speleothem proxy time series (data records) from
different locations, hidden common variations in the speleothems proxy time series can be
uncovered.

In the following section a brief overview shall be given on the mathematical concept of PCA
(EOF) (Sec. 10.1) that is based on the first chapters of Jolliffe (2002). Subsequently, the
application of PCA on speleothem proxy time series is discussed (Sec. 10.2), followed by
the explanation of the source code (Sec. 10.3). Ultimately, PCA is applied on artificial and
real proxy time series to derive significance criteria for the selection of leading modes of
"shared" variations (Sec. 10.4, 10.5, 10.6, 10.7).

10.1 Introduction to principal component analysis

10.1.1 Problem definition and first steps

When a large number m of variables (time series) are investigated for common variations
the classical correlation methods become impractical. For example, to test the temporal
coherency of 10 variables a total of 45 (3m(m — 1)) correlations or covariances must be
analysed. Hence, other methods must be applied, that allow to investigate large numbers
of variables, but reduce the dimensionality of the dataset. This is the concept of principal
component analysis (PCA). Assuming a vector X that is composed of m variables, then X
is given by

X: [X17X27"'7Xm]7 (101)

with x; being
X = (zi(t), i(ta), . .., 2i(tn)) (10.2)
whereas the x;(t;) (k=1, 2, ..., n) are observations. If the x;s are independent variables, e.g.,

5180 time series of different speleothems, then x;(t;) is the 580 value of the i speleothem
at the time t. The idea of PCA is to find a linear function af X that explains most of the
variance of the elements of X. The subscript 7 denotes that « is transposed. Hence, the
linear function aTX is given by
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OéfX = a11X1 + Q19X2 + ... + ¥Xm = Z 14X (103)
i=1

The next step is to find a linear function o X that is orthogonal to o X, i.e. <an, ogX> =
0 ({-,-) is the standard scalar product) and explains most of the variance. The k* (k<m)
linear function a4 X is orthogonal to aTX, a3 X, ... af ;X and explains most of the
variance and so on and so force until k=m. The o X are refereed as the k' principal
component (PC) or as the k' empirical orthogonal function (EOF). If the PCA was
successful, than most of the variance of X is explained by only a few PCs (p<m) (e.g.
Jolliffe, 2002).

10.1.2 The calculation of Principal Component(s) Analysis

To derive the PCs values for a; must be determined that fulfil the conditions of orthogonality
and of having maximum variance (Sec. 10.1.1). For the 1 PC this yields that var {ofer} =

aTBa; is maximal and that aTa; = 1 (e.g. Jolliffe, 2002). X is the covariance matrix of
X. To solve this problem the technique of Lagrange multipliers can be used. Hence, the
task is to maximise Eq. (10.4) at which A is the Lagrange multiplier.

max (a?Zal —A (a}?al - 1)) : (10.4)

After differentiation of Eq. (10.4) with respect to a; yields

Sag — Mg = 0. (10.5)

Hence, the problem is reduced to an eigenvalue-problem where «; is an eigenvector of X
and )\ the corresponding eigenvalue. Because afXa; need to be maximal, the solution
of Eq. (10.5) is eigenvector with the largest eigenvalue because af Xy = ;. It can be
demonstrated that all other cu ! are also eigenvectors of ¥ with corresponding eigenvalues
A (Jolliffe, 2002). Hence, the PCA is described by

> = AAAT (10.6)

where the order of the eigenvectors is in accordance with the size of the eigenvalues. a; has
the largest eigenvalue, a the second largest, ag the third largest etc. pp. It follows that
the portion of the explained total variance of X by «y is given by

Ak
Ai

(10.7)

3

1

.
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If the x;" are standardized the covariance matrix equates the correlation matrix (X = R)
and Eq. (10.6) gives

R = AAAT. (10.8)
Because the oy ! are orthonormal, they span a new space of dimension n that allow to
transform the observations of the vector X into the new space (Eq. 10.3). Hence, the
"observations' of the oy are given by

Yk = o X. (10.9)

The xx are referred as PC time series in the following. Hence, x is explaining most of the
total variance of X, ya the second most etc. pp. Eq. (10.3) shows that the contribution of
the x;’s vector to yy is determined by the components ay; of the corresponding eigenvectors
ax and are often quoted as "loadings" in the literature. Another approach is to calculate
the correlation between yyx and the x;’s to test whether a computed PC time series explains
the variability of a certain x;. Within this framework, the correlation between a PC time
series and the x;’s is calculated with the Spearman’s rank correlation coefficient (r).

10.1.3 Principal component analysis

Within this section a PCA is applied on two variables (time series) x; and x2. The
components of the x; and x5 are calculated with Eqs. (10.11).

([t

7y (t}) = sin <100> +T (10.10)
Nz

7y (t7) = —sin <1oo> 4T (10.11)

The variables x; and x5 are described by anti-correlated sinus-function with a period of
27100 years (arbitrarily chosen). Each component of the two variables is calculated with
Egs. (10.11), whereat I" is a white noise function. The ¢;’s are varied from 0 to 5000 years,
whereat the difference between subsequent ages is 10 years. Furthermore, each age is allowed
to vary by 0.3 years (1-sigma). The parameter are chosen (arbitrarily) to be consistent
with speleothem time series having a limited proxy resolution and an age uncertainty and
inhere an "uncertainty"'. To demonstrate the effect of the "uncertainty" in the variables
a total of 500 Monte Carlo approach is performed, at which a PCA is applied on x; and
xz for each Monte Carlo run. The ensemble of the time series x; (red) and x2 (blue) are
illustrated in Fig. 10.1.
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Fig. 10.1: Illustrated are the ensemble of two variables x; (red) and xg (blue) which
are uncorrelated. Each ensemble is composed of 500 individual time series, whereas each
component is calculated with Eqgs. (10.11).

The variables x; and xo are illustrated against each other in Fig. 10.2 (blue closed dots).
The figure illustrates that the variability of x; and xs occurs in both directions (dimensions)
x; and Xy with an equal variability. The "uncertainty" of the variables (scatter of the circles)
is a result of the white noise function and the time uncertainty. After the application of a
PCA on the variables x; and x5 the two PCs are computed. For both exists a PC variable
(time series) x1 and xa. For the illustrated example (Fig. 10.2) the 1°* PC explains ¢. 99 %
of the total variance of x; and x, whereas the 2"¢ PC only accounts of less than 1 % of
the total variance. This is also depicted in Fig. 10.2 where y; is plotted against yo for the
illustrated variables x; and x5. The variance of y; and Y3 is in comparison to x; and x5
mainly in one direction, y31s. Hence, the two variables x; and x5 can be represent by y;.

The variable x1 of the PCA Monte Carlo approach for X =[xy, X2] is illustrated in Fig. 10.3.
The figure pictures that two different phase relations are observed for the computed x1’s,
having a phase relation of ¢ = 0 (x§~°) (magenta) and ¢ = 7 (x¥~") (cyan) and can be
described by

X§ =W exp™. (10.12)
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Fig. 10.2: The figure is picturing the relationship between the two variables x; and x5
(blue closed circles) and y; and y2 derived from the PCA on x; and x5 (red closed circles),
respectively.

This effect, which is quoted as the "up-side-down effect" in the following, is a result of the
PCA of X = [x1,X2] that can be only discovered by a Monte Carlo approach, because
it allows to vary the variance of x; and x5 for each Monte Carlo run, as the the white
noise component and the time uncertainty of the components of x; and x5 is different for
each Monte Carlo run. Hence, the different phase relations of y; observed for the Monte
Carlo approach originate from the different variances of x; and x5 for each subset of the
ensemble. It is a result of the mathematical concept of PCA, that the dimensionality of a
compilation of variables shall be reduced. For the example: if x; has a higher variance than
X3, the phase relation is ¢ = 0. In contrast, if x5 has a higher variance than x;, the phase
relation is ¢ = m. Note that both curves that are illustrated in Fig. 10.3 are describing
the variables x; and x5 and are solutions of the primary problem to describe the total
variance of X = [x1,Xz| by only one PC time series. If the Spearman’s rank correlation
coefficient (r,) is calculated between x5 and x¥=°, the value for 1, is positive. The r, value
for the correlation between x5 and szo is negative. If the correlation is calculated for
X1~ the correlation is vice versa. The up-side-down effect only occurs, if the variances of
the variables x1,Xs, ...Xy, are variable.
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Fig. 10.3: The figure is illustrating the derived ensemble of PC time series y; for the
compilation of variables x; and x5. The different phase relation of y; is caused by the
different variances of x; and x5 for each Monte Carlo run. If x; has the highest variance in
comparison to xs the magenta coloured curves are derived for y;. If x5 has the highest
variance the cyan coloured curves are computed for y;. Assuming that magenta coloured
curves have a phase relation of ¢ = 0 than the cyan coloured curves have a phase relation
of p =m.

10.2 PCA in speleothem science

As previously mentioned, PCA makes it possible to explore coherent spacial-temporal
variations in a compilation of speleothem proxy time series. This is of high interest, as it
allows conclusions about the climate system and it’s dynamics. However, for the forgoing
time of the instrumental age, only proxy time series derived from palaeo climate archives
enable to investigate for simultaneous variations in different regions. For example Spotl
et al. (2006) compared the 6O time series of two speleothems from the Austrian Alps
with that of Greenland ice cores. Another study was published by Wang et al. (2001)
comparing the §'®0 time series of five speloethem from Hulu Cave (China) with the GISP2
ice core and the insolation at 33°N. For a more sophisticated comparison of speleothem
proxy time series, PCA is applied on a selection of European speleothem §'*0 and §'3C
time series. Although PCA has been used in climate science for decades (Preisendorfer and
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Mobley, 1988) it has not been applied to speleothem proxy time series for spatio-temporal
exploration. Two characteristics adherent to speleothems are possible explanations for
this: the age uncertainty of the dated speleothem ages and the variable growth rate of a
speleothem. This makes it challenging to apply PCA on a selection of speleothem proxy
time series.

The measured ages of a speleothem have an uncertainty which results from the dating
technique (Chapter 4). This allows to vary each age within it’s given age uncertainty.
Consequently, a derived age-depth relation is only one of many solutions. Hence, every
age-depth relation has it’s own proxy-age relation, which is derived from the proxy-depth
and age-depth relation. Accompanied by different age-depth relations is the varying growth
rate. This puts another issue forth. The proxy values are derived by specific sampling
techniques, e.g., micro milling or laser ablation. All the different techniques have different
spacial resolutions (Spotl and Mattey, 2006). The sampling resolution is limited by the
technique. Thus, the temporal resolution of a proxy time series of a speleothem varies
along the speleothem’s growth axis due to its varying growth rate. Since PCA analyses
variations, it is necessary that the proxy time series have similar temporal resolutions. In
the following section two technical challenges shall be discussed in more detail. The data of
five speleothems is applied in this chapter. These speleothems grew in different caves and
are distributed throughout Europe (Fig. 10.4).

elevation (m)

Fig. 10.4: Map showing the location of five European speleothems: BU-4 from Bunker
Cave (Germany); CC-3 from Craig Cave (Irland); CC-26 from Corcia Cave (Italy); GAR-01
from La Garma Cave (Spain) and SO-1 from Sofular Cave (Turkey).
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10.2.1 Age uncertainty of ages and consequences for the age
model

The age uncertainty of speleothem ages expresses that the determined ages are not unique
solutions (Chapter 4). This is illustrated in Fig. 10.5 which shows the age-depth relation
of the stalagmites BU-4, CC-26, CC-3, GAR-01 and SO-1. All ages are shown with their

1-sigma age uncertainty.
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Fig. 10.5: Figure illustrating the age-depth relation of the stalagmites BU-4, CC-26,
CC-3, GAR-01 and SO-1. The age-depth relation is given by the determined ages
given in ka BP and the related position along the growth axis referred as distance
from top (dft) given in mm. It highlights that the growth history of a speleothem is
not smooth but lively. The growth of a speleothem depends on several parameters

resulting in a great variety of speleothem shapes and speleothem growth rates (see
Chapter 3).

To define the age-depth relation of a speleothem, the ordinary procedure is to date several
carbonate samples along the growth axis. The first step is to cut out the carbonate samples
along the growth axis of the speleothem. These carbonate samples are then prepared by

81



10.2. PCA in speleothem science

chemical procedures (e.g. Frank et al., 2000). Finally, the prepared carbonate samples are
analysed with a mass spectrometer. The location of the carbonate samples on the growth
axis and the samples’ ages are then defining the age-depth relation, i.e., the age model of
the speleothem. In the best-case scenario the carbonate sample size is not finite and the
age uncertainty of the age determination can be neglected in comparison to the absolute
age. This would allow for numerous age determinations along the growth axis, yielding
a robust age model due to it’s high age density along the growth axis. However, in most
cases there are technical and financial limitations, allowing only manageable amount of age
determinations. In addition, the age uncertainty is not negligible compared to the absolute
age. Hence, certain assumptions must be made for the age-depth interpolation between
measured ages. Concerning speleothems, only a couple speleothem age-model algorithms
are published considering the age uncertainty of the age determinations. The age-models
are based on different assumptions regarding the age interpolation (see Scholz et al., 2012b,
and references therein). Scholz et al. (2012b) have presented a comprehensive overview of
the reliable models published so far. However, the most convenient interpolation technique
between ages is a linear interpolation that is also used in sophisticated age models (e.g.
Scholz and Hoffmann, 2011) - A linear interpolation has been also applied on the measured
ages in Fig. 10.5, resulting in a linear age-depth relation for each speleothem. The basic
assumption of a linear interpolation between the ages is that environmental changes force a
linear response of the speleothem’s growth rate. However, the age-depth relations depicted
in Fig. 10.5 are only one possible solution for each speleothem. The age uncertainty of each
age allows to vary all the ages within their given ranges. This results in a multitude of
age-depth relations, which then determine the age-depth transfer function for the proxy

record. This needs to be considered when speleothem proxy time series are compared by
PCA.

10.2.2 Temporal resolution of proxy time series

Besides the age-depth relation of a speleothem, the proxy-depth relation along the growth
axis of a speleothem provides insights into climate history (see Chapter 1). In combination
with the age-depth relation, the proxy-depth relation can be transformed into a proxy-age
relation, i.e., a proxy time series. Therefore, the temporal resolution of the proxy time
series depends on the spatial resolution of the proxy and the growth rate along the growth
axis of the speleothem, respectively. In most cases, the temporal resolution of speleothem
proxy time series are not equal and the "endurance" of different speleothems, too. Thus,
the different temporal resolution of speleothem proxy time series allows only qualitative
comparisons between different speleothems.

The proxy-depth relation of five different speleothems is shown in Fig. 10.6 - the illustrated
proxy is in this case §'80. However, a proxy-depth relation by it’s own does not allow
for inter-comparisons between proxy-depth relations derived from different speleothems.
Only in combination with the speleothem’s age-depth relation (Fig. 10.5) a qualitative and
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Fig. 10.6: The five §'**O-depth relations of speleothem BU-4, CC-26, CC-3, GAR-01,
and SO-1 (from top to bottom) picture the variability of the §'%0 signal along the
growth axis quoted as distance from top (dft) given in mm. The comparison of the
§'80-depth relations illustrates of the different that both the length of the speleothem
as well as the variability of the speleothem §'80 values are different from speleothem
to speleothem. It highlights that every single speleothem has an unique history that
defines its characteristics. Only in combination with the speleothem’s age-depth
relation, the §'8O-depth relation can be transformed into 6**O time series and allows
for inter-comparison with other 6'¥0 time series.

quantitative investigation of different speleothem proxy time series can be conducted.

If an age-depth and a proxy-depth relation of a speleothem are combined into a proxy-age
relation, the temporal resolution of a speleothem is simply the age difference between two
neighbouring proxy values. The temporal resolution of a speleothem proxy time series is
constant if the growth rate as well as the spacial sampling solution are constant. However,
as demonstrated in Fig. 10.5 this does not usually apply to speleothems and results in
different temporal resolutions of the proxy time series along the growth axis. The temporal
resolution of the stalagmites BU-4, CC-26, CC-3, GAR-01 and SO-1 is pictured in Fig. 10.7.
To account for the age uncertainty of each measured age a Monte Carlo (MC) approach
was used. The speleothem ages were varied within their 1-sigma age uncertainty and a
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Fig. 10.7: The figure is illustrating the mean temporal resolution of the 6O time
series of the stalagmites BU-4, CC-26, CC-3, GAR-01 and SO-1. To account for
the age uncertainty of the measured a MC approach is applied to the age-model of
each speleothem. Each rectangle is showing the mean temporal resolution at the
corresponding age. The temporal resolution is indicated by the coloured shading.

linear interpolation between the ages was used for each of the MC runs, resulting in a linear
age model for each speleothem. A total amount of 1000 MC runs has been performed.
Based on the ensemble of 1000 runs, the mean temporal resolution is calculated for each
speleothem by using a moving average of 100 years. This is illustrated in Fig. 10.7 where the
coloured shading gives information on the mean temporal resolution for each 100 year time
frame (rectangle). The colours differentiate between a temporal resolution smaller than 30
years. The temporal resolution of the five speleothems shows a high variability and differs
from speleothem to speleothem (Fig. 10.7). While SO-1 has an almost constant temporal
resolution throughout the Holocene, the temporal resolution of GAR-01 has a more variable
growth rate. According to Fig. 10.7 the temporal resolution of GAR-01 is c. 25 years during
the last 400 years of GAR-01’s growth history. There is even a hiatus between 1.0 and
1.2 ka BP. In the mid-Holocene, 4.0 to 6.0 ka BP, the temporal resolution of GAR-01 is
smaller than 10 years. It is posed by Fig. 10.7 that analysing different speleothem proxy
time series with more sophisticated statistical tools, such as PCA, is not straight forward.
This is due to the requirement that the temporal resolution of all speleothems must be
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equal for detailed statistical analysis and consequently must be equalised.

10.2.3 Selection criteria for speleothem proxy time series

The preceding paragraphs have highlighted that investigating speleothem proxy time
series for spatial-temporal coherent changes with principal component analysis, requires
a preparation of the proxy time series. This includes a robust age-depth relation, which
means that the uncertainty of the age determination should be small in comparison to the
determined age. For this reason, only speleothems are used that have been dated with TIMS
or ICP-MS techniques. In addition, the temporal resolution of the proxy time series should
be smaller than 30 years. Furthermore, only speleothems are used that have a non-changing
crystal configuration. This is due to the reason that the isotope fractionation effects are
changed for different crystal configuration (Rubinson and Clayton, 1969; Romanek et al.,
1992). Moreover, the speleothems should be equally distributed in order to avoid that a
region is overvalued. However, the most important issue is to apply PCA not randomly on
a selection of speleothem proxy time series. The proxy time series that are investigated
should be related to each other. An example are 680 or 6*3C values of a speleothem that
provide information on the water cycle and the vegetation, respectively.

10.3 How the PCA is performed

To apply PCA on spleothem proxy time series, the proxy time series need to be prepared
beforehand. The age-depth relations illustrated in Fig. 10.6 (straight lines), are only one
possible solution for the age-depth relation based on the measured ages of each speleothem.
For this reason, a Monte-Carlo (MC) approach is applied to create an ensemble of age-depth
relations, which are used to translate the proxy-depth relation into a proxy-age relation.
The temporal resolution of the proxy time series of each MC run is equalised in a subsequent
step. Finally, the PCA is applied on the ensemble of prepared proxy time series. The
different steps of the procedure shall be explained in the following sections.

10.3.1 Procedure of age-depth relation modeling

To describe the procedure of how each age-model is constructed, the discussion is limited
on the age-model of stalagmite BU-4 for simplicity. Fig. 10.8 illustrates the measured ages
with their 1-sigma uncertainty. The straight line links the mean ages of each age that has
been determined, whereas "mean" refers to the most likely age according to the statistics
of the measurement, though other age-depth relations are also possible solution providing
that the ages are within the age uncertainties.
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Fig. 10.8: Illustrated is the age-depth relation of stalagmite BU-4. The ages are pic-
tured with the corresponding 1-sigma standard uncertainty and a linear interpolation
method is applied.

To construct an age-depth relation, the stratigraphic order of the ages must be fulfilled, i.e.,
starting with the youngest age at the tip of a spleothem, the subsequent age must be older
than the youngest age and the next age must be older than the forgoing. This requirement
must be fulfilled by all ages along the growth axis. However, if the domain of values for
ages is defined by the 1-sigma range of each individual age along the growth axis and the
1-sigma range of neighbouring ages are overlapping, there are certain age-depth relations
possible at which the stratigraphic order of the age-depth relation is not fulfilled; i.e., the
age-depth relation has age inversions. Accordingly, a routine must be developed to handle
the age inversion of this certain age-depth relation.

10.3.1.1 Routines for age inversions

The first two ages:

To test each age-depth relation for age inversions, the youngest age is used as a tie-
point. The subsequent 2" age of the age-depth relation is than compared to the 1% age.
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(Scenario I): In the case that the 2" age of the age-depth relation is younger or equal
than the 1% age it is not used for the constructed age-depth relations - "constructed'
age-depth relations shall be defined as the original age-depth relation, that has been tested
and corrected for age inversions, respectively. The same procedure is is applied to the 37
age. (Scenario II): If the 2" age is older versus the 1° age it is compared with the 2"¢’s
following age, the 3"? age. This is due to the reason, that the 2"¢ age can be older than
the 3" age in case that the 1-sigma ranges of the 2"? and 3"¢ age are overlapping. Thus,
an age-inversion is possible. For this routine the two subsequent ages of the 27¢ age, i.c.,
the 3" and the 4" age are used, to distinguish between the cases, whether the 2"¢ and 3"
age are in stratigraphic order or not, and, in case not, if the 2"® age is too old or the 3"
age too young - for the last two cases the 4" age is used. (Scenario Ila): In the case that
the 37 age is older than the 2"¢ age, i.e., the stratigraphic order is fulfilled, the 2"¢ age is
used for the constructed age-depth relation - note that for this case the 1* and 2" age are
in stratigraphic order. If the stratigraphic of the 2"® and 3"¢ ages is not fulfilled the 1%
and 3" age are compared. (Scenario IIb): If the 37 age is older than the 1% age, the 24
age is not used for the constructed age-depth relation. (Scenario Ilc): Is even the 37 age
younger than the 1°¢ age the 4" age is used as a further age reference - this case means
technically that the 1-0 range of three succeeding ages are overlapping and the oldest age
of the 1-0 range of the 1** age is older than the youngest age of the 1-o range of the 3" age.
If the 4" age is older than the 2" age, the 2"¢ age is used for constructing the age-depth
relation. For a "chaotic" age-depth relation, where the 1-0 ranges of the first four ages are
overlapping, it is likely that even the 4" age is younger than the 1°¢ age. The routine is not
designed for such complicated age-depth relations, and the original age-depth relation must
be checked manually for such complicated age-depth sections.

The third and subsequent ages of the constructed age-depth relation:

When the first two ages of the constructed age-depth relation are determined all fol-
lowing ages are determined, by the similar procedure. For the 3" age of the age-depth
relation this means that instead of the 1%¢ age (t;) the 2" age (ty) of the constructed
age-depth relation is the new tie-point. Hence, t; =t9, to =t3, t3 =t4 and t4 =t5. Fig. 10.9
shows the ensemble of age-depth relations based on 1000 MC simulations for stalagmite
BU-4. A linear interpolation method has been applied on the constructed age-depth relation.
The universe of the ensemble covers the 1-sigma range of the age-depth relation. At the
younger part of the speleothem, where the 1-sigma ranges of the 2"* and 3" age and the
37" and 4 age are overlapping, some constructed age-depth relations do not contain the
2" and 3" age, respectively. This is due to the reason that an age-inversion has occurred.

10.3.1.2 Interpolation between ages for age-depth modelling

After the constructed age-depth relation is finished, an interpolation method must be
applied on it in order to assure that the proxy-depth relation can be translated into a
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Fig. 10.9: Illustrated is the original age-depth relation of stalagmite BU-4 (red line).
The blue shading area indicates the range of possible age-depth relations (see text for
detail).

proxy-age relation. In the past, different models using different interpolation methods have
been developed for age-depth modelling. Scholz et al. (2012b) presented a comprehensive
overview and discussion on these models. Here a linear interpolation method is used
following Scholz and Hoffmann (2011). This is due to the reason that a linear interpolation
between ages is the simplest method that can be applied on speleothem age-depth relations.
This interpolation method implies that the growth rate of the speleothem responds linearly
to environmental changes which affect the growth rate.

Fig. 10.10 illustrates the age-depth relation (blue) including the 1-sigma age uncertainty
of each measured age. A linear age interpolation is applied on the age-depth relation.
Presented is only the case where the most likely ages were applied for the age-depth relation.
The 6'¥0-depth relation is indicated by the red curve. Combining both the age-depth
relation and the proxy-depth relation enables a transformation of the proxy-depth relation
into a proxy-age relation. For each MC run, the proxy-age relations must be equalised in
order to gain a similar temporal resolution. This proxy-age relation can then be used for
further analysis.

10.3.2 Temporal resolution model

When the proxy-age relation is constructed for all speleothems, the temporal resolution
along the growth axis is usually not constant and varies with the age of the speleothem. This
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Fig. 10.10: The blue curve illustrates the age-depth relation of stalagmite BU-4;
the blue errorbars indicate the 1-o uncertainty of each measured age. A linear age

interpolation is applied. The §*¥*O-depth relation of stalagmite BU-4 is indicated in
red.

is illustrated in Fig. 10.7 for five different speleothems (BU-4, CC-26, CC-3, GAR-01, SO-1).
The coloured shading indicates the temporal resolution for each speleothem. To equalise
the temporal resolution for all speleothem proxy-age relations, it must be considered that a
section with a higher temporal resolution, i.e., a smaller value for the temporal resolution,
contains more information compared to a section with a smaller temporal resolution. In
order not to create non-existing temporal information of a speleothem time series, the
temporal resolution of all analysed speleothem proxy time series must be equalised with
respect to the lowest temporal resolution. However, as Fig. 10.7 illustrates, the temporal
resolution of each speleothem varies with its growth history. Taking GAR-01 as an example,
at some stages of GAR-01’s growing phase, e.g, between 2.0 and 3.0 ka BP, the stalagmite
has the highest values for the temporal resolution compared to the other four stalagmites.
However, between 4.0 and 5.0 ka BP it has also smaller values compared to highest value
for the temporal resolution of all stalagmites - here stalagmite CC-3 has the highest values
for the temporal resolution. In order to not to loose information, the speleothem time
series are scanned for the lowest temporal resolution at each point of time for their coeval
growth history. In following step, the speleothem time series are then equalised according
to the lowest temporal resolution during their growth history. If that the lowest resolution
alternates between the speleothems for different ages, the evolution of the lowest temporal
resolution is then a function of all speleothem time series. The procedure shall be introduced
in the following paragraphs.
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Determination of coeval growth history: The first step is to find the period in which all
speleothems have grown simultaneously. The youngest age of this period, 7y, representing
the oldest age of the collection of all youngest ages. Mathematically this means that

T = mazx {tzl}

L (10.13)
whereas ! is the youngest age of speleothem i; n denotes the number of speleothems. For
the oldest age, 7.,q4, of the period, the youngest age of the collection of all oldest ages is
chosen. The mathematically formulation of this condition is

Tena = min {tiaf . (10.14)

Here, t_, is the oldest age of speleothem 4; n is the number of speleothems again. When the
youngest and oldest age are determined, the temporal evolution of the temporal resolution
within the time interval of coeval growth history needs to be calculated.

Determination of the temporal evolution of the temporal resolution: The subsequent step of
the routine is to determine the temporal resolution for all speleothem proxy time series
during the coeval growth history. For this, it is considered that the temporal resolution at
any point of time can not be smaller than the maximum of the compilation of all values for
the temporal resolution of all speleothems at the given point of time. After the beginning
of the coeval growth history is defined by 71, the 2" age is determined in the following way:
for all speleothem time series the age difference, At, between 71 and the successive age,
t;, with t§.>7'1, of the time series is calculated, whereas i is a placeholder for the speleothem
and j denotes the number of the proxy value of the speleothem’s time series.

Atyy = {t! — 71 }im1in- (10.15)

Atq5 is the temporal resolution at 7. Hence, the second age, 75, is given by the maximum
value of Aty9 and 7:

Ty = 71 + max(Atys). (10.16)

All other values are calculated with the same procedure until 7, > T.q:

T = Th-1 + maz(At 1)) (10.17)

i is the k' age of the constructed time series, 7,_; is the previous age and At 1y, is the
age difference between 7;,_; and the subsequent ages of the speleothem proxy time series.
The ages of the constructed time series, T, are given by the compilation of all ages 7; if m
is the number of ages, T; is given by

90



10. Principal component analysis in speleothem science

T =71, T2 ooy Thly Thy e+ s T 1> Tm }, 8 = 1,2, ... n. (10.18)

Note, that T; is the same for all speleothems.

Determination of proxy values: The proxy values at time 7, for each speleothem proxy
time series are calculated as follows: if 7, is part of the ages of a speleothem proxy time
series, the proxy value of the time series at 73 is used; this is the case when the considered
speleothem time series has the lowest temporal resolution during corresponding time interval.
For all other cases, 74 lies in between two subsequent ages t; and t; 1 (t=1,2,...n) of
the speleothem proxy time series and the related proxy value is calculated with a linear
interpolation between the proxy values at t} and té- +1- Mathematically expressed that
means: If 7, € [t]...t,,4] (i=1,2,...n) and 7, = t} then the proxy value for the new time

series T for speleothem i is

T'(re) = I'(t)), (10.19)

whereas I"(¢;) is the proxy value of the speleothem ¢ at time ¢;. In case that té- < T < t€j+1)7
the proxy value for T; at 7, is calculated using a linear interpolation between the ages t;
and t{;):
[ (tj1) — T(t))
(tj+1 — 1)

TZ(Tk) = (Tk - tj) + Pz(tj) (1020)

I'(t;4+1) and I'"(t;) are the proxy values of speleothem 7 at time ¢;,, and ¢;. This procedure
results in n constructed time series T* with an equal resolution that can be investigated
performing a PCA.

Fig. 10.11 is picturing BU-4’s 60O time series for one MC run before the temporal resolution
is equalised (blue dashed line) and after the temporal resolution is equalised (red straight
line); the blue squares and red circles indicate the corresponding proxy values, here §'*0
for both time series, respectively. Furthermore, Fig. 10.7 illustrates that BU-4 has the
lowest temporal resolution in comparison to the other four speleothems (CC-26, CC-3,
GAR-01, SO-1) between 5.5 and 6.5 ka BP (except the hiatus of CC-3 between 5.9 and 6.3
ka BP). This feature is also depicted in Fig. 10.11. Here the §'%0 values correspond to the
constructed time series T2Y~* of the original, which is the non modified §'%0 time series of
stalagmite BU-4. To gain a better illustration of the time frame between 5.0 and 8.0 ka B
BP, a zoom function of the 60 time series is illustrated in Fig. 10.12.

The 680 time series for stalagmite BU-4, CC-26, CC-3, GAR-01, SO-1 is pictured in
Fig. 10.13 (from top to bottom). One MC runs was performed and the blue function is
picturing the 6'®0 time series of the speleothems before the equalisation of the temporal
resolution whereas the red function is illustrating the 6O time series after the equalisation
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Fig. 10.11: Tllustrated are the age-proxy (6'%0) relations of stalagmite BU-4 for
one MC run: the blue curve is the age-proxy relation before the equalisation of the
temporal resolution with the age-proxy relations of the stalagmites CC-3, CC-26,
GAR-01 and SO-1. The red curve is the age-proxy relation of stalagmite BU-4 after
the equalisation of the age-proxy relations.

of the temporal resolution. The figure shall point out that the characteristics of each proxy
(6'80) time series are preserved by the procedure.

10.3.3 Performance of PCA

After the time series T% (1 = 1,2,...n) are assembled, each T" is rescaled for a mean value
of 0 and a variance of 1. Then a PCA is applied on the compilation of time series 7¢. From
the PCA it is obtained: () n principal components (PC), (ii) the PC’s eigenvalues \;, (i)
the loadings of each Tj for every PC and (iv) after the projection of the time series 1"
with the PCs the PC’s time series, x;. In addition to the loadings, the Spearman’s rank
correlation coefficient, r,, between 7% with * is calculated. See section 10.1 for details
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Fig. 10.12: Same as Fig. 10.11 but between 8 ka BP and 5 ka BP.

about the mathematical aspects of PCA.

10.3.4 Monte Carlo Approach

The Monte Carlo approach defines a computer simulation that is repeated several times,
which is in this framework the construction of proxy-age relations for the used speleothems.
This results in an ensemble of input time series 7% on which PCA is applied to every
T*. Therefore, for every performed PCA PCs, A, ¥’ and r, are obtained. The results
are analysed subsequently. The ensemble of x’s are then "re-sampled’ to derive a mean
value and a standard deviation from the ensemble. In order not to create non-existing
temporal information, the different temporal resolutions of the proxy time series 7% must
be considered. Though only proxy time series 7% whose temporal resolution was smaller
then 30 years are considered - this is one of our selection rules for speleothem proxy time
series - a 30 year running mean is calculated from the ensemble of PC time series.

Fig. 10.14 pictures the 1°¢ PC time series (blue dots), i.e., x!, derived from a compilation of
five different speleothem §'80 time series (BU-4, CC-26, CC-3, GAR-01, SO-1) after a total
of 1000 MC simulations. The red circles are the mean values for the 30-year time windows.
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Fig. 10.13: The figure is illustrating the age-proxy (6'®0) relation of the stalagmites
BU-4, CC-26, CC-3, GAR-01 and SO-1 before the equalisation of the temporal
resolution (blue line) and after the equalisation (red lines).

The red lines indicate the corresponding 1-sigma standard deviation from the mean value.

10.4 Results of PCA with artificial proxy time series

In the previous section (Sec. 10.3) the procedure for the PCA was explained. Within
this section the behaviour of PCA on different boundary conditions of the compilation
of speleothem proxy time series shall be discussed. Boundary conditions are the age
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Fig. 10.14: The ensemble of x' (PC 1) (blue dots) for 1000 MC simulations for the
PCA of five speleothems (BU-4, CC-26, CC-3, GAR-01, SO-1) is re-sampled. The red
circles show the mean value of each 30 year time window and the red lines indicate
the 1-sigma standard deviation of the corresponding mean value.

uncertainty of the age models, the number of investigated speleothems and the number
of MC runs. For these three different kind of artificial compilations of speleothem proxy
time series are investigated. The first boundary condition, the age uncertainty of the age
models, is composed of only one real speleothem proxy time series, being the "best-case"
scenario, in the meaning that all investigated speleothems have recorded the same proxy
signal. This is quoted as the single speleothem experiment. Here, the speleothem age-depth
and §'80-depth relation of stalagmite BU-4 is used. The second and third compilations are
assembled of proxy time series that are based on an auto-regressive time series. The second
one having a memory effect, i.e., it has a persistence, and the third one having no memory
effect. For the second artificial time series, the properties of the proxy time series of BU-4
is used and is then computed based on an AR-1 process. The third time series is simply a
Gaussian white noise time series.
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10.4.1 The sensitivity of PCA on the age error

To test the sensitivity of PCA results on the number of used speleothem records and the age
uncertainty, several experiments were performed, in which the sensitivity of the eigenvalues
on the age uncertainty is investigated for O-sigma, 1-sigma and 2-sigma. Furthermore,
the sensitivity on the number of speleothem proxy time series is tested for 2, 4, 8 and 16
speleothems. The PCA is conducted for 10, 100, 1000 and 2000 MC simulations to verify
the convergence of the PCA’s results.

10.4.1.1 The 0-sigma experiment

The evolution of the eigenvalues for the single speleothem experiment is illustrated in
Fig. 10.15 for 2, 4, 8, and 16 speleothem time series (top to bottom) when the ages have no
age uncertainty; for all cases a total of 10, 100, 1000 and 2000 MC runs were performed,
respectively. Since the age uncertainty is 0 ka, the age model of the performed MC runs is
unchanged for different runs. Hence, there is no difference in the results if 10, 100, 1000,
2000 MC runs or just 1 MC run is conducted. The absolute value of the 1% eigenvalue
increases with the number of speleothem proxy time series, with a value of 2, 4, 8 and 16 for
2, 4, 8, and 16 speleothem proxy time series, respectively. All other eigenvalues are 0. This
is because all speleothem proxy time series are identical, i.e., linearly dependent. In terms
of PCA, this means that the speleothem proxy time series contains no noisy component,
which is not surprising as the same speleothem proxy time series is used and the ages have
no age uncertainty.

10.4.1.2 The 1-sigma experiment

The 0-sigma experiment demonstrates that for identical speleothem proxy time series whose
age uncertainty is 0, only the first leading mode, i.e., only the 1% eigenvector, accounts
for the variance of all time series. Fig. 10.16 shows the evolution of the mean eigenvalues
derived for 2, 4, 8 and 16 speleothem proxy time series (here BU-4’s §'80 time series)
(top to bottom) for 10 (blue), 100 (red) , 1000 (green) and 2000 (purple) MC runs. The
errorbars indicate the 1-sigma standard deviation of each mean eigenvalue based on the
ensemble of eigenvalues. Fig. 10.16 reveals that, if the ages of the age-model vary within
their 1-sigma age uncertainty, the absolute value of the 15 eigenvalue decreases whereas
the values of eigenvalues of higher order increase in comparison to the 0-sigma experiment.
However, the 1% eigenvalue has still the highest value compared to eigenvalues of higher
order and the eigenvalues are monotonously decreasing with higher order.
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Fig. 10.15: The figure is illustrating the convergence of the eigenvalues for 2, 4, 8 and 16
speleothems (from top to bottom panel) for an assumed age uncertainty of 0-sigma.
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10.4.1.3 The 2-sigma experiment

Fig. 10.17 shows the same as Fig. 10.16, the evolution of the mean eigenvalues for different
numbers of speleothem proxy time series, but for a 2-sigma age uncertainty. The errorbars
indicate the 1-sigma standard deviation of the mean eigenvalue. Compared to Fig. 10.16
and Fig. 10.15 the absolute value of the 1% eigenvalue has decreased whereas the absolute
value of eigenvalues of higher order increased. Although the eigenvalues are monotonously
decreasing with higher order. The 1-sigma standard deviation for the mean eigenvalues
has increased in comparison to 1-sigma experiment, which is a result of the larger age
uncertainties.

10.4.1.4 Discussion of the results based on the three experiments

Comparing the evolution of eigenvalues of Fig. 10.15, Fig. 10.16 and Fig. 10.17 for different
number of MC runs, the convergence behaviour of the eigenvalues reveals that the eigenvalues
converge within 1000 MC runs. Furthermore, the 1-sigma standard deviation of the mean
eigenvalues is increasing with increasing age uncertainty of speleothem’s ages. For a better
illustration, Fig. 10.18 shows the evolution of the mean eigenvalues for a age uncertainty of
0, 1 and 2-sigma (top to bottom) of the speleothem’s ages for 2, 4, 8 and 16 speleothems,
respectively, based on 1000 MC runs. With increasing age uncertainty, the 15 eigenvalue
decreases whereas the eigenvalues of higher orders are increasing. This means that the
eigenvectors of 2" and higher orders also contribute to the speleothem proxy time series
when the age uncertainty of speleothem’s ages is not 0; the percentage of the contribution
is even increasing with a higher age uncertainty. This is due to the fact that the higher the
age uncertainty is, the more the time series are shifted against each other, which results in
a loss of correlation between the speleothem proxy time series. Consequently, the other
PCs (eigenvectors) become more important. Though the age uncertainty varies within
the 1-sigma (2-sigma) range, the 15" PC still explains 71.3 (65.2), 58.3 (49.3), 52.2 (41.2)
and 49.3 (37.6) % of the total variance for 2, 4, 8 and 16 speleothem proxy time series,
respectively; for O-sigma the 15 PC explains 100 % of the total variance. Hence, the 15 PC
is still the dominant signal. However, since PCs of higher order are mostly interpreted as a
noisy component of the original speleothem proxy time series and since they become more
dominant for higher age uncertainties, all following PCA are conducted with ages varying
in the 1-sigma range for the speleothem’s ages parameter space.

10.4.2 The sensitivity of PCA on "Gaussian White Noise" time
series

In the preceding section, the evolution of the eigenvalues for a compilation of identical
speleothem proxy time series were investigated - the eigenvalues are indicating the the

contribution of each PC to the total explained variance. However, speleothem proxy time
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Fig. 10.16: The figure is illustrating the convergence of the eigenvalues for 2, 4, 8 and 16
speleothems (from top to bottom panel) for an assumed age uncertainty of 1-sigma.

series are influenced by several processes causing differences in the temporal evolution of
proxy time series from different speleothems. For this, the behaviour of PCA on two more
datasets artificial time series is investigated. The datasets are, (i) a compilation of AR-1
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Fig. 10.17: The figure is illustrating the convergence of the eigenvalues for 2, 4, 8 and 16
speleothems (from top to bottom panel) for an assumed age uncertainty of 2-sigma.

time series with a memory effect for the foregoing proxy value - AR-1 time series are based
on autoregressive model of first order - and (i7) a compilation of Gaussian white noise
(WN) time series. Fig. 10.18 illustrates the evolution of eigenvalues for 2 (blue), 4 (red), 8
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Fig. 10.18: Evolution of eigenvalues an age uncertainty within the 0, 1 and 2-sigma range
(top to bottom panel) based on a total 1000 MC runs for 2 (blue), 4 (red), 8 (green) and 16
(purple) speleothems. All eigenvalues are illustrated with the corresponding 1-sigma error.

(green) and 16 (purple) speleothems for 1000 MC runs, using only the proxy time series of
stalagmite BU-4; the ages are varying within the 1-sigma range. The figure depicts that
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the eigenvalues are decreasing with higher order. However, there is no a priori criterion for
the significance of eigenvalues (and eigenvectors). To test the significance of variables, it is
common in time series analysis to use artificial time series with certain properties for this
purpose (Preisendorfer and Mobley, 1988). Here, the properties of the AR-1 and WN time
series are used to determine the significance of PC. The AR 1 time series are determined
by the properties of the investigated time series and based on the following equation for
unequal spacing (Mudelsee, 2010):

z(1) ~ N(0;1), (10.21)
w(i) = x(i—1)-afO7ED Le) i =2,... n, (10.22)

whereas a is the autocorrelation parameter and ranges between -1 and 1; € is Gaussian
random process with a mean value of 0 and a standard deviation of 1. The artificial
time series are assembled as follows: For the Gaussian white noise time series the original
speleothem proxy values are replaced by random values with a mean value of 0 and a
standard deviation of 1. To assemble the AR 1 time series, the speleothem proxy values are
replaced by values calculated with Eq. (10.22). Then, the usual MC procedure is applied
on the compilation of artificial time series. Preisendorfer and Mobley (1988) compared the
95 % confidence interval of the eigenvalues of the artificial time series with the eigenvalues
of the original proxy time series and stated that all values that are above the 95 % level are
significant. This rule is called "Rule N" or "Preisendorfer’s Rule N". However, the authors
also comment that "there is [...] some evidence that Rule N may not be very robust when
the data are highly non-normal in distribution." The limits in Preisendorfer’s Rule N shall
be discussed later in this chapter.

Fig. 10.19 illustrates the area between the 5 % and 95 % confidence level of the computed
eigenvalues for artificial AR 1 time series (red shading), for artificial white noise time series
(green shading) and the mean eigenvalues (blue), including the 1-sigma standard deviation
(blue error bars) of a single speleothem compilation, here the §'%0 time series of stalagmite
BU-4. The parameter of the AR-1 model is also base on the §'80 time series of stalagmite
BU-4. It is illustrated for compilations of 2, 4, 8 and 16 speleothems, respectively. In all
four cases, for 2, 4, 8 and 16 speleothem time series, the mean of the eigenvalue of the
15t PC is higher compared to the 95 % level, whereas the mean value of the eigenvalues
of 2" and higher orders are all below the 95 % level for both, the AR 1 time series and
the white noise time series, respectively. In terms of the significance of PCs, the 15 PC is
significant and is interpreted physically. PCs of 2"¢ and higher order are insignificant and
are interpreted as noise, which results from variations of the ages of the speleothem’s age
models. Another feature which is revealed by Fig. 10.19, is that for PCs of higher order, the
95 % level for AR 1 time series is below the 95 % level interval of white noise time series.
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Fig. 10.19: The red shading area indicate the 95 % confidence interval of eigenvalues
for an AR 1 time series, the green shading area depicts the 95 % confidence interval of
eigenvalues for white noise time series. The mean eigenvalues for the single speleothem
experiment are indicated in blue, including their 1-sigma standard deviation (see text for
detail).

10.4.2.1 Discussion of the results for "Gaussian White Noise" time series

Preisendorfer’s Rule N provides a practical tool for the estimation, whether PCs are
significant or not. This is illustrated in Fig. 10.19. Here, the 1% eigenvalue is significant
compared to the 95 % level of the AR 1 and white noise time series, respectively, regardless
if 2, 4, 8 or 16 speleothems time series are analysed. PCs of higher order are all insignificant.
This result is somewhat intuitive, as the original compilation of speleothem proxy time series
consists only of one single speleothem proxy time series (here stalagmite BU-4’s 610 time
series), but is used 2, 4, 8 and 16 times. Hence, the 1% PC is physically interpreted as the
5180 signal of the original speleothem proxy time series, namely as the temporal evolution
of the 0'80 signal of stalagmite BU-4. The PC of 2"¢ and higher orders are insignificant and
interpreted as noise and do not have any physical meaning. This noisy signal results from
the age uncertainty of the speleothem’s age models, which shifts the time series against each
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other and anticipates a total temporal coherence, i.e., congruency. Congruency occurs in
the 0-sigma experiments, where the 15 PC explains 100 % of the total variance of the time
series compilation. Certainly, such academic compilations of speleothem proxy time series
are investigated and such compilations with PCA are especially essential for research due to
their "perfect" coherence. But if speleothem proxy time series are investigated from different
regions that have grown simultaneously, there is a priori no reason why the proxy time
series are coherent. In other words, there is no reason why speleothem proxy time series
should correlate; a posteriori, there can be a spatio-temporal coherence between speleothem
proxies from different regions, if the proxies are sensitive for similar environmental changes,
e.g., temperature, or are part of the same proxy cycle as 6'20.

10.5 Time window length and significance of PCA

The advantage of the PCA procedure is that the time window’s boundaries, i.e., the length
and start point of the time window, are not only limited on the beginning and ending of
the speleothems coeval growth history, but can vary within these boundaries. On one hand,
this opens up the possibility to track changes of the spatio-temporal coherence pattern
and of the PCs time series - and for the latter to test the robustness of the derived PC
time series (see below). But on the other hand, this introduces the challenge to determine
whether possible changes of the spacial temporal coherence pattern are significant or not.
It further defines the limitations of the boundary values, in particular the length of the
time window. To investigate the effect of changed boundary conditions of the time window
on the behaviour of PCA results, the artificial speleothem proxy time series (see Sec. 10.4)
are used. Only a total number of 8 and 16 speleothem proxy time series were included,
respectively. For this purpose, the window length is reduced from 8.0 ka to 4.0 ka to 2.0 ka
to 1.0 ka, using the same start point for all runs (Fig. 10.20). In a second experiment, the
effect of the start point and the window length on the PCA results is compared for two
different window lengths of 1.0 ka and 0.5 ka and two different start points, respectively -
note that for the last experiment the compilation of speleothem proxy time series consists
only of the 680 time series of stalagmite BU-4. To test the significance of the compilation
of speleothem proxy time series, the derived eigenvalues are compared with the eigenvalues
for two compilations of artificial time series; a composition of time series is based on an
AR-1 model and of white noise model, respectively. A total amount of 1000 MC runs were
performed, where the ages of the speleothems varied within their 1-sigma range.

Fig. 10.20 illustrates the eigenvalues for four different time windows with varying time
window length. The red and orange shading area indicate values between the 5 % confidence
level and the 95 % confidence level of the eigenvalues for artificial AR 1 time series for 8
and 16 speleothems, respectively; the dark (8 speleothems) and light green (16 speleothems)
shading areas show the same but for artificial white noise (WN) time series. The dark
blue line represents the evolution of the mean eigenvalues for 8 speleothems; the errorbars
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Fig. 10.20: The figure illustrates the comparison between the mean eigenvalues for a
compilation of 8 (dark blue) and 16 speleothems (light blue) with the respective 95 %
confidence interval of eigenvalues computed from compilations of AR-1 time series (red
and orange) and WN time series (dark green and bright green for different time window
lengths. The top left panel is for a window length of 8.0 ka; the top right panel for a
window length of 4 ka; the bottom left panel for 2 ka and the bottom right panel for 1 ka.
All time windows end at 0.0 ka BP (see text for detail).

indicate the 1-sigma standard deviation from the mean value; the light blue line illustrates
the mean eigenvalues for 16 speleothems and the errorbars represent the 1-sigma standard
deviation. All investigated time windows end at 0.03 ka BP (1920 CE) and have a time
length of 8.0 ka, 4.0 ka, 2.0 ka and 1.0 ka, respectively. Comparing the results of the
eigenvalues for a window length of 8.0, 4.0, 2.0 and 1.0 ka, Fig. 10.20 reveals that the mean
eigenvalue of the 1% PC for compilation of BU-4 time series is approximately between 4 and
5 and 8 and 9. for a window length of 8, 4 and 2 ka for 8 and 16 speleothems, respectively,
and c. 7 and c. 13 for a window length of 1.0 ka for 8 and 16 speleothems, respectively.
The 95 % level of the AR-1 and WN time series is increasing with decreasing time window
length. This is a challenging feature which makes it more difficult to identify significant
PCs and which shall be discussed in the following section.
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The sensitivity of the eigenvalues on the time window length of artificial time series and
especially for artificial AR 1 time series, is simply a consequence of the sampling procedure.
With a smaller time window length, the number of proxy values that lie in between the start
and end point of the time window decreases as the temporal resolution is unchanged; e.g,
for a speleothem proxy time series with a temporal resolution of 30 years, a time window
with a length of 4 ka and 2 ka consists of 133 and 66 proxy values, respectively. Hence for
an artificial time series, in particular for artificial time series with a memory effect, the
possibility that time series correlate by chance is higher for a smaller window length. For
that reason, the effect on the distribution of eigenvalues for artificial AR 1 time series is
more dominant compared to the distribution of eigenvalues for artificial WN time series
(Fig. 10.20). The time window effect is illustrated in Fig. 10.21. Here, the histograms depict
the number of counts of Spearman’s Rank coefficients, r,, between two artificial AR 1 time
series, based on the persistence of stalagmite BU-4’s 6*0 time series, for a time window
length of 8, 4, 2 and 1 ka, respectively. As the investigated artificial AR-1 time series are
all based on the same speleothem time series, the correlation of the two selected artificial
time series between each other describes also the correlation between 3, 4, 5, ... artificial
time series.
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Fig. 10.21: Tllustration of the distribution of ry values between two AR-1 time series for
four different window length. The top left panel is for a window length of 8.0 ka; the top
right panel for a window length of 4 ka; the bottom left panel for 2 ka and the bottom right
panel for 1 ka. All time windows end at 0.0 ka BP (see text for detail).

The distribution of r, values reveals that the mean value is approximately 0 for the four
time window lengths. Nevertheless, the variance is increasing. The standard deviation is
+0.17, £0.23, +0.30 and £0.42 for a time window length of 8, 4, 2 and 1 ka, respectively.
Hence, the chance to find two artificial AR-1 time series with high correlation is higher for
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a smaller time window length. This proofs the relationship between the eigenvalues and the
time-window length. For the same reason, the distribution of eigenvalues of the compilation
of speleothem proxy time series (here only BU-4’s §'0 time series) is not changing, except
for the time window between -0.03 and 0.97 ka BP. This is due to the fact that the mean
correlation between the speleothem proxy time series is not changing for the investigated
time windows. However, for a window length of 1 ka, the mean eigenvalue of the 1% PC is
c. 7 and c. 13 for 8 and 16 speleothems, respectively (Fig. 10.20). Fig. 10.22 illustrates the
distribution of r, values between two identical speleothem proxy time series, here stalagmite
BU-4’s §'80 time series, for four different time windows; the first time window covers the
period from c. 0.0-8.0 ka BP; the second from 0.0-4.0 ka BP; the third from 0.0-2.0 ka BP
and the fourth from 0.0-1.0 ka BP. Fig. 10.10 and Fig. 10.22 help to explain this effect. The
5180 time series of the last 1000 years of BU-4’s growth history shows a distinct peak and
the 50 values increase from c. -6.4 to -4.6 %obetween c. 1 ka BP and c. 0.5 ka BP until
the 6180 decreasing again and ending with a value of ¢. -6.4 %o. The longer time windows
do not cover periods of BU-4’s §'¥O history that show such additional strong peaks. For
this reason, the mean eigenvalue of the time windows with a length of 8, 4 and 2 ka are
only changing marginally compared to the time window with a length of 1ka. This is also
depict in the distribution of the r; values (Fig. 10.22). The mean value of the distribution
is 0.41£0.06, 0.42+0.08 and 0.35+0.13 (1-sigma) for a time window length of 8.0, 4.0 and
2.0 ka, respectively, whereas the mean value of the distribution is 0.70+0.17 for a time
window length of 1.0 ka.

To underline this effect, four additional time windows are investigated. They end at -0.03
ka and 3 ka BP and have a length of 1.0 and 0.5 ka (Fig. 10.23), respectively.

Fig. 10.23 illustrates the characteristics of the mean eigenvalue for the compilation of 8
(dark blue) and 16 (light blue) identical speleothem proxy time series, which are based on
the §'80 time series of stalagmite BU-4 for four different time windows. In comparison
to Fig. 10.20, Fig. 10.23 depicts only the characteristics of two different time window
lengths, 1.0 and 0.5 ka ending at -0.03 and 3.0 ka BP, respectively. In addition to the mean
eigenvalues, the 95 % confidence interval of the eigenvalues of the compilations of AR-1
and WN time series is illustrated in Fig. 10.23 - the indication of the coloured shading is
the same as in Fig. 10.20. The evolution of the 95 % confidence level of the artificial AR-1
and WN time series, respectively, is the same as for the other experiments. The 95 % level
is shifted towards more positive values. The comparison of the mean eigenvalues of the
compilations of single speleothem time series for the two time periods, i.e., for the time
between c. 4.0 and 3.0 ka BP and 1.0 and 0.0 ka BP, respectively, indicates that the mean
eigenvalues of the 15" PC for the earlier time period (4.0 until 3.0 ka BP) are c. twice as
small compared with mean eigenvalues of the 1% PC of the later time period (1.0 until 0.0
ka BP). Furthermore, the mean eigenvalue lies within the 95 % interval of the artificial
AR-1 time series for a window length of 1.0 ka and even below for a window length of
0.5 ka. For the later time period, the mean eigenvalues of the 15 PC are above the 95 %
interval of the artificial AR-1 time series. In addition, the mean eigenvalue of the 2"¢ PC
for the later time period is below the 95 % interval of the artificial WN time series but
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Fig. 10.22: Illustration of the distribution of ry values between two identical speleothem
proxy time series for four different window length. Here the §'*O time series of stalagmite
BU-4 is used. The top left panel is for a window length of 8.0 ka; the top right panel for a
window length of 4 ka; the bottom left panel for 2 ka and the bottom right panel for 1 ka.
All time windows end at 0.0 ka BP (see text for detail).

above for the early time period.

Summing up in terms of whether a PC is significant or not, it has been demonstrated that
Preisendorfer’s Rule N is under certain circumstances an adequate tool. However, it has
been highlighted too, that Preisendofer’s Rule N has it’s limitation if the length of the time
window is decreasing. This is caused on one hand by the fact that the mean correlation
between artificial AR-1 or WN time series is increasing and on the other hand that the
mean correlation between the investigated time series is depending on the variability of the
proxy time series. The latter is resulting in different changing distributions for the different
eigenvalues. In particular the distribution of the 1%¢ eigenvalue is affected by this effect,
causing a higher mean eigenvalue for periods with a higher mean correlation between the
investigated proxy time series and a smaller mean eigenvalue for those periods during which
the mean correlation is small (Fig. 10.22). The 95 % level of the distribution of eigenvalues
derived from the compilation of artificial AR-1 and WN time series on the other side is
increasing with a decreasing time window length (Fig. 10.21). As Preisendofer’s Rule N
significance criteria is that all significant eigenvalues must be above the 95 % level of the
eigenvalues of the compilation artificial time series, the time window effects makes it difficult
to decide whether the derived PCs are significant or not (Fig. 10.20 and 10.23). This makes
it challenging to conduct short-term analysis applying PCA and using Preisendorfer’s Rule
N alone as a significance criteria. For this an additional significance criteria is developed
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Fig. 10.23: The figure is illustrating the comparison between the mean eigenvalues for
a compilation of 8 (dark blue) and 16 speleothems (light blue) with the respective 95 %
confidence interval of eigenvalues computed from compilations of AR-1 time series (red and
orange) and WN time series (dark green and bright green for different time windows. The
top left panel is for the time interval between 4.0 ka BP and 3.0 ka BP; the top right panel
is for the time window between 3.5 ka BP and 3.0 ka BP; the bottom left panel is for the
time window between 1.0 ka BP and 0.0 ka BP and the bottom right panel for the time
window between 0.5 ka BP and 0.0 ka BP (see text for detail).

in the next section that is using the correlation between the proxy time series and the
computed PC time series.
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10.6 Application of PCA on speleothem proxy time
series - Spatio-temporal coherence of speleothem
proxy time series

PCA allow to uncover common variations in proxy time series and to classify the derived PC
time series if they are significant in the sense that a PC time series describes a simultaneous
variation (signal) that is contained by the original time series. In climate science, those
signals can be pressure, temperature, precipitation and many more factors depending
on the proxy which is analysed and the question beyond the investigation. Above all,
not only shared dynamics of proxy time series can be discovered but also patterns of
coherent changes, if for example pressure fields are explored; i.e., pressure time series
from various meteorological stations, which are distributed over a local, regional or global
area, respectively. Wallace and Gutzler (1981) for example investigated the correlation
(teleconnections) between winter pressure time series that were measured on the northern
hemisphere, and used apart from other techniques PCA, and found several teleconnection
patterns. To uncover spacial correlation pattern for a PC time series, i.e., a common
variation that is contained in all speleothem proxy time series, the Spearman’s rank
correlation coefficient, r,, between each speleothem proxy time series and the computed
PC time series for each of the MC runs is calculated. This allows further investigations:
First, the distribution of 7, values allows to decide whether a speleothem proxy time series
correlates with a PC time series or not. Furthermore, the properties of the distribution
of rs values enable to discriminate if a PC is significant or not, because the properties of
the distribution is different for WN, AR-1 and single speleothem time series. From this a
second significance criteria is derived.

10.6.1 The behaviour of the distribution of r; values for proxy
time series and the Fork-tool

In the previous sections (Sec. 10.4 and 10.5), the distribution of eigenvalues of PCs were
used to decide whether a certain PC is significant or not (Preisendorfer’s Rule N). However,
another property of a PC is its correlation with the investigated proxy time series. If a
computed PC time series (to the corresponding PC) shares common variations of the proxy
time series that are researched, the correlation between the PC time series and the proxy
time series is significant. The value of the correlation coefficient ry indicates the degree of
the correlation - r, is the Spearman’s rank correlation coefficient. This property shall be
explained in detail in the following part. Moreover, a further criteria for the significance
of a PC (and of the related PC time series) shall be developed on this properties. For
this compilations of four artificial AR-1 and WN time series (Sec. 10.4 and 10.5) are used.
Furthermore, a compilation of four speleothem proxy series used; the four time series
shall be similar, in order to achieve a perfect correlation. Here, the §'*O time series of
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stalagmite BU-4 is used. A total amount of 1000 MC simulations are performed resulting
in ensembles composed of 1000 eigenvalues and time series for each PCs, respectively.
According to Preisendorfer’s Rule N the 1% PC is significant and all PCs of higher orders
are not significant, because only the mean eigenvalue of the 15 PC is above the 95 % level of
the eigenvalues for the compilation of AR-1 and WN time series, respectively (Fig. 10.19).
However, in addition to the computed eigenvalues of each PC, the Spearman’s rank
correlation coefficient (rg) can be calculated between each PC time series and each proxy
time series. Hence, for each MC run r, is calculated between the derived PC time series
and the proxy time series (in the example conducted here these are four proxy time series).
Consequently, a total amount of 1000 r, values are calculated for the correlation between
each PC time series and each proxy time series. This results in n? distributions of r, values,
where n is the number of investigated proxy time series. The distribution of rs-values
between the proxy time series and the 15 PC for the WN time series, the AR-1 time series
and the single speleothem collection is illustrated in the left panels of Fig. 10.24, 10.25 and
10.26, respectively. Only values for r, are shown if the p-values are smaller than 0.05. For
the WN and AR-1 time series the shape of the distribution is bimodal, with a minimum
centred at r;=0. The distribution for the single speleothem selection on the other hand
depicts a Gaussian distribution with a mean value of c. 0.7. Furthermore, it is visible
that the variance of the WN and AR-1 time series’ distribution for each peak is higher
compared to the variance of the single speleothem collection. The bimodal distribution
of ry values is a result of the up-side-down effect and a result of the mathematical theory
behind PCA (Sec. 10.1). The properties of the bimodal distribution of r; values allow to
decide whether a PC is significant or not. Moreover, it makes it possible to reveal, which
of the investigated proxy time series is correlated with the related PC time series. The
following problem might occur: if an ensemble of PC time series is investigated and the
distribution of ry values between the PC time series and the speleothem proxy time series
is bimodal, only those PC time series are analysed which have a phase relation (exp {i - ¢})
of ¢= 0 or 7. Consequently, only one part of the bimodal distribution for each speleothem
proxy time series is considered if the speleothem proxy time series have shared a common
signal. For time series that are a priori not correlated with each other (as WN and AR-1
time series) and consequently do not share a common signal, there should not be such an
outcome. To proof this assumption, only one part of the bimodal distribution between
a PC time series and a selected speleothem is chosen (the positive or the negative) and
the behaviour of the distribution of r, values between the selected PC time series and the
remaining speleothems is investigated. If the remaining speleothems are correlated with
the PC series the distribution of r, values should be sensitive to the selection and not if
they are not correlated with the PC time series. This procedure is called the "Fork-tool"
and shall be explained in the following.

For the WN and AR-1 time series the positive part of the bimodal distribution of the WN
and AR-1 time series 1, respectively, is selected (Fig. 10.24, 10.25; right column); before the
application of the Fork-tool on the bimodal distribution of WN and AR-1 time series 1, 948
and 965 r, values contributed to the distributions, whereas after the application 599 and

111



10.6. Application of PCA on speleothem proxy time series - Spatio-temporal coherence of
speleothem proxy time series

WN time series 1

500

500

599

400) 400F

w
S
S

= N
15} Q
o S) S
©
2
w
= N}
15} o
=) S =]

-
Ak

w
S
=

counts for BU-4
counts for BU-4

-1 -0.5 0 05
r
WN time series 2

500, 500,
960 597

-05 0 0.5 1

=

counts for BU-4

= n
o =3
o S S

counts for BU-4

1001 I

] 05 0 05 1 o 05 0 05 1
I'S . r
WN time series 3
500 500
942 594
400 4001

@w
=3
=

N
o
=

counts for BU-4

= N
1=) 1=}
o S )

counts for BU-4

-1 -0.5 0 0.5

100 -
WN time series 4

500 500
954 595
400 400F

-
o

w
S
=

counts for BU-4

= N
=) =3
=) S S
= n
1<) Q
S S

PaRs]

counts for BU-4

91 -0.5 0 0.5 1
r

-1 -05 05

-

Fig. 10.24: Illustrated is the distribution of r; values between WN time series and the
computed 1% PC time series for four different time series. The labelling of the y-axis
indicates the proxy-age relation of stalagmite BU-4 used as the basis for the WN time series.
The panels on the left side depict the distribution before the application of the Fork-tool
and the panels on the right side after the application of the Fork-tool.
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Fig. 10.25: Illustrated is the distribution of r, values between AR-1 time series and the
computed 1% PC time series for four different time series. The labelling of the y-axis
indicates the proxy-age relation of stalagmite BU-4 used as the basis for the AR-1 time
series. The panels on the left side depict the distribution before the application of the
Fork-tool and the panels on the right side after the application of the Fork-tool.
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Fig. 10.26: Illustrated is the distribution of ry values between identical speleothem proxy
time series and the computed 15 PC time series for four different time series. Here, the
5180 time series of BU-4 is used. The panels on the left side depict the distribution before
the application of the Fork-tool and the panels on the right side after the application of the
Fork-tool.
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Fig. 10.27: Illustrated is the distribution of ry values between identical speleothem proxy
time series and the computed 25 PC time series for four different time series. Here, the
5180 time series of BU-4 is used. The panels on the left side depict the distribution before
the application of the Fork-tool and the panels on the right side after the application of the
Fork-tool.
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604 r, values contribute to both distributions, respectively. Similar numbers can be found
for the other distributions of time series 2, 3 and 4. However, the shape of the distributions
of these time series compared to the distribution of time series 1 is different and maintains
the bimodal distribution. From this result, it can be concluded that if proxy time series are
not correlated with each other, the application of the Fork-tool on the bimodal distribution
does not change the shape of the other distributions. There is also an equivalent for the
results under permutation of the application of the Fork-tool on the time series and the
positive or negative part of the bimodal distribution.

The distribution of r, values between the ensemble of the single time series with the 1%
PC (Fig. 10.26 left column) illustrates that all four time series correlate with the PC.
Consequently, after application of the Fork-tool on the distribution of the ensemble of time
series 1 all other distributions are unchanged (Fig. 10.26 right panels). Hence, the 1% PC is
significant and represents a common signal in all four time series. This result is intuitive,
since all four time series are based on the same §**0 time series, but it provides a tool to
decide whether a derived PC represents a signal that is common in many proxy time series
or only in one. Application of Preisendorfer’s Rule N on the derived PCs for the single
speleothem experiment of four speleothems shows that only the 1% PC is significant and
all PCs of an order higher than 1 not (Fig. 10.19). A similar result can be achieved by
the application of the Fork-tool on the distribution of r, values for the single speleothem
ensemble and the 2" PC, which shows a bimodal distribution for all four time series
(Fig. 10.27, left column). The application of the Fork-tool on the negative part of the
bimodal distribution of time series 1 reveals that the shape of the remaining distributions
are unchanged (Fig. 10.27, right column). Hence, the 2"¢ PC time series behaves like WN
and AR-1 time series and does not contain a common signal of the four time series.

The behaviour of the distributions of r, values on the selection of PC time series, i.e.,
positive or negative phase relation, uncovers if a PC time series is a common signal of
the investigated speleothem proxy time series or not and is an additional selection rule to
Preisendorfer’s Rule N.

10.6.2 Results of the eigenvalues and test of Preisendorfer’s Rule
N

The experiments that were described in the previous sections represent academic case
studies. In those case studies, PCA were applied on collections of time series (AR-1, WN;
single) that base on the same proxy time series. Even though insights were gained on the
performance of PCA and about evaluation criteria, Preisendorfer’s Rule N (Preisendorfer
and Mobley, 1988) must be tested for it’s practical performance and applicability onto
selections of speleothem proxy time series. For this, PCA were performed on five speleothem
5180 time series. The sampling locations of the speleothems are shown in Fig. 10.4 and
include sampling locations for the speleothms BU-4, CC-26, CC-3, GAR-01 and SO-1.
This compilation of speleothems covers an area that ranges from Ireland (CC-3) to Turkey
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(SO-1) with tie points in Northern Spain (GAR-01), Central Germany (BU-4) and Northern
Italy (CC-26). The speleothems overlap between the time period of approximately 8 ka
BP to 0.75 ka BP; the end points are determined by the initial growth phase of BU-4
at c. 8 ka BP and the growth stop of CC-26 at c. 0.75 ka BP (Fig. 10.7). During the
contemporaneous growth history of the speleothems, stalagmite GAR-01 has a hiatus, i.e.,
a temporary growth stop, between 1.1 and 1.3 ka BP and stalagmite CC-3 between 5.9
and 6.3 ka BP (Fig. 10.7). Appart from stalagmite GAR-01 and except for the hiatus of
GAR-01 and CC-3, respectively, all stalagmites have a temporal resolution that is smaller
than 20 years; stalagmite GAR-01 has a temporal resolution that is smaller than 20 years
for the first 8,000 years of it’s growth history and for the last 4,000 years the temporal
resolution varies between 10 and 30 years (Fig. 10.7).

For the PCA, a total amount of 1,000 MC runs is performed and the speleothem’s ages
varied within their 1-sigma age uncertainty as it is described in Sec. 10.3. To test whether
a derived PC is significant or not, Preisendorfer’s Rule N is applied on mean eigenvalues
of the derived PCs. This is illustrated in Fig. 10.28. Here, the mean eigenvalue (2-sigma)
is compared with the 95 % level of WN time series. The red shading area indicates the
parameter space which is limited by the 5 % and 95 % level of the eigenvalues derived for
the compilation of WN time series. The 95 % level is the upper limit of the red shading
area. The mean eigenvalue for the compilation of speleothems (blue line) is, apart form the
time window of run #1 (0.75-7.8 ka BP) and #2 (4.0-7.8ka BP), below the 95% level for
the eigenvalues of the WN time series (upper limit of the red shading area) (Fig. 10.28).
This is due to the fact that the 95% confidence interval of the eigenvalues of the WN time
series is covering a greater range of eigenvalues with smaller time window length, as it is
the case for time series based on an AR-1 process (Sec. 10.4.2). This is an evidence that
Preisendorfer’s Rule N is not applicable for certain window length that depend on the
temporal resolution of the investigated time series, as it is emphasised in Fig. 10.28. To
decide whether the results of a conducted PCA for a certain time window length and period
of time are significant or not in case that the mean eigenvalue of the speleothem selection
is below the 95% level of WN time series, the Fork-tool is applied on the ensemble of PCs
time series, i.e., on the distribution of ry values. Furthermore, the PC time series for the
shorter window length are compared with the temporal evolution of the 15 PC time series
of the time window from 7.8 until 0.75 ka BP, which is significant after Preisendorfer’s Rule

N.

The comparison of the derived 15 PC time series shows that short-term 15 PC time series
do fit the temporal variability of the long-term 1% PC time series (Fig. 10.29 and 10.30).
Fig. 10.29 illustrates the mean 1% PC time series for the time windows of 7.8-0.75 ka BP
(black), 7.8-4.0 ka BP (red) and 5.0-4.0 ka BP (blue). The shaded area indicates the 1-sigma
standard deviation of the mean value; the colour of the shading area indicates the related
mean 1% PC time series. It shows that the overall comparison between the different time
series is very good and all features of the long-term 1% PC time series are captured by the
short-term 15 PC time series, although there are differences of higher order. This is in
particular visible for the short-term 15 PC time series derived for the time window between
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Fig. 10.28: Tllustration of the mean eigenvalues (blue lines) for different time windows
and the corresponding 95 % confidence interval for WN time series (red shading area). All
eigenvalues are pictures with the respective 1-sigma standard deviation (see text for detail).
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Fig. 10.29: Comparison between the mean long-term 15 PC time series (black) with the
mean short-term 15 PC time series covering the time between 4 and 7.8 ka BP (red) and 4
and 5 ka BP, respectively (blue). The shading area indicates the 1-sigma standard deviation
of the mean value.

7.8 and 4 ka BP in the time between 5 and 4 ka BP. In this time, the long-term 15! PC time
series (black strait line) has a local maximum, whereas the short-term 1% PC time series
(red straight line) has a higher variability with alternating maxima and minima. However,
between 7.8 and 5 ka BP the two 1% PC time series agree well. A reason for the different
shape of both 1% PC time series can be the different length and hence different scaling of
the §'80 time series before the PCA is applied. The comparison between long-term (black
straight line) and short-term (5-4 ka BP; blue straight line) 1 PC time series reveals an
even better accordance, also illustrated in Fig. 10.30. Hence, the derived short-term 1%
PC time series inhere a common signal of the five speleothem §'%0 time series, though,
according to Preisendofer’s Rule N the derived 1% PC is not significant. The distributions
of ry values between the speleothem §'80 time series and the 15 PC time series show that
for the long-term (7.8-0.75 ka BP) and the first short-term time window (7.8-4.0 ka BP),
the distributions for the speleothems CC-26, CC-3 and SO-1 have distinct peaks, whereas
the bimodal distribution of ry values of speleothem BU-4 and GAR-01 is unchanged by
applying the Fork-tool (Fig. A.1 and A.2 for the time window between 7.8-0.75 ka BP;
Fig. A.3 and A.4 for the time window between 7.8-4.0 ka BP). For the time window between
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5 and 4 ka BP, the distribution of r;-values shows a bimodal-like shape for all investigated
stalagmites. After the application of the Fork-tool, the bimodal distribution is unchanged
for stalagmite BU-4 and CC-26, but shows a single peak for stalagmite CC-3, GAR-01 and
SO-1. Hence, the 1% PC time series is significant and explains the mean variability of CC-3,
GAR-01 and SO-1 in this time interval, although Preisendorfer’s Rule N suggests, that the
1t PC is not significant (Fig. A.5 and A.6 for the time window between 5.0-4.0 ka BP).

1 1 1 | |
3.8 4 4.2 4.4 4.6 4.8 5 5.2
age (ka BP)

-1.5 Il 1 L

Fig. 10.30: Comparison between the mean long-term 1% PC time series (black) and the
mean short-term 1% PC time series covering the time between 4 and 5 ka BP (blue) and
three window length of 0.33 ka covering the time interval between 4 and 5 ka BP. The
colour of the short-term 15 PC time series (cyan-blue or purple) indicates an up-side-down
effect was observed in comparison to the long-term 1% PC time series; the mean value is
coloured in purple if there was no up-side-down effect observed and in cyan-blue if there
was an up-side-down effect. The shading area indicates the 1-sigma standard deviation of
the mean value.

The short-term 1% PC time series pictured in Fig. 10.29 are intermediate time windows
regarding their length (blue and red straight lines). It has also been shown that the 15 PC
time series computed for the shorter time window (blue straight line), covering the time
between 5 and 4 ka BP, is in better agreement with the long-term 1% PC time series (black
straight line) than the intermediate-term 15 PC time series (red straigt line). This is also
depicted in Fig. 10.30. In addition to the two 15¢ PC time series, three 15 PC time series
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are illustrated that cover the time period between 5 and 4.66 ka BP, 4.66 and 4.33 ka BP
and 4.33 and 4 ka BP, respectively. The three 15 PC time series are illustrated in purple
when the 1%¢ PC time series is not shown up-side-down and in cyan-blue if the 15 PC time
series is illustrated up-side-down. The overall comparison between the three short-term 15
PC time series and the long-term 15 PC time series (black straight line) reveals that the
1t PC time series of the first (5-4.66 ka BP) and third time window (4.33-4.0) covers the
variability of the long-term 1% PC time series. The 15 PC time series of the second time
window (4.66-4.33 ka BP) however is not consistent with variability of the long-term 15
PC time series.

The application of the Fork-tool on the first (5-4.66 ka BP) and third investigated short-term
time interval (4.33-4 ka BP) shows that the 15 PC time series can explain the variability
of the compilation of §'80 time series. This is indicated by the behaviour of bimodal
distributions (Fig. A.7 and A.8 for the time window between 4.33-4.0 ka BP; Fig. A.11 and
A.12 for the time window between 5.0-4.66 ka BP). Before the application of the Fork-tool,
the distributions of ry values show a bimodal-like shape, whereas afterwards, the single
peak is visible for 4 of 5 speleothems. For the first time window the bimodal distribution
of stalagmite SO-1 is unchanged and for the third time interval that of stalagmite BU-4.
For the second time window however, the Fork-tool results in a negative significance-test.
Hence, the derived short-term 1% PC time series is not significant (Fig. A.9 and A.10 for
the time window between 4.66-4.33 ka BP).

The previous examples with real compilations of speleothem proxy (§'%0) time series have
shown that Preisendorfer’s Rule N can be used for long time series but fails for shorter ones.
Here, the comparison of the derived PC time series in combination with the application
of the Fork-tool provides a better tool to decide whether the derived PC are significant
or not, in dependence on the behaviour of the distribution of ry values. Furthermore, the
decreasing window size has shown that long-term time series are representing a superposition
of different short-term states being uncovered also by the behaviour of the ry distributions.

10.7 Selection rules for PCA

In the previous sections, principal component analysis has been introduced as a novel
method in speleothem science to investigate spatio-temporal coherency of speleothem proxy
time series. In Chapters 13, 14, 15 and 16 PCA is used to investigate common variations
in European speleothem %0 and §'3C time series. Though PCA is a powerful tool, it
has been also demonstrated that not all derived PC contain a collective variation of the
used speleothem proxy time series. To separate the information-bearing PC from the
noise-bearing PC, two different criteria are used. The first is "Preisendorfer’s Rule N"
(Preisendorfer and Mobley, 1988) that is applied on the long-term speleothem proxy time
series - long-term means that PCA is applied on the entire time period during which all
speleothems were actively growing. After this first step the long-term PC time series are
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derived which contain common variations of the compilation of speleothem proxy time series.
The correlation between the long-term PC time series and the used speleothem proxy time
series can be calculated gaining a long-term spatial information for the entire time period of
simultaneous speleothem growth. However, recent studies suggest that the spatio-temporal
correlation between speleothem proxy time series are changing with time, due to different
boundary conditions (Wassenburg et al., 2013). Hence, short-term PCA are necessary.
Nevertheless, it as been shown that "Preisendorfer’s Rule N" looses it’s reliability on shorter
time scales and the second criteria for the evaluation of PCA is used (time window effect).
For this purpose, the derived short-term PC time series is compared with its corresponding
long-term PC time series in order to validate if the short-term PC time series shows the same
variability as the long-term PC time series. If yes, the short-term PC time series is used.
This allows to derive short-term spatio-temporal coherence patterns. Furthermore, the
fork tool has been developed to investigate the behaviour of the distribution of correlation
coefficients between the PC time series and the speleothem proxy time series. The fork
tool makes it possible to investigate if single speleothem proxy time series are correlated
significantly with a PC time series.
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Results and Discussion
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Stable isotopes in Precipitation

The §'¥0 value of speleothems is predominantly determined by the oxygen isotope signature
of the water that is infiltrating the soil and karst zone (McDermott, 2004; Lachniet, 2009);
see also Chapter 7 and 8.2. For the interpretation of 680 variations in a speleothem 530
time series, it is essential to know the source of rain water and the processes that modify
the source water (Chapter 8.1). This knowledge is important for the interpretation of §'%0
time series in speleothems, for ice core 80 time series and ground water §'80 values. For
this reason the International Atomic Energy Agency (IAEA) and the World Meteorological
Organization (WMO) set up a global network to measure the oxygen and hydrogen isotope
composition of rain. The "Global Network of Isotopes in Precipitation' (GNIP) was founded
in 1961. Till this day about 900 stations have been built up world wide (Fig. 11.1).

The first comprehensive review on the GNIP stable isotope data has been conducted by
(Dansgaard, 1964). At this time the GNIP was composed of about 100 stations. In addition
to the review Dansgaard (1964) used a Rayleigh process to gain deeper insights into the
findings. This approach was later continued by Rozanski et al. (1982) using a multi-box
model to calculate stable isotopes in precipitation, that bases on a Rayleigh approach. The
advantage of such basic models in comparison to complex Global Circulation Models (GCM)
and inter-mediate complex climate models is the less computer power and real-calculation
time. For this reason, a remake of the multi-box model is presented here that is based on a
Rayleigh process. The aim is to compare the calculated values for the stable isotopes in
precipitation with GNIP stable isotope data. In addition, the multi-box Rayleigh model is
extended by an ocean component. This is based on first principle physics derived for GCMs
(see Hoffmann et al., 1998). It allows to calculate changes in the stable isotopic composition
of the evaporated water, i.e., the atmospheric moisture and the precipitated water. Another
advantage of the here presented model is that it has a palaeo-version allowing to vary
temperature and precipitation for palaeo climate scenarios. In Chapter 17 the palaeo version
is used to model gradients of speleothem §'*O values along a central European transect
(McDermott et al. (2011)). However, at the beginning, the processes are introduced that
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Fig. 11.1: The earth is laced with meteorological stations that are part of the Global
Network of Isotopes in Precipitation (GNIP). It is composed of about 900 stations
monitoring temperature, amount of precipitation. In addition water samples are
analysed for their stable isotope composition managed by the IJAEA and WMO. The
colour shading of the continents illustrates the %0 value of precipitation derived
from long term annual means (GNIP Team, 2013).

alter the precipitation’s stable isotopic composition, meaning the components of the water
cycle Fig. 8.1. This is an important requirement not only to understand how the stable
isotopic composition changes but also for the interpretation of speleothem §**O time series
(Lachniet, 2009).

The components of the water cycle are schematically illustrated in Fig. 8.1. Approximately
there is a equilibrium between the water sources and sinks of the world oceans (Mook and
de Vries, 2000; Mook, 2006). The main sink is the evaporation of water from the ocean
surfaces; the sources are precipitation of water over the ocean, river and ground water
discharge, respectively. The evaporation process is accompanied by the isotope fractionation
of oxygen and hydrogen isotopes (e.g. Dansgaard, 1964). When the water evaporates
from the ocean surface it enters the atmosphere and is then transported by atmospheric
circulation. The atmospheric circulation is the primary water conveyor transporting water
to the continents. If a certain air parcel cools on it’s way and becomes oversaturated with
respect to water, the water vapour condenses; clouds are developing and if the drops are
heavy (big) enough, it starts raining. If the temperature is cold enough, the vapour does
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not convert to its liquid phase but to its solid phase. If the ice crystals are heavy enough,
it starts snowing. This in particular important for mountains and for very cold regions like
Greenland and Antarctica. Here it finally forms mountain glaciers or becomes part of the
ice caps. The conversion of the liquid and solid phase of water is again accompanied by
isotope fractionation effects (e.g. Dansgaard, 1964). If the liquid (solid) water is precipitated
over the ocean it becomes part of it’s source again. Rain precipitated over the continent
and infiltrates the soil zone. Parts are taken up by vegetation and are transpired into the
atmosphere again. The fraction depends on the vegetation type, vegetation density and in
particular the season at which it rains. The latter depends on the region. In the tropics the
seasonal effect might be small because of very stable conditions all around the year, but it
is very variable for regions that have seasons, like Europe. Another effect is evaporation
of water directly at the surface. However, Rozanski et al. (1982) argues on conclusions of
Zimmermann et al. (1967) and Munnich (1978) that the evaporation of water and take-up
of water by vegetation has no effect on the stable isotopic composition of the remaining
water that is infiltrated. The infiltrated water finally forms ground water. In addition
precipitated water can contribute to surface aquifers like lakes and rivers. Another source
of fresh water for surface aquifers is the melted water of glaciers. The groundwater and the
rivers are ending in the oceans again and closing the water cycle.

In the following the "Stable Isotopes in Precipitation" model is explained. For this every
component and the physics beyond it is explained. In succession the Stable Isotopes in
Precipitation model is applied with focus on Europe. The isotope values of the precipitation
of two transects, a Central European and a Northern European, are calculated. The results
are compared with GNIP station data. Finally the effect of the NAO on the stable isotopes
in European precipitation is investigated, that is observed for precipitation §**O values
obtained from the GNIP stations from Europe (Baldini et al., 2008) and for precipitation
6180 values computed with the ECHAM5-wiso GCM (Langebroek et al., 2011).

11.1 Description of the "Stable Isotopes in Precipita-
tion" model

The scope of the Stable Isotopes in Precipitation (SIP) model is the prediction of precipita-
tion’s stable isotopes that is formed along a specific transect. It is based on a multi-box
Rayleigh approach model in analogy to Rozanski et al. (1982). To account for isotope
fractionation effects modifying the stable isotopic signature of atmosphere’s moisture and
consequently of the rain, the model uses physical principles, which are explained in the
following sections.
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Fig. 11.2: Map showing the Central- and Northern European transect T1 and T2,
respectively (open white circles). The white squares are selected GNIP stations
distributed along the two transects.

11.1.1 Overview of the different components - The physical bases
of the SIP model

The SIP model is physically based on stable isotope fractionation effects. Those have been
intensively investigated over the last decades (Merlivat and Jouzel, 1979, and references
therein) and are also used for GCMs (e.g. Jouzel et al., 1987; Hoffmann et al., 1998; Werner
et al., 2011). To calculate the isotopic composition of the precipitation and the infiltrated
water several processes need to be considered (Fig. 8.1).

The SIP accounts for the input of water vapour into the atmosphere due to evaporation
of water of large water bodies, e.g., oceans (Sec. 11.1.3). Furthermore, the fractionation
effects are considered that occur by the phase change of atmospheric moisture (water
vapour) to liquid water or to ice, respectively (Sec. 11.1.4). At the surface, the isotope
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fractionation effects of the evaporation of soilwater and the transpiration of water by plants
are included in the SIP model (evapo-transpiration) (Sec. 11.1.5). Ultimately, the oxygen
isotope composition of speleothems is calculated for oxygen isotope equilibrium conditions
based on the oxygen isotopic fingerprint of the infiltrated water.

The movement of water vapour, i.e., the atmospheric circulation, along a transect is defined
by the operator. The length and the shape of the transect can be chosen arbitrary, however
should base on observation - otherwise the results of the SIP are not comparable to the
physical reality, i.e., observations. For this, the transect is divided into square boxes with a
defined spatial resolution. Temperature, amount of precipitation and evapo-transpiration
are calculated for each box based on CRU-TS3.1 dataset (Mitchell and Jones, 2005) compiled
by the Climate Research Unit (CRU) of the University of East Anglia (Sec. 11.1.2). These
parameters are then used to calculate the stable isotope composition of precipitation and
the water infiltrating the soil and karst zone. In addition, the mixing of different air masses
is not included in the SIP model.

11.1.2 Transect multi-box approach and calibration of model pa-
rameters

For the calibration of temperature, precipitation and evapo-transpiration for each box,
the SIP model uses the CRU-TS3.1 dataset Mitchell and Jones (2005). It has a spatial
resolution of 0.5° x 0.5° over the continent and is composed of monthly values based on daily
interpolated available station data for the period between January 1901 and December 2009.
That makes a total of 1308 monthly values for each parameter and grid point - the network
of meteorological stations used for the CRU-TS3.1 dataset for Europe can be found in the
supplementary material in Comas-Bru and McDermott (2013). To calculate the values for
each box and each month, the grids of the CRU-TS3.1 dataset are framed by each box.

Furthermore, the monthly mean long-term GNIP data is used to calibrate the stable isotope
composition of the precipitation of the first box, available from the GNIP webpage. For
this, GNIP stations were selected whose location is close to the investigated transects. The
GNIP data is also used to validate the SIP model results for the stable isotope fingerprint
of the precipitation along the Northern- and Central European transect. To investigate the
effect of the winter NAO on the evolution of the stable isotopes in precipitation for the
Central European transect, the monthly values of the selected GNIP stations are utilized as
well. From this, only those years of the monthly GNIP station time series are used during
which the winter NAO index (mean index for the months December-March) has a value <

0.8 (NAO minus) or > 0.8 (NAO plus).

11.1.3 Evaporation of water from the oceans

In the past, especially in the 1950s, 60s and 70s many theories for the evaporation of water
have been proposed (see Merlivat and Coantic, 1975, and references therein). Merlivat
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and Coantic (1975) undertook the research to test the different evaporation theories by
stable isotope techniques that were put forward by Craig et al. (1963) and Craig and
Gordon (1965). Based on this work Merlivat and Jouzel (1979) derived a formula describing
the stable isotope fractionation during evaporation of water. This formula is still used in
GCMs, like the GISS or ECHAM model (e.g. Jouzel et al., 1987; Hoffmann et al., 1998;
Werner et al., 2011). According to Merlivat and Jouzel (1979) the isotopic composition of
evaporated water dp from the ocean is given by

1—k) (1
5p 1= k)< -

T P h(1+ 5VO)> , (11.1)
whereas dy, is the isotopic composition of the ocean surface given in it’s delta notation;
dy, is the isotopic composition of the water vapour in the complete atmosphere being in
isotopic equilibrium with the ocean. According to Jouzel and Koster (1996) dy, can vary on
a regional scale. oy, is the isotope fractionation factor between the liquid and vaporous
phase of water. h ist the relative humidity. The term (1 — k) accounts for the kinetic effects
during the evaporation of water and is given by Eq. (11.2) (Merlivat and Jouzel, 1979):

|1 Uten) _plT. (11.2)
1+ep)n — 2L
( ) PM

In Eq. (11.2) €p is the difference of the molecular diffusion of the isotopes in air and
is according to Merlivat (1978b) 25.1 %o for 6D and 28.5 %o for §'®0. py; and pr is
molecular and turbulent resistances, respectively. pr/pas can be calculated with the theory
of (Brutsaert, 1975b,a) that has been verified to be in good agreement with experimental
results Merlivat (1978a). For the term pr/pas it must be differentiated between two cases:
a smooth and rough water-air-interface, as a function of the surface roughness Reynolds
number R.,. If R.,<1, the relation for a smooth surface is used. For a rough surface R
has to be higher than 1 (Merlivat and Jouzel, 1979). R.s will be calculated as followed:

Roy = 220, (11.3)

14

with zy being the surface roughness, u, the friction velocity and v is the kinematic viscosity
of air. z can be calculated by zp=u?/(81.8 - g), whereat g is the acceleration of gravity.
Therefore zg and u, are not independent. zy can be also calculated from the distribution of
the wind velocity versus the height z,

u:u*ln{z}, (11.4)
X 20

whereat x is the Von Karman constant and is 0.4 (Merlivat and Jouzel, 1979).
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For a smooth water-air-interface (R.s<1) the equation for pr/pys is

o 1 {“*’Z} <V>2/3
L | 13.6 [ — =92/3. 11.5
P X " 30v / D ,n / (1L5)

For a rough water-air-interface (R.s>1) the relation for pr/pys is

z 14

Pro_ 11n{} —5/7.3R!* ()1/2, n=1/2. (11.6)
Pm X 20 D

The isotopic composition of the evaporated water can be therefore computed as a function
of the surface temperature of the ocean, the relative humidity of the water-air-interface
and the wind velocity at 10 m (u19) above the ocean surface.

11.1.4 Moisture transport in the atmosphere and precipitation

The moisture that has evaporated from the ocean is lifted into the atmosphere by it’s
thermal energy where it contributes to the atmospheric moisture. The lifting causes a
cooling of the air parcel, because of the conversion of thermal energy into potential energy.
If the temperature falls below the dew point the condensation of the atmospheric moisture
starts and clouds form. According to Rozanski et al. (1982), the average cloud base level is
at 850 mbar. Therefore the SIP model uses the temperature at 850 mbar to calculate the
isotope fractionation effects for the condensation of the vaporous phase into the liquid or
solid phase of water, respectively. To calculate the temperature at 850 mbar it is assumed
that it varies parallel to the surface temperature Dansgaard (1964) and the uplift of air
is described by a dry adiabatic uplift (as long as the ground level is below 850 mbar).
For continental areas where the elevation is higher than the average cloud base level, i.e.
where the air pressure is smaller than 850 mbar, the condensation temperature is calculated
by a moist adiabatic uplift Dansgaard (1964). For this, the CRU TS 2.0, TYN SC 2.0
topography dataset is used. For each grid point the air pressure is calculated with the
barometric height formula for ideal gases (Eq. 11.7), assuming an air pressure (pg) at sea
level (29 = 0 meters) of 1013,23 mbar; M is the molar mass for dry air M=28.97 g/mol, g
the acceleration of gravity, R the ideal gas constant and T the absolute temperature in K,

p—poexp{—_Mg-(z—zO)}. (11.7)

To calculate the temperature at the cloud level the following equation is used for the
temperature gradient,

dr Mg
—_— = —— 11.
o (113)
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based on a dry adiabatic uplift, i.e., a process where no condensation of water occurs. C, is
the heat capacity of dry air C;,=28.97J/K/mol. The result of dT'/dz is —0.981K/100m. It
means that a dry air parcel cools by 0.981 K per 100 m heigh difference. However, when
air cools the water saturation pressure decreases and the condensation of water can occur
during the lifting. Under this circumstances Eq. (11.8) can not be used, but Eq. (11.9) that
describes a moist adiabatic uplift. L is the latent heat of evaporation La2500 J/g and 04
the water saturation pressure after Sonntag (1990).

dT M
—=- P . (11.9)
z LRT - =%t + Cyp

Dansgaard (1964) and Sonntag et al. (1979) applied a Rayleigh approach for the condensation
process appearing in the atmosphere, basing on the assumption that it is an equilibrium
process, i.e., the condensate is in isotope equilibrium with the atmospheric water vapour
and is immediately removed after condensation. This is a good assumption for rain and
snow, although it must be modified for temperate regions (Jouzel and Merlivat, 1984, and
references therein). For temperatures smaller than -10 °C Jouzel et al. (1987) an additional
kinetic fractionation factor has to be included accounting for kinetic effects during snow
formation (Jouzel and Merlivat, 1984). When an certain amount of precipitation dN
is formed from the atmospheric moisture, then the Rayleigh approach for the isotopic
composition of the residual atmospheric moisture

N a—1
Rmoisture - RO () 5 (].110)

No
whereat Ry is the isotopic composition of the atmospheric moisture before evaporation, Ny
is the amount of moisture in the atmosphere before evaporation, N the amount of moisture
in the atmosphere after the evaporation process, i.e., N = Ny — dN and « the isotope
fractionation factor depending on the local temperature of cloud base calculated with the
surface temperature and Eq. (11.8) and Eq. (11.9), respectively. The isotopic composition
of the formed precipitation with respect to Eq. (11.10) is

Rprecipitation = R0 Y N ( 11.1 1)

Ny can be calculated as followed with

No=7-Y P, (11.12)

at which ~ is a free fit parameter and P; is the amount of precipitation in box ¢. The sum
includes all boxes. The fit parameter v accounts for the fact when the amount of moisture
in the last box is not 0, i.e., that the relative humidity in the atmosphere is not 0.
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11.1.5 Evaporation of water from the continental surfaces

The formed precipitation with isotopic ratio Ry, ccipitation reaches the continental surface
where it is absorbed by the upper soil zone. The water within the soil zone can be modified
by two different processes: the evaporation from the upper soil zone and the water uptake by
the vegetation (Zimmermann et al., 1967; Miinnich, 1978; Gat, 1996). The water that has
been up taken by plants is then removed to the atmosphere by the transpiration of the plants.
The uptake of soilwater by the vegetation is not accompanied by isotope fractionation
effects and is therefore not modifying the isotopic signature of the remaining soil water.
Furthermore, the water that is released by transpiration has the same isotopic composition
as the water from the soil zone (Miinnich, 1978; Gat, 1996). Zimmermann et al. (1967);
Miinnich (1978) also demonstrate that the isotopic composition of the soilwater is not
altered by the evaporation of water. The argument is, that due to the evaporation of water
a deficiency of water occurs within the top soil layer that forces a flux of water from the
soil zone below by capillary forces. Hence, the isotopic composition of the evaporated water
is the same as the isotopic composition from the water within the soil zone (Zimmermann
et al., 1967; Miinnich, 1978). Zimmermann et al. (1967) noted, that there are also inner-soil
evaporative processes possible, causing isotope fractionation effects in the soil zone for very
dry periods. However, this might be only important for semi-arid and arid regions (Gat,
1996) and is therefore not included in the SIP model. The residual soilwater then percolates
through the soil zone and enters the karst zone.

11.1.6 Recording of the stable isotope signal by speleothems

While the water percolates through the karst zone, oxygen isotopes are continuously
exchanged between water and the species of the CO5-Hy-CaCO3 system. This results in an
equilibration of the oxygen isotope compositions between all species of the COy-Hy-CaCOg
system with respect to the oxygen isotopic composition of the water (Chapter 7). The
water has the same isotopic composition as the local precipitation. The SIP model does not
include any further processes modifying the isotope signature of the carbon bearing species,
i.e., no prior calcite precipitation (Chapter 8.2) and no disequilibrium effects during the
precipitation of calcite on a speleothem surface (Chapter 7). In sum, the SIP model only
accounts for equilibrium isotope fractionation during the precipitation of calcite. For the
isotope fractionation effect of the precipitation, the isotope fractionation factor between
water and calcite of Kim and O’Neil (1997) is used and it is assumed that the cave air
temperature is the mean annual air temperature above the cave.
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11.2 Comparison of model results with GNIP values
for selected transects in Europe

In the following the SIP model is tested for its reliability on precipitation’s stable isotope
composition of two European transects. The two transects are chosen in accordance to the
two transects in recent and past speleothem §*¥O values identified by McDermott et al.
(2011). The investigated transects depicted in Fig. 11.2 are indicated by the open white
circles. The first transect T1, the Central European transect, starts in south-west Ireland
and ends in Romania. The second transect T2, the Northern European transect starts
also in south-west Ireland but ends in northern Sweden. Both transects are separated into
square boxes with a size of 2°x2°. The centre of each box is indicated by the open white
circles (see Fig. 11.2). The derived values for the precipitation §'*0O and 6D values are
compared with measured §¥0 and 6D values from selected selected GNIP station (open
white squares).

11.2.1 Central European transect - T1

The isotopic composition of precipitation along transect T1 is illustrated in Fig. 11.3. The
circles are picturing the results for 6**O and 6D derived from the SIP model. The values
of the selected GNIP stations are illustrated by the open squares (Tab. 11.1). The results
for the winter month (October-March) are illustrated in blue and for the summer month
(April-September) in red. The bottom figure shows the §'#0-6D relation for T1. To fit
the §'80 values of the GNIP stations the fit parameter v is 1.4 for the winter months
and 1.1 for the summer months. The values are in accordance with the values found by
Rozanski et al. (1982). The isotopic composition of precipitation computed with the STP
model is a weighted average of the mean value for the related winter (October-March) or
summer period (April-September) weighted with the amount of precipitation. The GNIP
values are mean values for the winter and summer session derived from the long-term mean
values for each month. Temperature, precipitation and evapo-transpiration are calculated
from the CRU-TS3.1 dataset for each session using the related months of the years 1901
to 2009 (Fig. B.1). The §'80 and ¢D gradient of the GNIP data is much steeper for the
winter values compared to the summer values (Fig. 11.3). This has been also observed by
Rozanski et al. (1982) for the §D values. The reason for this observation is the recycling of
moisture by evapo-transpiration. Evapo-transpiration is much higher in summer compared
to winter (Fig. B.1) Rozanski et al. (1982). The modelled §'®0 and §D values fit with
the winter values, however, the modelled summer values are too positive compared to the
GNIP values. A reason for this discrepancy is, that a fraction of the winter precipitation is
also recycled during the summer month, when evapo-transpiration is greater compared to
the amount of precipitation. Hence, water that is more depleted in heavy stable isotopes
evaporate and modify the isotopic composition of the atmosphere and consequently that of
the precipitation (Rozanski et al., 1982). Rozanski et al. (1982) state that a total of 35
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% of the winter precipitation was necessary to explain the summer gradient of 6D values.
The difference between the summer precipitation and evapo-transpiration also suggests a
negative water budget in the soil zone, in particular in area between -5 and 12 °E (Fig. B.1).
In comparison with the computed §'80-JD relation, the relation obtained by GNIP station
values illustrates no kinetic effects, at least on a long-term time scale.

station longitude  latitude w680 (1-sigma) wdD (1-sigma) s6180 (1-sigma) s6D (1-sigma)
°E °N Y00 %00 %00 %00
Valentine -10,25 51,93 -5.840.3 -36.942.0 -4.6+0.5 -30.3+£3.0
Wallingford -1,1 51,6 -7.6+0.4 -51.1+£3.3  -5.8%£0.8  -39.1£4.8
Koblenz 7,58 50,35 -11.94+1.1 -87.748.9 -7.9+1.4 -56.0+11.3
Neuherberg 11,33 48,15 -12.14+1.3 -88.6+£10.5 -8.4+1.5 -58.8+11.6

Graz (University) 15,45 47,06 -12.4+19 -90.0+15.8 -7.5+1.0 -51.4+£7.6
Vienna (Hohe Varte) 16,35 48,35 -12.0£1.5 -88.0£12.5 -7.44+1.0 -53.4+7.9
Odessa 36,4 50 -10.9£1.3 -75.8%£19.9 -7.2+0.7  -45.8£5.3

Tab. 11.1: Table of selected GNIP station data whose mean values are illustrated in
Fig.11.3. The subscripts w and s indicate the §'80 and dD values. The mean 6'¥0 and 6D
values are stated with their related 1-sigma standard deviation.

To calculate the stable isotopic composition of the drip water the stable isotopic composition
of the infiltrated water is used. This is simply the isotopic composition of the rain
(Sec. 11.1.5). Hence, the isotopic composition of the drip water shows the same behaviour
as the stable isotopic composition of the rain, with a steeper gradient for the winter month
compared to the summer month (Fig. 11.4; only for §'80 values). However, the infiltration
in summer is negligible in comparison to the winter infiltration. Therefore, the drip water’s
isotopic composition is mainly determined by the winter precipitation’s 6**0 and dD values.
The comparison with drip water §'%0 values samples in several caves along T1 (black
squares), based on values composed by McDermott et al. (2011), illustrates, however, that
the computed values are too negative in comparison to the measured §'%0 values. At first,
the observed effect can be due to of evaporative processes at the soil-atmosphere interface.
As a result of the evaporation the remaining water would be enriched in heavy isotopes. In
addition that would lead to an enrichment of light isotopes in the atmospheric moisture
and consequently a much steeper gradient as observed. The second reason could be the
amount of water Ny in the atmosphere. The higher the amount of atmospheric moisture
is, the shallower is the 6'*O gradient. This is simply caused by the Rayleigh approach,
because the sensitivity of the isotopic depletion in the atmosphere depends on the quotient
of N/Ny (Eq. 11.10). At last, the differences between the computed and the measured §'%0
values in the reference could be also due to the too small sampling interval in the caves.

Based on the 6*¥0 values of the drip water and the mean annual air temperature above
the cave (Fig. B.1) the 'O value of calcite, being precipitated under equilibrium isotope
fractionation effects (Sec. 5), can be calculated using the isotope fractionation factor between
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Fig. 11.3: The figure shows the computed §'%0 and §D values (circles) in precipitation
along T1 for winter (October-March) and summer (April-September). In comparison, the
GNIP values are illustrated as open squares. Winter values are shown in blue; summer
values in red (see text for detail).
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Fig. 11.4: Illustrated are the computed 60 value of the infiltrating water for T1
(closed circles) for the winter months (October-March) (blue) and summer months
(April-September) (red). The black squares are measured drip water 6'80 values from
caves that are close to T1. The cave sites are Crag Cave, Pere Noel, Han-sur-Lesse,
B7 Cave, Attahohle and Ursilor. The drip water 680 values are stated by McDermott
et al. (2011).

water and calcite of Kim and O’Neil (1997). The gradient of calculated calcite winter (blue)
and summer (red) 6'80 values is illustrated in Fig. 11.5. Furthermore, the §'®*0 values
of calcite samples (black squares) pictured in Fig. 11.5, picturing that winter 80 values
(as well as the summer §'80 values) are too depleted in 80, both yielding too negative
180 values for the calcite. The difference between the computed and the measured calcite
180 values can have several reasons. Since the SIP model only accounts for equilibrium
isotope fractionation effects, disequilibrium effects can cause an additional enrichment in the
measured calcite §'80 values (Sec. 7). Furthermore, the used oxygen isotope fractionation
factor between water and calcite is questioned by several studies, observing more enriched
calcite 80 values as suggested by Kim and O’Neil (1997) (Coplen, 2007; Tremaine et al.,
2011; McDermott et al., 2011). Furthermore, prior calcite precipitation (PCP) can cause an
additional enrichment in calcite 80 values, which can not be detected only by drip water
measurements (Sec. 9).
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Fig. 11.5: Illustrated are the computed calcite §'80 values (stars) for T1 for the
winter months (October-March) (blue) and summer months (April-September) (red).
The values are calculated from the corresponding drip water §'*O values and the
oxygen isotope fractionation factor of Kim and O’Neil (1997). For the temperature,
the mean annual temperature of the respective box is used. The black squares depict
present-day calcite 60 values from cave sides close to T1. The stalagmites are CC-3,
Bilbo, BFM9, PN95, Prosperine, B7, Pos-stm4, PP4 and PU2. The speleothem §*0
values are reported by McDermott et al. (2011).
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11.2.2 Northern European transect - T2

The second transect T2 in speleothem §'®0 values identified by McDermott et al. (2011) is
a northern transect starting in Ireland and ending in northern Sweden. The results of the
SIP model for T2, the computed 6'¥0 and §D values for T2, are plotted in Fig. 11.6. Like
in Fig. 11.3 the computed winter values (October-March) are illustrated in blue circles,
whereas the summer values are depicted as red circles. The GNIP station values for the
corresponding periods are illustrated as squares (Tab. 11.2). The gap in the transect
between 0 and 5 °E corresponds to the Northern Sea. Furthermore, the fit parameter v for
the initial amount of moisture in the atmosphere is 1.4 for the winter session and 1.0 for
the summer session. The computed 680 gradient for the winter session fits to the GNIP
station values between -10 and 0 °E and to the GNIP station values of Kiruna, Abisko and
Naimakka. The values of Stockholm and Ricklea might be also influenced by evaporated
water from the Baltic Sea, because of their location. This could explain the more positive
values compared to the other GNIP stations at the same longitude and also the deviation
from the modelled winter §'%0 transect. The computed summer gradient for the §'80 values
is too flat and does not fit to the summer GNIP station values around 20 °E. This can be,
as discussed for T1, caused by recycled winter precipitation, because of the deficiency of
water in the soil zone during the summer months. However, for the summer period the
amount of precipitation and evapo-transpiration is almost equal (Fig. B.2). The computed
gradients for the 0D values pictures a similar behaviour for the winter and summer period
as the §'80 gradient does. For the summer months the gradient is too flat to explain the
GNIP station data at c. 22 °E. The winter value GNIP station value has also a too negative
value compared to modelled winter gradient for D values. However, for both periods, the
0D values are too limited. That is the reason why in the following only the 680 values are
discussed.

station longitude  latitude  w§'®0 (1-sigma) wéD (1-sigma) s6180 (1-sigma) s6D (1-sigma)
°E °N %00 %00 %00 %00

Valentine  -10.25 51.93 -5.840.3 -36.91+2.2 -4.6+£0.5  -30.3£3.3
Keyworth -1.08 52.88 -8.5+0.6 -56.91+4.9 -6.3£0.9  -42.6£6.8
Stockholm 18.03 59.32 -10.6+1.6 -9.7+£0.7

Ricklea 2091 64.12 -14.1£1.0 -10.8+1.1

Kiruna 20.23 67.87 -17.1£24 -11.14+0.9

Abisko 18.82 68.35 -14.7+1.3 -12.241.5

Naimakka 21.53 68.68 -19.4+1.5 -144.7 £10.5 -13.6£1.9 -99.44+11.6

Tab. 11.2: Table of selected GNIP station data whose mean values are illustrated in
Fig.11.6. The subscripts w and s indicate the 6**0O and dD values, respectively. The mean
580 and 6D values are stated with their related 1-sigma standard deviation.

The §'80 value of the calcite along the Northern transect is calculated from the oxygen
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Fig. 11.6: The figure shows the §'%0 and dD (circles) values in precipitation along T2
for winter (blue) and summer (red). For comparison GNIP values are illustrated (open
squares). Winter values are shown in blue; summer values in red. (see text for detail)
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isotope composition of rain under the assumption that the calcite has been formed under
isotope equilibrium conditions using the relation derived by Kim and O’Neil (1997) for
the oxygen isotope fractionation factor between water and calcite. The oxygen isotope
composition is of drip water equates the oxygen isotopic composition of the rain, since no
isotope fractionation processes affect the infiltrated water (Sec. 11.1.3). The calculated
calcite 6180 values for each box are illustrated in Fig. 11.7. The blue circles correspond to
the winter months and the red circles to the summer months. Note, that the fraction of
summer infiltration that contributes to the annual infiltration is negligible in comparison to
the winter infiltration. Only for the boxes, which are close to the Northern Sea, does the
summer infiltration affect the isotopic composition annual infiltration (Fig. B.2). Hence,
the focus is on the 60 values in the following. The §'80 gradient depends on the gradient
of the drip water, i.e., the gradient of the oxygen isotopic composition of the precipitation
and the gradient of the mean annual air temperature. Since the temperature gradient is
negative along T2 (Fig. 11.7) the equilibrium oxygen isotope fractionation counteracts with
the depletion of the drip water in *O along the transect. This results in the change of
the slope for calcite 60 values (Fig. 11.7) compared to the slope for the oxygen isotope
composition of the precipitation (Fig. 11.6). The computed gradient for calcite Kim and
O’Neil (1997) fits to values from cave-calcite samples of Rana (Norway) and Korrallgrotten
cave (Sweden) (Fig. 11.7).

11.3 Sensitivity of the model on model parameters for
Central Europe (T1)

In the previous sections two precipitation 680 gradients and the related gradients in calcite
5180 values were discussed based on the climate conditions in the period between 1901
and 2009. However, within the Holocene the slope of the Central European gradient of
speleothem §*¥0 values has changed (McDermott et al., 2011). To address this question,
the reference winter period between 1901 and 2009 is used to study the sensitivity of the
slope in precipitation 6O values and the corresponding calcite §'¥0O values by changing
the temperature and the amount of precipitation. In the following the discussion is focused
on T1 with the objective to investigate the changed trends in speleothem §**O gradients
in Central Europe during the Holocene. In the first sensitivity scenario, the monthly
temperature is changed by + 3 °C, resulting in an annual air temperature that is warmer
and colder by 3 °C, respectively (Fig. B.3). The results for the stable isotopic composition
of the precipitation are shown in Fig. 11.8. The discussion is limited on the §'¥0 values
and is also valid for the 6D values. For the temperature scenario the results for the §**O
values are illustrated by the closed circles; red indicates the 43 °C scenario, whereas blue
indicates the -3 °C scenario. The blue and red squares are the GNIP station values for
winter and summer months (Tab. 11.1). The change in the isotopic composition of the
precipitation between the two temperature scenarios (+3 °C and -3 °C) is negligible in
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Fig. 11.7: Ilustrated are the computed calcite §'80 values for T2 for the winter
months (October-March) (blue stars) and the summer months (April-September) (red
stars). The values are calculated from the corresponding drip water 6**O values and
the oxygen isotope fractionation factor of Kim and O’Neil (1997). For the temperature,
the mean annual temperature of the respective box is used. The closed black squares
are present-day calcite §'%0 values from several stalagmites locates close to T2. The
speleothems are CC-3, Bilbo, SG-95, SU, K1 and FM-3. The speleothem 6'30 values
are reported by McDermott et al. (2011).

comparison to the evolution of the precipitation 6'®0 gradient. This is an effect of the
Rayleigh approach, at which the isotopic composition of the formed rain is more sensitive
on the amount of formed precipitation than on the changes of the temperature dependent
isotope fractionation investigated here. However, colder temperatures leads to a steeper
gradient, because more H3*O molecules are condensed, causing a stronger depletion in #0O
of the remaining moisture in the atmosphere.

The 6'80 gradient of precipitation for the precipitation scenario, where the amount of
precipitation changes in every box by 4 30 %, is illustrated by the closed circles in Fig. 11.8.
The +30 % precipitation (wetter) scenario is visualized in red and the -30 % precipitation
(drier) scenario in blue (Fig. B.3). Note that the initial amount of precipitation in the
atmosphere does not change and is equivalent to the reference winter period. For the 430
% precipitation scenario the slope of the §'80 gradient is much steeper compared to both
slopes of the temperature scenarios, whereas the slope for the -30 % precipitation scenario
is much flatter. This is caused by the changed amounts of precipitation and the fact that
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the initial amount of precipitation is constant. Hence, for a wetter climate, the atmospheric
moisture becomes more depleted in *0 along the transect, which is simply a result of the
Rayleigh approach. For a drier climate it acts opposed, because less moisture condenses
and consequently more O remains in the atmospheric moisture. A similar result would
be observed if not the amount of precipitation would have been changed but the initial
amount of moisture, because the two variables are equivalent. The reason for this is the
nature of the Rayleigh approach. Hereby the degree of isotopic fractionation is determined
by the ratio of N/Ny (Eq. 11.10). Hence, if more moisture is in the atmosphere, the slope
is less steep, whereas less moisture leads to a steeper gradient.

The effect of the temperature and the precipitation scenarios is illustrated in Fig. 11.9.
Thereby the reference scenario is the winter session of Fig. 11.3. It is indicated by the
grey closed circles. For the temperature scenario (closed circles) the absolute values are
shifted towards more negative values for +3 °C scenario (red). In contrast they are shifted
towards more positive values for the -3 °C scenario (blue). The reason for this effect is
that the counteracting of the isotope fractionation effect of the by the oxygen equilibrium
isotope fractionation effects during the calcite formation. Since the sensitivity of oxygen
isotope fractionation factor between water and calcite is negative (Fig. 7.5, dotted line),
a warming forces a calcite oxygen isotopic composition, that is more depleted in 0. A
cooling in contrast, results in an enrichment of '80. The slope of the 6'¥0 gradient does
not change for the temperature scenarios in comparison to the reference scenario. This is
mainly determined by the fact that the slope of the §'80 gradient of the precipitation is
almost unchanged for the two temperature scenarios and the the temperature gradient of
T1 was changed parallel in all boxes. Only, if there would was an additional temperature
gradient added to the reference temperature gradient, the slope would have changed. As
an example: if the temperature in West Europe (Ireland) would be colder by 3 °C and
warmer by 3 °C in East Europe (Romania), the observed calcite §'*0 gradient would be
a super-position of the +3 °C and -3 °C scenarios. Consequently, the slope of the calcite
5180 gradient becomes steeper and shallower if there was a warming in West Europe and a
cooling in East Europe.

For the precipitation scenarios (open circles) the slope of the calcite §'*0 gradient changes,
whereas the absolute value in the first box is almost unchanged. For the temperature
scenarios in contrast the absolute 6O value of the precipitated calcite shifts by c. £1
%o caused by the temperature dependent isotope fractionation effects. If the amount
of precipitation changes, under the assumption that the initial amount of moisture in
the atmosphere is unchanged, the slope of the precipitation 6**O gradient would change
(Fig. 11.8). This change is transferred into the cave by the percolation water. Since the
temperature is unchanged in the precipitation scenarios the oxygen isotope fractionation
effects during the calcite precipitation are the same as for the reference scenario. This
results in a steeper slope of the calcite 680 gradient for the +30 % precipitation scenario
(red) whereas the slope for the -30 % scenario (blue) is flatter (Fig. 11.9).
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Fig. 11.8: Illustrated are the computed 580 and 6D for T1 for different sensitivity studies
(closed circles). The closed circles (line) indicate the temperature sensitivity study for an
increase of the temperature of +3 °C (red) and -3 °C (blue). The open circles (dotted line)
depicts the precipitation sensitivity study whereas the amount of precipitation is changed in
each box by +30 % (red) and -30 % (blue). The open squares picturing the GNIP station
data for the winter months (blue) and the summer months (red).
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Fig. 11.9: Illustrated are the computed calcite 680 values for the sensitivity studies
(coloured circles). The closed circles indicate the results of temperature sensitivity
study: the red closed circles are the results of the 4+3 °C scenario and the blue
closed circles for the -3 °C scenario. The open circles picturing the results for the
precipitation sensitivity study: the red open circles are the results for the +30 %
scenario and the blue open circles for the -30 % scenario. The black closed circles
illustrate the computed §'80 values for the reference scenario.
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11.4 Comparison of model results with GNIP values
for positive and negative NAO phases

In the previous sections GNIP station values have been used to test the performance of the
SIP model. The comparison shows that the SIP model can compute the observed gradients
for the winter months (October-March) and the summer months (April-September) observed
in GNIP station 6*®0 values, although the summer gradients are too flat. This might be
caused by the deficiency of water stored in the soil zone. A negative water balance of the
soil zone during the summer months is caused by the difference between the amount of
precipitation and evapo-transpiration (Fig. B.1). Hence, water from the winter months is
possibly recycled in the summer months, causing a steeper gradient (Rozanski et al., 1982).
However, the gradient for the winter months is well reproduced by the SIP model. In the
following the focus is only on the winter month, because the water that has been infiltrated
in the soil and karst zone precipitates mostly in the winter months in Central and eastern
Europe (Fig. B.1). Hence, the drip water in cave conforms the infiltrated water and so does
the isotopic composition.

To investigate the effect of different NAO phases on the GNIP station values, the 6'*0 and
dD values from October to March are used during which the winter NAO index (December-
March) has values >0.8 (positive NAO phase) and <-0.8 (negative NAO phase). The results
for the selected GNIP stations is listed in Tab. 11.3. It lists the mean NAO index of those
years which are selected by their winter NAO index and the related mean §'*0 and §D
values for the winter months (October-March). All mean values are stated with the 1-sigma
standard deviation. The number in brackets behind the mean NAO indexes is the number
of selected years.

station longitude latitude positive negative 580 (1-sigma) 6D (1-sigma) 5180 (1-sigma) 6D (1-sigma)

wNAO wNAO (+) wNAO (+) wNAO (-) wNAO (-) wNAO

°E °N Yoo Yoo Yoo Yoo

Valentine -10,25 51,93 1.840.5 (14) -1.54+0.7 (6) -5.74+0.7 -35.4+5.3 -6.0£1.0 -40.24+6.1
Wallingford -1,1 51,6 1.940.5 (11) -2.34+0.0 (1) -7.3£0.5 -49.4+4.3 -8.3+0.0 -54.01+0.0
Koblenz 7,58 50,35 1.840.6 (10) -2.34+0.0 (1) -7.9£1.1 -57.3+£9.3 -9.740.0 -74.0+0.0
Neuherberg 11,33 48,15 1.940.6 (8) -2.34+0.0 (1) -12.1+1.1 -87.449.0 -13.04+0.0 -95.3+0.0
Graz (U) 15,45 47,06 1.740.6 (12)  -1.6+0.6 (3) S12.541.2 -91.0+9.2 -13.341.1 -96.74+8.5
Vienna (HV) 16,35 48,35 1.740.5 (16)  -1.6£0.7 (7) S11.3%1.5 -82.84+11.4 -13.541.4 -95.349.5
Odessa 36,4 50 1.64+1.0 (2) -9.5£0.7 -57.0+£12.0

Tab. 11.3: Table of mean winter 680 and dD values for positive and negative NAO phases
for selected GNIP stations. The values are illustrated in Fig.11.10. All values are given
with the related 1-sigma standard deviation.

The results of the stable isotopic composition are illustrated in Fig. 11.10. The values for a
positive NAO phase are indicated by red squares, whereas the values for a negative NAO
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Fig. 11.10: The figures picture the dependence of winter (Oct.-March) 60 and 6D values
in precipitation. Values for positive (> 0.8) and negative (< 0.8) NAO phases are illustrated
in red and blue, respectively (closed circles). The closed squares show GNIP values for
positive (> 0.8) (red) and negative (< 0.8) (blue) NAO values. The grey circles illustrating
the mean values for all winters (Oct.-March).
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phase are illustrated by blue squares. In comparison to the GNIP station data for the
long-term §'*0 and 6D values in Fig. 11.3 the 680 and dD values are clearly separated
for positive and negative NAO phases. The gradient of §'%0 (6D) is steeper for negative
NAO phases as for positive NAO phases (Fig. 11.10). To fit the §'*0 GNIP station data
values with the computed §'80 values, the fit parameter y=1.5 in case of the positive NAO
phase and =1.2 for the negative NAO phase. This is due to the reason that the amount of
precipitation is almost identical along the transect for both NAO scenarios and the effect
of the temperature difference between positive and negative NAO phases on the §'*0 (6D)
gradient is negligible (Fig. B.4). However, the result, that the initial amount of moisture
in the atmosphere varies in dependence on the NAO phases, is reasonable. The NAO is a
multi-pattern of different high and low pressure systems (Comas-Bru and McDermott, 2013,
and references therein) that modulates the westerlies, which are the moisture conveyor belt
for the European continent. In dependence on the NAO phase the westerlies are shifted
north- or southwards causing a change of the initial amount of moisture at the western
boundary of the European continent. Hence, for a positive NAO phase more moisture
enters the European Continent from West and is transported over Central Europe. For a
negative NAO phase the effect is the opposite, because the moist air is then transported
southwards and causes a higher initial amount of moisture in the atmosphere is the Western
Mediterranean region. Consequently, less moisture is transported by the atmosphere to
Central Europe. This effect is proofed by the results of the SIP model. If the isotopic
composition of the precipitation is not modulated at the surface (Rozanski et al., 1982, and
references therein), the different slopes for the §'80 gradient of T1 for positive and negative
NAO phases should be also observed in cave drip water. This can be an explanation for the
observed dependency of the precipitation %O values on the NAO for the GNIP stations in
Europe (Baldini et al., 2008) and ECHAMS5-wiso data (Langebroek et al., 2011).

In Sec. 11.2.1 the computed 6*¥0 gradient for cave drip water was too steep to explain
the §'0 values measured in cave drip waters (Fig. 11.4). However, for the calibration of
the SIP model the long-term GNIP stations were used, consisting of positive and partly
negative NAO phases. Since the GNIP program has started in 1961 the NAO has had
mostly a positive wNAO index. The mean wNAO (December-March) between 1961 and
2009 is 0.32. It had a distinct positive phase in the 1990s with a mean value (between
1990 and 1999) of 0.90. This explains why the §'80 gradient of the reference winter period
in Fig. 11.11 (open grey circles) is closer to the computed §'80 gradient for the positive
wNAO scenario (red closed circles) than for the calculated §'80 gradient for the negative
wNAO scenario (blue closed circles) (Fig. 11.11). The illustrated measured 6'*0 values
of cave drip water (black squares) are based on the collection of McDermott et al. (2011).
However, most of the studies were published between 2003 and 2006 and the monthly §%0
values of GNIP station in Koblenz (7,58 °E) exhibits values between -8.6 and -7 %oof the
local precipitation. This is an explanation why (i) the computed §'®O gradient of cave drip
water of Fig. 11.4 is not explained by the SIP model. This is simply because the model was
calibrated for the long-term GNIP §'80 values having a mean oxygen isotopic composition
of c. -12 %obetween 7.6 and 11.3 °E (Tab. 11.1). (iz) The computed 'O gradient for the
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Fig. 11.11: The figures shows the dependence of drip water §'80 values against
longitude for transect T1 for positive (> 0.8) and negative (< 0.8) NAO phases. The
black closed squares visualize drip water samples (McDermott et al., 2011).

cave drip water does not fit to the cave water %0 values. Hence, the observed difference
between the modelled and measured 610 values is simply caused by the averaging of the
GNIP ¢80 values and the subsequent calibration of the SIP model.

From the computed §'%0 drip water values the oxygen isotopic composition of calcite, that
is precipitated under isotope equilibrium conditions, can be calculated using the oxygen
isotope fractionation factor between water and calcite derived by Kim and O’Neil (1997)
and the mean annual air temperature (Fig. B.4). The derived results for the gradient of
calcite §'%0 values are illustrated in Fig. 11.12. The positive NAO scenario is indicated by
the red closed circles, whereas the negative NAO scenario is pictured by the blue closed
circles. The reference scenario is indicated by the open grey circles. The slope of the calcite
5180 gradient is steeper for the negative NAO scenario in comparison to the reference of
the positive NAO scenarios, whereas the positive NAO scenario is flatter compared to
the reference scenario. This is caused by the fact that the change of the mean annual air
temperature (Fig. B.4) is not significant in comparison to the change caused by the different
hydrological conditions forcing the different slopes of the gradient in precipitation and drip
water §'80 values. Hence, calcite §'%0 values are only modulated by the change of the
mean annual air temperature along the transect, but not by the temperature difference
between the positive and negative NAO scenario.
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Fig. 11.12: The figure shows calcite 6'*0 values for positive (> 0.8) (red) and
negative (< 0.8) (blue) NAO phases; the values are calculated with drip water §'%0

values (Fig. 11.11) and the oxygen isotope fractionation factor between water and
calcite after Kim and O’Neil (1997).
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The Global Speleothem Network

Since the early 90’s the number of publications in speleothem science has rapidly increased
(Fleitmann and Spoétl, 2008) and speleothem science is progressing since ever even faster
(e.g. Fairchild and Baker, 2012). At the same time the number of investigated speleothems
is increasing. By now, more than 500 speleothems from caves worldwide were investigated.

Fig. 12.1: The Global Speleothem Network: The red dots indicate a cave where
speleothems have been collected and analysed.

The world map (Fig. 12.1) illustrates this impressively. The red dots are cave locations at
which speleothems were analysed or being still investigated. The speleothem data compose

a global speleothem network (GSN) that has recorded past climate changes over thousands
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of years on all continents - note that the illustrated speleothem studies in Fig. 12.1 is not
up to date since the number of investigated speleothems is continuously increasing. This
achievement of last decades has introduced a new level in speleothem science, because
it allows quantitative comparisons of speleothem proxy time series in space and time.
The advance is accompanied with the development of more sophisticated methods, like
PCA, that enable to uncover similarities of the speleothem proxy time series. From the
speleothems illustrated in Fig. 12.1 39.6 % of the speleothems were collected in Europe, 17.3
% in Asia, 13.1 % in North America and the remaining are distributed over Oceania, the
Middle East, South America, Middle America and Africa. Most of the speleothems recorded
climate changes during the Holocene and the Last Glacial (MIS 4 to MIS 1). The palaeo
climate proxy of choice of the studies was 680 and §'2C, followed by trace elements and
lamina thickness (Dambach, 2012). The highest spacial density of investigated speleothems
is achieved in Europe (Fig. 12.1), whereas most of them have grown during the Holocene.
Therefore European speleothems are appropriate to apply PCA on their §'%0 and §3C
time series, respectively, to investigate for coherent variations in space and time.

12.1 European speleothems within the GSN and pre-
selected speleothems for PCA

The spatial coverage shows that most studied speleothems are situated in Central Europe
(Fig. C.1). By using the PCA selection criteria for speleothems (Sec. 10.2.3) however, most
of the speleothems fail the criteria and only a limited number of speleothems can be used
for PCA. Another external limiting criteria is the availability of the data. Hence, within
this framework only data have been used that are either available on the NOAA palaeo
climate database or that have been provided by authors. The speleothem proxy time series
that fulfil the criteria, that the ages have measured by TIMS or ICP-MS techniques and
where the §'%0 and §'3C time series were available are listed in Tab. 12.1 and graphically
illustrated in Fig. 12.2. They belong to a pre-selection of speleothems that is ultimately
used for PCA. The speleothem proxy time series cover an area that ranges from West
Europe, tied by the speleothem CC-3 and GAR-01 formed in Crag Cave and La Garma
Cave, respectively. The stalagmites FM-3 and K-1 that grew in Norway and North Sweden
are palaeo climate recorders for North Europe. Stalagmite SU 96-7, formed in North
Scotland, supplements the most northern speleothems CC-3, FM-3 and K-1. In Central and
East Europe the stalagmites BU-4 (Germany), C09-2 (Romania), CC-26 (Italy), SPA-12
(Austria) and SV-1 (Italy) form the most dense network of palao climate recorders. In South
Europe, stalagmites CL-26 (France) and CR-1 (Italy) and in the East stalagmite SO-1,
respectively, are completing the usable speleothems. However, most of the speleothems
have not grown during the entire Holocene but only during limited periods (Tab. 12.1).
From the selected speleothems, at least 10 were actively growing between 0 and 7.5 ka
BP (Fig. C.2). The number of speleothems that have recorded the early Holocene climate
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(> 7.5 ka BP) is progressively decreasing. At 12 ka only 3 of the selected speleothems
formed. This highlights that in dependence on the focus of the PCA, whether short-term
or long-term variations are investigated, only a limited number of the speleothems listed in
Tab. 12.1 can be used.

Fig. 12.2: Map of European speleothems (Tab. 12.1) that can be analysed with PCA
(see text for detail).

12.1.1 Temporal resolution of speleothem proxy time series

Another criteria for the PCA was, that the temporal resolution of the proxy record should
be smaller than 30 years allowing for short-term investigations. To test the pre-selection
of speleothems (Tab. 12.1) a total of 1000 MC runs have been performed to calculate the
mean temporal resolution for each speleothem during it’s active growing section. The result
of the MC runs is illustrated in Fig. 12.3 showing the mean temporal resolution for a 200
year running average. The color of each rectangle indicates the mean temporal resolution
which is given by the color bar on right side.
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name cave latitude longitude altitude actual cave growth growth dating proxies reference
air temperature stop begin method

°N °B (m) (°C) (ka BP) (ka BP)
BU-4 Bunker Cave 51,37 7,666 184 10,8 -0,6 8,2 TIMS 5180, 613C Fohlmeister et al. (2012)
C09-2 Closani Cave 45,07 22,79 80 11 -0.3 4.0 TIMS 5180, s13C daphne et al. (in prep.)
CccC-26 Corchia Cave 44,00 10,22 1300 7,5 0,8 11,3 MC-ICP-MS 5180, s13C Zanchetta et al. 2007)
cc-3 Crag Cave 52,23 -9,44 60 10,4 -0,05 10,1 TIMS 5180, 513¢C McDermott et al. (1999)
CL-26 Clamouse Cave 43,70 3,6 75 14,5 0,3 11,1 TIMS 5180, s13C McDermott et al. 1999
CR-1 Carburangeli Cave 38,15 13,2 22 19,4 1,1 9,9 TIMS 5180, 613C Frisia et al. (2006)
FM-3 Okshala Cave 67 15 200 3,2 -0.05 7,5 TIMS 5180, s3C Linge et al. (2009)
GAR-01 Garma Cave 43,43 -3,66 75 12,1 -0,03 13,9 TIMS/ICP-MS 5180, 513C Baldini et al. (in prep.)
GP-2 Grotte de Piste 31,67 -2,23 1260 2.8 11.0 TIMS/ICP-MS 5180 Wassenburg et al. (in prep.)
K-1 Korallgrottan 64,88 14,15 570 2,7 -0,06 3,8 TIMS 5180, s13C Sundquist et al. (2010)
MB-3 Milchbach Cave 46,37 8,05 1840 2.5 2,2 9,2 MC-ICP-MS 5180, s3C Luetscher et al. (2011)
SO-1 Sofular Cave 41,42 31,93 442 12 -0,06 50,3 MC-ICP-MS 5180, s13C Fleitmann et al. (2009)
SPA-12 Spannagel Cave 47,12 11,67 2531 1,8 0,02 4.8 TIMS 5180, 513C Mangini et al. (2005)
SU 96-7 Uamh an Tartair 58,15 -4,98 220 7,1 -0,04 0,95 TIMS/Laminae counting 5180 Baker et al. (2011)
SV-1 Grotta Savi 45,61 13,88 441 12,3 -0,04 17,6 MC-ICP-MS 5180, 53¢ Stoykova et al. (2005)

Tab. 12.1: The table is a compilation of pre-selected European speleothems that can be used for PCA. The speleothems
which are selected for PCA are indicated by the blue color of their name (1" column).
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A mean temporal resolution below 30 years is indicated by blue colors whereas mean
temporal resolution that is greater than 30 years is indicated by yellow and red colors. If the
mean temporal resolution is exactly 30 years it is indicated by green. For the speleothems
CL-26, CR-1 and SV-1 it reveals that the temporal resolution is mostly greater than 30
years. Stalagmite FM-3 has a temporal resolution higher than 30 years in first 4000 years
with phases of a temporal resolution that is smaller than 30 years. In the first 3000 years
it’s growing session, FM-3 has a temporal resolution that is between 20 and 30 years. All
other speleothems have a temporal resolution of the proxy record that is smaller than 30
years. Speleothem CC-3 has a hiatus between 6.0 and 6.2 ka BP and GAR-01 between 1.1
and 1.3 ka BP.
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Fig. 12.3: Illustration of the mean temporal resolution of the listed speleothem proxy
time series (Tab. 12.1). The mean temporal resolution is based on a total of 1000 MC
runs and is calculated by a 200 year running average. The color of each rectangle
indicates the mean temporal resolution, given by the color bar on the right side.
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12.1.2 Recording period of speleothem proxy time series

In addition to the temporal resolution of the speleothem proxy time series, the period
during which the water infiltrated in the karst zone and subsequently entered a cave is
another important criteria when speleothem proxy time series are compared. To compare
the infiltration period of each pre-selected speleothem (Tab. 12.1) the mean infiltration
was calculated by using the CRU-TS3.1 dataset (Sec. 11.1.2). The procedure is to average
the mean precipitation and evapo-transpiration for each month for the available years
(1901-2009) and to calculate the difference between the two terms. The mean infiltration T
for month 7 is

with P being the mean amount of precipitation and ET is the mean amount of evapo-
transpiration of a 2°x2° grid around the cave location - the CRU-TS3.1 dataset is composed
of a 0.5°x0.5° grid, hence, the mean values are calculated by 16 values. The results of
Eq. (12.1) are illustrated for each month in Fig. 12.4. If the mean infiltration is positive it
is indicated by blue colors and if the mean infiltration is negative it is indicated by red.
The illustration of the mean infiltration shows, that apart from the Alpine stalagmites
MB-3 and SPA-12 having a rather constant infiltration, the infiltration has a maximum
during the winter months (October-March). The Mediterranean speleothems CC-26, CL-26,
CR-1, GAR-01 and also SO-1 have clear deficiency of water during the summer months
(April-September). Stalagmite GP-2, from Morocco, has negative infiltration all year long.
The Central European and Northern European speleothems BU-4, C09-2, FM-3 and K-1
have a positive infiltration during the winter months and a negative water budget of the
soil zone during the summer period. The speleothems CC-3 and SU-96-7 from Ireland
and Scotland, which grew close to the coast line, have a positive infiltration for almost all
months but with a clear peak during the winter months.

12.2 Selection of European speleothems for PCA

To analyses speleothem proxy time series, in which the speleothem proxies used within this
framework are 6'0 and 6'3C, certain criteria must be fulfilled (Sec. 10.7). Furthermore, it
must be ensured that a region is not overweighted in the way that the speleothem density is
different for specific regions. In the graphical illustration of the location of the pre-selected
speleothems (Fig. 12.2) it is visible that the Alps and the region of the Northern European
speleothems are overweighted regions in comparison to the areal coverage of the other
speleothems. Under consideration of the other selection criteria stalagmite CL-26 and
SV-1 drop out of the pre-selected speleothem proxy time series, because the temporal
resolution of the proxy records is greater than 30 years for most of the time. Although
this means a loss of temporal information stalagmite MB-3 is not used, because it would
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12. The Global Speleothem Network
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Fig. 12.4: The figure illustrates the monthly mean infiltration of water at the specific
cave locations in the period between 1901 and 2009 based on the CRU-TS3.1 dataset.
A positive infiltration is indicated by blue values, whereas a negative infiltration is
indicated by red vales (see text for details).

overweight the Alps. Furthermore, the Mediterranean stalagmites CR-1 and GP-2 are
not used. This is due to the reason that the §'%0 signal on the one hand is modified by
Mediterranean Sea and is not only determined by isotopic composition of the Atlantic and
precipitation and evapo-transpiration processes, respectively. Although the precipitation
above Sofular Cave, and consequently the drip water of stalagmite SO-1, origins mainly
from the Back Sea (Fleitmann et al., 2009), the §'®0 and §'3C records of SO-1 are used
to test whether the climate in the region around SO-1 has simultaneous variations with
the West-, Northern- and Central European climate. This is motivated by the fact that
the oxygen isotopic composition is an end member of the §'80 gradients of European
speleothem §'80 values derived by McDermott et al. (2011) for speleothems from West-
and Central Europe. From the pre-selected 15 speleothems, nine are used to investigate for
a spatio-temporal coherency between their 680 and 6'3C time series; the stalagmites are
BU-4, C09-2, CC-26, CC-3, FM-3, GAR-01, K-1, SO-1 and SPA-12 (Tab. 12.1). The area
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12.2. Selection of European speleothems for PCA

which they cover ranges from 41.41 to 71 °N and from -9.5 to 31.92 °E determined by the
stalagmites SO-1 and FM-3 and CC-3 and SO-1, respectively. Since the not all speleothems
selected for PCA grew continuously during the Holocene, i.e., the last 10,000 years, is
subdivided into smaller periods. The first period includes the last 4,000 years and covers the
late- and late mid-Holocence and the speleothems BU-4, C09-2, CC-3, GAR-01, K-1, SO-1
and SPA-12 are used for PCA. Stalagmite CC-26 and FM-3 are not used because this would
cause that the proxy records from the Alps and from Northern Europe are over-presented
in the compilation of speleothem §*0 and §*3C records. The limits of this time interval
are determined by the growing period of stalagmite K-1 and SPA-12 which have started
growing at c¢. 3.6 and 4.8 ka BP. The second periods overs the early mid-Holocene ranging
from 7,000 to 4,000 years BP and includes the speleothems BU-4, CC-26, CC-3, FM-3,
GAR-01 and SO-1. The stalagmites K-1 and SPA-12 can not be used for this period of
time because they were not growing at this time (Fig. 12.3). The limits of the time interval
is on the one hand determined by the boundaries of the first time interval and by the
temporal coverage of FM-3, which starts growing at c¢. 7.5 ka BP. Furthermore, stalagmite
SO-1 might be influenced by the change of the water isotopy of the Black Sea until 7,000
years BP indicated by §'®0 values origin from foraminefera (Fleitmann et al., 2009). The
third and last period investigates the time between 10,000 and 7,000 years BP and includes
stalagmites CC-26, CC-3, GAR-01 and SO-1.
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Investigating spatio-temporal
coherent changes for the last 8,000
years - PART I: Long-term analysis

The Holocene can be divided into different stages: the early-Holocene (> 6,000 years), the
mid-Holocene (c. 6,000-3,000 years) and the late-Holocene (< 3,000 years). Palaeo climate
proxies can be compared to get a comprehensive picture on past climate changes during the
Holocene (e.g. Wanner et al., 2008). Since the last decade global and regional temperature
reconstructions, derived from temperature sensitive proxies, are in the focus of palaeo
climate research(Mann et al., 2008; Ahmed et al., 2013). However, the reconstructions the
reconstructions mainly base on tree rings and therefore are biased for summer temperatures
rather than winter- and annual temperatures (Mann et al., 2008; Ahmed et al., 2013).
Alternative studies use a multiproxy approach to derive palaeo climate temperatures
(Christiansen and Charpentier Ljungqvist, 2012; Marcott et al., 2013). However, most
of the studies are limited to the last 2,000 years (Mann et al., 2008; Christiansen and
Charpentier Ljungqvist, 2012; Ahmed et al., 2013). Only Marcott et al. (2013) present
temperature reconstructions that cover the entire Holocene until 11,300 years. In this study
the focus is on European speleothem §'%0 and §'3C time series. The time series covering
the complete Holocene period allowing to compare the PCA results with the temperature
reconstructions. Although published Holocene speleothem data are available from various
places in Europe (Fig. C.1) only a few can be used for PCA (Fig. 12.2). The number of
speleothem time series covering the Holocene has its peak at c. 3.0 ka BP and decreases
progressively towards the early Holocene ending with 3 records at 12 ka BP (Fig. C.2). This
is also illustrated in Fig. 12.3 picturing the temporal resolution of the usable speleothem
time series. Within this chapter PCA shall be conducted for the last 8,000 years focused on
long-term spatio-temporal coherency. In the subsequent Chapter 14, PCA shall be applied,
to investigate for the long-term and short-term spatio-temporal coherency for the last 4,000
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years. In the Chapter 15, the short-term spatio-temporal coherency is analysed for the time
interval between 4,000 and 7,000 years BP completing the short-term analysis for the last
4,000 years. Finally the time between for last 10,000 years shall be investigated with PCA
(Chapter 16).

run  time window TEV (6'%0) TEV (§'3C) Fork-tool

#  (ka BP) (%) (%) 6180 and §13C
1 0.01-7.8 209+ 14 43.1 £ 1.3 Fig. E.1 & E.6
2 0.75-7.8 30.5 +0.9 342+ 1.0 Fig. E2&E.6
3 0.75-7.3 25.1 +£1.0 309+ 12 Fig. E4&E9

Tab. 13.1: The table lists the results for the mean total explained variance and the related
1-sigma error of the 1st PC for run #1, #2 and #3 that are based on different compilations
of speleothem 0 and §'3C time series. In addition the related figure is linked for the
results of the application of the Fork-tool on the distribution of ry values. The results base
on a total of 1,000 MC simulations.

For the long-term 8,000 years (8k) analysis three compilations of speleothem §'¥0O and
513C time series are used. For run #1 the time series of speleothem BU-4, CC-3, GAR-01
and SO-1 are included; for run #2 the time series of speleothem CC-26 is added and
finally the time series of speleothem FM-3 is used in addition to the other five speleothem
time series. Although stalagmite FM-3 has some growth phases at which the temporal
resolution is slightly higher than 30 years, the derived results are still of high value, allowing
for comparison with the results of run #1 and #2 (Fig D.1). The age-models for the
six speleothems are illustrated in Fig. 13.1. For each compilation a total of 1,000 MC
simulations is performed. The presented results of the 1%* PC representing the mean value
of the related ensemble.

The distribution of the eigenvalues for run #1 and #2 shows that only the 1% PC is
significant. Only the distribution for the 15 PC of run #1 of the §'80 time series is partly
covering the 95 % confidence interval for the WN time series (Fig D.1). For run #3 the 1%
PC is significant for both the §'®O and the §'*C time series (Fig D.2). For run #2 and #3
the 2@ PC for the §'C time series is also significant in terms of Preisendorfer’s Rule N. All
other PCs with higher order than 2 are not significant. The application of the Fork tool on
the distribution of ry values is supporting this conclusion (Fig. E.1, E.2, E.3, E4, E.5 for
the 680 time series and Fig. E.6, E.7, E.8, E.9, E.10 for the §'3C time series). However, it
reveals that stalagmite BU-4’s 6'®O time series does not correlate with the 15 PC time
series for run #2 and #3, at least for long-term correlations. In general the 15 PC time
series derived form the compilations of 6'3C time series explains more common variations
than the 15 PC time series computed from the compilation of §'¥0 time series (Tab. 13.1).
One reason for this observation can be, that the variability of the §'*O time series is greater
compared to the speleothem §'3C time series on a longer time scale. In addition, the
long-term coherence of the speleothem §'3C time series can be greater than the long-term
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13. Investigating spatio-temporal coherent changes for the last 8,000 years - PART I:
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Fig. 13.1: The figure is illustrating the age-models of the speleothems used for the
long-term PCA for the last 8000 years.

coherence of the §'80 time series. The variability of spatio-temporal coherency on smaller
time scales shall be investigated in subsequent chapters. In the following the long-term
variability of the derived 1%* PC is investigated. In the following, it is only focused on the
15t PC, which is significant according to the significance criteria.

The overall comparison of the derived mean 15 PC time series (straight line) and the related
l-sigma error (shading area) for all three compilations of 'O and §'3C time series show
that all three 15" PC time series are similar capture common features (Fig. 13.2 and 13.3).
This is even more visible for the §'3C time series. For run #1 the results are coloured in
bright blue and green, respectively. Run #2 and #3 have different colour gradation with
the darkest blue and green for run #3.

The detailed comparison of the 15 PC time series for the compilations of 6**O time series
illustrate that between 0.0 and 4.0 ka BP the derived 1% PC time series have a similar long-
and short-term variability. In this period a major minimum is located at c. 500 years BP.
A global maximum is located at c. 1.8 ka BP. High values of the 15 PC time series are also
common between 3.0 and 4.0 ka BP. Between the 2.0 and 3.0 ka a minimum is centred at c.
2.3 ka BP. In the time between 4.0 and 8.0 ka BP the derived 1% PC time series clearly
picture that they share the variability on longer time scales. However there are differences
on shorter time scales. For example, this is visible for the maxima between 5.0 and 5.2 ka
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Fig. 13.2: The figure shows the three 15 PC time series (straight line) and the related
1-sigma standard deviation (shading area) based on three different compilations of
5180 time series. The results base on 1,000 MC simulations. The first compilations
(run #1) includes the §'®0 time series of BU-4, CC-3, GAR-01 and SO-1. The mean
1%t PC time series is illustrated in blue. The shading area indicates the 1-sigma
standard deviation of the mean value. Run #2 is indicated by cyan blue, whereas
run #3 by grey blue.

BP that are located at different times for all three 1%* PC time series. This can be a result
of the increasing age uncertainty with time for the measured speleothem age. However, the
comparison clearly indicates that for the three compilation of §'¥0 time series the derived
1%t PC time series are similar in their variability.

The comparison of the 15 PC time series (straight line) and their related 1-sigma standard
deviation for the three different compilations of §'3C time series clearly show, that they
have a similar long- and short term variability during the last 8,000 years (Fig. 13.3). For
run #1 the values are illustrated in bright green; run #2 is illustrated in green and run #3
in dark green. The 1% PC time series show high values between 0.0 and 3.0 ka BP and 6.0
and 8.0 ka BP. Between these two periods, the 1% PC time series depict low values. Apart
from these low frequency variations there are superposed variations of higher frequency.
There are local minima centred at c. 7.6, 5.5, 4.5, 3.3, 2.2, 1.8 and 0.8 ka BP. Clear maxima
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13. Investigating spatio-temporal coherent changes for the last 8,000 years - PART I:
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Fig. 13.3: The figure illustrates three different mean 15 PC time series (straight line)
and the related 1-sigma standard deviation (shading area) from the ensemble of 1%
PC time series derived a total of 1,000 MC simulations for three different compilations
of 613C time series, respectively. Run #1, including the §'*C time series speleothem
BU-4, CC-3, GAR-01 and SO-1, is illustrated in bright green; run #2, is completed
with stalagmite CC-26, is indicated by green and run #3, that included stalagmite
FM-3 in addition, is pictured in dark green.

are visible at c. 6.5, 4.8 and 2.0 ka BP.

The spacial-temporal coherency pattern, i.e., the mean ry value of the ensemble of ry values
between the speleothem §'80 and 6'3C time series and the 15t PC time series, for run #1,
#2 and #3 are pictured in Fig. 13.4. On the left side the compilations §**O time series
are illustrated; the compilations of §3C time series are depicted on the right side. The
red "plus" sign for all spacial-temporal coherency pattern indicates that the 15 PC time
series in Fig. 13.2 and 13.3 are not illustrated up-side-down due to the up-side-down effect
(Chapter 10). For the compilation of 680 (§'3C) time series, the shading area of the
spatio-temporal coherency pattern is illustrated in red (green) and blue (orange) for positive
and negative r, values, respectively. The highest and smallest values for ry is +1 and -1,

respectively.
For the 6'0 time series Fig. 13.4 shows that the speleothems from Southern Europe (CC-26,
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GAR-01 and SO-1) have a positive correlation with the 1°* PC time series (Fig. 13.2) for
run #2 and #3. For run #1 GAR-01 has a negative correlation with the 15 PC time series
whereas the mean correlation for SO-1 is also positive. The Central European stalagmite
BU-4 and the Irish speleothem CC-3 have a negative correlation with the 1%* PC time
series for run #1. For run #2 and #3 the mean correlation of stlagmite CC-3’s 680
time series with the 1% PC time series is negative whereas the mean correlation is 0 for
stalagmite BU-4. The mean correlation of FM-3’s §*¥0 time series with the 15 PC time
series is negative for run #3. The change of the mean correlation for BU-4 and GAR-01 for
different runs is possibly caused by the different length of the investigated time windows
for run #1, #2 and #3. The reason for this is that spatio-temporal coherence pattern
of higher order could be covered within the results for the long-term investigations. To
uncover these spatio-temporal coherence pattern further investigations on a shorter time
scale are conducted in Chapter 14 and 15 for the last 7,000 years. The overall comparison
of the spatio-temporal coherence pattern for the long-term investigations for 6**O time
series, i.e., the entire last 8,000 years, is picturing a dipole with a positive correlation for
the southern speleothems and a negative correlation for the northern speleothems with the
15t PC time series pictured in Fig. 13.2.

The spatio-temporal coherence pattern of run #1 for the §'3C time series shows positive
mean correlations for all four speleothems. Including stalagmite CC-26’s and FM-3’s 6'3C
time series does not change the 15" PC time series (Fig. 13.3). However, the spatio-temporal
coherence pattern for run #2 and #3 reveal that the mean correlation between the §'3C
time series and 1%* PC time series is c. 0.

This could be resulting out of the absence of common variations between these two
speleothem §'3C time series and the other §'3C time series. However, the results reveal
that on longer time scales, the speleothem 6'3C time series of Western Europe, Central
Europe and Eastern Europe have similar variations whereas stalagmite CC-26 (Southern
Europe) and FM-3 (Northern Europe) have no correlation to the derived 15 PC time series
that is illustrated in Fig. 13.3.
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Fig. 13.4: The figure illustrates the spatio-temporal coherency pattern of the 15 PC time
series for three different compilations of §'%0 (right column) and 6*3C (left column) time

series. For this the mean r, values between the 15 PC time series and the speleothem proxy
time series are illustrated.
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Investigating spatio-temporal
coherent changes for the last 4,000
years

To investigate for spatio-temporal coherent changes of speleothem §**0 and §*3C time series
during the last 4000 years, this chapter is divided in two sections: Sec. 14.1 investigates for
the long-term spatio-temporal coherency whereas Sec. 14.2 investigates for the short-term
coherency. Fig. 12.3 illustrates, that for this period the §**O and 6'3C time series of
stalagmites BU-4, C09-2, CC-3, CC-26, GAR-01, K-1, SO-1 and SPA-12 have a temporal
resolution that is smaller than 30 years for the continuous time interval; from this pre-
selection all stalagmites, except stalagmite CC-26, grew until 1900 CE. Furthermore, only
stalagmite GAR-01 has a hiatus between c. 1.15 and 1.36 ka BP. As illustrated by Fig. 12.2,
the used speleothems are distributed equally over Europe. Fig. 12.2 pictures that the
pre-selection of stalagmites does not cover the Mediterranean region and Eastern Europe
perfectly. However, apart from this regions, the pre-selection covers a wide area of Europe
that ranges from Western Europe to Northern Turkey.

14.1 Long-term spatio-temporal coherent changes for
the last 4,000 years

The first PCA which is performed, investigates the long-term correlation between the
580 and §'3C time series of used stalagmites. Fig. 14.1 illustrates the age models of the
pre-selection stalagmites, showing the ages and the related 1-sigma age uncertainty of each
stalagmite. The age model of each stalagmite bases on a linear interpolation between the
stalagmite’s mean ages.
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14.1. Long-term spatio-temporal coherent changes for the last 4,000 years
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Fig. 14.1: The figure illustrates the age-models of the speleothems used for the
long-term PCA for the last 4000 years.

During the last 4000 years the stalagmites have a rather constant growth rate (Fig. 14.1).
Only stalagmite SPA-12 show a prominent change in it’s growth rate at c. 2.1 ka BP,
with a higher growth rate for the younger parts of the stalagmite ranging from 0-151 mm
(dft). Another feature pictured by Fig. 14.1 is the age uncertainty of stalagmite BU-4 and
C09-2, which is greater compared to that of the other stalagmites. This is on one hand
due to the reason that the concentration of measured radio-nucleus differs from stalagmite
to stalagmite, e.g., SPA-12 and BU-4, and on the other hand different mass spectrometry
techniques (TIMS and ICP-MS) are applied to age the stalagmite carbonate samples, which
are taken along the growth axis.

For the PCA, 1,000 MC runs are performed (see Chapter 10 for details about the PCA).
The time window for the 7 speleothem selection (BU-4, C09-2, CC-3, GAR-01, K-11, SO-1,
SPA-12) covers the period from 0.33 until 3.6 ka BP, whereas the 8 speleothem selection (7
speleothem selection + CC-26) starts at 0.75 ka BP and ends at 3.6 ka BP. The beginning
of the time interval, i.e., 3.6 ka BP, is determined by the start of growth of stalagmite K-1
(Fig. 14.1). Fig. F.1 shows a comparison of derived eigenvalues for artificial WN time series
for 7 (red) and 8 (orange) speleothem and the mean eigenvalues for the §'*O (blue) and
§13C (green) time series of the compilations of 7 (dark) and 8 (light) speleothems. Fig. F.1
shows that the eigenvalues for the 1% PC of the §'3C time series for the 7 speleothems
compilation and for the 6**O and §'3C time series for the 8 speleothem compilation are
significant. This is indicated by the comparison of the computed mean eigenvalues for each
PCs and the 95 % level of the eigenvalues for the compilation of artificial WN time series.
The eigenvalues of the 15 PC of the §'80 time series for the 7 speleothem selection are not
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14. Investigating spatio-temporal coherent changes for the last 4,000 years

significant in term of the difference between the mean eigenvalue and the related 1-sigma
error of the 1°* PC and the 95% confidence interval for the eigenvalues of the artificial WN
time series (see Chapter 10 for details about the evaluation PCA results). For the 2"¢ PC
and PCs of higher order only the 2"@ PC of the §*3C time series of the 8 speleothem selection
is significant (Fig. F.1). For this reason, only the 1% PC is investigated for spatio-temporal
changes. The application of the Fork-tool onto the results of the four different ensembles of
MC runs reveals, that the 15 PC has a significant correlation to all speleothem 680 and
§13C time series, respectively (Chapter G). Only for the 8 speleothem selection, the 60
time series of stalagmite BU-4 has no correlation with the 1% PC.

1* pc (8"%0)

age (ka BP)

Fig. 14.2: The figure illustrates the 15 PC time series of the long-term PCA for the
last 4000 years for two compilations of speleothem §'80 time series. The dark line is
the 1%* PC time series that results from the PCA of the compilation 6**O time series
of stalagmites BU-4, C09-2, CC-3, GAR-01, K-1, SO-1 and SPA-12. The azure blue
line is the 1°* PC time series that results from the PCA of the compilation 680 time
series of stalagmite BU-4, C09-2, CC-3, CC-26, GAR-01, K-1, SO-1 and SPA-12. The
shading area depicts the 1-sigma standard deviation from the mean.

For the two compilations of 7 and 8 speleothem §'*O time series the derived 1 PC time
series explain 20.8+0.9 % and 23.44+1.0 % of the total variance, respectively and 23.5+0.9
(7 speleothems) % and 24.1+1.1 (8 speleothems) % for the two compilations of speleothem
d13C time series. The 1% PC time series derived from the compilation of 80 and §'3C time
series are visualized in Fig. 14.2 and 14.3 | respectively. The straight line is the mean value
of the ensemble of computed 1% PC time series, with a resolution of 30 years. The shading
area the related 1-sigma error. For the compilations of the §'%0 time series, the 7 speleothem
selection is indicated by the blue color and the 8 speleothem selection by the light-blue
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14.1. Long-term spatio-temporal coherent changes for the last 4,000 years

color (Fig. 14.2). Considering the 1% PC time series for the compilations of §*C time
series, the 7 speleothem selection is pictures in green, whereas the 8 speleothem selection is
illustrated in light-green (Fig. 14.3). The 1" PCs time series that is computed from the
compilation of used 8 §'80 time series is pictures up-side-down due to the up-side-down
effect (see Chapter 10 for details about the up-side-down effect). Fig. 14.2 illustrates that
the both 1%t PC that are derived from the 6'80 time series reveal similar variations of the
18t PC with time, although the time that is covered by the individual PCA and the number
of used speleothem §'80 time series is different. Only at c. 3.5 ka BP, a difference between
the two 15 PC time series is visible; the blue curve shows a minimum that is modified by
a local maxima whereas the light blue curve has a global maximum hat this time. Both
temporal evolutions have minimum at c. 3.1 and 1.7 ka BP and maxima between 3.0 and
2.0 ka BP and 1.1 and 0.7 ka BP. The blue curve has an additional minimum that is centred
at c. 0.45 ka BP and starts at c¢. 0.6 ka BP and lasts for ¢. 400 years. The minimum is
followed by a peak at c¢. 0.2 ka BP.

1 PC (80)

L 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4
age (ka BP)

Fig. 14.3: The figure illustrates the 15 PC time series of the long-term PCA for the
last 4000 years for two compilations of speleothem §'3C time series. The dark line is
the 15! PC time series that results from the PCA of the compilation §'3C time series
of stalagmites BU-4, C09-2, CC-3, GAR-01, K-1, SO-1 and SPA-12. The light green
line is the 1%* PC time series that results from the PCA of the compilation §'3C time
series of stalagmite BU-4, C09-2, CC-3, CC-26, GAR-01, K-1, SO-1 and SPA-12. The
shading area depicts the 1-sigma standard deviation from the mean.

The 1%t PCs time series that are computed from the two compilations of §'3C time series
show coeval variations (Fig. 14.3). However, between 3.6 and 3.3 ka BP the two curves

show a different behaviour. The 1% PC time series for the 7 speleothem selection has a
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14. Investigating spatio-temporal coherent changes for the last 4,000 years

minimum during this period, while the values of the 15 PC time series for the 8 speleothem
selection are decreasing between 3.6 and 3.3 ka BP and reaches a minimum at c. 3.3 ka BP.
Despite this time interval the overall evolution of the 1% PCs time series is similar with
high values between 3.0 and 1.0 ka BP and a drop of the values at ¢. 1.0 ka BP. During
this period of time the 15 PCs time series have local minima and maxima, with prominent
peaks at c. 2.0, 1.75 and c. 1.6 ka BP. It is visible that between 3.0 and 2.0 ka BP the
1%t PC time series of the 7 speleothem selection has a higher variability compared to the 8
speleothem selection. Furthermore, the 1%¢ PC of the 7 speleothem selection has a minimum
that is centred at c. 0.75 ka BP and it continuous for c. 300 years beginning at c. 0.9 ka

BP. After this global minima the 15 PCs time series shows another maxima with a local
minima at c. 0.2 ka BP.
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Fig. 14.4: Illustrated are the spatio-temporal coherence pattern expressed by the mean
correlation between the 15 PC time series and the speleothem §'®0 (top panels) and 6'3C
time series (bottom panels). The left panels are the results for the 7 speleothem compilation
and the right panels for the 8 speleothem compilation. To compare the spatio-temporal
coherence pattern for the compilations of §'3C time series, the the r, values for the 8
speleothem selection (right bottom panel) must be inverted (see text for detail).
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14.1. Long-term spatio-temporal coherent changes for the last 4,000 years

The spatio-temporal coherence pattern for the computed 15 PC time series of the compilation
of speleothem §'80 and 6'3C time series are illustrated in Fig. 14.4. The Spearman’s rank
correlation coefficient, r¢ is converted into a color scale indicated by the color bar on the
left side of each map. If the 15 PC time series are illustrated in Fig. 14.2 and 14.3 not
up-side-down, it is indicated by a red "plus' sign in Fig. 14.4. In case the 1% PC time
series is pictured up-side-down, it is indicated by a blue "minus" sign in Fig. 14.4; in this
case, the illustrated ry must be inverted. Looking at the upper two panels, the long-term
spatio-temporal coherence pattern for the two compilation of 680 time series is depicted.
Hereby the 7 speleothem selection is positioned at the left side and the 8 speleothem
selection on the right side. Positive values for r, are indicated by the red shading area,
whereas negative values for r, are highlighted by blue values. The lower two maps show
the long-term spatio-temporal coherence pattern for the two compilation of §*C time
series. Again, the 7 speleothem selection is positioned on the left side and the 8 speleothem
selection on the right side. The colour coding for the §3C time series is that positive values
for r, are illustrated in green and negative values for r, are highlighted in yellow.
Comparing the two long-term spatio-temporal coherency patterns for the speleothem §¥0O
time series (upper two maps) reveals a negative correlation between the speleothem §'¥0
time series in Western Europe (CC-3, GAR-01) and the computed 1% PC time series
(Fig. 14.2). A positive correlation between the §'®0 time series and the 1°* PC time series
is observed for speleothems from Central (BU-4, SPA-12), Northern Europe (K-1) and the
stalagmite SO-1 from Northern Turkey. The observed East-West dipole of the correlation
between the speleothem §'*O time series and the 15t PC time persists for both compilation
of speleothem §**O time series, although there are local differences. However, long-term
correlation changes in Central Europe for the stalagmites BU-4 (Germany) and C09-2
(Romania). While the mean r, value for stalagmite BU-4 for the 7 speleothem selection is
positive (c. 0.5), the mean r, value is c. 0 for the 8 speleothem selection. In contrast, for
stalagmite C09-2 the mean r, value changes it’s sign. The mean r, values is negative for the
7 speleothem selection and positive for the 8 speleothem selection. Stalagmite CC-26 has
a positive mean r, value indicated by a positive correlation between it’s 680 time series
and the 1%¢ PC time series of the 8 speleothem selection. For the 8 speleothem selection,
the dipole of 7, values between speleothems from Eastern and Western Europe is more
pronounced than for the 7 speleothem selection. Furthermore, stalagmite BU-4 lies just in
between the two patterns for positive and negative correlation.

The two long-term spatio-temporal coherence patterns between the speleothem §*3C time
series and the calculated 1°* PC time series (Fig. 14.3) reveal that for the 7 speleothem
selection all speleothem §'3C time series, except that of stalagmite C09-2, have a positive
correlation with the 15 PC time series (Fig. 14.3). The §'*C time series of stalagmite C09-2
has a negative correlation with the 15 PC time series. For the 8 speleothem selection the
speleothems BU-4, GAR-01, K-1 and SO-1 have a negative correlation with 15 PC time
series, which is equivalent to the long-term correlation pattern of the 7 speleothem selection,
because the 15 PC for the 8 speleothem selection is illustrated up-side-down in Fig. 14.3.
Therefore negative values for r4 in map are positive and vice versa. For speleothem CC-3
and SPA-12 the sign of the mean ry value is changed in comparison to the mean value of r;
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14. Investigating spatio-temporal coherent changes for the last 4,000 years

for the 7 speleothem selection. Stalagmite CC-26 has a positive correlation with the 1%
PC, i.e., a negative correlation with the 1%¢ that is illustrated in Fig. 14.3.

14.2 Short-term spatio-temporal coherent changes for
the last 4,000 years

The mean long-term spatial correlation patterns illustrated in Fig. 14.4 are calculated for
the complete coeval length of the proxy time series and are a superposition of different
correlation patterns for different periods of time. They are addressed as "long-term". On
smaller time scales, i.e., for shorter time window lengths, the spatial correlation patterns
can change due to changing boundary conditions, whereas "boundary conditions" summarize
all processes that could have changed the §**0O and §'3C values of speleothem’s CaCOs.
To visualize changing boundary conditions, PCA are performed on smaller time scales.
This is conducted by a shifting time window along the speleothems proxy time series with
varying starting points and a constant length of 300 years for the 7 speleothem selection.
The computed 1°* PC time series for the spleleothem §'%0 and §'3C time series are then
compared with the 15 PC time series, which has been gained for the long-term analysis
(Fig. 14.5 and 14.9). For the comparison of the long-term and short-term 1% PC time series,
the short-term 15 PC time series are standardised to the mean value and the standard
deviation of the long-term 1% PC time series of the corresponding period. The long-term
15 PC time series of the speleothem selection is used as the reference long-term 1% PC
time series.

14.2.1 Results for §'*0O time series

The comparison between the long-term 15 PC time series and short-term 15 PC time series
gained from the PCA of the compilation of speleothem 6'*O time series (7 speleothem
selection) is illustrated in Fig. 14.5. The black line illustrates the mean value of the 15 PC
for the 7 speleothem selection and dark-grey shading area the related 1-sigma error; the grey
line depicts the mean value of the 15 PC of the 8 speleothem selection and the light-grey
shading area the 1-sigma error of the mean value (cf. Sec. 14.1). The x-axis intercepts
indicate the time windows, which were analysed for spatial and temporal coherent changes
by PCA. The 15 PC time series are drawn in red and blue (Fig. 14.5).

The color of the short-term 15 PC time series indicates if the 15 PC time series is pictured
up-side-down: if the 1% PC time series is not illustrated up-side-down it is marked by the
color red; if it is pictured up-side-down it is highlighted by the color blue. For those 1%
PC time series, which are illustrated up-side-down, the color scale in the spatial mean
short-term correlation pattern must be inverted (Fig. 14.6, 14.7, 14.8). This is indicated by
the red "+" or blue "-" at the top of each map. Although there are small differences between
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the short-term and long-term 1% PC time series, especially regarding the amplitude of the
time series, e.g., the local maximum during the global minimum, which is located at c. 1.7
ka BP. The overall comparison of the short-term and long-term 1% PC time series reveals
that the stacked short-term 15 PC time series pictures the long-term 15 PC time series.
This allows for detailed investigation of changes of the spatially and temporal coherent
pattern by comparison of the derived pattern for each time window (Fig. 14.6, 14.7, 14.8).
Hereby, the patterns are illustrated in chronological ordered in Fig. 14.6, 14.7, 14.8 starting
with the first pattern (Fig. 14.6), which is derived for the time window 3.65 to 3.4 ka BP
and ending with the last pattern for the time window from 0.35 to 0.05 ka BP (Fig. 14.8).
The mean TEV including the 1-sigma error of each conducted time window is given in
Tab. 14.1. Furthermore, the mean TEV for the §'*O time series is in between 30.543.1 and
41.4+4.8 %.

run time window TEV (6%0) TEV (§3C) Forktool

#  (ka BP) (%) (%) 6180 and §'3C
1 3.65-3.4 30.5 + 3.1 31.8 £34 Fig. H.1 & H.29
2 3.4-3.1 31.6 £4.0 38.1 £4.1 Fig. H.3 & H.31
3 3.1-2.8 32.0 £ 3.9 376 £4.0 Fig. H.5 & H.33
4 2.8-2.5 36.3 £ 5.5 383 +£4.3 Fig. H.7 & H.35
) 2.6-2.3 36.2 + 4.5 459 +4.9 Fig. H9 & H.37
6 2.3-2.0 34.8 +44 35.0 £ 4.4 Fig. H.11 & H.39
7 2.0-1.7 36.1 £4.5 383+ 4.5 Fig. H.13 & H.41
8 1.7-1.4 32.7 £ 34 35.1 £ 4.1 Fig. H.15 & H.43
9 1.6-1.15 38.7 £ 4.7 40.3 + 5.3  Fig. H.17 & H.47
10 1.4-1.1 34.7 £ 4.2 36.2 + 4.8 Fig. H.19 &H.45
11 1.1-0.8 36.5 + 4.5 34.3 £ 3.5 Fig. H.21 & H.49
12 0.8-0.5 36.8 + 3.8 377+ 3.9 Fig. H.23 & H.51
13 0.5-0.2 41.5 £ 4.8 41.5 +£ 4.1  Fig. H.25 & H.53
14 0.35-0.05 37.7 £+ 3.3 48.2 + 2.4  Fig. H.27 & H.55

Tab. 14.1: Table of performed short-term PCA and the related total explained variance
(TEV) of the 1°* PC. In addition the related figure is linked for the results of the application
of the Fork-tool on the distribution of r, values. The results base on a total of 1,000 MC
simulations.

In addition, the spatio-temporal coherence pattern that are derived for the collection of
6180 time series picture a dipole (Fig. 14.6, 14.7, 14.8), except from run #6, #11 and #12,
which show more complex pattern. Run #6 (Fig. 14.6) reveals that stalagmite SPA-12’s
5180 time series has a negative correlation with the derived 15 PC time series between 2.3
and 2.0 ka BP, whereas all others have a positive correlation. Run #11 (Fig. 14.7), which
is the time window between 1.1-0.8 ka BP, shows a similar pattern compared with run #6,
but stalagmite C09-2’s 6O time series has a positive correlation with the computed 1%
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PC time series pictured in Fig. 14.5. All other speleothem §'80 time series have a negative
correlation. Note that the derived 1% PC time series is illustrated up-side-down in Fig. 14.5.
In the period from 0.8 to 0.5 ka BP (Run #11) the speleothem §'®0 time series in Central
Europe and stalagmite SO-1 have a negative correlation with the 15 PC time series for
this time (Fig. 14.7). All other speleothem §'80 time series have a positive correlation.
The pattern of run #11 shows that there is a positive spatial coherence pattern between
stalagmite K-1 (Sweden) and C09-2 (Romania). However, this pattern could be also an
artefact, which results from the linear interpolation applied. The pattern of run #9 and
run #10 (Fig. 14.7) depicts that there is a negative correlation of stalagmite CC-3 (Ireland)
and stalagmite SO-1 (Northern Turkey) and a positive correlation for stalagmite GAR-01,
BU-4, SPA-12 and K-1, respectively. The sign of the correlation of stalagmite is different
for the two runs; it is negative for run #9 and positive for run #10. However, this can
be due to the fact that run #9 includes GAR-01’s 'O time series, which has a hiatus
between 1.1 and 1.3 ka BP.

Investigating the temporal change of the spatio-temporal coherence pattern, the figures
(Fig. 14.6-14.8) illustrate that in the period from 3.65 and 2.3 ka BP (Fig. 14.6), 2.0 and 1.4
ka BP (Fig. 14.7) and 0.5 and 0.05 ka BP (Fig. 14.8) a dipole is the predominant coherence
pattern, with a positive coherence pattern in Western Europe and a negative coherence
pattern in Eastern Europe. The shape of the dipole is changing with time. In the time
between 3.65 and 2.8 ka BP (run #1-#3; Fig. 14.6) the zone of zero correlation, which
separates the pattern of positive and negative correlation, is located in Eastern Europe.
The line then turns clock-wise and lies in Central Europe for the time window from 2.8 and
2.5 ka BP (run #4); in an inter-mediate between 2.6 and 2.3 ka BP state the pattern of
positive correlation expanses into Eastern Europe (run #5). The pattern is then changing
for the next time window (see run #6, 2.3-2.0 ka BP). While the speleothem §'80 time
series in Western Europe have a strong positive correlation with the 15 PC, the correlations
weakens for the speleothem §'®0 time series in Eastern Europe, i.e., for stalagmite C02-9;
in comparison to run #5 the sign of the correlation is changing for stalagmite SPA-12
and SO-1. After this time window, between 2.0 and 1.4 ka BP a dipole, with negative
correlation in Eastern Europe and a positive correlation in Western Europe (run #4 and #b5;
Fig. 14.7); the zone of zero correlation turns clock-wise between the two time windows of
2.0-1.7 and 1.7-1.4 ka BP. Between 1.4 and 1.1 ka BP and 1.6 and 1.15 ka BP, the coherence
pattern pictures follow a negative-positive-negative pattern (run #9 and #10). For the
next time window, 1.1-0.8 ka BP (run #11), the pattern depict a negative correlation for
C09-2’s time series and a positive correlation for the others. For the last 800 years run #12,
#13 and #14 (Fig. 14.7 and 14.8) illustrate a dipole. The zone of zero correlation turns
anti-clock-wise from run #12 to run #13 - note that the 15 PC of run #13 and #14 is
plotted up-side-down and that the color code of the related map must be flipped to compare
these maps with the color code of the map for run #12.

The overall comparison of the evolution of the spatial coherence pattern between the

speleothem 620 time series and the 1% PC for the short-term investigations, illustrated
in Fig. 14.6, 14.7 and 14.8, show that a dipole pattern is present for most of the time
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windows (run #1, #2, #3, #4, #5, #7, #8, #12, #13, #14). This dipole pattern turns
clock-wise and anti-clock wise with time. For run #6, and #11 the dipole like pattern is
displaced, showing a synchronous variation of the speleothem §*¥0 time series except for
stalagmite SPA-12 for run #6 and stalagmite C09-2 for run #11 whose §'80 time series
are antiphase with the 15 PC. Run #9 and #10 picture a more complex pattern. The
results are discussed in detail in Chapter 17, in particular the physical meaning of the 1%
PC and the related coherence pattern.

14.2.2 Results for §'*C time series

Like the comparison of the short-term and long-term 15PC time series for the compilation
6180 time series (Fig. 14.5), the comparison for the §'C time series is illustrated in Fig. 14.9.
The derived mean long-term 15PC time series for the 7 speleothem and 8 speleothem
selection are shown in black and grey, respectively; the dark grey and light grey shaded area
indicate the related 1-sigma standard deviation of the mean long-term 15'PC time series.
The mean short-term 15*PC time series and the corresponding 1-sigma error are illustrated
in green if the short-term 15'PC time series is pictured not up-side-down; if the short-term
1¥'PC time series is illustrated up-side-down it is marked by the color yellow (cf Fig. 14.9).
The purple coloured 15'PC time series is derived from the selection, not including stalagmite
GAR-01, i.e., only the 6*3C time series of BU-4, CC-3, C09-2, K-11, SO-1 and SPA-12 are
included. With this selection of speleothem §'3C time series the period between 1.4 and
1.1 ka BP can be investigated. All short-term time series are standardised to the mean
value and 1-sigma error of the long-term time series of the 7 speleothem selection in the
corresponding time window. The investigated time windows are listed in Tab. 14.1 including
the TEV of each run. The related spatial coherence patterns are illustrated in Fig. 14.10,
14.11 and 14.12. The short-term 1PC time series match the long-term 15*PC time series
and all minima and maxima of the long-term 15PC time series are captured by the stacked
short-term 15'PC time series (Fig. 14.9). Hence, the computed spatio-temporal coherence
pattern of Fig. 14.10, 14.11 and 14.12 can be used to suspend the super-position of different
spatial pattern resulting in the spatio-temporal coherence pattern for the long-term PCA
for the two collections of §'*C time series (Fig. 14.4).

The resulting spatio-temporal coherence pattern picture the mean r; value between the
613 time series and the derived 15t PC for each speleothem (Fig. 14.10, 14.11 and 14.12).
Positive values are green and negative values are yellow. The mean r, value is calculated
by the average of the significant r, values (p < 0.05) for each speleothem. For 15PC time
series that are shown up-side-down in Fig. 14.9. Consequently, the color code needs to be
inverted to be comparable to the other spatial pattern. The spatio-temporal coherence
pattern is marked with a blue "-" at the top of each map otherwise with a red "+". In the
period between 3.65 and 2 ka BP (Fig. 14.10) the most prominent pattern is dipole like
(run #1, #3, #4, #5). Run #2 and #6 picture and alternating sign of the correlation with
positive-negative-positive and negative-positive-negative values for r,, respectively. The
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dipole like pattern with a positive for the southern speleothems and negative correlation
for speleothems located in Central and Northern Europe, respectively, consist until 1.4 ka
BP (run #7 and #8 in Fig. 14.10). In the period from 1.4 to 1.1 ka BP (run #10 and
run #9 for completion) the correlation between the speleothem §'3C time series with the
15 PC changes its sign compared to the dipole like pattern in run #7 and #8. There is a
negative correlation for speleothems in Southern Europe and a positive one for those in
Central and Northern Europe. In the time between 1.1 and 0.8 ka BP (run #11) dipole
like pattern vanishes and is replaced by a pattern that shows a negative correlation at the
location of stalagmite C09-2 (Romania) and positive correlations for all other locations.
In the following period (0.8-0.5 ka BP, run #12) the §'3C time series of stalagmite BU-4,
SPA-12 and C09-2 are uncorrelated with the 1%¢ PC time series; the remaining speleothems
d13C time series have a positive correlation with the 15 PC time series. For the second to
last time window covering the time between 0.5 and 0.2 ka BP (run #13) a dipole like
pattern predominates, with a negative pattern in Southern Europe and the Alps and a
positive pattern ranging from Central to Northern Europe and Turkey. The pattern of
the last time window covering the period between 0.35 and 0.05 a more complex pattern
appears. It shows a negative pattern over Ireland (stalagmite CC-3), the Alps (SPA-12)
and Romania (C09-2) and positive pattern elsewhere.

The temporal dynamics of the coherence pattern reveal that a North-South dipole pattern
is predominant. The dipole pattern turns clock-wise in the time between 3.4 and 3.1 ka
BP (cf. Fig. 14.10, run #1, #3, #4, #5). Between these dipole patterns, an intermediate
pattern occurs (3.4-3.1 ka BP). This pattern stands out due to its structure (Fig. 14.10,
run #2). The North-South dipole pattern in the time between 3.1 and 2.3 ka BP is stable
and not changing. Comparing the pattern of run #2 with that of run #1 gives reason for
the assumption that the negative pattern of the dipole moves southwards while the negative
pattern of the dipole remains. Furthermore, the negative correlation of K-1's 63 time series
changes its sign and becomes positive. Subsequent to run #5 (2.6-2.3 ka BP) another
intermediate states appears with an inverted pattern (run #6, 2.3-2.0 ka BP). After this
a dipole like pattern is predominant that lasts until 1.4 ka BP (Fig. 14.11, run #7, #8).
In contrast to the dipole like pattern between 3.1 and 2.3 ka BP this dipole like pattern
pictures a positive r¢ values for speleothems in Southern Europe and negative r4 values for
those located in Central and Northern Europe. Run #9 covering the time between 1.65 and
1.15 ka BP and is a super position of run #8 and #10. It covers the temporal growth stop
of stalagmite GAR-~01 between c¢. 1.2 and 1.35 ka BP. This could be an explanation why the
mean 7y value of stalagmite K-1 is c¢. 0 for run #9, because it is negative for run #8 and
positive for run #10. Therefore, run #9 provides some additional information for run #10
at which stalagmite GAR-01 is not included allowing PCA between 1.4 and 1.1. ka BP.
This time interval lacks the spatial information for the southern part of Western Europe,
but bear resemblance with the pattern of run #9. A dipole like pattern. Neither a dipole
like pattern nor an intermediate state pattern is present for the time between 1.1 and 0.5 ka
BP. During this period the pattern is distinguished by an over regional pattern of positive
r, values that pictures negative values for stalagmite C09-2 §'3 time series between 1.1 and
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0.8 ka BP and no correlation for stalagmite BU-4, SPA-12 and C09-2 between 0.8 and 0.5
ka BP. Subsequently the dipole like pattern occurs again in the time between 0.5 and 0.05
ka BP (Fig. 14.12).

The overall comparison of the coherence patterns for the correlation between speleothems
d13C time series and the 1%* PC time series demonstrates that dipole like patterns are
predominant. They can be found for the runs #1, #3, #4, #5, #7, #8, #10 and #13.
More complex coherence patterns are present for run #2, #6, #9, #11, #12 and #14.
They show an alternating spatial coherence of the §'3C time series with respect to the
15t PC time series with positive-negative-positive and negative-positive-negative pattern,
respectively orientated from Southern to Northern Europe (run #2, #6 and #9; however
run #9 is only completing run #10); run #14 pictures a negative-positive-negative-positive
pattern but in contrast to the others, is orientated from Western to Eastern Europe.
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Fig. 14.5: Tllustrated are the computed 1 PC time series for the short-term PCA of
the compilation of §'®O time series for the last 4000 years (blue and red lines). The 1%
PC time series are pictured in red if no up-side-down effect was observed in comparison
to the long-term 1%* PC time series (grey lines) and in blue if an up-side-down effect
was observed. The long-term 1%% PC time series of the 7 speleothem selection is
illustrated in dark grey and in light grey of the 8 speleothem selection. The shading
area indicates the 1-sigma standard deviation.
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run #1 - 3.65-3.4 ka BP (+) run #2 - 3.4-3.1 ka BP (+)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 14.6: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 680 time series for several short-term runs.
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run #7 - 2.0-1.7 ka BP (-) run #8 - 1.7-1.4 ka BP (-)

e

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 14.7: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 680 time series for several short-term runs.
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run #13 - 0.5-0.1 ka BP (-) run #14 - 0.35-0.05 ka BP (-)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 14.8: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 680 time series for several short-term runs.
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Fig. 14.9: Tllustrated are the computed 15 PC time series for the short-term PCA
of the compilation of §'3C time series for the last 4000 years (green and yellow lines).
The 15" PC time series are pictured in green if no up-side-down effect was observed in
comparison to the long-term 15 PC time series (grey lines) and in yellow if an up-
side-down effect was observed. The long-term 1% PC time series of the 7 speleothem
selection is illustrated in dark grey and in light grey of the 8 speleothem selection.
The shading area indicates the 1-sigma standard deviation.
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run #1 - 3.65-3.4 ka BP (+) run #2 - 3.4-3.1 ka BP (+)

Fig. 14.10: Illustrated is the mean correlation between the short-term 1 PC time series
and the speleothem 6'3C time series for several short-term runs.
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run #7 - 2.0-1.7 ka BP (-) run #8 - 1.7-1.4 ka BP (+)

Fig. 14.11: Illustrated is the mean correlation between the short-term 15 PC time series
and the speleothem 6'3C time series for several short-term runs.
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run #13 - 0.5-0.2 ka BP (+) run #14 - 0.05-0.35 ka BP (+)

o

Fig. 14.12: Illustrated is the mean correlation between the short-term 15 PC time series
and the speleothem §'3C time series for several short-term runs.
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Investigating spatio-temporal
coherent changes for the last 8,000
years - PART 1I: Short-term analysis

In Chapter 13 the long-term spatio-temporal changes of the last 8,000 were investigated. In
the preceding Chapter 14 the long-term as well as the short-term spatio-temporal changes
of the last 4,000 years are analysed. In this chapter the short-term variability of spatio-
temporal pattern are investigated in the time between 4,000 and 7,000 years BP. For this
the same compilations of speleothem 680 and 6'3C time series are used as in Chapter 13 -
speleothem BU-4, CC-26, CC-3, GAR-01, FM-3 and SO-1. The time interval is divided into
10 time windows with a length of 300 years. However, only 9 of them are investigated. The
time window between 6.1 and 5.8 ka BP is not analysed, because of the temporal growth
stop of stalagmite CC-3 in this period of time.

The mean eigenvalues for each time window are compared with the 95 % confidence interval
of WN time series basing on the same properties as the original speleothem proxy time
series (Fig. I.1 and 1.2) - see also Chapter 10 for detail. The figures show that all mean
eigenvalues are within the 95 % confidence interval of the WN time series and would be not
significant according to Preisendorfer’s Rule N. However, the eigenvalues of the long-term
analysis show that only the 15" PC is significant in terms of Preisendorfer’s Rule N (Fig. D.1
and D.2). Therefore, the short-term analysis are limited on the spatio-temporal pattern of
the 1% PC time series with the compilations of %0 and §*3C time series, respectively.
To demonstrate that the derived short-term 15 PC time series are similar with the long-term
15t PC time series they are compared with each other - in Fig. 15.1 for the compilation of
5180 time series and in Fig. 15.2 for the compilation §'3C time series. The long-term 1%
PC time series are illustrated in different grey scales. The short-term 15 PC time series
are normalised to the mean value of the long-term 1° PC time series of run #1 (black
straight line) (see Chapter 13). The short-term 1 PC time series are pictured in red
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and bright green if there was no up-side-down effect and blue and yellow if there was an
up-side-down effect for the compilations of 680 and §'3C time series, respectively. In
addition to the short-term 1%¢ PC time series for the time between 7,000 and 4,000 ka BP
the short-term 1% PC time series of Chapter 14 are shown in Fig. 15.1 and 15.2. They are
illustrated in purple and green if there was no up-side-down effect in comparison to the
8k long-term 1! PC time series and in cyan blue and orange if there was an up-side-down
effect. The overall comparison of the stacked short-term 1% PC time series shows that the
short-term 1% PC time series do cover the variability of the long-term 1% PC time series
for the compilations of §'80 time series as well as '3C time series. Thus, the short-term
spatio-temporal coherence pattern can be investigated.

The application of the Fork-tool on the distribution of r, values of the short-term analysis
gives further information on the significance of the short-term 15 PC time series (Fig. J.1-
J.36). The results show that before 5.5 ka BP, i.e. for run #5, #6, #7, #8 and #9, the
application of the Fork-tool is positive for both, the §'%0 and 6'3C time series. Hence, for
these time windows, the speleothem §'%0 and §'3C time series have a signal in common.
For run #2 and #3 the application of the Fork-tool is also positive, whereas it is negative
for run #1 and #2. However, the application of the Fork-tool also shows that the behaviour
of the r, distributions is different for the time windows before and after 5.5 ka BP. Before
5.5 ka BP (run #1-#4) the application of the Fork-tool is resulting in minor changes of
the distribution of r, values whereas before it clearly cuts one half of the ry distributions.
The results of the Fork tool in combination with Preisendorfer’s Rule N show that the
short-term 1% PC time series are significant. However, run #1-#4 must be interpreted
carefully.

The value of the TEV for the 1% PC for the investigated compilations of §'¥0 and ¢*3C time
series is listed in Tab. 15.1 for each time window. The spatio-temporal coherence pattern
for the investigated time windows are illustrated in Fig. 15.3 and 15.4 for the compilation
of 60 time series and in Fig. 15.5 and 15.6 for the compilation of §'3C time series. Note
that if the short-term 1% PC time series are illustrated up-side-down in Fig. 15.1 or 15.2,
respectively, the related maps are marked with a blue "-", otherwise with a red "+". The
maps are illustrating the mean value for ry between the speleothem proxy time series and
the derived 1% PC time series.

For run #1, covering the time between 7.0 and 6.7 ka BP, the spatio-temporal coherence
pattern for the compilation of 680 time series shows a small negative mean value for r,
for GAR-01’s 6180 time series and positive mean r, values for the remaining 60 time
series. However, except for stalagmite FM-3’s %O time series the mean correlation is
weak. In comparison to the spatio-temporal coherence pattern of run #1 the pattern is
picturing a more complex structure for run #2 (6.7-6.4 ka BP). It shows negative mean
1, values for stalagmite FM-3’s and CC-26s §'80 time series and positive values for the
other speleothem §'%O time series. This pattern structure appears also for run #3, #7 and
#9 and can be a inter-mediate state between the dipole-like pattern structure of run #4,
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15. Investigating spatio-temporal coherent changes for the last 8,000 years - PART II:
Short-term analysis

1* pc (8% 0)

0 1 2 3 4 43 4649 52 5558 61 6467 7
age (ka BP)

Fig. 15.1: Illustrated are the computed 1¥* PC time series for the short-term PCA
of the compilation of §'®O time series for the last 8000 years (blue and red lines).
The 1%t PC time series are pictured in red if no up-side-down effect was observed
in comparison to the long-term 1% PC time series (grey lines) and in blue if an
up-side-down effect was observed. In addition, the computed short-term 1% PC time
series of the last 4000 years are illustrated. If no up-side-down effect is observed
the 1% PC time series is illustrated in purple and in cyan if an up-side-down effect
was observed. The long-term 1% PC time series for the 5 speleothem selection is
illustrated in dark grey and in light grey for the 6 speleothem selection. The shaded
area indicates the 1-sigma standard deviation.

189



1* pc (8¢

0 1 2 3 4 43 4649 52 5558 61 6467 7
age (ka BP)

Fig. 15.2: Illustrated are the computed 1¥* PC time series for the short-term PCA
of the compilation of §'3C time series for the last 8000 years (bright green and yellow
lines). The 1" PC time series are pictured in bright green if no up-side-down effect
was observed in comparison to the long-term 15 PC time series (grey lines) and in
yellow if an up-side-down effect was observed. In addition, the computed short-term
1% PC time series of the last 4000 years are illustrated. If no up-side-down effect is
observed the 15! PC time series is green in purple and in orange if an up-side-down
effect was observed. The long-term 15 PC time series for the 5 speleothem selection is
illustrated in dark grey and in light grey for the 6 speleothem selection. The shaded
area indicates the 1-sigma standard deviation.
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15. Investigating spatio-temporal coherent changes for the last 8,000 years - PART II:

Short-term analysis

run  time window TEV (§'%0) TEV (§'3C) Fork tool

#  (ka BP) (%) (%) 6180 and §'3C
1 7.0-6.7 442 £+ 6.2 35.7+ 4.5 Fig. J.1 & J.19
2 6.7-6.4 37.7 £ 3.7 37.7+ 5.1  Fig. J.3 & J.21
3 6.4-6.1 471 £ 7.2 477+ 72  Fig. J.b & J.23
4 5.8-5.5 35.4 + 4.3 354 +£4.0 Fig J.7& J.25
> 5.5-5.2 39.7 £ 5.8 41.6 £ 5.7 Fig. J.9 & J.27
6 5.2-4.9 425 £ 6.4 42.3 £ 5.2 Fig. J.11 & J.29
7 4.9-4.6 37.8 £ 4.6 35.7+ 4.0 Fig. J.13 & J.31
8 4.6-4.3 36.5 £ 4.2 38.6 +4.6 Fig. J.15 & J.33
9 4.3-4.0 36.3 + 4.3 36.4 £ 4.3 Fig. J.17 & J.35

Tab. 15.1: Table of performed short-term PCA and the related total explained variance
of the 1%* PC. In addition the related figure is linked for the results of the application of
the Fork-tool on the distribution of rgy values. The results base on a total of 1,000 MC
simulations.

#5, #6 and #8. Note that also the spatio-temporal coherence pattern of run #1 of the 4k
short-term analysis has a dipole-like structure similar to run #6. Hence, run #9 can be the
inter-mediate state between 4.3 and 3.7 ka BP. Run #3 has the same pattern structure as
run #2. Run #4, #5 and #6 have a dipole-like pattern. The dipole-like pattern is changing
with time. In the time between 5.8 and 5.5 ka BP (run #4) stalagmite FM-3’s %0 time
series has a strong negative correlation and stalagmite CC-26’s 6'*O time series a strong
positive correlation. The other speleothems have a weak positive correlation resulting a
north-south dipole. From run #4 to run #5 the dipole turns clock-wise into a west-east
dipole with negative values in East and Central Europe and positive values in West Europe.
The dipole then turn anti-clock-wise between run #5 and run #6. After this a inter-mediate
pattern occurs but with opposite signs as for run #2. In the time between 4.6 and 4.3 ka
BP (run #8) a dipole-like pattern is present with negative mean values for ry in North
(FM-3) and West Europe (CC-3) and positive mean r, values for stalagmite GAR-01, BU-4
and CC-3. The mean 1, value for stalagmite CC-3’s 680 time series with the 1% PC time
series is 0. For the last run (run #9) the spatio-temporal coherence pattern has the same
structure like for run #7.

The overall comparison of the spatio-temporal coherence pattern for the compilation of §'3C
time series shows that pattern are mostly monopole-like (run #1, #4, #6, #7, #8). Only
for run #2, #3, #5 and #9 the spatio-temporal coherence pattern is dipole-like (Fig. 15.5
and 15.6). In the time between 7.0 and 6.7 ka BP the pattern shows high positive mean
1, values for the speleothem §'2C time series of CC-3 and FM-3. Except from stalagmite
GAR-01, whose 6'3C time series has a mean 1, values of c. 0 with the 1 PC time series,
all remaining speleothem §'3C time series have a positive mean r, values. For run #2 and
#3 (6.7-6.1 ka BP) the pattern changes from the monopole-like pattern of run #1 into
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run #1 - 7.0-6.7 ka BP (-) run #2 - 6.7-6.4 ka BP (-)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 15.3: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 6'%0 time series for several short-term runs. The "+" (no) and "-" (yes)
indicate of the map corresponds to a 15 PC time series with an up-side-down effect.
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15. Investigating spatio-temporal coherent changes for the last 8,000 years - PART II:
Short-term analysis

run #7 - 4.9-4.6 ka BP (-)

Fig. 15.4: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 6'%0 time series for several short-term runs. The "+" (no) and "-" (yes)
indicate of the map corresponds to a 15 PC time series with an up-side-down effect.
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a dipole-like pattern with negative mean r, values in West Europe and positive mean ry
values in Central and East Europe. For run #2 the mean 1, value between SO-1’s §3C
time series and the 1% PC time series is ¢. 0. Between 5.8 and 5.5 ka BP (run #4) the
spatio-temporal coherence pattern shows again a monopole-like structure, although the
mean r, value between GAR-01’s and FM-3’s §'3C time series and the 1% PC time series
is c. 0. The time window between 5.5 and 5.2 ka BP (run #5) is picturing a dipole-like
pattern with negative mean r, values for FM-3’s and SO-1’s 6'3C time series. GAR-01’s
d13C time series has also a negative mean r, value. The §3C time series of speleothem
BU-4, CC-26 and CC-3 have a strong positive correlation with the 15 PC time series. After
this time interval (run #6 - 5.2-4.9 ka BP) the spatio-temporal coherence pattern changes
into a monopole-like pattern with a positive correlation to the 15 PC time series, though
the mean r, value for CC-26 is < 0.1. The period between 4.9 and 4.6 ka BP (run #7)
the picture clearly shows a monopole-like structure for the Western, Central and Northern
European speleothems. Only stalagmites SO-1’s §'3C time series mean 1, value is ¢. 0
and have no correlation with the 15 PC time series during this time interval. In the next
time window covering the time between 4.6 and 4.3 ka BP the monopole-like pattern is
preserved, but the §'3C time series of speleothem FM-3 and SO-1 have no correlation with
15t PC time series. For run #9 a dipole-like pattern occurs with negative mean r, values
for the Western and Northern speleothem 6*3C time series and positive mean r, values for
the Central and Eastern European §'3C time series.

The short-term spatio-temporal coherence pattern of the 1% PC time series in the time
between 7,000 and 4,000 ka BP for the two compilations of 6'¥0 and §'3C time series are
picturing two different modes, respectively. For the compilation of §'*O time series, the
short-term spatio-temporal coherence pattern of the 1% PC time series illustrate either
a dipole-like structure or an inter-mediate mode with a more complex pattern structure
(Fig. 15.3 and 15.4). The short-term spatio-temporal coherence pattern of the 1% PC
time series for the compilation of §'3C time series shows a monopole-like pattern or an
intermediate-pattern that is dipole-like. For both, the compilations of 6*¥0O and §'3C time
series, the different pattern are alternating with time. Furthermore, the derived short-term
1" PC time series fit the calculated long-term 1% PC time series (Fig. 15.1 and 15.2).
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15. Investigating spatio-temporal coherent changes for the last 8,000 years - PART II:
Short-term analysis

run #1 - 7.0-6.7 ka BP (+) run #2 - 6.7-6.4 ka BP (-)

Fig. 15.5: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 6'3C time series for several short-term runs. The "+" (no) and "-" (yes)
indicate of the map corresponds to a 15 PC time series with an up-side-down effect.
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run #7 - 4.9-4.6 ka BP (+)

Fig. 15.6: Illustrated is the mean correlation between the short-term 1% PC time series
and the speleothem 6'3C time series for several short-term runs. The "+" (no) and "-" (yes)
indicate of the map corresponds to a 1% PC time series with an up-side-down effect.
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Investigating spatio-temporal
coherent changes for the last 10,000
years

In the previous chapters the long-term and short-term variability of period between 0 and
8,000 years BP has been analysed by PCA. In this chapter the long-term spatio-temporal
coherency of four speleothems (CC-26, CC-3, GAR-01, SO-1) in analysed whose growth
start was at 10 ka BP or even earlier and which grew simultaneous during the entire
Holocence. The covered time interval is limited by the growth begin of CC-3 at c¢. 10.1 ka
BP and by the growth stop of CC-26 at c¢. 0.8 ka BP. This allows for long-term PCA of the
5180 and 6'3C time series of the four speleothems and closes the gap of spatio-temporal
information in the time beyond 8.0 ka BP which was the limit of the forgoing PCA caused
by the growth begin of BU-4 at 8.2 ka BP and of FM-3 at 7.5 ka BP. In total three PCA
were performed at which each PCA base on a total of 1000 MC runs (Chapter 10). For the
first two PCA the original 6'*0 and 6*3C time series of stalagmite CC-26, CC-3, GAR-01
and SO-1 were used. For the third PCA the 6O time series of stalagmite SO-1 was
corrected for the change in the §'*O values of the Black Sea, which is the major water
source of the region around SO-1 (Fleitmann et al., 2009). For this the original dataset of
the 6'¥0 values (Bahr et al., 2008) were extrapolated with a linear function until 7 ka BP,
which mark the end of the steep increase of SO-1 6*¥O time series.

To test the significance of the derived PCs of each ensemble, composed of the PCs of
each MC run, Preisendorfer’s Rule N is applied on the distribution of derived eigenvalues
for each PC. For this the mean eigenvalues of the computed PCs are compared with an
ensemble of eigenvalues resulting from PCA that are applied on a compilation of four
artificial WN time series having the same properties as the investigated speleothem proxy
time series (Chapter 10). The comparison shows that for three conducted PCA only the 1%
PC is significant, because the mean eigenvalue of the 15¢ PC is above the 95 % level of the
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eigenvalues derived for the white noise time series. The mean eigenvalue of the 27¢ PC is
below the 95 % level and above the 5 % level and all other PCs are below the 5 % level of
the computed eigenvalues for the WN time series (Fig. K.1). In addition to Preisendorfer’s
Rule N the Fork-tool is applied on the distribution of ry values to test the robustness of the
significance of the derived 1" PCs for the three performed PCA. The results are illustrated
in Fig. L.1 and Fig. L.2 for the compilation of speleothem §'*O time series, whereas the
latter is the result for the §*¥0O time series of SO-1 corrected for the change of the §'*O
signal of the Black Sea. The results for the compilation of speleothem §*3C time series is
depicted in Fig. L.3. On the distribution for the compilation of speleothem §**O time series
at which SO-1’s 60 time series is uncorrected the distributions of r, values of the four
speleothems depicts a bimodal distribution but with distinct peaks. The application of the
Fork-tool on the distributions of the r, values however clearly shows that the 15 PC for
these compilations is significant (Fig. L.1). The other two distributions picture a single
peak of the unmodified distribution of ry values being an explicit property of correlated
time series (Fig. 1.2 and L.3). Hence, the computed 1% PCs are significant. Therefore,
the application of the Fork-tool confirms the significance of the derived 15 PCs and the
corresponding 1% PCs time series. The 15PC time series are pictured in Fig. 16.1 for the
two compilation of §'¥O time series and in Fig. L.3 for the compilation of §'3C time series.
The 1%* PC time series derived for the compilation of speleothem §'%O time series, at which
SO-1’s is unchanged, explains 42.0+0.9 % of their total variance; and 42.3+1.0 % for the
compilation at which SO-1’s §'80 time series is corrected for the source effect of the Black
Sea. The 15! PC time series computed from the compilation of §'3C time series explains

40.7£1.3 % of their total variance (Tab. 16.1).

run  time window TEV (§'%0) TEV (§'3C) Fork-tool

#  (ka BP) (%) (%) 6180 and §13C
1 0.77-10.0 42.0 + 0.9 40.7 + 1.3 Fig. L.1 & L.3
2 0.77-10.0 42.3 =+ 1.0 Fig. L.2

Tab. 16.1: The table lists the results for the mean total explained variance and the related
1-sigma error of the 1st PC of run #1 and #2 that base on different compilations of
speleothem 6*¥0 and §'3C time series. In addition the related figure is linked for the results
of the application of the Fork-tool on the distribution of ry values. The results base on a
total of 1,000 MC simulations.

From the 10 ka compilation of 680 time series derived mean of the 15t PC time series are
illustrated in Fig. 16.1 showing the average of the calculated 15 PC time series at which
the 60 time series of SO-1 is not corrected (blue line) including the 1-sigma standard
deviation from the mean (blue shading area) and the mean of the 1 PC time series where
the compilation of 480 records includes the corrected §'80 time series of SO-1 (purple
line) with the related 1-sigma standard deviation from the mean (purple shading area).
For comparison, the long-term mean of the 15 PC time series is computed for the 8 ka
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16. Investigating spatio-temporal coherent changes for the last 10,000 years

compilation of speleothem §'80 time series (run #2, Tab. 13.1), including the §'*O record
of BU-4, CC-26, CC-3, GAR-01 and SO-1, is also illustrated in Fig. 16.1 (black line) with
the related 1-sigma standard deviation from the mean (grey shading area).

1 pc (8" 0)
—]
T

age (ka BP)

Fig. 16.1: The figure shows the derived average of the 15 PC time series of two
compilations composed of the 60 time series of speleothem CC-26, CC-3, GAR-01
and SO-1. The blue line shows the average 1° PC time series of the original 80 time
series. The second 1% PC time series (purple line) is derived for the same compilation
of speleothems, but the §'%0 time series of stalagmite SO-1 is corrected for a local
source effect (see text for detail). The black line is the average 15 PC time series of
a compilation of speleothems covering the last 8,000 years (Chapter 13). All mean
value are illustrated with their related 1-sigma standard deviation.

The long-term mean values of the two computed 10 ka 1 time series are in agreement
within their 1-sigma error. The comparison of the two 10 ka 1! time series with the 8 ka
1%t time series shows that all major features are shared, although there are differences in the
absolute values resulting from the standardization of the 8 ka 1% time series to the same
mean value and standard deviation as the 10 ka 1°* time series during the coeval time period.
The long-term trend of the derived 10 ka 1°* time series pictures a progressive decrease in
the time between 10 and 7.4 ka BP. After reaching a global minimum at 7.4 ka BP the
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mean value of the 1°¢ time series is increasing until c¢. 4 ka BP. Between c. 4.0 and 3.0 ka
BP the evolution in rather constant in comparison with the forgoing long-term variability.
At 3.0 ka BP another decrease of the trend is beginning reaching a local minimum between
2.5 and 2.0 ka BP. At 2.0 ka BP the values are again increasing. However, in the time
between 2.0 and 0.8 ka BP, the hiatus of GAR-01 between 1.3 and 1.1 ka BP causing an
interruption of the temporal evolution of the 1 time series. In summary the long-term
variability in the early- and mid-Holocence, between 10 and 4 ka BP is greater than the
variability between 4.0 and 0.8 ka BP, in particular the linear increase of the 1% time series
between 7.0 and 4.0 ka BP with a change from c. -3 to 1.

1*'pc 8™y

0 1 2 3 4 5 6 7 8 9 10 11
age (ka BP)

Fig. 16.2: The figure illustrates the temporal evolution of the average of derived
15" PC time series for the last 10,000 years (green line). The black line is picturing
the average of computed 15 PC time series covering the last 8,000 years (see text for
detail). All mean value are illustrated with their related 1-sigma standard deviation.

The calculated average of the 1% PC time series derived from the compilation of §3C time
series is illustrated in Fig. 16.2 (green line) including it’s 1-sigma standard deviation (green
shading area). In addition to the 10 ka 1% PC time series is the 8 ka 15 PC time series
pictured in Fig. 16.2 (black line) based on the 6'3C time series of the speleothems BU-4,
CC-3, GAR-01 and SO-1 and the related 1-sigma standard deviation (grey shading area)
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16. Investigating spatio-temporal coherent changes for the last 10,000 years

(run #1, Tab 13.1). Within the 1-sigma error the derived 10 ka and 8 ka 1% PC time series
are in agreement regarding the absolute values, the long- and short-term variability. The
cyclicity of the computed 10 ka 1%t PC time series shows phases of minima between c¢. 10
and 8.5 ka BP and c. 6.0 and 4.0 ka BP. The length of the first phase however can not be
terminated in it’s duration because the 1% PC time series does not exceed 10 ka BP. The
phases between c. 8.0 and 6.0 ka BP and from 2.5 until 0 ka BP are distinguished by local
maxima in comparison to two minima. Both periods show a local minima. Until 0.14 ka
BP the 1%t PC time series show a progressive increase.

The long-term spatio-temporal coherency pattern for the compilations of §'*O time series
is pictured in Fig. 16.3. It illustrates the mean r, values of the distribution of ry values
(Fig. L.1 and L.2) between the speleothem §'®O time series and the 15 PC time series -
illustrated in Fig. 16.1) - derived from the ensemble MC runs. The upper panel shows
the pattern for the original 6'®0 time series, whereas the lower panel shows the pattern
for the source-corrected 60 time series of stalagmite SO-1. The difference between the
two spatio-temporal coherency pattern is, that the mean correlation of stalagmite SO-1
changes it’s sign. In the upper panel at which the 6O time series is uncorrected the mean
correlation with the 1%t PC time series is negative whereas it is positive for source-corrected
5180 time series. The mean correlation of the 6**O time series of stalagmite CC-3 with
the derived 6180 time series is negative and positive the CC-26’s and GAR-01’s 680 time
series for both compilation of §'80 time series. Under consideration of the source-effect of
the 60 time series of stalagmite SO-1 the long-term spatio-temporal coherency pattern
pictures a dipole between North and South Europe.

For the mean correlation between the long-term 15 PC time series (Fig. 16.2) derived
from the compilation of §'3C time series and the §'3C time series (Fig. L.3), illustrated
in Fig. 16.4, the results picturing that the speleothem §'*C time series of the stalagmites
CC-3, GAR-01 and SO-1 are positively correlated with the 15 PC time series whereas the
d13C time series of stalagmite CC-26 has a weak negative correlation.
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Fig. 16.3: The upper panel shows the long-term spatio-temporal coherency pattern between
the 1t PC time series pictured in Fig. 16.1 and the original speleothem J'*O time series.
The lower panel shows the same as the upper but the 680 time series of stalagmite SO-1
is corrected for the source-effect of the Black Sea.
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16. Investigating spatio-temporal coherent changes for the last 10,000 years

Fig. 16.4: Illustration of the mean correlation between the 1% PC time series for the
long-term 10,000 year PCA and the §'3C time series.
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The European Holocene Climate
from the speleothems view

17.1 Snapshots from the Holocene climate taken by
speleothems

The progressive rainfall causes a depletion of stable isotopes of the continental European
precipitation with increasing distance from the western margin (Fig. 11.3), resulting in
a stable isotope gradient of the stable isotope values of precipitation (e.g. Dansgaard,
1964; Rozanski et al., 1982; McDermott et al., 2011). Dansgaard (1964) referred this
effect as continental effect (Chapter 8.1). Rozanski et al. (1982) demonstrated this for éD.
Within this framework the continental effect for European precipitation was demonstrated
for §'80 and re-examined for 6D (Chapter 11). The continental effect is caused by the
superimposed isotopes effects of the condensation of atmospheric moisture, i.e., the formation
of precipitation, and the moisture recycling on the continental surface by evapo-transpiration.
For this purpose both studies Rozanski et al. (1982) and this one apply a multi-box Rayleigh
approach. Furthermore, it points out that the slope of the stable isotope gradient is steeper
in the winter months (October-March) compared to the summer months (April-September).
This effect is caused by the higher evapo-transpiration during the summer months and a
partly recycling of winter precipitation (Rozanski et al., 1982). McDermott et al. (2011)
demonstrated that the continental effect is also preserved in speleothems by analysing §%0
values in a 100 year time slice every thousand years from selected European speleothems
- speleothems were excluded when they fulfil one of the following conditions: (i) Alpine
speleothems whose elevation is higher than 600 m, (iz) speleothems that are closer than 80
km to the coastline of the Mediterranean Sea and (7ii) speleothems whose location lies above
56 °N. The derived gradients are robust and agree with independent results of groundwater
samples (Rozanski, 1985; Darling, 2004) and tufa analysis (Andrews, 2006). Moreover,
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17.1. Snapshots from the Holocene climate taken by speleothems

McDermott et al. (2011) illustrates that the slope of the speleothem §'®0O gradient was
changing during the entire Holocene. During the last 3000 years the slope had a mean value
of -0.1211 %0/°E and seems more stable compared to rest of Holocene period (12,000-4000
years) (cf. Fig. 8 in McDermott et al., 2011). Independent investigations of fluid inclusions
0D values of the last 4 ka suggest that the values are similar to present-day precipitation
(Dennis et al., 2001). For the period between 12,000 and 4000 years the slope is constantly
decreasing from -0.2208 %o/°E at 12 ka to -0.1048 %o/°E at 4 ka (Tab. 17.1). McDermott
et al. (2011) state that "the temporal change in longitudinal isotope gradients thus reflect a
combination of variations in the superimposed European §'#0,,,, and air temperature fields
in Europe' - the subscript "mw" means meteoric water. McDermott et al. (2011) conclude
that the steeper isotope gradients can cause a higher convective rainfall compared to modern
conditions. Furthermore, the change of the slope between 4 ka and 3 ka is, perhaps, forced
by a "shift in the atmospheric circulation in the late Holocene". In addition McDermott
et al. (2011) shows that the §'80 values at a 10 °W intercept, i.e., on the western European
margin, are decreasing throughout the Holocene. The §'80 values are calculated from the
extrapolation of the §'®0 gradients for each time slice. According to McDermott et al.
(2011) the effect can be partly explained by the ice volume effect. Another argumentation
of McDermott et al. (2011) is, that the different speleothem 6'*O at the 10 °W intercept
are caused by different 6'%0,,,,, values due to the differential early-Holocence warming. In
the next section the different slopes of the speleothem §'80 gradients shall be discussed in
detail. For this purpose the SIP model is used to model the changes of the 580 gradients.

17.1.1 Investigating the temporal evolution of the §'*0O gradients
by use of the SIP model

According to McDermott et al. (2011), the variability of the slopes of the speleothem §'*O
gradients during the Holocene can be explained by the change of the amount of rainfall
during the passage from the Atlantic coast to the eastern part of Central Europe. Using
a simplistic Rayleigh approach to calculate the isotopic composition of the atmospheric
moisture and the precipitation, McDermott et al. (2011) found out that the amount of
remaining moisture (F) is 0.8 at the western margin and 0.5 in the eastern part of Central
Europe. The slopes that are more steeper or more shallower compared to the observed
slope for recent speleothem §'%0 gradient explained by an increase or decrease of convective
rainfall, respectively. The slope of the speleothem §'80 gradients is non-sensitive to the
selected oxygen isotope fractionation factor between calcite and water. This is due to the
fact, that different oxygen isotope fractionation factors would only shift the absolute §%0
values of the precipitated calcite (McDermott et al., 2011). However, this is only the case,
if there is no cave air temperature gradient along the investigated transect. Under the
assumption, that the cave air temperature varies parallel along the transect, then the slope
of the speleothem §'®0 gradient is preserved by the speloethems (Sec. 11.3). Considering
the simplistic Rayleigh approach of McDermott et al. (2011), there are several processes
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17. The European Holocene Climate from the speleothems view

not included, which would modify the isotopic composition of the precipitation. These key
processes are: (i) the moisture recycling by evapo-transpiration and (i7) the temperature
gradient between the Atlantic coast and the eastern part of Central Europe (Fig. B.1).
In particular the second effect alters the slope of the precipitation §'**O gradients when
being preserved in speleothems, as a result of the temperature dependent oxygen isotope
fractionation factor between water and calcite. The first effect might be negligible due to
the small evapo-transpiration in the winter period and could have a minor influence on
the slope. To consider these two effects a re-evaluation of the results of McDermott et al.
(2011) is undertaken by applying the SIP model (Chapter 11).

To calculate the slopes for the Holocene time slices some assumptions must be made: (i)
the temperature during the Holocene varied parallel along the investigated transect with
the same variability. Hence, the present-day temperature gradient, for the years between
1901 and 2009, remains unchanged for the Holocene SIP model runs. (i) The amount
of winter evapo-transpiration is constant throughout the Holocene. Therefore the same
values are used as for the present-day SIP model run. The mean values for temperature and
evapo-transpiration are illustrated in Fig. B.1. (ii7) The speleothems are only recording the
isotopic fingerprint of the precipitation for the winter months (October-March), because the
infiltration of water is the highest during this period of time - during the summer months
(April-September) there is even a deficiency of water in the soil zone in Central Europe
(Fig. B.1). Therefore, if any summer precipitation infiltrates into karst zone, the portion
of it is negligible in comparison to the infiltration during the winter months. (iv) The
change of the slopes is either caused by a change of the initial amount of moisture reaching
the European Atlantic coastline, the change of the amount of precipitation or both at the
same time. The initial amount of atmospheric moisture is expressed by the parameter
(Sec. 11.1.4). The amount of precipitation is changing everywhere with the same portion.
This means, if the amount of precipitation changes in Ireland by 10 % it also changes in all
other locations by 10 %.

The reference scenario is the SIP model run for present-day (1901-2009) conditions based
on CRU T8S3.1 dataset (Sec. 11.1.2) along transect T1 starting in south-west Ireland and
ending in Romania (Fig. 11.2). The results for the modern period are discussed in Sec. 11.2.1
for the period 1901 to 2009 and in Sec. 11.4 for the influence of the different NAO phases
on the §'80 gradient of precipitation and speleothems. The computed §80 gradient of the
reference scenario is used to calculate the changed §'*O gradient for the entire Holocene
in accordance to the results of McDermott et al. (2011). The slopes of the §'80 gradients
of the reference scenario is listed in Tab. 17.1 (top row) including (from left to right) the
related time slices, the slopes determined by McDermott et al. (2011), the computed slopes
of the precipitation, the computed slopes of the speleothems, the values for v and the
multiplier AP for the amount of precipitation. In addition, the results listed for the two
NAO scenarios are investigated in Sec. 11.4. The detailed results are listed in Tab. 11.3. It
is noteworthy, that the mean winter NAO index varies between 1.9 and 1.7 for winter NAO
plus phases and between -1.5 and -2.3 for winter NAO minus phases. The different ranges
are due to the fact that winter NAO minus phases are sparely covered by GNIP station
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17.1. Snapshots from the Holocene climate taken by speleothems

data, which are used to calibrate the SIP model. The computed slopes for the speleothem
and precipitation 480 gradients of the reference scenario (quoted as "ref." in Tab. 17.1)
show that the slope for the precipitation §'*0 gradient is c¢. 2.64 times steeper than the
speloethem §'%0 gradient. This is a result of the winter temperature gradient along T1
(Fig. B.1). The temperature is constantly decreasing from the western European margin to
the eastern parts of Central Europe. The constant temperature between 10 °“W and 0 °E is
caused by the balancing effect of the Atlantic and North Sea.
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Fig. 17.1: Plot showing the temporal evolution of the slope of the speleothem §**O gradient
for the time slices from lka to 12 ka (blue circles). The black line indicates the level of
the slope computed for the reference scenario. The grey shading area is determined by the
slopes that are computed for the winter NAO (wNAO) scenarios for a positive and negative
wNAO phase. The upper level is determined by a negative wNAO phase whereas the lower
level is computed for a positive wNAO phase. The azure shaded area indicates the slope of
the 60 gradient for a wNAO index between 0.51 and -0.51 (see text for detail).
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time window intercept Ad§'BO07 A§®O0g; slope comp. slope comp. slope o AP

10 °W! speleothems? precipitation speleothems

(ka BP) (%0) (%0) (%0) (%0/ °E) (%0/ °E) (%0/ °E)

0 (ref.) -3.6+0.2 0 0 -0.122140.0091 -0.268 -0.1014 1.40 1

0 (wWNAO+) -0.2435 -0.0889 1.50 1

0 (WNAO-) -0.3552 -0.1352 1.20 1

1 -3.7£0.2 0.03 0.00 -0.123£0.0102  -0.2718 and -0.2701 -0.1023 1.39  1.0025
2 -3.8£0.2 0.04 0.00 -0.1141+£0.0103  -0.2433 and -0.2563 -0.0934 1.49  0.9788
3 -3.5+0.3 0.06 -0.01 -0.1263+0.0143  -0.2826 and -0.2754 -0.1056 1.3574 1.0113
4 -4.0+£0.2 0.05 -0.01 -0.10484+0.0088  -0.2152 and -0.2415 -0.0841 1.615  0.9525
5 -3.8£0.2 0.14 -0.02 -0.1158+0.0099  -0.2485 and -0.2588 -0.0951 1.47  0.9833
6 -3.5+0.2 0.07 -0.05 -0.1266+£0.0099  -0.2838 and -0.2758 -0.1059 1.354  1.012
7 -3.4+0.2 0.03 -0.08 -0.1336+£0.0104  -0.308 and -0.2869 -0.1129 1.29  1.0301
8 -3.1+0.2 -0.04 -0.17 -0.1509+0.0105  -0.3736 and -0.315 -0.1302 1.16  1.0735
9 -3.0+0.2 -0.21 -0.36 -0.1640+0.0106  -0.4306 and -0.3368 -0.1433 1.0812 1.1052
10 -2.7£0.2 -0.39 -0.64 -0.1868-+0.0085 -0.3759 -0.1661 <1 1.1577
11 -20£ 04  -0.84 -1.01 -0.217740.0199 -0.4317 -0.1970 <1 1.224
12 -2.440.4 -0.95 -1.38 -0.220840.0213 -0.4374 -0.2001 <1 1.2303

Tab. 17.1: The table lists the slopes of 6'¥0 gradients of Central European speleothems derived by McDermott et al.
(2011). Furthermore the change of the initial amount of moisture and precipitation that is necessary to explain the changed
slopes compared to the modern slopes calculated by SIP model. The reference period is the interval between 1901 and
2009 (see text for detail).

! data from McDermott et al. (2011)



17.1. Snapshots from the Holocene climate taken by speleothems

The results for Holocene time slices are listed in Tab. 17.1. For the first nine time slices
(1ka to 9 ka) speleothem (and precipitation) §'®0 gradients were calculated for both, a
varying initial amount of atmospheric moisture () and a changed amount of precipitation
(AP). For the last three time slices (10 ka to 12 ka) only the amount of precipitation
varies, because y<1. Hence, at the end of the transect there is no atmospheric moisture
left. Note, that the scenarios for a changed initial amount of atmospheric moisture and a
changed amount of precipitation are calculated independently from each other. Therefore,
the obtained results are limits in which the Holocene values could have lied in. The values
for v and AP are estimated manually and are changed until the computed speleothem
6180 slope fits to the calculated §'®O slope based on the results of McDermott et al. (2011)
and of the reference scenario. Because the sensitivity of the precipitation 680 gradients is
different for changes in v or AP, both computed slopes for the two scenarios are listed in
Tab. 17.1 under the label "comp. slope precipitation'. The first value is the slope derived
by modifying v and the second for changed AP. For the last three late-Holocene scenarios
(10 ka to 12 ka), the listed value only refers to a changed AP.

The computed values for the Holocene slopes of the speleothem §'80 gradient are illustrated
in Fig. 17.2 (blue circles). The black line indicates the level of the slope computed for the
reference scenario; i is -0.1014 %o/°E. The grey shading area is picturing the values that are
in between the computed slopes for the speleothem §'80 gradient derived for the scenario of
a positive and negative wNAO phase. It is therefore highlighting the variability of the slope
for different wNAO phases. However, the GNIP station values used to calibrate the SIP
model are only representative for a well defined period of time. Furthermore, the number
of GNIP station values is limited due to the fact that GNIP stations have been running
since 1961. Thus, the time range is limited. For this reason the GNIP stations Wallingford,
Koblenz and Neuherberg have only recorded one year with a negative wNAO phase, that
means a wWNAO index smaller than 0.8. All other derived 680 and §'80 values come from
stations which have data from at least 3 years for positive and negative wNAO phase. The
GNIP station Vienna Hohe Varte has the greatest data pool. Records from 16 years exist
there for during which the wNAO index was greater than 0.8. Therefore, the grey shading
area indicates a great variability of the wNAO index. The upper level that is determined by
the minus wNAO phase scenario, represents a NAO index that is c. -2.3. The lower level is
determined by the positive wNAO phase scenario and is representing a wNAO index of c.
1.8. For the last hundred years (1901-2000), however, the mean NAO index was 0.51£1.09.
Therefore, the mean wNAO index between 1901-2000 CE is smaller (centennial time scale)
is smaller than the minimum and maximum of the observed wNAO indices (annual scale).
Hence, the centennial variability of the slope of the speleothem 60 gradient might be
smaller than indicated by the grey shading area. Although the available slope-NAO dataset
is restricted to only three data points, a lot of information can be gained from it. The three
data points can be fitted with a linear regression (Fig. M.1) and can be used to indicate
the wNAO variability of the slope of the 6**O gradient on a centennial time scale. Defining
the mean wNAO index of 0.51 of the last century as the "usual" wNAO variability on a
centennial time scale and the equation of linear regression (Fig. M.1) the slope of the §'%0
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17. The European Holocene Climate from the speleothems view

gradient can be calculated for a NAO index of + 0.51. The calculated range of slopes is
indicated by the azure shading area in Fig. 17.1 and is limited by the slope of the §'*O
gradient for a wNAO index of 0.51 resulting in a slope of -0.1027 %0o/°E (lower level) and
for a wNAO index of -0.51 resulting in a slope of -0.1143 %o/°E (upper level). The figure is
illustrating that the slope of the speleothem §'*O gradient is constantly decreasing from
from 12 ka to 4 ka. Between 4 ka and 3 ka the slope rapidly increases and is, in comparison
with the period before 3 ka, highly variable - the pictures results are identical with that of
Fig. 8 in McDermott et al. (2011) and only differ in the absolute values of the slope.
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Fig. 17.2: The figure illustrates the temporal evolution of the slopes of the precipitation
5180 gradients during the Holocene computed with the SIP model. The blue circles picture
the results, if only the initial amount of moisture () is changed. The orange circles are the
computed results for the scenario, if only the amount of precipitation has changed (AP).
The black line is indicating the slope of the precipitation §'*O gradient for the reference
scenario. The grey shading area indicates the variability of the slope for the two NAO
scenarios. All values are listed in Tab. 17.1. The azure shading area is highlighting the
variability of the slope for wNAO indexes between between -0.51 and 0.51 (see text for
detail).

For each set of v and AP explaining the temporal change of the slope of the speleothem §%0
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17.1. Snapshots from the Holocene climate taken by speleothems

gradient two different slopes of the precipitation 6'*0 gradients are obtained (Tab. 17.1).
The Holocene evolution of the computed slopes of the precipitation §'%0 gradients are
illustrated in Fig. 17.2. The blue circles indicate the temporal change of the slope if the
initial amount of atmospheric moisture () changes. The orange circles are picturing the
evolution of slopes through the Holocene, if the amount of precipitation changes (AP). The
black line in Fig. 17.2 depicts the level of the computed slope for the reference scenario.
The reference scenario covers the period between 1901 and 2009 CE (see above). The
grey shading area is highlighting the variability of the computed slopes for the two wNAO
scenarios (Sec. 11.4) with a mean wNAO index of ¢. -2.3 and ¢. -1.8 for the two NAO
scenarios with a negative and positive NAO phase (Tab. 11.3). In an analogous manner,
as for the slopes of the speleothem §'%0 gradient, the variability of the wNAO index on a
centennial scale can be calculated from a linear regression of the slopes for the two wNAO
scenarios and the reference scenarios (pictured in Fig. M.2). The centennial variability of
the wNAO index is + 0.51. The results are illustrated by the azure shading area in Fig. 17.2.
Note that only the values of the y-scenarios can be compared with it, because for the NAO
scenarios only ~ changes. The results for the slope of the precipitation 6'*0 gradients point
out that the sensitivity of the computed slope on changes of v and AP is different. This
is due to the fact, that the isotopy of the atmospheric moisture is proportional to v,
whereas it is proportional to AP (see Eq. 11.10). This leads to steeper gradient for the
temporal evolution of the slope of the precipitation 680 gradient in the time between 9 ka
and 4 ka for the change of v compared to the slopes derived for changes in AP. Between 3
ka and 0 ka the computed slopes are varying around the slope of the reference scenario. In
the following part the computed slopes of the speloethem and precipitation §**O gradient
illustrated in Fig. 17.1 and 17.2 are discussed.

The late-Holocene period - 3 ka-0 ka: In the last 3000 years the slope of the computed
speleothem §'®0 has varied between 1.49 and 1.36 %o/°E. The value of the slope of the
1 ka time slice (-0.1023 %0/°E) is close to that of the reference scenario (-0.1014 %o/°E)
whereas the value for the 2 ka time slice is less negative (-0.0934 %o/°E). The slope for
the 3 ka time slice is -0.1056 %o/°E and is steeper compared to the reference scenario
(Fig. 17.1). To compute the changed slopes v is varied between 1.49 and 1.3574 and AP
between 0.9788 and 1.0113 (Tab. 17.1). Only the slope of the speleothem §'%0 gradient for
the 3 ka time slice is within the variability of the slope for the centennial wNAO variability.
The slopes for 1 ka and 2 ka time slices are below the level calculated for the centennial
wNAOQO variability. Thus, if the changed slopes would be caused by the wNAO variability
the wNAO index would be c. 0.51 for the 1 ka time slice and c. 1.3 for the 2 ka time slice.
The computed slopes for the precipitation 680 gradient varies between -0.2433 and -0.2826
%0/°E if 7 is changed and between -0.2563 and -0.2754 %0/°E for the case when AP is
changed (Fig. 17.2). Caused by the higher sensitivity of the precipitation 680 gradient
on changes of 7 the computed slopes for the AP-scenarios are closer to the level of the
reference scenario than to the y-scenarios.

Results of the SIP model suggest that the climate conditions of the 1 ka time slice were
similar compared to the reference scenario. For the 2 ka and 3 ka time slice, however, the
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17. The European Holocene Climate from the speleothems view

climate in Central Europe was warmer and/or drier and colder and/or wetter, respectively.
Assuming that the NAO is the major climate process determining the climate in Central
Europe during the winter months, the 1 ka time slice had a similar mean wNAO phase
compared to present-day with mean wNAO index of 0.51. The 2 ka time slice would have
an even greater wNAQO index of ¢. 1.3. Hence, the climate during this time interval was
very warm and/or dry compared to the last 100 years. The wNAO index for the 3 ka time
slice would be compared to other two time slices (1 ka and 2 ka) and the reference scenario
smaller, with a mean wNAO index of 0.25. Therefore, the climate was colder and/or wetter
compared to present-day.

The early- and mid-Holocene period - 12 ka-4 ka: The temporal evolution in the period
between 12 ka and 4 ka differentiates from late-Holocene period (3 ka to 0 ka) on the
basis of two main characteristics: (i) in the time between 11 ka and 4 ka the slope of the
speleothem §'¥O gradient is monotonically decreasing having a value of -0.1970 %o/°E at 11
ka and -0.0841 %o/°E at 4 ka (Fig. 17.1); (i7) the slope of the speleothem §'®0 gradient for
two time slices at 12 ka and 11 ka is c. twice as high as the slope of the reference scenario
and constant compared to the period 11-4 ka. Furthermore, the two periods between 12 ka
and 11 ka seems less variable and more constant than the time between 11 ka and 4 ka.
However, this is speculative, because there is no data available for period later than 12 ka
yet. To compute the temporal change in slopes of the speleothem §**0 gradient between 9
ka and 4 ka ~ changed from 1.0812 to 1.615. Before 9 ka v is smaller than 1 and there is
a deficiency of the amount of moisture, because the total amount of precipitation is not
changed for the v-scenarios. For the AP-scenarios the amount of precipitation decreases
from the 1.2303-times (+23 %) at 12 ka to the 0.9525-times (-4.75 %) at 4 ka compared to
the present-day amount of precipitation. Furthermore, the beginning of the monotonically
change of the §'80 gradient at 11 ka and the ending at 4 ka are either higher or lower than
expected for a NAO variability on a centennial time scale (WNAO index = £0.51) and even
for the limited time period investigated for the NAO-scenarious in Sec. 11.4 (wNAO index
= 1.8 and -2.3).

The temporal change of the slope of the precipitation 6'¥0O gradient for the time period
between 12 ka and 4 ka illustrated in Fig. 17.2 pictures that the slope between 9 ka and
4 ka changes stronger for the y-scenario (from -0.4306 to -0.2152 %o/°E) than for the
AP-scenario (from -0.3368 to -0.2415 %o0/°E). This is due to the fact that the sensitivity of
the isotopic evolution of the atmospheric moisture is higher for changes in v than for AP
(see above).

To discuss whether the change of v or AP or of both parameters has forced the temporal
change of the speleothem (blue circles) and precipitation (red circles) %0 gradient the
sensitivity of the 6O gradients on v and AP are illustrated in Fig. 17.3 and 17.4. The
change of the slope is calculated from the difference between the actual slope and the slope
of the reference scenario. The change of v and AP is given in % and refers to the difference
of the actual value of the parameter to that of the reference scenario The used values base
on the computed scenarios for the different time slices summarised in Tab. 17.1.
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Fig. 17.3: Computed sensitivity of the slope of the precipitation (red circles) and calcite
(blue circles) 6'80 gradient on changes of . The changes of v are expressed by the difference
between the actual v and the v value of the reference scenario (y,.,=1.4) and is given in %.
The illustrated values base on the computed time slice scenarios summarised in Tab. 17.1.

The §'80 gradient of the precipitation is more sensitive on changes of v and AP than the
6180 gradient of the precipitated calcite (Fig. 17.3 and 17.4). This is due to the facts that
(1) a gradient of the mean annual temperature between Western and the eastern parts of
Central Europe is present (Fig. B.1), with warmer temperature in Western Europe (= 10 °C)
and colder temperatures in the eastern parts of Central Europe (= 6.3 °C at 14 °E) and (i)
that one assumption for the time slice-scenarios is that, if a temperature variation occurred,
then the temperature varied parallel along the investigated transect and is, therefore, only
shift the present-day temperature gradient by a constant value. Hence, the difference of the
temperature between Western Europe (here Ireland) and the eastern part of Central Europe
(here Romania) is preserved. This temperature gradient is balancing the 6'®0 gradient of
the precipitation that is transferred into the cave by seepage, as a result of the oxygen
isotope fractionation effects during the precipitation of calcite. The main process here is
the oxygen isotope fractionation factor between water and calcite, aqicite/m,0. Because
the sign of aqicite/m.0 is negative a decrease of the temperature causes an increase of the
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Fig. 17.4: Computed sensitivity of the slope of the precipitation (red circles) and calcite
(blue circles) 480 gradient on changes of AP. The changes of AP are expressed by the
difference between the actual AP and AP value of the reference scenario (AP,.;=1) and is
given in %. The illustrated values base on the computed time slice scenarios summarised in
Tab. 17.1.

5180 values of the precipitated calcite (Chapter 7). Hence, the steeper 6'*0 gradients of
the precipitation are transformed into shallower 6'®0O gradients for speleothems by the
temperature dependent effect of the oxygen isotope fractionation between water and calcite.
Hence, in addition to the change of the initial amount of precipitation () and the amount
of precipitation (AP), a change of the temperature gradient could have occurred too,
that changes the slope of the speleothem §'%0 gradients. To explain the speleothem §'*O
gradient for the 11 ka time slice under present-day meteorological conditions (precipitation
and evapo-transpiration) there must be a temperature gradient between Western and the
eastern part of Central Europe of about 9.725 °C. However, the temperature gradient of
the mean annual temperature between Western and the eastern part of Central Europe
at 11 ka is between 2 °C and 3 °C, with warmer conditions in the eastern part of Central
Europe, according to regional temperature reconstructions for the northern part of Western
Europe, the western part of Central Europe and the eastern part Central Europe derived
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from pollen records (Davis et al., 2003). In the time between 8000 years BP and c. 0 ka BP
the mean annual air temperature in the eastern part of Central Europe was approximately
1 °C warmer than in the northern part of Western Europe and the eastern part of Central
Europe and, therefore, the mean annual air temperature gradient would be even more
shallow compared to the 11 ka time slice (Davis et al., 2003). Hence, the temperature
gradient through the Holocene is either comparable to present-day conditions or is shallower,
resulting in the same speleothem §*¥0 gradient as for present-day or a shallower speleothem
580 gradient. Consequently, only changes in the meteorology can be responsible for the
temporal change of the speleothem §'80 gradient between 11 ka and 4 ka - therefore, only
changes in v and AP are responsible for the early- and mid-Holocene evolution of the
speloethem 60 gradient. This agrees with the interpretation of McDermott et al. (2011),
but here it is demonstrated, in addition, that a possible temperature gradient during this
period of time is not responsible for the temporal evolution of the speloethem 680 gradient.
However, it is not clear if only a change in the initial amount of precipitation () or the
amount of precipitation (AP) or both are account for the variability of the §'8O gradient
in the period between 11 ka and 4 ka.
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Fig. 17.5: Uncorrected §'%0 values at a 10 °W intercept (grey full circles) are corrected
for varying temperatures during the Holocene (red open circles), for the effect of fresh water
input in the Atlantic ocean (blue open circles) and for both effects (black closed circles).

To answer this question, the speleothem §'80 values at the 10 °W intercept are investigated
for each time slice. The values are calculated from the regression lines of each time slice
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(McDermott et al., 2011) and are listed in Tab. 17.1 and illustrated in Fig. 17.5 (grey closed
circles). The temporal evolution of the speleothem 6'¥O values at the 10 °W intercept
were also discussed by McDermott et al. (2011). By using the sea level curve of Wanner
et al. (2008) and a scaling factor of 0.011 %o/m (Fairbanks, 1989), McDermott et al. (2011)
calculated that the 6'0 value of the surface Atlantic ocean water was approximately 0.6-0.7
%0 higher at 11 ka and 0.33 %o at 9 ka, compared to present-day. The later value is also
reported by LeGrande and Schmidt (2009), which are stating a value of 0.34 %o at 9 ka. To
explain the decrease of about 2 %o between 11 ka and 4 ka of the speloethem 680 values
at the 10 °W intercept, McDermott et al. (2011) supposed two effects: the first is the ice
volume effect (i.e., the increase of the sea level) causing a shift towards more positive values
in the early- and mid-Holocene (0.6-0.7 %o at 11 ka and 0.33 %o at 9 ka). However, the ice
volume effect alone can not explain the observation of the speleothem §'80 values at the
10 °W intercept. Therefore, McDermott et al. (2011) mention as a second effect, that the
atmospheric moisture at the 10 °“W intercept has more proximal sources in the early- and
mid-Holocene and as a consequence higher §'80 values. This is due to the fact, that less
precipitation has formed over the ocean and therefore, the atmospheric moisture is not that
depleted in ¥O as it would be for sources in further distance.

However, to deduce the oxygen isotopic composition of the palaeo precipitation from the
speleothem 680 values at the 10 °W intercept, the speleothem 60 values must be cor-
rected for temporal evolution of the European Holocene temperature. This is due to the
fact, that the absolute values of the speleothem §'80 values calculated from the regression
lines of each time slice are depending on the temperature. The slope of the regression
lines does also depend on the temperature, if the palaeo temperature gradient changed
compared to the present day temperature gradient. However, the latter has been excluded
(see above). Thus, the ice volume effect and the temperature effect can account for the
Holocene evolution of the %0 values at the 10 °W intercept. The temperature effect is
calculated from mean annual temperature reconstructed for the western part of Central
Europe from pollen records (Davis et al., 2003) and ®ovqieite/ m,0 (Kim and O’Neil, 1997). A
present day mean annual temperature of 10.7 °C is assumed that is based on the long-term
mean temperature recorded at the Valentine GNIP station (south-west Ireland). The
speleothem 680 values of the 10 °W intercept that are corrected for the temperature effect
are illustrated in Fig. 17.5 (red open circles) - a continuous time series is illustrated in
Fig. N.1 (red curve). It demonstrates that the speleothem §'80 values were substantially
higher during the early-Holocene (12 ka to 9 ka), due to colder mean annual temperatures.
The shift of the ice volume effect is in analogy to McDermott et al. (2011) calculated from
the sea level curve of Wanner et al. (2008) and a scaling factor of 0.011 %o/m Fairbanks
(1989). Since the sea level curve of Wanner et al. (2008) lasting only until c. 10,000 years
BP a linear interpolation is used to calculate the sea level change until 12,000 years BP.
The corrected speleothem 6*¥0 values of the 10 °W intercept are illustrated in Fig. 17.5
(blue open circles) - a continuous curve of the ice volume effect is pictured in Fig. N.1 (blue
curve). It pictures that the early- and mid-Holocene §'®0 values of the surface ocean waters
were higher compared to the present-day surface ocean waters. If the temperature effect and
the ice volume effect are accounted for the effect on the corrected speleothem 680 values is
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larger in the early- and mid-Holocene and subordinated in the late-Holocene (Fig. N.1). The
speleothem 680 values of the 10 °W intercept that are corrected for the temperature effect
and for the ice volume effect are illustrated in Fig. 17.5 (black closed circles). The figure
pictures that the corrected 580 values of the 10 °W intercept were substantially smaller in
the time between 12 ka and 8 ka than the uncorrected values whereas the difference between
the original and the corrected is monotonously decreasing with time. During this period the
ice volume effect and the temperature effect are contributing equally to the correction of the
5180 values at the 10 °W intercept. The corrected 680 values of the 10 °W intercept during
the mid- and late-Holocene (7 ka - 0 ka) are only changed by +0.05 %o0. The corrected
6180 values (black closed circles) deviate from the values published by McDermott et al.
(2011) (Fig. 8b in McDermott et al., 2011) mainly in the early-Holocene (12 ka - 8 ka) and
picturing a different trend; the results of McDermott et al. (2011) are picturing decreasing
580 values whereas the corrected §'80 values are depicting an increasing until 8 ka and a
constant values between 8 ka and 6 ka. Hence, the 680 values must be reinterpreted for
the early-Holocene to explain the difference of 0.54 (1.42) %o of the 680 values of the 10
°W intercept between 11 (12) ka and 8 ka. The change in the 6'®0O values at the 10 °C West
intercept can have several causes: (i) A ahanged Ocean sea surface temperature. A possible
reason can be an warming of the surface of the Atlantic Ocean in time between 1 ka and 6
ka BP, because the evaporated moisture is more enriched in 80 with increasing sea surface
temperature (Fig. O.1). Assuming a relative humidity of 76 % above the surface of the
Atlantic Ocean (Broecker, 1995) the sensitivity of the §'80 value on sea surface temperature
changes calculated with Eq. (11.1) is 0.0878 %o0/°C. Hence the sea surface temperature
must have increases by approximately 6.15 °C in the time between 11 ka BP and 6 ka BP.
However, this is an upper limit, because an increase in the relative humidity would also
result in an enrichment of '¥0 in the evaporated moisture from the Ocean (Fig. O.1). For
instance, the sensitivity of the 6'®O value of the evaporated moisture on changes of the
relative humidity above the sea surface calculated with Eq. (11.1) is 0.0602 %0/% at a
temperature of 10 °C. Note that an increase in the sea surface temperature is accompanied
by an increase of the evaporation rate.

(ii) The origin of the precipitated water has changed. An increase of the §'®0 value at the
10 °W intercept can be also caused if either the amount of precipitation over the Atlantic
Ocean has increased or the source of the water is more distal from the western margin of
the European continent. The latter effect has been assumed by McDermott et al. (2011) to
explain the decrease of the 60 values at the 10 °W intercept and thus suggesting a more
proximal source.
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17.1.2 A revisited interpretation of the results observed by Mec-
Dermott et al. (2011)

The collective interpretation of the evolution of the 6**O gradient and the corrected 580
values at the 10 °W intercept suggests that the change of the 6O gradient is caused by
an increase of the sea surface temperature in the time between 11 ka BP and 8 ka BP
caused by the early-Holocene warming, which results on one hand in an increase in the
amount of moisture in the atmosphere and on the other hand a coeval increase of the 630
value of the evaporated moisture. The decrease of the %0 values by about 0.5 %o at
the 10 °W intercept between 6 ka BP and 4 ka BP is likely not caused by a change of
the sea surface temperature, because then the sea surface temperature should has cooled
approximately by 5 °C. Such dramatic temperature changes of the sea surface temperature
in the mid-Holocene are not reported. Hence, a possible reason for the change in the §80
value at the 10 °W intercept is a change of the source of atmospheric moisture. As suggested
by McDermott et al. (2011) this would be a more proximal source to the western margin
of the European continent, because less precipitation has been formed over the Atlantic
Ocean and thus the atmospheric moisture is more enriched in '80. This can originate by
change and/or movement in the atmospheric circulation, also mentioned by McDermott
et al. (2011). Coeval with the change of a more proximal source would be an increased
amount of precipitation, which is consistent with results of the SIP model for this period of
time.

Furthermore, the time between 3 ka BP and 0 ka BP is predominantly determined by the
North Atlantic Oscillation (NAO) during the winter months (October-March), which is
indicate by the comparison of the variability of the slope of the speleothem §**O gradient
(blue circles) for a variability of the NAO on a centennial time scale (azure shading area)
(Fig. 17.1 and Fig. 17.2). Moreover, the comparison of the temporal evolution of the
speleothem 6180 gradient in the period between 11 ka BP and 4 ka BP with the variance
of the §'80 gradient caused by the centennial variability of the NAO (during the winter
month) reveals that the change of the speleothem §'80 gradient can not be explained by
the NAO. Taking into account that the change of the speleothem 'O gradient in the
time between 11 ka BP and 8 ka BP is possibly changed by an increase of the sea surface
temperatures in the Atlantic Ocean, then the change of the speleothem §'*O gradient is
induced by a change in the atmospheric circulating, suggesting a transition mode of the
atmospheric circulation from 8 ka BP to 4 ka BP. It is noticeable that the state of the
atmosphere at 8 ka BP is comparable to a negative mode of the NAO with a NAO index
of c¢. -2.3 and the state of the atmosphere at 4 ka BP is comparable to a positive mode
of the NAO with a NAO index of ¢. 2.3. Furthermore, the comparison of the speleothem
5180 gradient with the NAO variance of the slope (azure shading area) suggest that the
state of the atmosphere was then comparable to present day conditions with a mean NAO
index for the last 100 years of about 0.51 (see above). This is also observed by Wackerbarth
et al. (2012) indicating a positive NAO mode at 6 ka by comparing speleothem §'80 values
with computed values of the ECHAMb5-wiso model (Werner et al., 2011). However, the
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speleothem 60 gradient suggest that the atmospheric circulation is still in a transition
state at 6 ka. The present day atmospheric circulation might only start between 4 ka BP
and 3 ka BP as suggested by the speleothem §'80 gradient and the variance of the slope of
the speleothem 680 gradient for a centennial NAO variability (WNAO index = +0.51).

17.2 Interpretation of the long-term and short-term
15 PC time series

In the Chapters 13, 14, 15 and 16 a compilation of speleothem 580 and §'3C time series
were investigated with PCA for spatio-temporal coherent changes on a long-term and a
short-term scale. The investigated speleothems are listed in Tab. 12.1 and indicated by
the blue color of the speleothem name. It has been demonstrated for the investigated
speleothem §'%0 and §'3C time series compilations that the 1% PC and the related 1% PC
time series is significant for the long-term and for the short-term analysis. In the following
sections, the physical interpretability of the long- and short-term 15 PC time series shall
be discussed.

17.2.1 The physical interpretation of the long-term 15 PC time
series

To interpret the computed long-term 15 PC time series for their physical meaning it must
be considered (i) which proxy was investigated and (i¢) which speleothem proxy time
series are contributed to the 1% PC time series. The first point will be very important,
in particular, if proxy time series from different regions are compared. This is due to the
reason, that physical parameters must be selected before the interpretation of the 15t PC
time series, that can explain a variation(s) of speleothem proxy time series from different
regions. With focus on speleothem §'80 and §'3C time series the parameter can be (a) a
change of the isotopic composition of the source of the isotopes; for the oxygen isotopes this
is the ocean (Sec. 8.1) and the vegetation of the carbon isotopes (Sec. 8.2). (b) Another
parameter is the mean annual temperature that changes the oxygen and the carbon isotope
composition of the precipitated calcite (Sec. 7.4). (¢) the supraregional change of the
amount of precipitation: this could affect the §'*C value of the drip water by changing
the configuration of the karst system (open or closed system) (Sec. 8.2), but also the drip
interval can be changed (if the drip interval is sensitive to precipitation changes) which
would increase (longer drip interval) or decrease (shorter drip interval) the disequilibrium
effects during the precipitation of calcite (Sec. 7.4). The second point, which speleothem
proxy time series contribute to the 15 PC time series is important, because speleothems
from different regions can be influenced by different climatic zones. For instance, stalagmite
CR-1 which is growing on Sicily is mostly influenced by the Mediterranean climate whereas
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stalagmite BU-4 which has been formed in Central Europe might be mainly influenced by
a Central European climate. It is therefore essential for the interpretation of computed PC
time series to know which speleothems contribute to PC time series.

17.2.1.1 The physical interpretation of the 8000 year long-term 1% PC time
series for the compilation of §'®0 time series

The PCA was applied on the compilation of §'80 time series from stalagmite BU-4, CC-3,
CC-26, FM-3, GAR-01 and SO-1 for the 8000 year long-term run. The computed 15 PC
time series is illustrated with the standardised §'®O time series in Fig. P.1 (for BU-4),
Fig. P.3 (for CC-3), Fig. P.4 (for CC-26), Fig. P.7 (for FM-3), Fig. P.8 (for GAR-01) and
Fig. P.12 (for SO-1). The figures illustrate that the computed 1% PC time series is mainly
determined by the variability of the stalagmites CC-3, CC-26 and SO-1. The stalagmites
FM-3 and GAR-01 do also contribute to the 1% PC time series, but with less similarities
as stalagmite CC-3, CC-26 and SO-1. Stalagmite BU-4 has no common pattern with the
computed 1% PC time series, except the time between 0.8 ka BP and 0 ka BP. This is
also pictured by the spatio-temporal coherency pattern of the 8000 year long-term analysis
illustrated in Fig. 13.4 (run #3) - note that the spatio-temporal coherency pattern is based
on the mean correlation between the 15 PC time series and the individual §'80 time series.
Therefore, the 1%* PC time series must be mostly influenced by the §'80 time series from
the Western Margin (CC-3 and GAR-01), from the Mediterranean (CC-26) and Northern
Turkey (SO-1). This is also supported by the comparison with the computed 1% PC time
series with Mediterranean speleothem §'%O time series that has not been included in the
interpretation. These speleothems are CL-26 (Fig. P.5), CR-1 (Fig. P.6), GP-2 (Fig. P.9)
and SV-1 (Fig. P.14). Furthermore, stalagmite C09-2 has a similar trend like the computed
15t PC time series, but is anti-correlated in the time between 3.5 and 2 ka BP. The §'*O
time series of stalagmite MB-3 (Fig. P.11) has also common pattern with the derived 1%
PC time series as well as stalagmite SPA-12 (Fig. P.13). The Scandinavian stalagmite K-1
(Fig. P.10) has also similar variations like the 1% PC time series but is anti-correlated to
it. Hence, the spatio-temporal pattern of Fig. 13.4 (run #3) is supported by independent
speleothem 6180 time series.

With focus on the long-term trend of the 1% time series (Fig. 13.2) possible reason for
this behaviour can be a synchronous change of the 60 value of the precipitation, which
must be anti-correlated between Northwest Europe and Southern Europe. However, in the
time between 7 ka BP and 4.5 ka BP stalagmite FM-3 is in phase with the derived 15 PC
time series and the 60 values are also increasing. The increase in the §'®*O values of the
Mediterranean stalagmites and the increase in the 6O value of stalagmite FM-3, however,
can have different origins. In general, possible reasons for a increase in the §**O values can
be a decrease of the mean annual temperature (due to the negative temperature sensitivity
of precipitated calcite; Sec. 7.4) or the increase of the sea surface temperature (Fig. O.1).
Linge et al. (2009) interpreted the stalagmite 480 data as a temperature proxy, that have a
negative correlation with the surface temperature. For the Mediterranean speleothem §%0
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values it is not clear if the annual air temperature has cooled or the sea surface temperature
of the water source has increased. Hence, the 15¢ PC time series can be interpreted as a
temperature proxy on the long-term scale.

17.2.1.2 The physical interpretation of the 4000 year long-term 1% PC time
series for the compilation of §'*O time series

The long-term analysis of §'80 time series during the last 4000 years is based on the time
series of stalagmite BU-4, C09-2, CC-3, CC-26, GAR-01, K-1 SO-1 and SPA-12. The results
of the PCA on the first compilation (including BU-4, C09-2, CC-3, GAR-01, K-1 SO-1 and
SPA-12) (blue line) and the second compilation (first compilation plus CC-26) (magenta
line) is illustrated in Fig. 17.6. The black curves in Fig. 17.6 are picturing the long-term
15" PC time series of the long-term analysis of the last 8000 years of run #1 and #2 (see
Fig. 13.2 for the complete time series). All curves are depicted with the corresponding
1-sigma standard deviation from the mean value. The spatio-temporal coherency pattern is
illustrated in Fig. 14.4 for the 1%* PC time series illustrated in Fig. 17.6. The comparison
between the computed 1% PC time series of the first compilation and the speleothem 680
time series is illustrated in Fig. P.15 for BU-4, Fig. P.16 for C09-2, Fig. P.17 for CC-3,
Fig. P.18 for CC-26, Fig. P.21 for GAR-01, Fig. P.22 for K-1, Fig. P.23 for SO-1 and
Fig. P.24 for SPA-12. Note that in comparison to Fig. 17.6, the 15 PC time series are
pictured up-side-down in the Figs. P.15-P.24. Therefore, the mean values for r; between the
1t PC time series and the speleothem 620 time series have the opposite sign as illustrated.
In addition, the computed 1°* PC time series is compared with stalagmite CL-26 (Fig. P.19)
and SV-1 (Fig. P.25). The 680 time series of stalagmite CL-26 is inphase with the 1°
PC time series in the time between 3.6 ka BP and c. 2 ka BP and is approximately in
antiphase with the 1* PC time series for the last 2000 years. Stalagmite SV-1 has a negative
correlation with the computed 15 PC time series. The comparison between the 60 time
series of stalagmite FM-3 and the 15" PC time series is pictured in Fig. P.20. It illustrates
that the 580 time series is in phase with the 15 PC time series, except for the time between
3.0-2.5 ka BP and 1.5-0.9 ka BP. Hence, the comparison between §'80 time series of CL-26
and SV-1 and the computed 1% PC time series confirm the spatio-temporal coherence
pattern illustrated in Fig. 14.4.

The comparison of the derived long-term 1% PC time series for the 8000 (black lines) and
4000 (blue and magenta line) years’ analysis reveal that they agree to each other (Fig. 17.6).
The only prominent difference is the evolution of the 15 PC time series in the time between
0.9 ka BP and 0 ka BP, during which the 15 PC time series of the 4000 years analysis
depicts a maximum and the 1% PC time series of the 8000 years analysis a minimum.
However, this is a result of the concept behind PCA that the 1% PC time series should
explain the most variance. This results in the difference of the 1% PC time series for the
last 900 years. Moreover, this does not limit the interpretability of the 1°* PC time series,
because the physical meaning of the 1% PC time series is based on the evolution of the
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Fig. 17.6: The figure illustrates the 15 PC time series for the 8 ka long-term analysis of
the compilation of §**O time series for run #1 and #2 in the time between 4 ka BP and 0
ka BP (black lines) in comparison to the 15 PC time series for the 4 ka long-term analysis
for the 60 time series. The blue line is based on the speleothem compilation of BU-4,
C09-2, CC-3, GAR-01, K-1 SO-1 and SPA-12. The magenta line is based on the same
compilation and includes in addition CC-26. The 1-sigma standard deviation of the mean
value is indicated by the shading area for all curves. The difference between the 15 PC
time series in the time between c. 0.9 ka BP and 0 ka BP is a consequence of the concept
of PCA.

5180 time series during this time.

The §*¥0 values of the speleothems can be determined by the mean annual temperature
(Sec. 7.4), the oxygen isotopic composition of the source, the sea surface temperature
(Sec. 8.1) and the drip interval (Sec. 7.4). For speleothems in Central European, the main
source of drip water is the Atlantic ocean. For speleothems from Mediterranean regions
the sources of the drip water 