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Abstract

The central goal of this dissertation is assessing the benefits and limitations of multi-proxy
approaches in speleothem research with respect to paleo climate reconstruction. Hence, the
aims were evaluating the environmental controls of speleothem proxies such as stable iso-
topes or trace elements, and the application to samples from locations affected by complex
climate interactions. Thus, this thesis provides an important contribution to the recent sci-
entific discussion in speleothem and climate research.

The presented case studies comprise a Holocene stalagmite from southwestern Romania,
and two speleothems from the Caribbean realm covering major parts of the last Glacial cy-
cle. All records are based on high-precision dating methods, such as 2°Th/U dating, lamina
counting or radiocarbon dating. The analysis of stable isotope 8'30 and 8'*C composition to-
gether with trace elemental signatures enables a broad survey of past environmental changes
comprising temperature and rainfall variability as well as soil and vegetation dynamics. The
studies presented in this thesis demonstrate the strong benefits of the combination of several
proxies in speleothems and in the investigated regions, they provide the first speleothem de-
rived climate reconstructions, respectively, combining successfully both stable isotopes and
elemental proxies.

In tropical locations, the 8'80 values in speleothems may be reliable recorders of past rain-
fall changes. However, a number of processes such as temperature variability, source effects
and disequilibrium fractionation affecting the oxygen isotopic composition have to be care-
fully evaluated. Under certain circumstances, trace elements such as magnesium and stron-
tium are found to constitute valuable tracers of hydrological variability, whereas phosphorus
is most commonly associated with soil and vegetation dynamics. However, the interpretation
of P/Ca is found to be diverse in the three case studies. To explain the non-conventional P
systematics in the Cuban sample, a mechanism was devised which previously has received
little attention.

Stalagmite C09-2 from southwestern Romania emerged as one of the unique samples ap-
propriate for quantitative reconstruction of past climate variability. The Mg/Ca ratio was
found to be strongly connected with past winter rainfall, and the reconstructed precipitation
estimates for the last 3.6 ka are in agreement with other local and supra-regional records. The
8180 record from stalagmite PR-LA-1 is one of the first speleothem derived long-term recon-
structions of rainfall variability from the western tropical Atlantic realm which demonstrates
the imprint of both the Heinrich stadials as well as the Dansgaard/Oeschger cycles on Puerto
Rico during the last Glacial. In addition, stalagmite CM from western Cuba provides one of
the longest speleothem records from the Caribbean region, and the geochemical evidence
from the stable isotope and trace element signatures gives a comprehensive picture of past

environmental variability over a long time interval of the last Glacial.






Zusammenfassung

Das Hauptthema dieser Dissertation ist die Beurteilung der Vor- und Nachteile der An-
wendung von mehreren Spurenstoffen in der Speldaothemforschung im Hinblick auf die Re-
konstruktion der Klimavariabilitat in der Vergangenheit. Die Ziele waren daher die Heraus-
arbeitung der relevanten Umwelteinflisse auf die angewandten Proxies, wie zum Beispiel
stabile Isotopenverhéltnisse oder Spurenelemente, und deren Anwendung an Hand von Fall-
studien aus Regionen, welche von komplexen Klimawechselwirkungen beeinflusst werden.
Die prasentierte Arbeit stellt damit einen wichtigen Beitrag zur aktuellen wissenschaftlichen
Diskussion in der Spelaothem- und Klimaforschung dar.

Die gezeigten Fallstudien umfassen einen holozinen Stalagmit aus dem Siidwesten Ru-
méniens, sowie zwei Speldotheme aus der Karibik, welche wesentliche Abschnitte des letzten
Glazialen Zyklus abdecken. Die erstellten Zeitreihen basieren auf hochpréazisen Datierungs-
techniken, wie der 2*°Th/U-Methode, Lagenzihlung oder der Radiokarbonmethode. Die Aus-
wertung der stabilen Isotopenverhaltnisse §!20 and §!*C zusammen mit bestimmten Spuren-
elementgehalten erméglicht einen breiten Uberblick tiber vergangene Umweltveranderungen
wie zum Beispiel Temperatur- und Niederschlagsvariabilitit oder Boden- und Vegetations-
dynamik. In den jeweiligen Gegenden sind die Studien in dieser Arbeit mit die ersten Spelao-
themzeitreihen, in denen die genannten Proxies erfolgreich kombiniert werden und stellen
daher den grofien Nutzen der Anwendung mehrerer Indikatoren in Spelaothemen dar.

In den Tropen kdnnen 8'80 Werte in Speldothemen ein verlasslicher Indikator fiir die Nie-
derschlagsvariabilitat in der Vergangenheit sein. Jedoch beeinflussen eine Reihe von weite-
ren Prozessen die isotopische Zusammensetzung des Sauerstoffs, wie zum Beispiel Tempe-
raturschwankungen, Quelleneffekte oder Ungleichgewichtsfraktionierung. Spurenelemente
wie Magnesium oder Strontium koénnen unter bestimmten Umstanden wertvolle Indizien
auf hydrologische Prozesse in Hohlensystemen liefern. Dagegen wird der Phosphorgehalt in
Spelaothemen meist mit Boden- und Vegetationsdynamik assoziiert. Interessanterweise un-
terscheiden sich jedoch in den drei Fallstudien die Interpretationen des P/Ca verhiltnisses.
Um die unkonventionelle P Systematik im kubanischen Stalagmiten zu erklaren, wurde ein
bislang wenig beachteter Mechanismus neu beleuchtet.

Der Stalagmit C09-2 aus dem Siidwesten Rumaniens hebt sich als eine der wenigen Pro-
ben hervor, welche sich fiir quantitative Klimarekonstruktion eignen. Es stellte sich heraus,
dass das Mg/Ca Verhaltnis stark mit dem regionalen Winterniederschlag korreliert. Die dar-
aus abgeleitete Niederschlagszeitreihe fiir die letzten 3,6 ka stimmt in vielen Bereichen mit
anderen lokalen und iiberregionalen Rekonstruktionen iiberein. Die 'O Zeitreihe der Probe
PR-LA-1 aus Puerto Rico ist eine der ersten Niederschlagsrekonstruktionen aus dem west-
lichen, tropischen Atlantik, die sowohl den Einfluss der Heinrich Kaltphasen als auch der
Dansgaard/Oeschger Zyklen wéahrend dem letzten Glazial zeigt. Stalagmit CM aus West-
Kuba bietet eine der langsten Spelaothemzeitreihen aus der Karibik. Auch hier ergeben die
geochemischen Hinweise aus den stabilen Isotopenverhiltnissen und Spurenelementen ein

zusammenhéngendes Bild der Umweltveranderungen der Vergangenbheit.
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1 Motivation

Reconstruction of past climate variability from natural archives such as ice cores, marine or
lake sediments, tree rings, corals or speleothems offers the possibility to extend the obser-
vational records back in time. This knowledge helps to improve the projections for future
climate trends and its impacts on the global and regional environments. For this purpose,
speleothems are valuable paleo climate archives, which can provide precisely dated recon-
structions of past climate on various time scales from sub-annual to glacial-interglacial vari-
ability (e.g., Wang et al. (2001); Cruz et al. (2007); Fleitmann et al. (2009); Tan et al. (2014);
Baker et al. (2015)).

The formation of speleothems occurs within carbonate rocks and depends on various fac-
tors (Fairchild et al., 2006a; Fairchild and Baker, 2012). The main processes controlling the
proxies eventually incorporated in speleothem calcite comprise the transport of moisture to
the location of the cave and through the soil and karst system until the incorporation in the

crystal lattice (Figure 1.1).
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Figure 1.1: Schematic view on environmental controls on signals recorded by speleothems (after Fairchild
et al. (2006a)).



1 Motivation

For the purpose of climate reconstruction, an increasing number of proxies and methods is
applied in speleothem research, amongst the most commonly used stable isotopes of oxygen
and carbon (Lachniet and Patterson, 2009; Dreybrodt and Scholz, 2011). A valuable proxy to
trace the pathway of the rain water are stable oxygen isotopes (§'¥0) which have long been
used to reconstruct cave temperature or properties of meteoric precipitation (Fairchild and
Treble, 2009; McDermott, 2004). Carbon isotopes (§3C) are widely applied e.g., to recover
information about soil activity and vegetation density (Dorale et al., 1992; Genty et al., 2003).
But a much greater variety of parameters can be analyzed and used to consolidate or expand
the interpretation of speleothem climate records. The shape of the specimen itself, as well as
the mineralogy and petrology of the calcium carbonate crystals can already provide valuable
information about past cave environments (Frisia et al., 2000; Kaufmann, 2003; Frisia, 2015).

Recent research also focuses on the analysis and interpretation of trace elements such
as magnesium or strontium, which were found to provide hydrological information under
certain circumstances (Borsato et al., 2007; Treble et al., 2003; Cruz et al., 2007). Analytical
methods such as e.g., laser ablation or synchrotron XRF mapping enable the construction of
highly resolved proxy records (Borsato et al., 2007; Tan et al., 2014). Hence, the understanding
of the processes determining incorporation and variability of certain elemental proxies has
considerably grown in the last decade (e.g., Treble et al. (2005); Borsato et al. (2007); Wassen-
burg et al. (2012)).

Additionally, new methods and proxies are continuously investigated and improved, such
as the direct analysis of fluid inclusions in speleothem calcite (e.g., Dublyansky and Spétl
(2009); Kruger et al. (2011); Kluge et al. (2014)) or the measurement of ’clumped isotopes’
(Ghosh et al., 2006; Eiler, 2007; Affek et al., 2008). Various more proxies have found application
in speleothem research, such as annual lamina width (Baker et al., 2008; Roberts et al., 1998)
or growth rate (Tan et al., 2013). Dating information can be retrieved by identifying the
20" century atmospheric radiocarbon bomb peak (Genty et al., 1998; Noronha et al., 2015;
Sundqyvist et al., 2013) whereas some publications deal with the analysis and interpretation of
organic components in speleothems (Blyth et al., 2008; McGarry and Baker, 2000). Growing
interest have also found the improvements in the analysis of fluid inclusions in speleothems,
e.g. for reconstruction of the isotopic composition of paleo dripwater (Dublyansky and Spétl,
2009; Arienzo et al., 2013; Affolter et al., 2015; Labuhn et al., 2015) or the reconstruction of
paleo temperatures (Kluge et al., 2008; Kriiger et al., 2011; Kluge et al., 2014).

A very important measure for decoding the climatic imprint in speleothem calcite is the
extensive monitoring of cave air and dripwater parameters (Mattey et al., 2010; Riechelmann
et al.,, 2011). But also much effort was made to establish cave or karst-analogue laboratory
studies (Huang et al., 2001; Tremaine and Froelich, 2013; Hansen et al., 2013), as well as theo-
retical and numerical models (Kaufmann, 2003; Miihlinghaus et al., 2009; Scholz et al., 2009;
Wackerbarth et al., 2010; Dreybrodt and Scholz, 2011; Deininger et al., 2012). The knowledge
of the processes determining speleothem formation greatly improves the interpretation of

records deduced from samples from well-understood cave systems (Mattey et al., 2010).



Deciphering the environmental controls on climate parameters may be especially difficult
in regions with a complex interplay of different local or interconnected parameters influenc-
ing climate variability on varying timescales. Thus, research rather focused on regions within
climatological frameworks which can be relatively easy reduced to very few unknowns in the
key controls of the proxy parameters. Suitable are for example locations affected by mon-
soon systems (e.g., southeastern Asia (Wang et al., 2008, 2001)), (semi-)arid regions such as
the eastern Mediterranean or the Middle East (e.g.,Affek et al. (2008); Fleitmann et al. (2009))
or the tropical latitudes, which receive its precipitation mainly dependent on the position
of the Intertropical Convergence Zone (ITCZ) (Wang et al., 2004; Cruz et al., 2009; Lachniet,
2009b; Strikis et al., 2011). Another site mainly influenced by only very few climate param-
eters or teleconnection pattern, is for example western Europe (Mangini et al., 2005; Trouet
et al., 2009), which was found to be strongly affected by the variability of the North Atlantic
Oscillation (NAO) (Wanner et al., 2001; Hurrell et al., 2003). In some cases, it is even possible
to derive a transfer function from the proxy to the climate parameter and to quantitatively
reconstruct precipitation or temperature variability (Mangini et al., 2005; Tan et al., 2013;
Johnson et al., 2006).

However, in order to adjust the predictions of future climate change it is important to
improve the understanding of spatial and temporal connections. Thus, it is crucial to fill the
gaps in the global network of climate reconstructions, applying also to geographically and cli-
matologically complex regions. Affected are for example locations at the transition between
different climate zones, which are influenced by an interplay of atmospheric teleconnection
patterns. Other factors complicating the interpretation of climate records may be orographic
structures such as mountain chains. Additionally, at many locations, it is most probable that
the predominant processes are not temporally stable. hence, establishing robust climate re-
constructions for such regions is a challenge.

This thesis is an approach towards a better understanding of the interpretation of speleo-
them records regarding the application of certain proxies on the basis of case studies also
from complex climate systems (section 1.1) and provides an important contribution to the

recent discussion in speleothem and climate research.



1 Motivation

1.1 Qutline of this thesis

The main goals of this dissertation are increasing the spatial coverage of paleo climate data
from terrestrial archives, applying speleothem studies to meet the objection of complex cli-
mate systems and increasing the knowledge and understanding of past climate conditions
in the investigated regions. A further main task is to eventually assess the benefits and lim-
itations of multi-proxy speleothem records. Thus, the extraction of appropriate proxies and
methods as well as the improvement of their general understanding is essential.

For this purpose, a range of proxies has been measured from three speleothems from dif-
ferent localities. The tracers comprise the commonly used stable isotope ratios of oxygen
and carbon as well as a number of trace elements, with the constructed records basing on
high-precision dating methods. The combination of these multiple proxies is evaluated and
assessed with respect to their advantages and disadvantages in speleothem research.

After this paragraph, a brief overview of the featured case studies and publications follows
together with a statement to the contributions of the authors and co-authors of each case
study and publication, respectively. In the introducing Chapter 2, the relevant aspects of
the most important processes and proxies for this dissertation are summarized, followed by
a short description of the applied methods in Chapter 3. The sites of the case studies are
located in the Caribbean region on the greater Antilles (western Cuba and Puerto Rico) and
in eastern Europe (southwestern Romania). Both regions are characterized by a complex
interplay between atmospheric teleconnection patterns and further - partially competing -
climate mechanisms. Hence, the climatological background and current state of research
concerning the investigated locations are pointed out in Chapter 4.

Subsequently, the main part consists of the case studies, presented in the format of self-
contained paper manuscripts, respectively (Chapters 5 to 7). The thesis concludes with a
discussion of the presented results concerning the main methodological (Chapter 8) as well
as the climatological inferences (Chapter 9). The dissertation concludes with a final outlook
in Chapter 10.



1.2 List of papers

1.2 List of papers

This doctoral dissertation consists of this thesis based on the following manuscripts | to I,
supported by the featured publications IV and V.

This dissertation was supervised by Prof. Augusto Mangini (Institute of Environmental
Physics, University of Heidelberg) and Prof. Denis Scholz (Institute for Geosciences, Univer-

sity of Mainz).

Paper |

Warken S.F., Scholz, D., Vieten R., Spotl C., Jochum, K.P., Miller T.E., Winter A., Schroder-
Ritzrau A. and Mangini A. Manuscript. Millennial scale climate variability on Puerto Rico

reconstructed from a multi-proxy speleothem record spanning 46 - 15 ka BP.

Paper Il

Warken S.F., Scholz, D., Spétl C., Jochum, K.P., Pajon J.M. and Mangini A. Manuscript. Vari-
ability of the tropical hydrological cycle during the last Glacial deduced from a multi-proxy

speleothem record from western Cuba.

Paper Il

Warken S.F., Schroder-Ritzrau A., Fohlmeister J., Arps J., Constantin S., Terente M., Spotl C.,
Gerdes A, Esper J., Frank N., Mangini A. and Scholz D. Manuscript. Hydroclimate variability
in SW Romania during the last 3.6 ka reconstructed from a high-resolution speleothem multi-

proxy record.

Featured publications:

Paper | is based on an extensive monitoring program in Cueva Larga:

Paper IV

Vieten R., Winter A., Warken S.F., Schroder-Ritzrau A., Miller T.E. and Scholz D. (2016). Sea-
sonal temperature variations controlling cave ventilation processes in Cueva Larga, Puerto

Rico. International Journal of Speleology, 45(3): 7.

Paper V

Vieten R., Winterhalder S., Winter A., Scholz D., Miller T., Spétl C. and Schroder-Ritzrau
A. (in press). Monitoring of Cueva Larga, Puerto Rico - a First Step to Decode Speleothem
Climate Records. Karst Groundwater Contamination and Public Health. Selected papers and
abstracts of the symposium held January 27 through 30, 2016, San Juan, Puerto Rico. Karst
Waters Institute Special Publication, 19: 74.



1 Motivation
1.3 General information and author contributions

Paper |

Sample PR-LA-1 originates from Cueva Larga, Puerto Rico. A long-term monitoring program
in Cueva Larga since 2012 resulted in two recent publications (Vieten et al., 2016, in press).
These papers form a basic framework for interpreting the trace element and stable isotope
records of PR-LA-1.

The study was conceived and designed by D. Scholz, A. Mangini and S. Warken. S. Warken
wrote the manuscript in close collaboration with D. Scholz.

Stable isotope lab work has been carried out by S. Warken under the guidance of C.
Spotl. Trace elemental analysis has been performed by S. Warken under the guidance of
K. Jochum. Dating of sample material has been carried out by S. Warken under the guidance
of A. Mangini and D. Scholz. Age modeling and statistical analysis has been performed by
S. Warken in collaboration with D. Scholz. T. Miller was responsible for the recovery of the
sample. Monitoring data and field work has been conducted by R. Vieten in collaboration
with T. Miller, A. Winter, S. Warken, A. Schroder-Ritzrau and C. Spétl.

The manuscript of this record is attached to this thesis as Chapter 5 and will be submitted

in a peer reviewed journal in 2017.

Paper Il

Stalagmite Cuba medio (CM) was collected in western Cuba. It was already investigated
by Fensterer et al. (2012), who combined the Holocene part of the §%0 record with another
stalagmite from the same cave system, Cuba Pequefio (CP), in order to provide a millennial-
scale climate record covering the last 12.5 ka. In this thesis, the stable isotope record is
expanded to the whole last glacial period and the analysis of trace elements is added to the
set of proxies. Moreover, the age model was greatly improved for the glacial part of the
record.

This study was conceived and designed by D. Scholz, A. Mangini and S. Warken. S. Warken
wrote the paper in close collaboration with D. Scholz.

Stable isotope lab work has been carried out by S. Warken under the guidance of C.
Spotl. Trace elemental analysis has been performed by S. Warken under the guidance of
K. Jochum. Dating of sample material has been carried out by S. Warken under the guidance
of A. Mangini and D. Scholz. Age modeling and statistical analysis has been performed by
S. Warken in collaboration with D. Scholz. Field work has been carried out by J. Pajon. All
authors contributed with commenting on the manuscript.

This manuscript was submitted to Geophysical Research Letters in November 2016. The
revised manuscript is attached to this thesis as Chapter 6 and will be resubmitted in a peer

reviewed journal in March 2017.



1.3 General information and author contributions

Paper Il

Sample C09-2 was collected from Closani Cave in SW Romania. Closani Cave is also subject
of a long-term monitoring program since 2010 (Constantin et al., unpublished data).

This study was conceived and designed by A. Schréder-Ritzrau, J. Fohlmeister, A. Mangini
and S. Warken. S. Warken wrote the paper in close collaboration with A. Schréder-Ritzrau
and ). Fohlmeister.

Stable isotope lab work has been carried out by C. Spotl. Dating of sample material by
J. Arps and S. Warken under the guidance of N. Frank. Radiocarbon dating has been car-
ried out by J. Fohlmeister. Age modeling and statistical analysis has been performed by S.
Warken with help of D. Scholz, J. Fohlmeister and ). Esper. Trace element analyses have been
performed by A. Gerdes. Field work has been carried out by S. Constantin and M. Terente.
All authors contributed with commenting on the manuscript.

This manuscript was submitted to Earth and Planetary Science Letters in July 2016. The
revised manuscript is attached to this thesis as Chapter 7 and will be resubmitted in March
2017.

Paper IV

Cueva Larga is subject of an extensive monitoring program since 2012 which resulted in two
publications, this study and Paper IV and V.

This paper was conceived and designed by R. Vieten, A. Winter and S. Warken. R. Vieten
wrote the paper in close collaboration with A. Winter and S. Warken. Field work carried out
by R. Vieten under the guidance of T. Miller. Modeling and statistical analysis was performed
by S. Warken. Improvements in structure and discussion on interpretation from D. Scholz.
All authors contributed with commenting on the manuscript.

The published version of this paper can be downloaded at: http://scholarcommons.usf.edu/

cgi/viewcontent.cgi?article=1983&context=ijs.

Paper V

For general information compare Paper | and IV.

This publication was conceived and designed by R. Vieten, A. Winter and S. Warken. R.
Vieten wrote the paper in close collaboration with A. Winter, A. Schréoder-Ritzrau and S.
Warken. Field work carried out by R. Vieten under the guidance of T. Miller. Stable isotope
lab work was performed by C. Spotl. Trace elements in water samples were analyzed by
A. Schroéder-Ritzrau. Improvements in structure and discussion on interpretation from D.
Scholz. All authors contributed with commenting on the manuscript.

The accepted version of this paper is attached to the supplementary material, Appendix D.


http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=1983&context=ijs
http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=1983&context=ijs




2 Speleothems as climate archives

2.1 Formation of speleothems

Speleothems - secondary cave deposits - occur in various forms, such as stalagmites, sta-
lactites or flowstones in caves, where carbonate rocks are present in the host rock, e.g., cal-
cite/aragonite limestone (CaCO3) or dolomite (CaMg(COs3),). Another prerequisite for the
formation of speleothems is sufficient water and CO; supply, which most commonly origi-
nates from the vegetation above the cave and accumulates in the soil zone up to values of
100,000 ppm pCO; (McDermott, 2004).

As meteoric waters enter this CO, rich zone, carbon dioxide is dissolved and carbonic acid

is produced (Figure 2.1):
COyg) + H;O = HyCOs3 + COyyy)- @.1)

Carbonic acid is a 'weak’ acid, which progressively dissociates (de-protonates) at higher pH
to bicarbonate (HCO;") and carbonate (CO,?) ions (Figure 2.2a):

H,CO; = HCO; + H = CO%™ + 2H* (2.2)

W T TS R
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Figure 2.1: lllustration of dissolution and precipitation regimes in the karst system. Figure adapted from
Fairchild et al. (2006a).
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2 Speleothems as climate archives
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Figure 2.2: (a) Graphic view of carbonate equilibria (Railsback, 2008). (b) Temperature dependency
of equilibrium constants in the carbonate system. (c) Relative importance of different inorganic carbon
species in solution as dictated by pH (values plotted for 10°C). Figure from Fairchild and Baker (2012).

At near-neutral pH values, HCOj3 is the dominant species of the total dissolved inorganic
carbon (DIC) (Figure 2.2c), but the small proportion of CO3? is vital for determining the
stability of carbonate minerals (Fairchild and Baker, 2012). Figure 2.2 illustrates the carbonate
system (Figure 2.2 a) and dependencies of its equilibria from temperature (Figure 2.2 b) and
pH values of the solution (Figure 2.2 c). The resulting acid solution dissolves the carbonate

host rock (Figure 2.1) following the chemical reaction
CO; + Hy0 + CaCO3 = Ca** + 2HCO;3, (2.3)

and the equilibrium reaction between carbonate dissolution and precipitation can be de-

scribed as:
Ca** + 2HCO; = CO; T +CaC0s | +H,0. (2.4)

The equilibrium of dissolved Ca**-ions and bicarbonate HCO3" in the dripwater depends on
temperature, pCO; and whether dissolution occurs in an open or closed system (Kaufmann,
2003; McDermott, 2004). Depending on the ventilation of the cave, the pCO; of cave air
is much lower than in the soil zone. The water entering the cave atmosphere degases and
becomes subsequently supersaturated with respect to calcium carbonate, which precipitates
and forms speleothems. Figure 2.1 summarizes the formation processes of speleothems in the
karst system. Stalagmite growth was quantitatively described by Dreybrodt (1988) and Drey-
brodt (1999). Further work investigating growth rate or the shape of stalagmites dependent
on cave temperature, drip rate and pCO; was published by Kaufmann (2003), Muhlinghaus
et al. (2007) and Romanov et al. (2008).
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2.2 Stable isotopes of oxygen and carbon

2.2 Stable isotopes of oxygen and carbon

The interpretation of 880 and 8'3C values in speleothems is not straightforward since their
stable isotopic composition is influenced by a variety of processes (Dreybrodt and Scholz,
2011; Scholz et al., 2009). In the case of §'80, the composition of the dripwater feeding the
speleothem is determined by the isotopic composition of the infiltrating rain and ground
water (Lachniet, 2009a; Vuille, 2003) and is subsequently modulated by various processes
in the soil and karst system (Dreybrodt and Scholz, 2011; Scholz et al., 2009; Muhlinghaus
et al., 2009; Deininger et al., 2012). The main factors controlling the stable isotopes of oxygen
are atmospheric effects from the source of the moisture and during the transport of the air
masses to the cave site as well as the conditions under which the calcium carbonate precip-
itates on the stalagmite’s surface. Once arrived in the cave, the conditions controlling the
cave environment have a direct impact on the characteristics of calcite precipitation and its
composition. Although speleothem 8'3C data are simultaneously available alongside 8'0
analysis, most published §!*C records lack a convincing interpretation and are indeed often
unreported (Fairchild and Baker, 2012). However, important information about soil processes

and climate can be provided by the study of carbon isotope variability in speleothems.

2.2.1 Standards and notifications

The most commonly used proxies for paleo climate reconstruction with speleothems are the
stable isotopes of carbon and oxygen, which are usually expressed in the -notation, which

gives the deviation of the isotopic ratio of the sample relative to that of a standard:

180/160 ! _18 0/160 dard
5180 _ sample standar x 1000 (7 25
1égo/léostcmdard [ 00] ( )

Stable isotopes of carbon and hydrogen are analogously expressed as the ratio of the isotopes
13C to !2C and 'H to ?H = D. The standard for water samples is the Vienna Standard Mean
Ocean Water (VSMOW), and for carbonates the Vienna Pee Dee Belemnite (VPDB).

A useful feature to quantify fractionation processes of infiltrating and dripwater at a site is

the global meteoric water line (GMWL), which was defined by Craig (1961) as the relationship

between the 8D and §'%0 values of monthly rainfall water samples around the globe:
8D = 8- 80 + 10 %o (2.6)

It results from the proportional fractionation difference during phase changes between 8D
and 880 and kinetic isotope fractionation during evaporation at relative humidity below
100 % creating a d-excess. The d-excess d is caused by the higher diffusivity for the lighter

deuterium carrying molecule >H'H'¢O than for the heavier 'TH'H'®O and defined as:
d=38D-8-8B0 (2.7)

The d-excess of 10 %o in the GMWL represents an average relative humidity of 85 % at the
water source region (Clark and Fritz, 1997; Merlivat and Jouzel, 1979).
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2 Speleothems as climate archives

2.2.2 External controls: From the atmosphere into the epikarst zone

Local meteoric precipitation shows a clear connection to climatic parameters such as the air
temperature and amount of precipitation (Vuille, 2003; Lachniet, 2009a). In mid to high lat-
itudes, the 8180 value of the precipitation usually follows the seasonal temperature pattern
(temperature effect’), which is often expressed as a positive correlation with mean annual
air temperatures (Dansgaard, 1964; Lachniet, 2009a). In the tropics, the %0 and 8D value of
precipitation was found to be closely related to the amount of rainfall (Lachniet and Patter-
son, 2006; Lachniet, 2009b; Lachniet and Patterson, 2009; Vuille, 2003), since at low latitudes
high temperatures and rainy season are closely related ("amount effect’). The seasonality of
meteoric precipitation results in the §!20 values of the dripwater to be biased towards the
8180 signal of the season with the highest contribution to the annual amount of meteoric
precipitation (’seasonality effect’, Cruz et al. (2005b); Johnson et al. (2006); van Beynen and
Febbroriello (2006)). Figure 2.3 illustrates the primary processes influencing moisture 830
values along its pathway from the source to the speleothem.

Changes of the isotopic composition of the dominant source regions eventually alter the
isotopic signature of precipitation ('source effect’, Cole et al. (1999); Charles et al. (1994)).
Since the d-excess of rain water does not change during condensation it is an indicator of the
water vapor source region (Merlivat and Jouzel, 1979).

On longer timescales, the 880 values of the oceans have varied significantly, since dur-
ing the glacial - interglacial cycles, the amount of freshwater stored on the continents has

changed tremendously. Subsequently the 830 signature of the oceans increased to heav-
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T=10°C effect, air mass history, temperature)

5"0ioyq f (altitude and \ "0 f(5"0,,,0n cOndensation
e orographic effects) prece: apor
¢ T=<5C 3 &y N
E,. =

s temperature [~+0.69% °C "],
0°C /Rayleigh distillation [-AT])

6 4 8"0qcip. F (temperature,
6 "4 rainout amount, rain vs.

) 600
o 00, snow)

x:ies;?:tri‘u(:‘;?io- o ;{..,W f(5"0,.,, temperature,
moisture recycling) . kinetic evaporation [relative
(tropics) e
6 ) o humidity, wind speed])
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Figure 2.3: Diagram illustrating the primary processes related to 8'30 variations relevant to speleothem
paleo climatology. The dominant controls are based on variations in temperature and relative humidity
which influence the 8'80 values through the various processes and phase changes in the ocean, atmo-
sphere, hydrosphere, soil and epikarst zones, and finally in speleothem CaCOj3. In the figure, ’f indicates
it is a function of listed variables. From Lachniet (2009a).
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2.2 Stable isotopes of oxygen and carbon

ier values due to the preferential remove of the light stable isotope during evaporation (ice
volume effect’, Lea et al. (2002); Sharp (2007)). Eventually, the trajectory of the rainfall is cru-
cial for the evolution of the isotopic composition of the rainfall, since due to the water loss
during the movement of oceanic air inland the remaining atmospheric water vapor is pro-
gressively depleted in heavy isotopes ('continental effect’, Dansgaard (1964); Rozanski et al.
(1993); Clark and Fritz (1997)). The same phenomenon is observed when the water vapor
reaches an orographic obstacle, because the up-lift of moist air masses is accompanied by
an isotopic depletion due to adiabatic cooling and precipitation (altitude effect’, Fleitmann
et al. (2004); Gonfiantini et al. (2001); Poage and Chamberlain (2001)).

Processes occurring in the soil and karst above the cave influencing the !0 signature are
for example averaging meteoric water of several months, calcite dissolution and the recycling
of seepage water by evapotranspiration. These processes strongly depend on the type of
vegetation above the cave and the constitution of the soil (Lachniet, 2009a; Wackerbarth
et al., 2010).

A main driver of 8!*C variability in the soil is the primary carbon production by higher
plants which follows the two main photosynthetic pathways C; and Cy4, which have a very
different 8'3C signature (about -10 to -15 %o for C4 and -25 to -30 %o for C3 plants). In contrast,
atmospheric (-5 to -8 %) and carbonate bedrock (+0 %c) 8'3C signatures are much higher.
The pCO; in the soil zone determines the amount of CO; to be dissolved in the infiltration
waters and is related to biological activity (Spotl et al., 2005; Baskaran and Krishnamurthy,
1993; Frisia et al., 2011). During the proceeding host-rock dissolution, an important feature
in the context of carbon isotope variability is the consideration of open and closed system
behaviour (Garrels and Christ, 1965; Deines et al., 1974; Clark and Fritz, 1997). The open
system is characterized by a continuous equilibration of the solution with a finite gas phase,
whereas the under closed system conditions, the solution with high initial pCO; set by the
soil is subsequently isolated from the gas phase. In a closed system, much higher '3C values
are reached than under open system conditions, because more CaCOj is added to the water

with a much higher 8'3C composition.

2.2.3 Cave-internal controls: Equilibrium fractionation and kinetic effects

At the point of any phase change, one isotope is favored over the other. This so called frac-

tionation can be described as

Rq
OA-B = = 2.8

AB = R (2.8)
where a is the equilibrium fractionation factor and R is the isotopic ratio (e.g. '20/°0)
between the substances A and B. Hendy (1971) argued that the precipitated calcite on a
speleothem’s surface will be in isotopic equilibrium with the water and speleothem 830
values will "depend on climate alone’ if the loss of dissolved CO; from the solution is slow.

Fractionation factors describe the relationships between the involved species, which is e.g.
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2 Speleothems as climate archives

for carbon dissolved bicarbonate (b), solid calcite (s) and gaseous CO, (g). For oxygen isotopic
composition, also liquid water (1) is involved. For synthetic calcite, an equilibrium fraction-
ation factor relationship for oxygen isotopes between calcite and water was determined by
Kim and O’Neil (1997):

1000 * Inotg; = 18.03 x (10° - T™') - 32.42. (2.9)

Experiments in cave environments have shown, that slightly different relationships are in
better agreement with field studies (e.g., Coplen (2007)). For example, a commonly accepted

relation was found by Tremaine et al. (2011):
1000 * Inotg; = 16.1 x (10> - T7Y) - 24.6. (2.10)

In contrast, if degassing of CO, is rapid, a kinetic fractionation will occur and the precipi-
tated calcite will show a simultaneous increase in %0 and 8'3C values (Hendy, 1971). In
fact, rapid degassing of CO, from the thin film of dripwater on the speleothem surface is of-
ten considered to have a large effect on both 880 and 8'3C and is offered as an explanation
for higher §¥0 and 8'3C values than expected under conditions of stable isotope equilib-
rium (e.g., Mattey et al. (2010); Boch et al. (2011); Frisia et al. (2011); Scholz et al. (2012). In
order to describe the fractionation processes occurring before and at the point of carbonate
precipitation have been the subject of various theoretical model studies (Scholz et al., 2009;
Miihlinghaus et al., 2009; Dreybrodt and Scholz, 2011; Deininger et al., 2012) and laboratory
experiments (Polag et al., 2010; Hansen et al., 2013).

Speleothem 880 and 8'3C values are affected by fractionation effects due to variations
of temperature, drip interval (or drip rate), evaporation, the partial pressure of CO, (pCO,)
in the dripwater and the cave air. For instance, evaporation at the stalagmite’s surface has
a significant effect on 8'%0 and 8'°C values of the calcite due to the loss of H,O from the
solution layer and the related increase of the Ca?* concentration. This leads to higher pre-
cipitation rates and, consequently, larger isotope fractionation effects (Deininger et al., 2012).
Strong variability in cave parameters such as cave air pCO,, relative humidity (RH) or tem-
perature, for example due to ventilation effects, substantially affect evaporation and thus
calcite precipitation rates and, as a consequence, isotopic fractionation and the composition
of the stalagmite’s calcite. Many of these processes may occur on seasonal scale or attached
to climatic changes, e.g. generally drier conditions may be accompanied by lower drip rates.

Higher cave temperatures would result in lower (depleted) §!20 but higher (enriched) 8'*C
values in speleothem calcite (Muhlinghaus et al., 2009). In contrast, decreasing drip rates
result in higher (enriched) values of §'°C and 8'®0. In tropical locations, these effects would
amplify the negative relationship between rainfall amount and speleothem 8'30.

Recent laboratory experiments under conditions similar to those in natural cave systems
confirmed the importance of drip rate variability on the stable isotope composition in speleo-

them calcite (Hansen et al., 2013). Moreover, the authors determined the time constants for
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degassing of COy, T4¢q ~ 2 s, subsequent equilibration to a new pCO,, T¢q and precipitation
of CaCOs3, 1),,. Dependent on the time T required until the drop falls onto the surface of the
stalagmite after entering the cave, the implications for the interpretation of stable isotopes
signals in speleothems are very different (Hansen et al., 2013). For example, if the time T is
longer than t,, calcite precipitation may already occur prior to deposition on the stalagmite,
which is referred to as prior calcite precipitation (PCP) in speleothem literature and may have
a large effect on stable isotopes values and trace element signatures (compare the following
section and Fairchild et al. (2006a); Fohlmeister et al. (2012); Wassenburg et al. (2012)). In the
case of stable isotopes, PCP would result in both enriched §¥0 and 8'3C values (Dreybrodt,
2008; Miihlinghaus et al., 2009; Dreybrodt and Scholz, 2011; Scholz et al., 2009; Deininger
et al.,, 2012).

2.3 Elemental composition of speleothems

Elemental proxies such as magnesium, strontium, barium, phosphorus or uranium have come
more and more into the focus of recent research during the last decades (e.g., Roberts et al.
(1998); Treble et al. (2003); Borsato et al. (2007); Fairchild and Treble (2009)) and the increase
in speleothem studies lead to a deeper understanding of the processes determining the incor-
poration of (trace) elements in speleothem calcite (Tremaine and Froelich, 2013; Mattey et al.,
2010; Regattieri et al., 2014; Tan et al., 2014). Fairchild et al. (2006a) distinguished five types of
influences on the geochemistry of speleothems, which apply to trace elements: Atmospheric
input, vegetation/soil, karstic aquifer, primary speleothem crystal growth and secondary al-
teration. This section will give a short overview on the current state of research of the most

important elemental proxies in this thesis - magnesium, strontium and phosphorus.

2.3.1 Incorporation of trace elements in calcium carbonate

Most commonly used trace elements in speleothem research are elements (namely Mg, Sr and
Ba) which form divalent cations in solution and substitute Ca in the CaCOj crystal lattice.
For such species, a simple distribution or partitioning coefficient can be defined (Morse and

Mackenzie, 1990), which relates the composition of solution and mineral components:
(Tr/caCaC03) = D1, - (Tr/Ca)sotution (2.11)

where Dr, is the partitioning coefficient and Tr is the trace ion. Dt, can vary more or less
significantly with calcite precipitation rate, temperature, crystal morphology or other factors
(Fairchild and Treble, 2009). For example, Dt, may be significantly different for aragonite and
calcite (McMillan et al., 2005; Wassenburg et al., 2012).

Other elements are incorporated in speleothem carbonate associated with detrital particles
of as small-sized colloids (Fairchild and Treble, 2009). Borsato et al. (2007) found a number
of trace elements to be enriched synchronously with visible growth layers containing fluo-

rescent humic substances in a stalagmite from Ernesto cave, NE Italy. Some elements such
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Figure 2.4: Modes of occurrence of trace elements in karst waters: particle, colloids and solutes (from
Fairchild and Treble (2009)). Colloids are defined as entities with at least one dimension in the size range
1 nm to 1um (Lead and Wilkinson, 2006). The tendency of selected elements to be transported in a given

mode is shown schematically on the right.

as Na or P (as phosphate ion) tend to be incorporated in defect sites in the crystal lattice,
which was found to be promoted by faster growth from more strongly supersaturated solu-
tions (Frisia et al., 2000; Fairchild and Treble, 2009). However, in most cases, it is not known
under which chemical and physical conditions and to which species of molecules or particles
a trace element is favorably bound. Figure 2.4 gives an overview of the modes of occurrence
of trace elements as particles, colloids or solutes as well as the tendency of distinct elements

to the transport processes in karstic waters.

2.3.2 Sources of elements, dissolution processes and the karst system

Figure 2.5 summarizes the variety of sources for chemical species including aeolian particles,
dry and wet atmospheric deposition, bedrock, superficial sediment deposits and inorganic
soil constituents as well as elements recycled via soil biota (Fairchild and Treble, 2009). In
contrast to the oxygen isotopic composition in speleothems, the atmosphere is only a sub-
ordinate source for trace elements besides for example atmospheric pollutants (Spotl et al.,
2005; Tan et al., 2014; Frisia et al., 2005), atmospheric dust deposition or sea spray (Goede
et al., 1998; Pett-Ridge, 2009). The primary source of calcium and most trace elements is the
host rock and the overlying soil zone. Due to depositional and tectonic processes, each cave
site and each drip site itself is characterized by a unique trace element signal of host rock
dissolution. For certain elements, it may be small quantities of a minor mineral phase that
are the major supply (see section 2.2 in Fairchild and Treble (2009) for more details).

For example, where dolomite and calcite phases in the host rock are reasonable homo-

geneous and are the main supply for Mg and Sr, their compositions can be used to help
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Figure 2.5: Schematic flow chart indicating sources of elements and processes involved in their transport
and deposition in cave systems. Arrows denote element fluxes as particulates, colloids or solutes in aqueous
solutions (from Fairchild and Treble (2009))

understand the ways in which chemical signals are generated and modified in the karstic
system (Fairchild and Treble, 2009; Fairchild et al., 2000). One reason is the different dissolu-
tion rates of dolomite and calcite, which lead to a significantly lower Mg/Ca ratio in mixed
dolomitic-calcitic bedrocks in comparison to that of the mean bedrock composition (Fairchild
and Treble, 2009).

A key principle is that dissolution is focused in the zone, where pCO, is at a maximum.
This can be either within the soil or in the epikarst depending on the distribution of carbonate
and of the decomposing organic matter (Atkinson, 1977; Drake, 1983; Fairchild et al., 2000;
Fairchild and Treble, 2009). Drip waters may be characteristically enriched in certain trace
elements which may be related to dissolution processes and hydrological behavior under
both low and high flow conditions (Fairchild and Treble, 2009; Baker et al., 2000; Fairchild
et al., 2006a).

2.3.3 Incorporation into carbonate minerals

Much theoretical and experimental work has been done to quantify the partition coefficients
for carbonate minerals for different elements. However, many phenomena are still poorly

understood, e.g., if the actual sites where the ions are incorporated are considered, the dis-
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tribution coefficient approach seems to be inadequate (Fairchild and Treble, 2009), which is
especially the case for aragonite. In a recent publication by Wassenburg et al. (2016) it was
possible to derive the first quantitative estimates of the distribution coefficients for differ-
ent elements in speleothem aragonite. In contrast, for many elements the incorporation into
speleothem calcite is now reasonable well understood.

Under typical karstic conditions, Dyiz seems to be dependent on temperature (Figure 2.7)
and a number of earlier studies associated Sr incorporation to be dependent on growth rates
(Figure 2.6, and e.g., Gabitov and Watson (2006); Nehrke et al. (2007); Lorens (1981)). How-
ever, these relationships seem to be complex due to irregularities in behavior and growth
mechanisms (Treble et al., 2005; Borsato et al., 2007; Day and Henderson, 2013). The analy-
sis of various time series from speleothem samples indicate, that the temperature effect on
Mg incorporation in speleothem calcite is subordinate from other factors (e.g., Fairchild et al.
(2001); Roberts et al. (1998); Fairchild et al. (2006a); Sinclair et al. (2012)). The interpretation of
Mg in speleothem studies has thus largely shifted to interpretations in terms of hydrological
changes. It was early demonstrated, that speleothem Mg and recorded rainfall are related,
e.g., (Tooth and Fairchild, 2003; Karmann et al., 2007; Treble et al., 2003; Sinclair et al., 2012).

Since Mg and Sr are the most commonly used elemental proxies, the various processes in-
fluencing its incorporation in speleothem calcite are described in detail in the following sec-
tion 2.4. For partitioning calculations, the coefficients Dyg = 0.019 (for 15°C) and Dpg = 0.031
(for 25°C), Dg, = 0.15 (all Huang and Fairchild (2001)) and Dg, = 0.012 (Tesoriero and Pankow,
1996) are used.

2.4 Magnesium and Strontium systematics in cave

environments

Mg and Sr signatures in speleothems are mostly interpreted as hydrologically derived, with
changes being linked to rainfall (e.g. Hellstrom and McCulloch (2000); McMillan et al. (2005);
Johnson et al. (2006); Cruz et al. (2007); Griffiths et al. (2010); Sinclair et al. (2012)).

However, some difficulties occur in the interpretation of the elemental signals due to the
large range of processes that can affect their partitioning into calcite and the fact that many
of these apply at a local level in karst systems make it more difficult to interpret records
in terms of regional-scale paleo climate (Sinclair et al., 2012). For example, the following
processes have all been identified to potentially control Mg and/or Sr incorporation into
speleothems: temperature, growth rate, prior calcite precipitation (PCP), dissolution of arag-
onite or dolomite, incongruent calcite dissolution (ICD), changes in water/rock residence
time, changes in karst hydrology, cave atmosphere, marine aerosols, crystal size/geometry,
soil zone processes, detrital input, etc. (e.g. Paquette and Reeder (1995); Goede et al. (1998);
Fairchild et al. (2000); Hellstrom and McCulloch (2000); Tooth and Fairchild (2003); Treble
et al. (2003); McDonald et al. (2004); Desmarchelier et al. (2006); Fairchild et al. (2006b); John-
son et al. (2006); Sinclair (2011); Sinclair et al. (2012)).
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Figure 2.6: Experimental and field data (mean cave dripwaters compared with speleothem tops) for Sr
partitioning replotted from Huang and Fairchild (2001) with additional data. note that most experiments
(except Huang and Fairchild (2001)) used high salinity solutions and those of Mucci and Morse (1983) were
for marine analogues (Mg-rich). Experimental growth temperatures are mostly 25°C except that some of
the experiments of Huang and Fairchild (2001) were conducted at 15°C. Tang et al. (2008) experimental
data form good fits to log-linear relationships, which are shown for 5°C and 25°C. the field data from caves
are around 6°C. Figure from Fairchild and Baker (2012).
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21



2 Speleothems as climate archives

A notable feature of many dripwater and speleothem geochemical studies is a positive cor-
relation between Mg and Sr, which is most commonly ascribed to prior calcite precipitation
(e.g., Fairchild et al. (2000); Tooth and Fairchild (2003); McDonald et al. (2004); Musgrove and
Banner (2004); McMillan et al. (2005); Fairchild et al. (2006a); Johnson et al. (2006); Karmann
et al. (2007); Sinclair et al. (2012)).

However, two general mechanisms which might be responsible for co-fractionating the Sr
and Mg in the dripwaters can come into consideration. The first is a general modification
of dripwaters: karst waters begin with approximately similar Mg and Sr contents (implying
host limestones have a broadly similar composition), and the trend observed in the elemen-
tal ratios derives from differing degrees of subsequent modification of those karst waters by
water-rock interaction upstream of the drip site. The second mechanism is limestone diage-
nesis: karst waters primarily reflect the composition of their host limestones, and the trend
arises because these limestones have systematically evolved different bulk Mg + Sr composi-
tions through different degrees of diagenetic modification (Sinclair et al., 2012). The different

mechanisms are described in the next sections following Sinclair et al. (2012).

2.4.1 Modification of dripwaters by calcite water interactions
Prior calcite precipitation

The fundamental process in speleothem formation is the transition of the infiltrating water
from a dissolution regime to a precipitation regime (Fairchild et al., 2006a), primarily due to
the encountering of a gas phase with lower pCO; than they have previously equilibrated. In
the following, the waters are supersaturated with respect to CaCOj3 and tend to precipitate
calcite. In the common case, that dripwaters have already undergone changes as a result of
precipitation upflow, this is referred to as prior calcite precipitation (PCP).

Depending on the value of Dr, (equation 2.11), which is typically much less than one, the
result of calcite precipitation is a much larger reduction in Ca than of the trace element, and
hence an increasing ratio of the trace element to Ca ratio in solution. Thus, where PCP plays
an important role, Mg and Sr can be strongly enriched in the speleothem compared to host
rock compositions. PCP is enhanced where infiltrating karst waters are able to degas, thus
this process is thought to be promoted by drier climatic conditions (Fairchild et al., 2000).
The existence of this relationship was also shown by dripwater monitoring at a number of
sites (Fairchild et al., 2006a; Karmann et al., 2007; Baldini et al., 2006). Multi-annual dripwater
variability at some sites can be used to relate PCP to climate parameters (Baldini et al., 2006).

In an extensive speleothem study with 13 samples, Sinclair et al. (2012) derived a mathe-
matical model in order to formally predict the physical and chemical parameters that affect
the Mg and Sr correlations, which is an essential prerequisite for being able to confidently
apply correlation analysis as a diagnostic tool in the absence of other field data. The authors
show under the assumption, that partition coefficients are constant and that PCP is the only

process occurring in a closed water/rock system, that cave waters evolving under PCP, and
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Figure 2.8: n(Sr/Ca) vs In(Mg/Ca) for all speleothems sampled by Sinclair et al. (2012). Line A shows the
theoretical slope predicted for PCP and ICD (see text). Line B is the linear fit through all the speleothem
data excluding Taurius Cave, where dissolution of aragonite-rich casts elevates Sr values. Graph from
Sinclair et al. (2012).

speleothems forming from them, will display a positive linear correlation between In(Sr/Ca)

vs In(Mg/Ca), which has a slope given by

Dg, -1

L 2.12
Do (2.12)

This trend is a universal property of PCP, and is independent of both host-rock and solution
composition. For published values of Ds, and Dyg, the slope is ~0.88, with minimum values
from 0.709 to 1.003 (Sinclair et al., 2012). Because the slope is independent of solution and
host-limestone composition, it can be used to diagnose calcite-water interaction in individual
cave water studies where host rock composition is unknown, or in speleothems for which no
field dripwater data or host-rock geochemistry exists (Sinclair et al., 2012; Sinclair, 2011).

Since Dyg « 1, the predicted PCP slope is highly insensitive to temperature, whereas the
Ds, - 1

growth rate dependence of Ds, would be expected to result in a 3.5-7.0% decrease in n
Mg —
for an order of magnitude faster growth (Sinclair et al., 2012). A similar equation is derived

for incongruent calcite dissolution (ICD) in a companion paper (Sinclair, 2011).
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Incongruent calcite dissolution

Incongruent calcite dissolution (ICD) is another potential calcite-water interaction which
could fractionate Mg and Sr relative to Ca. Dissolution of calcite - especially from fresh
surfaces - is often incongruent, with both Sr and Mg being released in preference to Ca (Land,
1967; Schroeder, 1969; Reeve and Perry, 1994; Fairchild et al., 2000; McGillen and Fairchild,
2005; Sinclair, 2011; Sinclair et al., 2012). Sinclair (2011) developed two mathematical models
to study Mg and Sr partitioning during ICD. Both ICD models predict that the slope of a

In(Sr/Ca) vs In(Mg/Ca) graph varies with time. Under circumstances which might prevail
in karst systems, the curves approach linearity with slopes given by = (Smclalr 2011).
This is an identical result to the slope predicted for PCP, and just as whllth PCP, this limiting
slope is a constant universal property of the ICD system, independent of host rock or solution

composition.

2.4.2 Diagenesis

If the bulk limestone composition imparts a first-order control over dripwater composition,
then diagenetic changes to the Mg and Sr content of limestone could account for a covariation
of Mg and Sr. Sinclair et al. (2012) do not favor this explanation for their data because they see
no correlation between stalagmite Mg and Sr with host limestone age. The authors state that
hydrogeochemical processes operating on the scale of individual drips are more significant
for setting the bulk Mg + Sr composition of the stalagmites than the composition of the host
limestone. However, this does not exclude the possibility that diagenesis along individual

drip pathways affects the drips (Sinclair et al., 2012).

Mineral stabilization

Most speleothems sampled by Sinclair et al. (2012) are from young reef limestone host rocks,
which are composed primarily of aragonite and high-Mg calcite (Morse and Mackenzie, 1990;
Moore, 2001). Their models show, that the slope of In(Sr/Ca) vs In(Mg/Ca) is not constant
(Figure 2.9 A), which is produced because Mg-calcite dissolves faster than aragonite (Morse
and Mackenzie, 1990). The dissolution of aragonite and Mg-calcite would not produce a linear
trend like the one seen in equation 2.12. If dolomite was present in the system, then similar
arguments apply. Like high-Mg calcite, dolomite is rich in Mg, but depleted in Sr relative to
calcite (Fairchild et al., 2000; Finch et al., 2001). Therefore, dissolution of this mineral alone
cannot produce a positive correlation in Mg/Ca vs Sr/Ca (Frisia et al., 1997; Fairchild et al.,
2000; Sinclair et al., 2012). Although dissolution of high-Mg calcite, aragonite and dolomite
are not likely the cause of the correlated Mg and Sr behavior, it may be responsible for second-
order deviations from correlated variations arising from another mechanism. For example,
Mg input from dolomite dissolution will lower the slope of a In(Sr/Ca) vs In(Mg/Ca) plot,

while Sr input from aragonite dissolution will steepen the slope (Sinclair et al., 2012).
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2.4 Mg and Sr systematics in cave environments

Calcite recrystallization

As noted in section 2.4.1, Mg and Sr are preferentially partitioned into the solution phase
during calcite/water interactions. If the solution is constantly percolating through limestone,
dissolving and/or re-precipitating calcite as it goes, the effect will be to progressively leach
Sr and Mg from the rock (Sinclair et al., 2012). Sinclair et al. (2012) investigate this leaching
using two mathematical models of an open limestone/water system in which karst water
reaches equilibrium (determined by the partition coefficients) with the host rock before being
removed and replaced by fresh solution (Figure 2.9 B). Both models require some degree of
equilibration between limestone and solution. The models are most applicable to cases where
there is a low solution volume and a large area of limestone surface. These conditions might
be encountered during diagenesis of a very porous limestone and/or vadose diagenesis where
solution is a thin film trickling across a large surface area of limestone (Sinclair et al., 2012).

Model 1 begins with a fixed volume of limestone, and tracks its composition as it is pro-

gressively dissolved by increments of fresh water which equilibrate with the rock and are
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Figure 2.9: [n(Sr/Ca) vs In(Mg/Ca) in limestones for diagenesis scenarios (from Sinclair et al. (2012)).
A) Calculations for the evolution of limestones as Mg-calcite and aragonite transform to calcite (Sinclair
et al,, 2012). The dashed straight line indicates the slope of the line observed in Figure 2.9. Diagenesis by
mineral stabilization results in progressive depletion of Mg and Sr in the limestone. The trend is highly
non-linear: at the early stage of diagenesis, the rapid loss of Mg-calcite results in a rapid decrease in
Mg/Ca of the limestone. Once Mg-calcite is depleted, the change in limestone composition is dominated
by the loss of aragonite resulting in a rapid decrease in Sr/Ca. B) Mathematical models for the evolution of
calcite during open-system recrystallization (Sinclair et al., 2012). The fine dashed straight line indicates
the slope of the line observed in Figure 2.8. The heavy dashed straight line is the output of the simplified
model 1, while the unbroken line is the output of model 2. The trend of model 2 is highly non-linear, but at
early stage of diagenesis it approximates a straight line. The increase in slope results from Mg-depletion

in the calcite.
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then removed from the system. This model does not allow for the exposure of new lime-
stone as the initial limestone dissolves, and thus is most applicable at low amounts of partial
dissolution where the overall volume of reactive rock has not changed much. The slope for
In(Sr/Ca) vs. In(Mg/Ca) is then given by

(DSr - 1) DMg

(DMg - 1)DSr (2.13)

which derives values of ~0.18 to 0.53.

Model 2 is an extension of model 1, considering the scenario where the thickness of reactive
limestone stays constant so that as rock dissolves from the outside surface, the reactive layer
migrates into the solid exposing new limestone. Model 2, therefore, provides a more realistic
simulation of the system as leaching becomes more pronounced. The model generates a
hyperbolic relationship between In(Sr/Ca) and In(Mg/Ca) rather than a linear one. However,
for partial leaching, the slope of a plot of In(Sr/Ca) vs In(Mg/Ca) approaches that derived for
Model 1. As more Sr and Mg are removed from the reactive layer, the slope of the function
approaches infinity, producing a hyperbolic shape of the function. Although there is a region
where the slope will be 0.88, this slope is maintained over only a very narrow range of Mg/Ca
and Sr/Ca values, and could not produce the extended straight-line relationship spanning

several orders of magnitude, that is observed for PCP and/or ICD.

2.4.3 Other mechanisms
Temperature and growth rate

Since Dg, is not dependent on temperature, it is no likely cause for a covariation of Sr/Ca
and Mg/Ca. The same applies to growth rate, which is considered to affect Sr incorporation
but not Mg. If temperature or growth rate are responsible for individual peaks in Mg/Ca
oder Sr/Ca, respectively, has to be ruled out individually by estimating the potential effects
(e.g., in analogous manner like Sinclair et al. (2012)). In most cases, growth rate would have to
change by at least an order of magnitude to affect Sr/Ca incorporation significantly. Similarly,
a temperature change by 2-3°C would result in a total change in Mg by at most 15%.
However, it is possible that both effects play a secondary role in fractionating Mg and
Sr, respectively. For example, Ku and Li (1998) investigated the use of Mg/Sr ratios as a
proxy for temperature, reasoning that if Mg is temperature dependent and Sr is not, then
normalizing Mg to Sr could remove the influence of changing dripwater chemistry. Sinclair
et al. (2012) find a broad increase in Mg/Sr beginning between 13 and 15 ka, which could
plausibly represent post-glacial warming. Even if the Mg/Sr ratio changes by around 100%
which is still larger than might be expected based solely on the temperature dependence for
Dmg, the authors state that the temperature dependence of this proxy might be larger than

implied by inorganic experiments.
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2.4 Mg and Sr systematics in cave environments

Dust and detrital material

Dust has been noted as a significant source of Srin some speleothems (Goede et al., 1998), and
clays can also be enriched in Mg (Spivack et al., 1987; Leeman and Sisson, 1996). Elevated
Sr and Mg signals may thus coincide with other signs of detrital contamination, such as
elevated porosity, Th, Al, etc. For example, Saharan dust is also known to be a significant
source of soil in the Caribbean in general, as evidenced by soil mineralogy, isotopic tracers,
trace element ratios and rare earth element patterns (Pett-Ridge, 2009). There is, however, no
particular reason why dust input would produce a correlation with the same slope as calcite-
water interaction, and it would imply a remarkable coincidence if it were the case (Sinclair
et al., 2012).

Soil

Soils play a complex, but potentially important role in setting the Mg and Sr ’starting point’
of karst groundwaters (Sinclair et al., 2012). Fairchild and Treble (2009) note that Mg and
Sr are normally derived primarily from the carbonate bedrock, with the possible exception
where abundant clay minerals are present in the overlying soils. Karmann et al. (2007) show
that the Mg and Sr content of drips in the Santana-Pérolas cave system (Brazil) are related
to the bulk limestone composition suggesting that the host rock, rather than the soil, plays a
dominant role in controlling the overall Mg and Sr composition of groundwaters. However,
the authors and Musgrove and Banner (2004) show, that soil waters can acquire a significant
fraction of Mg and/or Sr concentrations. Thus it is possible that a Sr/Ca vs Mg/Ca trend
derives from a systematic variation in the composition of the soils overlying the different
caves (Sinclair et al., 2012). Unfortunately, there is often insufficient information about soil
types in remote locations to quantitatively test possible soil-based mechanisms. Given the
diversity of factors potentially affecting soil composition and leaching, however, it seems
unlikely that this could generate one coherent trend between disparate locations as observed
by Sinclair et al. (2012), and highly coincidental that this trend should match that predicted

by calcite-water interaction.

Sea spray

In an island karst system, input of seawater to groundwaters through sea spray can be a
significant source of ions, especially for Mg and Sr which are both relatively concentrated in
seawater (Goede et al., 1998). For example, average Mg and Sr concentrations in seawater are
about 1,200 mmol/l and 8 mmol/l, respectively (Stumm and Morgan, 1981), compared to only
about 5 mmol/l Mg (Roman-Mas and Lee, 1987) and 50 nmol/l Sr (Pett-Ridge, 2009) in surface
waters in Puerto Rico. For instance, Fairchild et al. (2000) inferred significant seawater input
into one of their cave dripwater systems based on concentrations and ion ratios. Mixing be-
tween two waters results in a straight-line correlation between Sr/Ca vs Mg/Ca, connecting

the two endmembers (Sinclair et al., 2012). The authors state, that the mathematics of sea-
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water mixing does not, however, support a straight line in In(Sr/Ca) vs In(Mg/Ca) plots, nor
does it produce a slope of 0.88. Even if sea spray is not a first order control on Sr and Mg
composition, it is possible, that it contributes a second-order effect to the element profiles.
For example, an increasing input of seawater (which is very enriched in Mg relative to Sr)

may explain the increasing Mg/Sr in a speleothem from Jinapsan Cave (Sinclair et al., 2012).

2.5 Phosphorus in soils and speleothems

The phosphorus content in stalagmites has become a proxy for seasonal hydrological variabil-
ity and ecosystem processes (Lewis et al., 2011), and is regarded as a key element for marking
annual laminae in speleothems (Fairchild et al., 2001; Huang et al., 2001; Baldini et al., 2002;
Borsato et al.,, 2007). However, the sources and sinks of P in the soil and biosphere prior to
entering the karst and cave system are manifold, and moreover, there is evidence that the
P concentration in percolating waters are subject to calcite-water interactions and microbial

activities on top of the speleothem.

2.5.1 Sources and sinks of P above the cave

The P nutrient cycle is a complex system, which is dependent on various parameters, such as
for example processes involved in physical, chemical and (micro-biological) soil characteris-

tics, vegetation dynamics and climate conditions (Figure 2.10).

The phosphorus cycle - -
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Figure 2.10: Illustration of the phosphorus cycle. White squares indicate the sources and dark grey
rounded squares the sinks of P in the soil zone. The compounds of P are displayed as light grey ellipses.
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2.5 P in soils and speleothems

The ultimate source of all soil P is primary apatites. As a consequence of weathering, pri-
mary phosphates release soluble P which may be leached, be utilized by plants and microor-
ganisms, enter the labile pool, or be transformed into secondary P minerals (Smeck, 1985). In
arable land, the application of fertilizers has significantly transformed P budgets (Sharpley
and Rekolainen, 1997). Other sources of P into ecosystems may be dry atmospheric depo-
sition. For example, a study from a montane wet tropical forest in the Luquillo Mountains
of Puerto Rico constrains that the input of P through mineral aerosol dust deposition may
be an important component of nutrient dynamics in tropical forest ecosystems (Pett-Ridge,
2009).

In soils and plants, P is present as phosphate ion (PO4%). The total P may be high in most
soils but unavailable to the solution due to the pH dependent retention of phosphate in acid
and calcareous soils (Bieleski, 1973; Hinsinger, 2001).

There are four different pools of soil P compounds which contribute to soil-solution P
(Smeck, 1985; Ashraf, 2015). The first one is the adsorbed P pool. At low pH, phosphate is
adsorbed at the surfaces of iron oxides and aluminum oxides. This pool contributes to soil-
solution P as the pH of soil increases (Figure 2.11). This process is called desorption. An
increase in the concentrations of organic anions in the soil results in P desorption (Hinsinger,
2001; Qayyum et al., 2015).

The second pool of the P compounds in the soil consists of occluded P. Occluded P refers
to phosphorus physically encapsulated by minerals which are structurally devoid of phos-
phorus. Since occluded P is physically sheltered from interaction with more reactive P forms,
thus its contribution to the soil-solution P is very small (Walker and Syers, 1976; Wada, 1985).

The third pool is precipitated P. Phosphate ions are precipitated with iron (Fe** and Fe3*)
and aluminum ions (AI**) at low pH and with calcium ions (Ca**) at high pH present in the soil

solution (Sanchez and Uehara, 1980) (Figure 2.11). These precipitates can be amorphous and

amount of P
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P fixation P availability
by Fe
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Figure 2.11: Influence of soil pH on the soil P availability. Maximum P availability is reached in soils

with pH values in the neutral or weakly acid range.
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crystalline. The P bound with crystalline forms is also very tightly fixed; hence, P release is
very slow. The precipitated P is turned back into the soil solution by dissolution (Smeck, 1985;
Hossner et al., 1973; Sims and Pierzynski, 2005). Occluded and precipitated P are summarized
as secondary compounds in Figure 2.10.

The fourth soil P pool consists of organic P, coming from dead remains of plants and mi-
crobial masses. Organic P is made available to plants by microbial processes and plant roots
(Hinsinger, 2001). Organic P may constitute 20-80% of total soil P, which contributes signifi-
cantly to the soil-solution P (Steffens et al., 2010).

In summary, the main contribution to available P to leaching from the soil is organic P.
However, adsorbed and precipitated P may be released to soil solution under certain condi-

tions, which are highly pH dependent (Figure 2.11).

2.5.2 P systematics in speleothems

If the host rock above the cave does not contain a significant amount of apatite, the main
source of P in dripwater is the soil solution. Its main compound is organic P, which is thus
regarded to exert the main control on dripwater P concentration. Since Phosphate is highly
immobile in the soil solution, it is eventually flushed with the soil waters into the karst and
cave system. Therefore, P content in speleothems is often found to be associated with hydro-
logical processes (e.g., Huang et al. (2001); Treble et al. (2003); Baldini et al. (2002); Borsato
et al. (2007).

In temperate regions, P in speleothem calcite is commonly interpreted to be transported
from seasonally decaying vegetation prior to mineralization in the soil (Huang et al., 2007;
Fairchild et al., 2001). Borsato et al. (2007) attributed annual P layers to an autumnal flush
of organic material from the soil due to the coincidence of vegetation dieback and high in-
filtration. Where records of phosphorus content extend to inter-annual timescales, patterns
of concentration change are suggested to reflect conditions of soil wetness, vegetation pro-
ductivity, and nutrient desorption and transport according to water availability (Treble et al.,
2003; Webb et al., 2014).

Treble et al. (2003) observed a covariation of U and P on annual timescales, which is ex-
plained by the formation of phosphate/uranyl complexes. A positive relation of U and P was
also reported on longer timescales (Mischel et al., in press; Webb et al., 2014). Both studies
interpret higher values in P and U as reflecting more productive vegetation and higher soil
moisture, which is supported by an anti-correlation with Mg (Webb et al., 2014) and §"*C
(Mischel et al., in press), respectively. Very low P concentrations in a Belgian cave were in-
terpreted to be the consequence of strong prior calcite precipitation (PCP), which removed
nearly all P from the solution (Huang et al., 2001).

The release of phosphorus during vegetation dieback is plausible where climate is seasonal,
but in a tropical setting, with a typical tropical rain forest vegetation association, dieback

would only occur following severe moisture stress (Frisia et al., 2012). The authors state, that
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in the case of Smiths Cave (Christmas Island), P in cave drips is more likely to be sourced
from the dissolution of apatite-group minerals present in the epikarst and brecciated rock.
This is also supported by the extremely high P concentrations in dripwaters and the analyzed
stalagmite SC4 (up to 8000 ppm). In contrast, P concentrations in stalagmites fed by soil P
are usually much lower. For instance, speleothem samples from Ernesto Cave (ltaly) vary
from 10 to 250 ppm P (Huang et al., 2001; Fairchild et al., 2001; Borsato et al., 2007), and Webb
et al. (2014) and Mischel et al. (in press) report values mostly far below 1500 ppm.

Moreover, there is some evidence from other studies, that microbial activity may influence
calcite precipitation. P is not only present as adsorbed phosphate incorporated into the cal-
cite lattice, but also as crystalline phosphate phases co-precipitated with the calcite (Mason
et al., 2007). These P-rich phases were found to be potentially associated with microbially
related processes in speleothems from the Grand Cayman (Caribbean) (Jones, 2009). The
author thus concluded that speleothem P/Ca ratio might be no reliable paleo climate proxy.

Frisia et al. (2012) tried to elucidate mechanisms of P incorporation into speleothems grow-
ing in warm and wet coastal settings. The authors confirm that P concentration variability is
a powerful climate proxy, but in their speleothems P peaks appear not to be related to an in-
crease in colloidal transport from the soil, but to complex interactions between hydrological
and microbial processes. Frisia et al. (2012) constrain, that there may not be a direct rela-
tion between an increase in P concentration and seasonal infiltration as has been found in
previous studies, especially if the source of this element is not the labile phosphate released

through leaching during seasonal vegetation dieback in temperate climates.
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3 Methods

3.1 Dating of speleothems

One of the major advantages of speleothems as paleo climate archive is the relatively strong
chronological control, especially for the last 500,000 years, for which the 2°Th/U dating (sec-
tion 3.1.1) is the method of choice (Richards and Dorale, 2003).

A number of other methods than U-series dating can be applied to measure the age of
speleothems. Interval (layer) counting (Baker et al., 2008; Tan et al., 2006) and radiocarbon
dating (Hua, 2009) are techniques, which are also used in this thesis and will be introduced
in the following sections 3.1.2 and 3.1.3. Other studies, e.g. for dating of speleothems older
than 500 ka make for example use of the U-Pb method (Woodhead et al., 2006; Rasbury and
Cole, 2009). Less commonly applied dating techniques are for example radiometric dating
with 210Pb, 226Ra/219Ph or 231Pa, as well as paleo magnetism, tephrochronology and other
event markers.

The establishment of a proper age-depth relationship (Cage model’) is straight forward for
continuous interval counting. In the case of other techniques, interpolation between the

dated sections of a speleothem is required. This issue is considered in section 3.1.4.

3.1.1 2°Th/U dating

20Th/U dating is considered to be a generally very reliable method and is based on two fun-
damental assumptions (lvanovich and Harmon, 1992; Scholz and Hoffmann, 2008). Firstly,
only uranium is transported with the karst waters into the cave system and initially incor-
porated in CaCOQjs in contrast to the low-soluble thorium. Secondly, the calcium carbonate
remains a closed system, i.e. neither U nor Th is added or removed after precipitation. The
basic assumption, that thorium is not present in the groundwater due to its low solubility,
enables the reset of the clock of radioactive decay of U to zero. Thus, the amount of daugh-
ter products is a direct measure of the time elapsed since the point of incorporation in the
speleothem.

The age t of a sample can be calculated iteratively by the following equations for the ac-
tivity ratios of (3*U/%8U) and (3*°Th/%8U) (derivation in lvanovich and Harmon (1992)):

234U 234U ot
Co-(() )
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with A denoting the respective decay constants of the nuclides. The evolution of the activity
ratios can be illustrated as shown in the figures 3.1 and 3.2.

The main uncertainty of U-Th ages is introduced by the presence of initial Th incorporated
in CaCOs. It is transported with the groundwater with organic matter, colloidal material
and fine sediments and is typically called ’detrital’ Th. Without correction of this initial Th
input, the derived 2°Th/U ages may be substantially overestimated. The correction for inital
radiogenic Th is deduced from the content of the stable 2>Th isotope under the assumption
that the ratio of the both isotopes in the detrital material is constant and that all the isotopes
of the U-series decay chains are in radioactive equilibrium. Most commonly, a bulk earth
activity ratio of (***Th/?32Th) = 0.8 + 0.8 is used, assuming a mean mass ratio of 23Th/?8U
= 3.8 of in the continental crust (Wedepohl, 1995). However, these values vary with host
rock and soil characteristics, with a range of activity ratios quoted in the literature from 0.2
(Drysdale et al., 2006) to approximately 18 (Beck et al.,, 2001). For example Fensterer et al.
(2012) argue that the a priori bulk earth ratio for 232Th/?3U cannot be used to accurately
account for initial 2°Th in a stalagmite in Western Cuba and that a 2*Th/?3U smaller by a
factor of 10 is more appropriate. This applies also to the sample studied in section 5. This
demonstrates the need for independent determinations of the detrital component, or to focus

on ‘clean’ samples, where the ratio of 2°Th/?2Th is sufficiently large.
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Figure 3.1: Temporal evolution of the activity ratios (***U/?8U) and (***Th/?*3U). Figure adapted from
Neff (2001).
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Figure 3.2: Variation of (***U/?8U) vs. (?*°Th/?*4U) with time in a closed system with no inital >>’Th.
The vertical lines show the isochrones for specific time slices, the near horizontal lines show the return to
radioactive equilibrium of the activity ratios with time for different inital >>*U/?*8U ratios. Figure adapted
from Neff (2001).

Analytical techniques

In early work in the 1960s, alpha-spectrometry was used to directly measure the emitted
alpha-particles in an appropriate detector. However, this method required large sample sizes
and low count rates limited the number of analyses. Since the 1990s, the evolution of thermal
ionization mass spectrometry (TIMS) finally enabled reliable dating due to the revolutionary
improved analytical precision. More recently, multi-collector inductively coupled mass spec-
trometry (MC-ICPMS) further decreased the needed sample size and simplified preparation
chemistry (Hellstrom, 2003; Hoffmann, 2008). Recent state-of-art research works on estab-
lishing laser-ablation MC-ICPMS (Hoffmann et al., 2009; Spooner et al., 2016) for in-situ and
high-resolution analysis.

The TIMS is a solid source mass spectrometer. Purified U and Th solutions are placed on
a rhenium filament, which is placed in the ion source of the mass spectrometer, where the
atoms are thermally released by heating the filament. With a total U amount needed for one
analysis in the range of a few tens to a hundreds of nanograms a precision of a few permil
can be achieved (Scholz and Hoffmann, 2008). In contrast, MC-ICPMS is a plasma source
mass spectrometer. Purified dissolved U and Th samples are nebulized and injected with a
carrier gas (Ar) into the plasma, where the mixture is ionized. The key difference between
the TIMS and the MC-ICPMS technique is the transfer efficiency of the isotopes, which is
« 1% for TIMS, but ca. 1% for MC-ICPMS (Scholz and Hoffmann, 2008). This enabled great

improvements in dating speleothems with very low uranium contents.
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3.1.2 Interval counting

If possible, counting of annual layers provides the most precise chronology for speleothem
paleo climate reconstructions. In many cases, speleothems can contain annual variations, for
example in trace elements, fluorescent organic matter or in the structure of the crystal lattice
(Figures 3.3 and 3.4). Optimum conditions for use apply for sites with seasonal transport
of organic matter and/or bedrock-derived trace elements. The reviews of annual laminae in
speleothems by Tan et al. (2006) and Baker et al. (2008) focus on the more widely applied
fluorescence and petrological laminae rather than trace element laminae.

Annual laminae were first confirmed in hand section by Broecker et al. (1960) and with
fluorescence microscopy by Baker et al. (1993) and Shopov et al. (1994). These achievements
have led to their use in chronology building and the construction of over 1000yr-long con-
tinuous lamina sequences in some samples (e.g. Proctor et al. (2002); Dasgupta et al. (2010)).
For trace element laminae, it is needed to confirm the annual signal in the trace element
variations.

Manual laminae counting is the typical method, but is very time-consuming. Automated
peak counting software was developed for example by Smith et al. (2009) or Meyer et al.
(2006). However, any automated approach will benefit from validation against manually
counted sequences (Fairchild and Baker, 2012). Cross-validation with absolute dating tech-
niques (*°Th/U or "C dating) further improves laminae counted age-depth chronologies and

may confirm the annual nature of the counted laminae.
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Figure 3.3: Example for annual trace elemental laminae in speleothem OBI84 from Obir cave (Austria)

for the period 1950 - 1960. The vertical lines indicate the locations of the visible laminae. From Smith et al.

(2009).
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3.1 Dating of speleothems

Figure 3.4: Examples of fluorescent laminae (1) Shihua Cave, Beijing (2) Stalagmite ER-77, Ernesto Cave,
Italy. x5 magnification (3) Stalagmite SU-03-2, Uamh an Tartair, Scotland, x10 magnification. From Baker
et al. (2008).
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Figure 3.5: Comparison of chemical laminae in the OBI85 Sr time series counted by an automated peak-
counting software (Counted Peaks), the location of the chemical laminae counted by the automated peak-

counting software for the inverted Sr series (Counted Troughs) and the location of the visible laminae.
From Smith et al. (2009).
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3.1.3 "C dating

As described in section 2.1, carbon is transferred from the atmosphere through the soil and
the hostrock to the speleothem. Natural cosmogenic *C (‘radiocarbon’) is produced in the
upper atmosphere by cosmic ray action on nitrogen. However, anthropogenic radiocarbon
was introduced into the atmosphere by nuclear weapon tests since the 1950s.

14C has a half-life of 5,730 + 40 years (Godwin, 1962) and was initially attempted to be used
for dating speleothems e.g. by Geyh (1970). However, radiocarbon dating of speleothems is
problematic, due to the varying dead carbon fraction (dcf). 'Dead carbon’ is the fraction
of carbon in the sample which is bedrock derived and contains no C, because it has long
been decayed. Moreover, a substantial portion of ’older’ carbon can be introduced to the
speleothem by microbial activity in the soil (Noronha et al., 2015; Fohlmeister et al., 2011).
Comparison with 2°Th/U analyses demonstrated, that the dcf in speleothems exhibits a
time-variant, wide range from 5 to 40 % (Genty and Massault, 1999; Genty et al., 1999, 2001).
This severely limits the use of *C as a dating technique for speleothems where both the
mean dcf is unknown as well as its variability over time (Fairchild and Baker, 2012). A signif-
icant development has been to make use of the additional anthropogenic radiocarbon, the
1960s atmospheric radiocarbon ’bomb peak’ (Figure 3.6 and 3.7). This atmospheric *C spike
is transferred and transformed through the vegetation, soil and karst system, leading to a
damped and lagged increase of '*C in speleothems (Genty and Massault, 1999; Genty et al.,
1999; Noronha et al., 2015). Studies in well ventilated caves demonstrated, that the lag of
the atmospheric '*C signal in the speleothem may be very short (Mattey et al., 2008; Smith
et al., 2009). The combination and/or cross-validation of different dating techniques such as
laminae counting or **Th/U dating with the demonstration of recent or active calcite de-
position by C analysis has been increasingly used in the recent years (Mattey et al., 2008;
Smith et al., 2009; Rudzka et al., 2012; Sundquvist et al., 2013; Noronha et al., 2015).

3.1.4 Age-depth models

The construction of an age-depth model for the investigated speleothem is of crucial im-
portance in order to infer any time-related interpretation of the proxy time series. For an-
nually laminated samples, chronological errors are mainly caused by counting errors and
the age-distance relationships are often very well understood. However, most samples are
only discontinuously dated with radiometric ages, limited sections of layer counting or event
markers such as the radiocarbon bomb peak. Each of these dates may be associated with
uncertainties both in age and distance axes. Moreover, despite stalagmite growth can be
described as being autocorrelated to long lag times, sudden nonlinear jumps in growth can
occur at irregular levels (Fairchild and Baker, 2012). These jumps even mean a pause in cal-
cite deposition ("hiatus’) and might be explained by changes in hydrological routing or the
effects of threshold responses (Fairchild and Baker, 2012). A simple approach for construct-

ing age-depth relationships could be simple linear interpolation or spline functions (Richards
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Figure 3.6: Regional tropospheric C curves for the period AD 1955 - 2001 for six different zones (North-

ern Hemispheric Zones 1-3 and Southern Hemispheric zone 1 - 3). From Hua et al. (2013).
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and Dorale, 2003). All these approaches, however, do not really take into consideration the
persistence and nonlinearity of speleothem growth. Thus, more sophisticated approaches are
useful which take into account the combination of radiometric and interval analyses along
with hiatuses. Bayesian and Markov chain Monte Carlo (MCMC) approaches are for ex-
ample realized in the OxCal tool (https://c14.arch.ox.ac.uk/oxcal.html, Ramsey (1995)) or the
Bchron software package implemented in R (Haslett and Parnell, 2008), which was applied in
Chapter 7. Scholz and Hoffmann (2011) provide a MCMC R-code for speleothem researchers
(’StalAge’), which was used in the Chapters 5 and 6.

3.2 Statistical methods

In this section, the basic principles of statistical methods applied in this thesis are summa-
rized. The reader is referred to special literature and references therein for more details, e.g.,
Hartung and Elpelt (1992); von Storch and Zwiers (1999) or Papula (2016).

3.2.1 Covariance and correlation

If possible, the aim of climate reconstruction with speleothem proxy time series is to find
any relationship or connection between the measured proxy and a climate parameter such
as temperature or precipitation. A measure to quantify the dependency of two variables X
and Y is the correlation between X and Y. The calculation of the correlation requires a two

dimensional sample with n ordered pairs of numbers

(e = y1), (%2 ¢ ¥2)ses (X Yn) (3.3)

with X = x1, %, ...x, and Y = y1, 5, ...y The covariance between X and Y is then defined as

cov(, ) = = T xi = R~ ) (3.4

with the mean values x of X and y of Y.

Pearson’s product momentum correlation coefficient

The dimensionless correlation coefficient r of the two dimensional sample with variances

% # 0 and 6%, # 0 follows by normalization of the covariance cou(x, y)
r=Tyy= ——" (3.5)
r is a scale-independent measure for the strength or association of the linear dependency

between X and Y. r is always between -1 and +1. For r = 0, X and Y are uncorrelated, whereas

for |r| = 1an exact linear dependency exists between the two variables. r is often referred to as
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the empirical Pearson’s (sample) correlation coefficient. A more convenient way to calculate

r may be (Papula, 2016):

2 Xiyi - nxy
V= rey = (3.6)
7 XA - Ny - ny?
The quantity
rP=r? (3.7)

xy
is also called coefficient of determination. It states which proportion of the variance of X is
explained by Y and vice versa.

It is to note, that several major factors may influence the magnitude of r apart from the
underlying relationship between the two variables. To the extent that a bivariate distribution
departs from linearity, r will underestimate that relationship. Also discrepant data points
(outliers) can affect the magnitude of r. The nature of the effect depends on where the out-
lier is located in the scatterplot. Moreover, other things being equal, restricted variation in
either X or Y will result in a lower Pearson r than would be obtained were variability greater
(Coladareci et al., 2010).

Spearman’s rank correlation coefficient

As denoted above, Pearson’s r may not be appropriate for non-linear relationships between
two variables. In this case, Spearman’s rank correlation coefficient p or r; is a nonparametric
measure of rank correlation (statistical dependence between the ranking of two variables).
It asses how well the association can be described with a monotonic function. If there are
no repeated data values, a high Spearman correlation occurs when each of the variables is a
monotone function of the other. Spearman’s correlation coefficient is defined as Pearson’s r

between the ranked variables:

COU\Trgx, I
p=rs= 7( Ex gy) (38)
Grgxcrgy

3.2.2 Statistical inferences

Empirical correlation coefficients vary from sample to sample because of random sample
variation and the reliability of the linear relationship estimated by ry,, also depends on the
number of data points n in the samples X and Y. The population correlation (or ’true’ cor-
relation) is symbolized by the greek p. Thus, r is used for making inferences about p. The
significance of the empirical correlation coefficient r can be evaluated using hypothesis test-

ing and/or interval estimation.

Hypothesis testing

In order to decide, whether the linear relationship in the sample data is strong enough to

use to model the relationship in the population, a hypothesis test can be performed to test
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the significance of the correlation coefficient. The most common null hypothesis for testing
a single correlation coefficient is Hy : p = 0. If the hypothesis test concludes, that the
correlation coefficient of the population p is significantly different from 0, the correlation
is regarded as ’significant’. Hy is tested against the alternative hypothesis Ha: p # 0 (the
population correlation coefficient is significantly different from 0) to the significance level o
(commonly denominated ’p-value’). For pairs (x; : y;) from an uncorrelated bivariate normal
distribution the sampling distribution of r,, follows Student’s t-distribution with degrees of
freedom n - 2:

- FxyV i — 2
p= PO T (3.9)

Sr I1- r,%y

with the standard error s, of ry,

s = ats (3.10)

In a two-tailed test, Hy is rejected if the absolute calculated t value is above the certain critical

t value with a specified o and the number of degrees of freedom n-2:
It] > tn-21-0s2 (3.11)

If logic and theory leads to a directional alternative hypothesis, a one-tailed test may be
appropriate. This might be the case when the only reasonable expectation is, if Hy is false,
that spatial reasoning and mathematical ability are positively or negatively related (i.e., p >

0 or p < 0)). In this case Hy is rejected to the level a if
t>tpo1-o OF I<ly2q (3.12)

The critical t-values for Pearson’s correlation coefficients can be also looked up in tables
in special literature (e.g. Hartung and Elpelt (1992)). The calculation can also conveniently
sidestepped by taking advantage of tables with critical values of ry,, - the minimum values

of ryy, necessary to reject Hy.

Confidence intervals

Rather than (or in addition to) testing the hypothesis Hy interval estimates of r corresponding
to the selected level of confidence can be provided. Since empirical correlation coefficients
are not normal distributed, for X and Y from an bivariate normal distribution, the distribution

of the empirical correlation coefficient r,, must be corrected with the Fisher-transformation:

1+ ryy
2 = flry) = 05 In{ T—== | = arctanh(r,) (3.13)
ey

42



3.2 Statistical methods

z is also for small sample sizes n approximately normal distributed with standard deviation
1//n =3 and mean
1 1+
s=-In( 2P (3.14)
2 1-p

The 1-a confidence interval for z is then given by

[21, 2] [f(rxy)— jﬂ Flrey) + jié} (3.15)

The confidence interval [ry,r2] for p is iteratively calculated by re-transforming z; and z; to

the interval limits r; and r, (compare e.g. Hartung and Elpelt (1992)).

Autocorrelation

Successive values in X or Y may be correlated with one another, which is often the case for
climate related time series. This persistence is known as serial correlation (or autocorrela-
tion). It has to be taken into account when testing significance, for example, of the correlation
between the two time series. Among other things, serial correlation (and trends) can severely
reduce the effective number of degrees of freedom. The sample autocorrelation coefficients

rr give an estimate of the amount of serial correlation for the time lag k =0, 1, 2,...:

1 n
- 2 xl_x)xlk_x)
N j=k+1
T = 1 7 (3.16)
2 (x; -
n :%1 l

The autocorrelation coefficients ry from the autocorrelation function (acf). The lag-1 coeffi-
cient may often be an adequate (but rough) indicator of the amount of serial correlation in a

time series. A rough estimate of the decorrelation time is given by

T
- . 3.17
In(r) 17

The effective number of degrees of freedom is then given by
nt/ty = —-n In(ry) (3.18)

For more details, see von Storch and Zwiers (1999). For equivalent sample sizes smaller 30
von Storch and Zwiers (1999) recommend the *Table-look-up’-test (Zwiers and von Storch,
1995) as a small alternative to the conventional t-test that avoids the difficulties of estimating
an equivalent sample size. The authors provide tables constructed by means of Monte Carlo
simulation with adjusted critical t levels for one- and two sided tests and given sample sizes

n with lag-1 autocorrelation coefficient ry.
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4 Study sites

The study sites of this thesis are located in the Caribbean region on the greater Antilles
(western Cuba and Puerto Rico, Figure 4.1) and in eastern Europe (SW Romania). Both re-
gions are characterized by a complex interplay between atmospheric teleconnection patterns
and competing effects, which will be outlined in the associated publications and following
paragraphs, respectively. Since every case study is self-contained and provides the relevant
background information, this section rather aims to motivate the selection of the sites and

provides an overview of the most important climatological features and recent research.

4.1 Cueva Larga and Santo Tomas

4.1.1 Cueva Larga (Puerto Rico)

Cueva Larga (CL) is located in the north central karst region of Puerto Rico in the northeast-
ern Caribbean (18°19’ N, 66 °48’ W, Figure 4.2). CL has a horizontal extension of about 1,440 m
(Miller, 2010) and is dominantly a vadose cave with some phreatic features. It is located in
the massive dense Oligocene Lares Limestone (Giusti, 1978; Monroe, 1980). In the frame-
work of a collaboration with researchers from the University of Mayagiiez, CL is monitored
extensively. This collaboration has already been the base for a number of recent publications
(Vieten et al. (2016, in press).

Figure 4.1: Map of Caribbean realm with the location of Cueva Larga in Puerto Rico (blue dot) and the
Santo Tomas Cave system in Cuba (red dot)
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Figure 4.2: Map of Cueva Larga with the position of sample PR-LA-1 (marked with red square). Insert:
Map of Puerto Rico with the location of Cueva Larga (red star). Modified after Miller (2010).

The focus of the work of Vieten et al. (2016) is the analysis of cave ventilation processes
in CL. In CL, pCO, varies seasonally between 600 ppm in winter and 1,800 ppm in summer.
The seasonal variability in cave pCO, permits the estimation of a cave air exchange time of
36 + 5 days and a winter ventilation rate of 3,300 + 1,000 m3/day for the main cave passage.

Calculations of virtual temperature and differences between cave and surface tempera-
ture indicate that the seasonal temperature cycle is the main driver of the alternation be-
tween a well-ventilated winter mode and a near-stagnant summer mode (Vieten et al., 2016).
Increased cave ventilation leads to lower pCO; values in the cave atmosphere and accord-
ingly lower calcium equilibrium concentration which increases carbonate precipitation rates
(Baker et al., 2014). Even though it rains more in the summer, speleothems in CL are expected
to grow faster during the low pCO; winter season. This is important if the drip site has a
fast response time to rainfall events above the cave. In the extreme case, speleothems in CL

could only grow during the winter and fast responding drip sites will only record a winter

Figure 4.3: Cone karst formations in western Cuba. Picture provided by J. Pajén.
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environmental signal in the speleothem’s carbonate (Vieten et al., 2016).

Preliminary results from rain and dripwater monitoring are presented in Vieten et al. (in
press) (Appendix D). It includes monthly analysis of stable isotope ratios of rain and drip-
water, trace element ratios of dripwater and cave air parameters. Seasonal rainfall patterns
above CL show characteristic stable isotope values. The wet season is characterized by more
negative 5§20 and 8D values and a maritime deuterium excess (+10 %). The dry season has
more positive §!30 and 3D values and elevated deuterium excess (>15 %).

The seasonal variations in the 3'0 and 8D values are smoothed by the soil and karst sys-
tem which acts as a low-pass filter, indicating that climate proxies derived from speleothems
growing in Cueva Larga may only show multi-annual changes. The seepage water reservoir
appears to be well-mixed. The transmission time of atmospheric signals into the dripwater

is site specific ranging most likely from several months to years (Vieten et al., in press).

4.1.2 Santo Tomas cave system (Cuba)

The Santo Tomas cave system (STC) is located in northwestern Cuba in the Sierra de los
Organos in the Province of Pinar del Rio. The karstified area is of Jurassic origin (Figure 4.3)
and developed around 170 million of years ago (Pajon et al., 2001). Carbonate dissolution
processes lead to the typical cone karst formations, and subsurface water streams eroded
the karstified material leading to enormous cave systems. The STC (22°31’N, 83°51° W) has
a total length of ca. 46 km. In 2008, a cave monitoring program was conducted by Dr. J. Pajon
in order to study the hydrological behaviour of the cave system. Measured air temperatures
of the STC ranged from 21.6 to 21.9°C, and relative humidity from 97 to 99 %. A detailed

description of the data and results is given in Fensterer (2011).
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Figure 4.4: Map of the Santo Tomas cave system. Figure adapted from Parise et al. (2005).
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4.1.3 Climatological framework

The climate of the Caribbean basin can generally be classified as dry-winter tropical climate
(Rudloff, 1981). In most parts of the Caribbean, precipitation is bimodal with an initial max-
imum around May, a relative minimum in June - August, and a second peak in September -
October (Rudloff, 1981; Giannini et al., 2000; Chen and Taylor, 2002). This general tendency
differs in the southernmost Caribbean (off the Venezuelan coast), which receives less rainfall
and has a primary rain season in the winter (November - January; Martis et al. (2002)).

The main driver of the Caribbean rainfall seasons regarding trade winds, the Hadley cell
circulation (Figure 4.5 a) and interactions occurring between land surfaces and atmosphere
is the Intertropical convergence zone (ITCZ, Poveda et al. (2006)). The ITCZ is a region close
to the equator, where trade winds converge, air ascends, low atmospheric pressure occurs to-
gether with deep convective clouds and high precipitation (Henderson-Sellers and Robinson,
1986). The ITCZ constitutes, together with the North Atlantic Subtropical High (NASH) and
the expansion of the tropical North Atlantic warm pool, the main climatic features influenc-
ing the Caribbean climate.

The rainy season occurs (Figure 4.5b), as easterly trade winds produced by the NASH
transport moisture from the Atlantic into the Caribbean Sea, where the flow intensifies
forming the Caribbean Low Level Jet (CLLJ, Amador (1998); Amador and Magana (1999);
Mestas-Nufiez and Miller (2006); Mestas-Nunez et al. (2007); Hodell et al. (2008)). During
summer in the northern hemisphere, the CLLJ splits in two branches (Figure 4.6). One branch
turns northward bringing moisture to the Western Gulf of Mexico and Western Cuba, and
the southerly branch of the CLLJ continues westward carrying moisture across the Central
American isthmus. During boreal winter, the NASH dominates the intra-American Sea, and
moisture transport is shifted south of the Yucatan peninsula (Hodell et al., 2008).

Jury et al. (2007) identified four different clusters of precipitation patterns which differ in
length and intensity of the rainfall maxima (Figure 4.7). The annual cycle is more unimodal
and largest in the northwest Caribbean (cluster 1) and becomes increasingly bimodal towards
lower latitudes (cluster 4) as expected. Cuba is attributed to cluster 1, which is characterized
by a relatively higher contribution of May - July rainfall and a relatively lower contribution of
the winter rainfall than the other clusters. The seasonal variation in cluster 4, which includes
Puerto Rico, is marked by low precipitation amounts through the winter and early spring
(January - April), followed by increasing rainfall amounts from May onward with a maximum
peak in October (Jury et al., 2007).

For a long time, paleo climate research focused on northern hemisphere high latitude pro-
cesses, which provided an explanation for the occurrence of Glacial-Interglacial cycles (i.e,
the Milankovitch hypothesis) as well as abrupt climate change via changes in the strength
of the thermohaline circulation (THC, e.g., Rahmstorf (2003)). The low latitudes represent
a very interesting research area, because the tropical hydrological cycle plays a key role in

regulating global climate, in particular through the export of heat and moisture to higher lat-
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Figure 4.5: Two views of the tropical climate (from Chiang (2009)): (a) Tropical climate as part of Earth’s
general circulation. Earth absorbs radiative energy in the Tropics (red portion of the energy flux graph)
and emits them in the mid- and high latitudes (blue portions of the energy flux graph). To maintain en-
ergy balance, the atmosphere and ocean circulation transports the energy from the Tropics to the mid-
and higher latitudes. In the Tropics are the Hadley circulation, with uplift of air by moist convection at
the Intertropical Convergence Zone (ITCZ), and subsidence in the subtropics. In the midlatitudes, the
circulation is dominated by a strong westerly flow in the upper troposphere - the midlatitude westerlies -
in which disturbances known as baroclinic eddies form and develop. (b) Tropical climate from a regional
perspective. The figure shows July-August climatological rainfall conditions and surface winds (arrows)
depicting circulations associated with the Asian (1) and West African (2) monsoons, as well as the sub-
tropical trades flowing into the ITCZ regions of the Pacific (3) and Atlantic (4). (5) is the convection over
the western Pacific warm pool. L and H denote locations of relative surface pressure highs and lows.
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itudes (Lachniet, 2009b). Three major properties of the tropical climate system highlight its
importance and impact for global climate change, namely its sensitivity to climate change,
its ability to re-organize and to project its influence to the rest of the globe (Chiang, 2009).

The position of the Intertropical Convergence Zone (ITCZ) is extremely sensitive to both
local and supra-regional climate conditions, such as spatial gradients in sea surface temper-
atures (SST, Broccoli et al. (2006)) and large-scale climate patterns like the EI Nifio South-
ern Oscillation (ENSO, Alexander and Scott (2002)) and the North Atlantic Oscillation (NAO,
Kushnir et al. (2010)). The response of the ITCZ to North Atlantic temperature changes was
recorded on different timescales in lacustrine and marine sediments (Haug et al., 2001; De-
plazes et al., 2013; Hodell et al., 2008) and speleothems (Fensterer et al., 2012; Winter et al.,
2011; Wang et al., 2004; Cruz et al., 2007).
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Figure 4.6: (top) December-March and (bottom) June-September averages of the monthly vertically inte-
grated water vapor flux vectors calculated from the daily 1960-2003 NCEP-NCAR reanalysis (from Mestas-
Nurez et al. (2007)). The magnitudes of the water vapor flux vectors are color contoured. The thick solid
(dashed) lines indicate the eastern and western (northern and southern) IAS boundary segments as used
by Mestas-Nuriez et al. (2007).

50



4.1 Cueva Larga and Santo Tomas

DOMINICAN REPUBLIC

3
I Qﬁ%

Annual Cycle : 1
15!
Evog JAMAICA PUERTO HICO
- “}I"I II Annual Cycle : 2 Annual Cycle - 3 Annual Cycle : 4
5l JEMAM ] ASOND i
151 15¢ 151
o E‘U E\u
g H slllul m
o I LILLLLLER
e JEMAM) ] ASOND JFMAR J ASCND JEMAMI JASOND
8 - r— 7\ s
oA 75 W T0W w

Figure 4.7: Geographic extent of the four precipitation clusters identified by Jury et al. (2007). Annual
cycles left to right for clusters 1 to 4, based on averages over the 31-year period 1951 - 1981. From Jury
et al. (2007).

The Caribbean is located in a region, which is both directly and indirectly influenced
by several supra-regional climate patterns, such as the Atlantic Multi-Decadal Oscillation
(AMO), ENSO and the NAO, which all operate on different timescales, ranging from several
years to multi-decadal. Rainfall variability in the Caribbean and central and northern South
America is largely dependent on the position of the ITCZ, which determines the strength
and track of the easterly trade winds. When the ITCZ is in a position further north, larger
amounts of freshwater are exported towards the Caribbean from the Atlantic basin (De-
plazes et al., 2013; Poveda et al., 2006). The meridional oscillation of the ITCZ, in turn, re-
sponds to the seasonal insolation cycle, which lags the zenithal position by approximately
one month (Poveda et al., 2006). Since the position of the ITCZ is extremely sensitive to
inter-hemispheric spatial gradients in SST (Chiang and Koutavas, 2004), climate variability
in other regions, such as the NAO and ENSO, which influence the Atlantic SST gradient, may
also have a strong impact on Caribbean precipitation (Hurrell et al., 2006). The Atlantic Warm
Pool (AWP) exerts a further influence on Caribbean climate, acting as a convective source and
adding to the flow of moisture and heat onto land during summer (Correa-Metrio et al., 2012;
Wang and Fu, 2007; Wang et al., 2006).

4.1.4 Current state of research

Recent studies have demonstrated a coupling of Caribbean and North Atlantic climate vari-
ability during the Holocene. Studies of marine sediments from the Cariaco basin and the
Caribbean confirm the prominent role of the position of the ITCZ for Caribbean climate

variability e.g. (Deplazes et al., 2013; Haug et al., 2001). In addition, a high resolution 8'0

51



4 Study sites

wetter warmer
i ]
L 0.50
-0.5
L w
— 025 @
2 =
= )
o 3
0.0 4 L 0.00
&) » 5
&) <
e 5
< L -0.25 =
0.5 1
- -0.50
1.0 4
L 1 i | 4 1 % || Ly I v I
0.0 0.2 0.4 06 0.8 1.0 1.2

Age [ka b2k]

Figure 4.8: Detrended and smoothed (5 point adjacent average) 5'80 values of stalagmite CG (blue) in
comparison with the AMO index (green) reconstructed by Mann et al. (2009a). Note that the 8'30 axis
is inverted. Higher SSTs in the North Atlantic are accompanied by lower §'80 values and, thus, higher
precipitation on Cuba. From Fensterer et al. (2012).

record from a Cuban stalagmite shown in Figure 4.8 exhibits a correlation of precipitation
in the northwestern Caribbean with the AMO during the last 1.3 ka (Fensterer et al., 2012,
2013). Drier conditions in the Caribbean area are associated with colder phases in the North
Atlantic and vice versa. This suggests that the present-day relationship between Caribbean
rainfall intensity and the North Atlantic SST gradient also played an important role during
the last millennia. The influence of the AMO on Caribbean climate variability is also evident
in a speleothem record from Puerto Rico, which covers the last 800 a (Winter et al. (2011),
Figure 4.9). Both Fensterer et al. (2012) and Winter et al. (2011) interpret the 530 values of
speleothem calcite as a proxy for the amount of summer precipitation with lower §!80 values
corresponding to more rainfall (Figure 4.8).

For the last glacial period, several paleo climate studies from subtropical as well as high
northern latitudes have demonstrated a complex relationship between the position of the
ITCZ and climate variability, such as changes in ocean circulation (Bohm et al., 2015; Niirn-
berg et al., 2008) or the tropical hydrological cycle (Kanner et al., 2012; Schmidt and Spero,
2011; Wang et al., 2004). Competing effects between Atlantic and Pacific teleconnection pat-
terns were found to have played an important role during the past glacial cycle (Arellano-
Torres et al., 2015; Asmerom et al., 2010; Lachniet, 2009b). In subtropical Brazil, rainfall during
the last glacial period appears to be closely related to insolation on precessional timescales
(Cruz et al., 2006; Wang et al., 2007). During Heinrich stadials (HS) in the North Atlantic
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Ocean, a southward displacement of the ITCZ has been observed resulting in wet periods
in the southern Tropics (Jaeschke et al., 2007; Wang et al., 2004). These results have been
corroborated by climate modeling studies (Broccoli et al., 2006; Chiang, 2003; Chiang and
Bitz, 2005; Zhang and Delworth, 2005), which derive similar results for the impact of the
North Atlantic on tropical climate (i.e., a southward displacement of the ITCZ during North
Atlantic cold phases and the Last Glacial Maximum (LGM), respectively). Contrary results
were found, however, by several studies from Lake Tulane with wetter conditions in Florida
(Donders et al., 2011; Grimm et al., 2006). The influence of the movement of the ITCZ was
even recorded in the southwestern United States, with a simultaneous movement of the polar
jet stream (Asmerom et al., 2010).

Previous work on Holocene Cuban speleothems constrains that 8'30 values in stalagmite
calcite reflect past precipitation variability with lower 880 values corresponding to higher
rainfall due to the amount effect. Fensterer et al. (2012) presented a high resolution record
for the last 1.3 ka from Western Cuba, which exhibits a correlation to the AMO (Figure 4.8).
A potential mechanism for this relationship may be the strength of the THC. For a weaker
THC, lower SSTs in the North Atlantic probably lead to a southward shift of the ITCZ and
drier conditions in Cuba. Thus, the Cuban stalagmite record reflects drier conditions during

Holocene cold phases in the North Atlantic, such as the Little Ice Age. A second stalagmite
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Figure 4.9: The 880 of stalagmite PDR-1 from Puerto Rico spanning the past 8 centuries (black) is shown
with annually averaged AMO index (red: Rayner et al. (2006)) and AMO reconstruction (green: Gray et al.
(2004)). Inset shows comparison between Puerto Rico stalagmite 8'¥0 and AMO for the instrumental
period. From Winter et al. (2011).
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from Cuba covers the last 12.5 ka (Fensterer et al., 2013). This stalagmite shows a pronounced
transition from higher 8'30 values (indicating drier conditions) to more negative 830 values
(suggesting wetter conditions) between 10 and 6 ka (Figure 4.10). On orbital timescales, the
8180 value of Caribbean precipitation resembles the 880 value of Caribbean surface water.
On millennial timescales, the speleothem 880 record shows a good agreement with North
Atlantic SST as well as a similarity with the Bond events (Bond, 1997; Bond et al., 2001) (Figure
4.10).

In summary, the two Cuban stalagmites confirm the relationship between Caribbean pre-
cipitation variability and the position of the ITCZ during the Holocene, which is influenced
strongly by the inter-hemispheric SST gradient in the Atlantic (Chiang, 2009).
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Figure 4.10: Stalagmite CP 8'80 values (c) in comparison with the percentage of hematite-stained grains
(HSG) in sub-polar North Atlantic deep-sea sediments (a), which record the Bond events (Bond, 1997; Bond
et al.,, 2001). (b) Two SST records off West Africa (red: reconstructed temperature during warm season,
blue: cold season) (deMenocal et al., 2000). The numbers identify the different Bond events, which are
linked to cold SSTs in West Africa (deMenocal et al., 2000). During most Bond events, the stalagmite

record suggests drier conditions on Cuba. From Fensterer et al. (2013).
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4.2 Closani Cave

4.2.1 Site description

Closani Cave (45.07°N, 22.80 °E) is located in southwestern Romania at the southern slope
of the Carpathians (Figure 4.11). It is developed in massive Upper Jurassic limestone mainly
consisting of calcite (93 %) with minor occurrence of dolomite (7 %) (Constantin, 2003).

Drip water and cave air parameters were monitored from 2010 to 2015 (Constantin et al.,
unpublished data). The deeper sectors of both main passages (Figure 4.12) are characterized
by a stable cave climate. Cave temperature shows a mean value of 11.3°C with inter-annual
variations of +0.5°C (Diaconu, 1990). Relative humidity is mostly close to 100 %. The pCO,

of the cave shows a strong annual variability with maximum values of up to 8800 ppm in late
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Figure 4.11: Location of Closani Cave in Romania (inset) and regional setting of the cave. The cave is
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located at the southern slope of the Carpathian mountains. Map from Constantin (2003).
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Figure 4.12: Internal structure of Closani Cave. The cave consists of two main passages, the Crystals
Gallery and the Laboratory Gallery. Map from Constantin (2003).

summer and minimum values in winter and spring (1500 ppm). The high pCO; during sum-
mer leads to very different conditions for speleothem growth between the seasons, favouring

calcite precipitation during winter (Chapter 7).

4.2.2 Climatological framework

The regional climate of the Romanian Carpathians realm is characterized by westerly circu-
lation and the influence of the mountain chain topography (Busuioc et al., 2014; lonita et al.,
2014; Micu et al., 2015). By their geographical position within the continent, the Romanian
Carpathians lie in an area of interference between five major pressure centers operating over
Europe e.g., the Azores Anticyclone, East-European Anticyclone, Mediterranean Cyclones,
Icelandic Cyclone and Scandinavian Anticyclone (Micu et al., 2015).

The influence of the Southern Carpathians divides Romania into two major regions of
different climatic characteristics by blocking the northerly polar or arctic airflows in winter,
as well as of the southerly (tropical) ones. This results in a wetter and colder northern part
and drier and warmer conditions in the south. Micu et al. (2015) give a very detailed picture

of the air flows and resulting climate patterns in SW Romania.
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Annual precipitation in the region of the cave shows two maxima, one from April to June,
which is mainly caused by North Atlantic cyclones, and a smaller one between October and
December, generated by cyclones originating from the western and central Mediterranean
Basin. The winter continental airflows, usually dry and cold, originate in the Arctic Ocean,
whereas continental air masses from eastern Eurasia and north Africa or southwest Asia
frequently influence the summer precipitation regime with usually very warm and dry spells
(Micu et al., 2015). In the region of Closani cave, snow fall accounts to about 10 % of total
annual precipitation amount, however in the Southern Carpathians frequent snowfalls only
occur in areas higher than 1,000 - 1,100 m (Micu et al., 2015).

Large-scale teleconnection patterns

The North Atlantic Oscillation (NAO) - which affects the strength of westerly flow and weather
patterns in Europe (e.g. Wanner et al. (2001); Hurrell et al. (2003)) was found to have a strong
relationship with winter climate in Romania (Micu et al., 2015). The NAO is the leading mode
of climate variability in the North Atlantic region and is characterized by a meridional see-
saw in the atmospheric pressure between the Icelandic Low and the Azores High (Wanner
et al., 2001). During periods characterized by a positive NAO index westerly flow is enhanced
across the North Atlantic and the European region. As a consequence, this phase is associ-
ated with stronger-than-average winds across the mid-latitudes of the Atlantic onto Europe
and anomalously northerly flows in the Mediterranean region. For example, snow variabil-
ity in SW Romania is tightly connected with the NAO (Micu et al., 2015). Moreover, positive
thermal anomalies and negative precipitation anomalies in the Romanian area are associated
with a high NAO index (Bojariu and Gimeno, 2003; Bojariu and Paliu, 2001).

Another prominent teleconnection pattern over the North Atlantic region is the East At-
lantic - West Russia pattern (EAWR, Barnston and Livezey (1987)), which has a strong influ-
ence on European climate, especially in the southern and eastern sector. The EAWR was
found to have a strong influence over the precipitation in the Mediterranean region (Krichak
et al., 2002; Krichak and Alpert, 2005). Extreme wet (dry) winter months are characterized
by anomaly patterns which project onto the negative (positive) phase of the EAWR. A strong
relationship between the EAWR and the temperature variability inside a cave from the north-
western part of Romania has also been found with high (low) temperatures associated with
an atmospheric circulation that resembles the center of action of the EAWR pattern (Rimbu
et al., 2012). Nissen et al. (2010) found that both NAO as well as EAWR play a significant
role on the variability of cyclones and wind activity over the Mediterranean region. The au-
thors state, that during the positive phase of the EAWR, the storm numbers over the central
Mediterranean region are decreasing and the number of strong wind events over the east-
ern Mediterranean region is increasing. Although the EAWR is one of the dominant modes
of variability over the North Atlantic-Eurasian region, less attention has been paid to the
role of the EAWR pattern on the European climate (lonita, 2014). The authors investigated
the relationship between the EAWR teleconnection pattern and the hydroclimatology of the
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European region. The main conclusions of lonita (2014) are that the EAWR has a strong
impact on the coupling between the sub-tropical Atlantic Jet and the African Jet, which in
turn affects the climate variability over Europe, and that the strongest impact of the EAWR
on precipitation in the central and eastern part of Europe is in mid-winter and early spring.
Additionally, the link between EAWR and European temperature persists from mid-winter
to late spring. In general, the link between mid-winter EAWR and European precipitation
and temperature was found to be stable in time, however for southwestern Romania, this
only applies for winter temperatures and spring precipitation (SPI3, 3-month standardized
precipitation index).

Moreover, Comas-Bru and McDermott (2014) concluded, that the relationship between
North Atlantic Oscillation (NAO) and winter climate over the North Atlantic - European sec-
tor can be linked to the combined effects of the NAO and either the East Atlantic pattern (EA)
or the Scandinavian pattern (SCA). In terms of §!80 of precipitation, the results of Comas-
Bru et al. (2016) show, that although the East Atlantic (EA) pattern is generally uncorrelated
to 8'%0, during the instrumental period, its polarity affects the 8'*0, - NAO relationship.
In the case of SW Romania, the authors conclude that §¥0 may not be a robust proxy to

reconstruct any relationship of the NAO with air temperature or precipitation.

4.2.3 Current state of research

From the southern Carpathian realm, few terrestrial climate records exist despite its impor-
tant geographical position as a transitional climatic zone between central Europe and the
Mediterranean e.g., Constantin et al. (2007); Feurdean et al. (2008); Onac et al. (2014); Rudzka
et al. (2012). Reconstructions based on tree-ring data provide valuable information for the
past several hundred years (Levanic et al., 2012; Popa and Kern, 2008), but are limited to the
warm season. More recently, guano-derived 8'*C-based paleo hydroclimate records made it
possible to characterize hydroclimate regimes in Romania during the late Holocene (Onac
et al., 2014, 2015; Forray et al.,, 2015). Low-resolution (i.e. centennial to millennial timescales)
stalagmite records, which mainly reflect past variability of winter climate, suggest that the
climate in the Carpathian-Balkan region is linked to the North Atlantic region on different
time scales (Constantin et al., 2007; Dragusin et al., 2014; Onac et al., 2002).
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Abstract We present geochemical data from a speleothem from Cueva Larga, Puerto Rico, covering 15 to
46 ka. The chronology is based on precise 2°Th/U dating. High resolution 80 values reflect changes in rainfall
amount, temperature variability and disequilibrium fractionation effects. The anti-correlation of P/Ca and §"*C
values highlights the influence of vegetation and soil productivity on both proxies. In contrast, Mg/Ca, Sr/Ca and
Ba/Ca ratios show little variability and are subject to various second order effects. The average 8'*0 composition
suggests that climate on Puerto Rico during the last Glacial was generally cooler by ~2-4°C and drier than today.
Warm Dansgaard/Oeschger interstadials were characterized by relatively warm and humid conditions. %0
values during D/O’s 7 and 11 even show comparable conditions to modern climate. In contrast, temperature drops
by about 3-5°C and increased aridity are recorded during cold Heinrich stadials, which were partly accompanied
by a decline in vegetation and soil productivity. HS 1 was found to be the coolest and driest of all recorded
Heinrich stadials. These observations are in agreement with recent research and are ascribed to the southerly
movement of the ITCZ and the variable strength of the AMOC.

Our record is the one of the first from this region which clearly shows the impact of both stadials and interstadials
on Caribbean climate variability over a relatively long time period. It allows an approximate quantification of

last glacial climate conditions.

63



5 Paper I: Cueva Larga

5.1 Introduction

The reconstruction of tropical hydroclimates has shifted more and more into the focus of
paleo climate research (Haug et al., 2001; Cruz et al., 2007; Hodell et al., 2008; Chiang, 2009;
Lachniet et al., 2009). Several studies reveal a strong variability in the tropical hydrologi-
cal cycle during the last glacial period closely related to North Atlantic climate variability
(Peterson, 2000; Wang et al., 2001; Cruz et al., 2007; Wang et al., 2017).

Ice core and deep sea sediment records of the last 45,000 years show a series of millen-
nial scale climate events known as Heinrich stadials (HS) and Dansgaard/Oeschger (D/O)
cycles (Dansgaard et al., 1984). Dansgaard/Oeschger events are millennial scale alternations
between warm (interstadial) and cold (stadial) periods. The typical cycle has a sawtooth pat-
tern, with a very rapid warming event (occurring in a few decades), a slow cooling trend, and
then a final fast cooling (Bond, 1997; Wolff et al., 2010).

The so-called Heinrich events are recognized in North Atlantic marine sediments as ice
rafted debris (IRD) deposited by icebergs upon melting (Bond, 1997; Heinrich, 1988; Hem-
ming, 2004). This freshwater input promoted a slowdown of the Atlantic meridional over-
turning circulation (AMOC) and an interhemispheric climate response (McManus et al., 2004;
Wolff et al., 2010; Bohm et al., 2015). Heinrich stadials subsequent to Heinrich events were as-
sociated with a reduction in sea surface temperatures (SSTs) in the North Atlantic (Sachs and
Lehman, 1999; Hagen and Keigwin, 2002) which was also predicted by model studies (Zhang
and Delworth, 2005). This cooling is thought to be caused by reduced northward heat trans-
port, driven by the slowdown of the AMOC (McManus et al., 2004; Clement and Peterson,
2008; Bohm et al., 2015), or as suggested by Chiang and Bitz (2005), the increase in sea/land
ice. Reduced Northern Hemisphere SSTs led to the southward shift in the Intertropical Con-
vergence Zone (ITCZ) and drier conditions in the tropical Northern Hemisphere (Chiang and
Bitz, 2005; Zarriess et al., 2011; Stager et al., 2011). Recent studies have also demonstrated
the impact of varying height of the Laurentide ice sheet as a climate forcing during Heinrich
stadial events (Roberts et al., 2014).

During interstadial periods (i.e. D/O cycles), the inverse occurs with a poleward shift of
the Northern Hemisphere summer ITCZ and the jet streams (Asmerom et al., 2010). How-
ever, the exact mechanisms driving these events are still not well understood (Clement and
Peterson, 2008). The global, abrupt response to Dansgaard/Oeschger interstadials and Hein-
rich stadials is recorded in various types of climate archives. For example, the paleo climate
records suggest that the global signature of Heinrich stadials includes: a drier Europe (Genty
et al., 2003), weaker Asian monsoon (Wang et al., 2001), wetter southwestern North America
(Asmerom et al., 2010; McGee et al., 2012), drier northern South America (Peterson, 2000),
wetter southern South America (Kanner et al., 2012), an overall drier tropical Asia and Africa
(Stager et al., 2011; Deplazes et al., 2014) and a gradually warming Antarctica (Wolff et al.,
2010).

While a comprehensive picture of climate responses during North Atlantic Heinrich sta-
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dials exists from both hemispheres, few studies have been conducted in the (sub-)tropical
western Atlantic (Sachs and Lehman, 1999; Grimm et al., 2006; Ziegler et al., 2008; Lachniet
et al., 2013; Arienzo et al., 2015; Grauel et al., 2016). Most of these studies either cover only a
relatively short time period or show only a selective response to stadials and/or interstadials.

For the northern Caribbean, it is still debated whether the region experienced substantially
wetter or drier conditions during Heinrich stadials. Evidence from lacustrine and marine sed-
iments from Florida and the Gulf of Mexico suggests, that the northern Caribbean experi-
enced warm and wet conditions (Grimm et al., 2006; Donders et al., 2011; Ziegler et al., 2008),
in contrast to the southern and southwestern part of the Caribbean basin (Correa-Metrio
et al., 2012; Escobar et al., 2012; Lachniet et al., 2013; Deplazes et al., 2013; Grauel et al., 2016).
Moreover, a speleothem record from the Bahamas is interpreted to show cooler temperatures
rather than hydrological changes during Heinrich stadials 1, 2 and 3 (Arienzo et al., 2015).

This debate accounts to difficulties in the comparability of the various records, largely be-
cause some sites are located in regions which are strongly influenced by multiple effects (e.g.,
Lachniet et al. (2009)) or because the climate archives reflect different seasonal signals. In
addition, uncertainties in chronology and differences in temporal resolution may constitute
further complications.

The value of speleothems for paleo climate reconstructions is commonly recognized (e.g.,
Wang et al. (2001); Fairchild et al. (2006a); Cruz et al. (2007)). Stable isotopes of oxygen and
carbon are the most commonly used proxies for speleothem studies (Lachniet, 2009a). In trop-
ical locations, the 8'80 values of speleothem calcite is typically interpreted to reflect changes
in rainfall amount and/or the temperature of the cave (Kanner et al., 2012; van Breukelen
et al., 2008).

In Puerto Rico and through-out the Caribbean and south Florida, there is an inverse rela-
tionship between the amount of rainfall and the 880 value of the rainwater (van Breukelen
et al., 2008; Scholl et al., 2009) and therefore the amount effect is considered to constitute the
main control on the 8'®0 composition of the rainfall precipitation (Dansgaard, 1964; Lach-
niet, 2009a). Also the cave site of this study, monitoring of rain and dripwater over several
years confirms that this relationship is also valid for speleothems from this location (Vieten
et al., in press).

Consequently, several studies from the Caribbean presented 520 speleothem records as-
sociated with past precipitation variability on various timescales (Lachniet et al., 2009; Win-
ter et al., 2011; Fensterer et al., 2012, 2013; Lachniet et al., 2013). For instance, Winter et al.
(2011) related Puerto Rican rainfall with the variability of the Atlantic Multidecadal Oscilla-
tion (AMO), as evident from a speleothem 80 record covering the last 800 a.

Using trace elements as climate proxies is more and more routine in speleothem research.
Elements such as Mg or Sr are well-established as hydrological tracers under certain circum-
stances (Cruz et al., 2007; Fairchild and Treble, 2009). Sinclair et al. (2012) developed a model
which allows to investigate the most commonly used interpretation of changes in Mg and

Sr as being linked to rainfall as a result of calcite-water interactions such as prior calcite
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precipitation (PCP).

In this study, geochemical data are presented which are obtained from a speleothem from
Cueva Larga, Puerto Rico, spanning the last 46 to 15ka. Paleo climate reconstruction re-
veals substantial changes in the hydrological regime in Puerto Rico associated with Heinrich

stadials 1to 5 and Dansgaard/Oeschger cycles 1 to 12.

5.2 Material and methods

5.2.1 Study location

Stalagmite PR-LA-1 was collected from Cueva Larga which is located about 350rh above sea
level (asl) in the north central karst region of Puerto Rico in the northeastern Caribbean
(18°19’N 66°48’W, Figure 5.1 and 5.2). The limestone overburden is between 30 and 100 m
thick and the area above the cave is covered by thick tropical forest with thin soil cover that
is nearly absent on the higher elevated and exposed locations. The area receives a total annual
rainfall amount of more than 2,700 mm per year and a mean annual temperature of 22.5°C
(Vieten et al., in press). The dominant control on the air flow are the trade winds (85 %).

Cueva Larga is mainly a vadose cave with some phreatic features. It is located in the
massive dense Oligocene Lares Limestone (Monroe, 1980) with a horizontal extent of about
1,440 m (Miller, 2010).

Cave air and drip sites are monitored since 2012. Temperature and relative humidity are

very constant in the main passage with 22.5 £ 0.2°C and RH close to 100%. Cave air pCO;
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Figure 5.1: Map showing the locations of Cueva Larga, Puerto Rico, and paleo climate reconstruction

sites discussed in this study.
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in the main passage varies seasonally, between 600 ppm in winter and 1,800 ppm in summer
(Vieten et al., 2016). The seasonal variability in cave pCO; permits the estimation of a cave
air exchange time of 36 + 5 days and a winter ventilation rate of 3,300 + 1,000 m*/day for the
main cave passage (Vieten et al., 2016).

Despite its tropical location, calculations of virtual temperature and differences between
cave and surface temperature indicate that the seasonal temperature cycle is the main driver
of the alternation between a well-ventilated winter mode and a near-stagnant summer mode
(Vieten et al., 2016). The winter mode is characterized by a positive buoyancy contrast at
night leading to maximal cave ventilation, while cave ventilation is at a minimum during
summer.

Seasonal rainfall patterns above Cueva Larga show characteristic stable isotope values with
more negative 8'0 and 8D values during the wet season and more positive 330 and 8D
values in dry season (Vieten et al., in press). The seasonal variations in the §'80 and 8D values
are smoothed by the soil and karst system which acts as a low-pass filter, resulting in a well-
mixed seepage water reservoir (Vieten et al., in press). The transmission time of atmospheric
signals into the dripwater is site specific ranging most likely from several months to years
(Vieten et al., in press).

Monitoring of dripwaters indicates that the wet season rainfall contributes proportionally
more to the dripwater than the rainfall during the dry season (Vieten et al., in press). However,
despite the strong seasonality in rain water 3'30 values, isotopic dripwater signature does
not reflect the surface pattern with a mean composition of -2.7 + 0.2%¢ at the drip site SW2
near PR-LA-1 (Vieten et al., in press). The 830 signature of recently precipitated calcite at
drip sites near PR-LA-1 is in the range of -3.1+0.1%0. Similar to the stable isotope values,

elemental composition shows no seasonal variations in dripwaters.

Puerto Rico

Cueva Larga
Arecib
Utuado, Puerto Rico reclo SanJuan
(c) T. Miller (2006) Kcijeva L5Fga
ayaguew
N
once

Entrance
Collapse room

Figure 5.2: Map of Cueva Larga with the position of PR-LA-1 (marked with red square) and drip site
SW 2 (orange square). Insert: Map of Puerto Rico with the location of Cueva Larga (red star). Modified
after Miller (2010).
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5.2.2 Sample description

PR-LA-1 has a total length of about 2m and was found lying on the cave floor in the main
passage of Cueva Larga (Figure 5.2 and Figure 5.3), where the rock overburden is approxi-
mately 40-80 m thick. It is suspected, that the stalagmite fell due to the unstable ground
conditions, which consists of deep (> 10 m) stream sediments (Miller, 2010).

For the recovery of the sample, it was cut into five pieces (L1A to L1E) of lengths between
25 and 55 cm (and about 40 to 50 kg each), which were removed in several field trips between
2011 and 2013. The subsamples were cut in two halves along their main growth axes (Figure
5.3B). A slab was prepared from one half, which was subsequently cut into two further halves
along the main growth axis, respectively. One half was used for 2**Th/U-dating, the opposite
half for stable isotope and trace element measurements.

In order to measure the elemental composition of the host rock, samples were taken at
four locations in and outside the cave: HR1 (base weather station), HR2 (weather station),
HR3 (Cueva Larga entrance) and HR4 (Cueva Larga SW1). The weather station is located

directly above Cueva Larga (Vieten et al., in press).

L1B: 25 cm L1D:25cm

L1A:55¢cm

50

40

L1C:40 cm LiEsttmm

30

20

10

cm: 0

Figure 5.3: (A) Pan view on stalagmite PR-LA-1 before cutting and removal from Cueva Larga. PR-LA-1
was found lying on the cave floor. (B) Sample slabs L1A, L1B, L1C, L1D and L1E cut from top to bottom
of PR-LA-1. Approximate lengths of the slabs are given in the figure.
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5.2.3 Methods

230Th/U-dating was conducted using multi-collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) at the Max Planck Institute for Chemistry (MPIC), Mainz. Th and U
activity ratios were corrected for detrital contamination assuming a 22Th/?*U weight ratio
of 0.14 +0.11 and °Th, 2*4U and 238U in secular equilibrium (compare discussion 5.4.1).

Speleothem calcite proxies were analyzed along the growth axes of L1A to L1E. Stable
carbon and oxygen isotope measurements were performed using an on-line, automated car-
bonate preparation system linked to a triple collector gas source mass spectrometer at the
University of Innsbruck. Samples were drilled with a spatial resolution of 1Tmm. The con-
centrations of Mg, Al, P, Sr, Y, Ba, Th, U, Pb, Cd, La and Ce of the speleothem and host rock
samples were measured by LA-ICP-MS at the MPIC, Mainz.

Correlation analysis was performed with a test statistic based on Pearson’s product mo-
ment correlation coefficient r (x,y) and follows a t-distribution with length(x)-2 degrees of
freedom. Asymptotic confidence intervals are given based on Fisher’s Z transform. The given
Pearson’s correlation coefficients are all significant to at the 0.05 level.

Further details about materials and methods are given in the supplementary material (Ap-
pendix A.1).

5.3 Results

5.3.1 #'Th/U dating and age models

In total, 74 230Th/U—ages were performed from PR-LA-1, from which 24 are from L1A, 10 for
L1B, 17 for L1C, 8 for L1D and 15 for L1E. The relevant results for all samples are given in
the supplementary material A.2. #**Th/U-ages are shown in Figure 5.4. U content of the
samples is relatively low with 0.1-0.3 pg/g. In most samples, detrital 2>?Th content is low but
significant already in small concentrations (see further discussion in section 5.4.1).

All ages from L1A, L1B and L1C are in chronological order covering the period from 15 to
35 ka. In the sections L1D and L1E, samples with relatively high detrital Th and/or compa-
rably low U content exhibit significant deviations from the ’clean’ samples. These suspicious
samples are marked with red symbols in Figure 5.4 and were excluded before calculating the
age models (see further discussion in section 5.4.1).

Chronologies were modeled using the algorithm ’StalAge’ (Scholz and Hoffmann, 2011) for
each section L1A to L1E individually. The age models reveal, that stalagmite PR-LA-1 covers
the period from 15 to 46 ka with a hiatus between 35 and 41 ka.
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5.3 Results

Since the age model is very tight, growth rate variability was estimated by calculating
the first derivatives from the age models, which were subsequently smoothed with a 50-
point running mean (Figure 5.4). On average, PR-LA-1 grew relatively fast with growth rates
of around 50 to 150 pm/yr. Several sections with comparably slow and fast growth can be
identified. Low growth rates down to 10 to 30 pm/yr are detected in L1A from 15.4-17.5 ka,
17.9-19.1ka, 19.5-20.4 kaand 22.6 - 23.1 ka. In L1B and L1C growth speed decreased between
26.6 - 27.6 ka, 30.3 - 33.6 ka. At the transition of L1D to L1E, a hiatus might be located between
35.6-40.8 ka. From 40.8 to 43.2ka, the uncertainties of the age model are relatively large.
Another section with low growth rates might be located between 41.4 and 43.3ka, as well
as from 44.7-45.7 ka. The mentioned sections are marked with orange bars in Figure 5.4.
In contrast, very fast growth is detected around 27.6 - 27.7 ka, 33.6 - 34.1 ka, 43.3-43.5 ka and
45.6-45.9 ka. The period around 43.3-43.5 ka could be also a section with very high growth

rates.

5.3.2 Proxy analysis

The records of §'0 and 8'3C values of L1A to L1E are shown in Figures A.1 and A.2 in the
supplementary material. The transitions of the single records between the different parts of
the stalagmite fit well for the chosen age models (section 5.3.1 and Figure A.2 (c)). Thus, the
five records are combined to a composite record for PR-LA-1, which is displayed in Figure
5.5. 8180 values vary around 0 + 2 %o, with highest values between 1 and 2 %o from 17 - 15 ka.

813C values are around -9 + 3 %o and share a similar pattern with 8'30 values.
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Figure 5.5: Stacked stable isotope record of PR-LA-1 combined from the single records of L1A to L1E from
15 to 46 ka. Raw records are shown in light grey, 5p running mean of 8'80 values in red and 5p running

mean of 813C values in black.

71



5 Paper I: Cueva Larga

The single records of all measured trace elements of the parts L1A to L1E are attached to
the supplementary material A.3. Concentrations of Y, Cd, Pb, La and Ce were mostly near
their individual detection limit and showed no pronounced variability.

Figure 5.6 shows the complete record of PR-LA-1 of the elements Mg, Ba, Sr, U, P and Al
U/Ca varies throughout the record around 0.1 pmol/mol. P/Ca ratios are around 1 mmol/mol
from 46 to 17 ka, and decline to 0.3 mmol/mol until the end of the record. Mg/Ca, Sr/Ca and
Ba/Ca show an inverse pattern with the highest values between 17 and 15 ka. In the earlier
part of the record, the three elements show little variability with Mg/Ca around a baseline
of 1mmol/mol, and Sr/Ca (Ba/Ca) values being at a level of 0.06 mmol/mol (0.07 pmol/mol),
respectively.

Analysis of elemental composition of the host rock at Cueva Larga reveals a minor oc-
currence of Mg of about 1%, with the other elements only being present in minimal traces
(Figure A.10).
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5.3 Results

5.3.3 Correlation analysis

Element to Ca ratios are reduced to the resolution of the stable isotope records in order to
derive correlation coefficients between the individual records. Regarding the whole record
from 15 to 46 ka, 880 and 8'3C values share the strongest correlation with rsisc/gis = 0.51
and Ba/Ca with Al/Ca (rgga;=0.60). Slightly smaller correlation coefficients are found for
813C values vs. P/Ca with rgiscp = -0.45, as well as for U/Ca vs. P/Ca (ryp = 0.41).

Moderately strong correlations exist between Sr/Ca vs. Ba/Ca (rs;pq =0.39) and Mg/Ca
with Sr/Ca (rs;nmg = 0.36), P/Ca (rygp = -0.35), 8180 (rsiso/mg = 0.38) and 813C values (rscmg
= 0.36). Figure 5.7 illustrates the correlation coefficients between all measured proxies in a
heat map.

For the 5-point running means of the record, the correlations change (Figure 5.7 b). Whereas
r(513¢/5180),, = 0-48 and ruyp),,, = 0.28 decrease, all other coefficients mentioned in the previous

paragraph increase from r(sisog),, = 0-45 to rsucp),, =-0.62.
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Figure 5.7: Heat maps of correlation coefficients derived for the proxies measured between 15 and 46 ka
(a) and the smoothed (5 point running means) records (b). The bottom row shows the correlations for the
split record, with the period between 15 and 18 ka on the left (c) and 18 - 46 ka on the right (d).
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In the following, the records are split into distinct time frames (Figure 5.7 c and d). Be-
tween 15 and 18 ka, rgis/s180 strongly increases to 0.86, together with rs,ng = 0.78, rs, /B, = 0.91
and ryg/Bq = 0.80. Omitting these first 3 ka from the whole record, it becomes obvious that
this period is responsible for most of the overall co-variations The only correlations persist-
ing when leaving this phase out are rgisc/g180 = 0.43, ryvgp = -0.31, rsy/Ba = 0.39, rgiscp =-0.40
and rgisc)pg = 0.33. The correlations between Mg/Ca and Sr/Ca and 8180 values decrease to

rsisomg = 0-25 and rsy g = 0.25.

5.4 Discussion

5.4.1 Age model and correction for detrital contamination

The major source of uncertainty of 2°Th/U dating is the range of values of detrital radiogenic
to stable Th, 22°Th/232Th, which varies with host rock and soil characteristics (Fairchild and
Baker, 2012). Most commonly, a bulk earth activity ratio of (3*°Th/%2Th) = 0.8 + 0.8 is used,
assuming a mean mass ratio of 2#2Th/?*®U = 3.8 of in the continental crust.

However, comparison of the samples with elevated 2*’Th with the ’clean’ samples reveals
that the a priori bulk earth ratios for (*3Th/?3®U) cannot be used to account for initial 2°Th
in stalagmite PR-LA-1. Thus, we follow an approach similar to Fensterer et al. (2010) to esti-
mate a more appropriate (***Th/?**Th) ratio. Hence, most 2*°Th/U ages of PR-LA-1 are calcu-
lated using a detrital 2>*Th/?3U mass ratio of 0.14 + 0.1, resulting in a detrital activity ratio
(*°Th/?*2Th) of 22 + 18, bringing nearly all samples from L1A to L1E in chronological order.

The composition of the detrital phase can be very different from the a-priori assumed bulk
earth value, e.g., due to partial leaching effects, Th adsorption, alpha recoil or non silicate
origin of the detrital phase prior to deposition (Hellstrom, 2006). Hence, 22°Th/%2Th activity
ratios higher than 0.8 are typical for tropical limestones, as for example used for different
samples from the Bahamas, with values between 2.2 to 18.7 (Beck et al., 2001; Hoffmann
et al., 2010; Arienzo et al., 2015) or 6.1 to 9.6 on Cuba (Fensterer et al., 2010, 2012).

However, some samples are still not in chronological order. The samples which were found
to fit in the chronology with a slightly different correction factor are marked in Table A.5
with *T> and °# and are also highlighted in Figure 5.4. These ages are corrected with a detri-
tal weight ratio of 0.30 + 0.24 ((33°Th/?2Th) = 11 £ 8) and 0.11 £ 0.09 (29 + 22), respectively. It is
to note, that all applied correction factors agree within their uncertainty range since a signif-
icant temporal change in the composition of (33¥U/?32Th) is unlikely. All other samples which
could not be corrected within a reasonable range with the bulk samples are omitted for cal-
culating the age models. All excluded ages are characterized by relatively high 2*2Th-content
and 23 U-content, respectively.

Diagenetic alteration can be another source for 2°Th/U age inversions. Post-depositional
U loss leads to increasing (*3°Th/23U) activity ratios and, thus, apparently older ages. In

contrast, post-depositional addition of U results in decreased (*3°Th/?38U) activity ratios and
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(a) L1A (6-13cm dft) (b) L1B (4-15cm dft) (c) L1C (21-32cm dft)

Figure 5.8: Macroscopic view on visible lamination of the sections L1A (a), L1B (b) and L1C (c). In L1A
and L1B, lamination shows the typical convex shape. In L1C, lamination is irregular with a concave shape
in the middle of the stalagmite.

apparently younger ages (Scholz et al., 2014). In PR-LA-1, the sections with age inversions
show macroscopic hints for diagenetic alteration. For example, the concave shape of the
lamina in the bottom part of L1C (Figure 5.8¢) is a sign of dissolution effects during or after
deposition. In this case, the more soluble U ions are removed from speleothem calcite leading
to older ages, as observed in the samples from this part. In contrast, the visible lamination in
L1A or L1B shows a typical convex shape (Figures 5.8a and 5.8b). For a detailed and more pro-
found analysis, thin section of the suspicious sections should be analyzed in order to identify
alterations of the crystal fabrics. For example, Scholz et al. (2014) found that the occurrence

of mosaic fabric was a clear indication for diagenetic alteration in their investigated sample.

5.4.2 Environmental controls on speleothem proxies
Trace element variability

The trace elements Mg/Ca, Sr/Ca and Ba/Ca in PR-LA-1 generally show little variability
throughout the record but a positive covariation among each other (Figure 5.7b). A pro-
nounced feature are the elevated values of Mg/Ca, Sr/Ca and Ba/Ca from 17 to 15 ka. In this
period, the correlation coefficient between the three proxies strongly increase (Figure 5.7 c).

The co-variability of Sr/Ca, Ba/Ca and Mg/Ca ratios is tested applying the model of Sinclair
et al. (2012). Figure 5.9 shows the plots of In(element/Ca) for the section L1A. The correspond-
ing plots for the sections L1B to L1E are attached to the supplementary material (Figures A.8

and A.9. The slopes g}f:l (i,j = Mg, Sr, Ba) were calculated using the partition coefficients
Dmg = 0.031 (for 25°C), Ds, = 0.15 (both Huang and Fairchild, 2001) and Dg, =0.012 (Tesoriero
and Pankow, 1996). The only part of the whole record showing a variability which follows
the theoretically expected slopes for the presence of prior calcite precipitation (PCP) and/or

incongruent calcite dissolution (ICD) is the time period between 15 and 16.5 ka.
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Figure 5.9: Cross plots of element to calcium ratios (in mmol/mol) in speleothem calcite of section L1A displayed as In(Sr/Ca) vs. In(Mg/Ca) (left), [n(Ba/Ca) vs.
[n(Mg/Ca) (middle) and In(Ba/Ca) vs. In(Sr/Ca) (right). The dashed red lines indicate the theoretically expected slopes for PCP and/or ICD after Sinclair et al. (2012).
The dotted lines show the same for the case of calcite recrystallization (Sinclair et al., 2012). For more details see section 5.4.2. The upper panel row indicates the time

frame between 15 and 18 ka, the bottom panels cover 18 - 25 ka.



5.4 Discussion

Diagenetic effects along the drip pathways are potential other controls which could ac-
count for a covariation of Mg and Sr and provide a hydrological interpretation of the ob-
served variability. Sinclair et al. (2012) discuss the potential effects of stabilization of mineral
assemblages and calcite recrystallization. The authors state, that the dissolution of dolomite
or Mg-calcite alone cannot produce a positive correlation in Mg/Ca vs. Sr/Ca, however, it
may be responsible for second-order deviations from correlated variations arising from other
mechanisms. At Cueva Larga, analysis of host rock samples indicates only a minor proportion
of Mg and Sr in the limestone overburden (section 5.3.2), which is reflected by the compara-
bly low Mg and Sr content in speleothem calcite and the dripwater (Vieten et al., in press).
Speleothems sampled from dolomitic or high-Mg calcite host rocks are usually character-
ized by higher Mg contents. For example, the speleothems sampled by Sinclair et al. (2012)
incorporated up to 30 mmol/mol Mg/Ca and 10 mmol/mol Sr/Ca.

Calcite recrystallization might also induce a correlation between Sr and Mg. After Sinclair
et al. (2012), the slopes in Figures 5.9, A.8 and A.9 would then be significantly different than for

PCP/ICD. Therefore, the theoretically predicted slopes for this case Eg}‘:i;g’l (i,j = Mg, Sr, Ba)

are also indicated in the corresponding figures. The graphs suggest that some values of trace
element ratios might indeed be affected by calcite recrystallization, however the majority of
points do not follow any linear function.

Sinclair et al. (2012) note, that their models of calcite recrystallization require some degree
of equilibration between limestone and solution and that the models are most applicable
to cases where there is a low solution volume and a large area of limestone surface. These
conditions might be encountered during diagenesis of a very porous limestone and/or vadose
diagenesis where solution is a thin film trickling across a large surface area of limestone.

Thus, Mg/Ca, Sr/Ca, and Ba/Ca ratios suggest that the influence of calcite water interac-
tions before 17 ka was comparably small. This is also reflected by the decreased correlation
coefficient between 46 and 17 ka (Figure 5.7) and the relatively small internal variability of
the trace elemental signatures. Modern dripwater monitoring also suggests, that PCP is not
a dominant process in Cueva Larga (Vieten et al., in press).

Other factors besides hydrological processes determining the Mg/Ca or Sr/Ca ratio in
speleothems are for example temperature (in the case of Mg) or growth rate, which was found
to determine Sr fractionation. Dy, is dependent on temperature, however, a temperature
change by 2-3°C would result in a total change in Mg by at most 15% (Huang and Fairchild,
2001). Between 46 and 17 ka, Mg/Ca varies between approximately 0.8 and 1.2 mmol/mol.
This variability is small but still larger than expected if temperature would be the only fac-
tor controlling Mg incorporation. Moreover, Ku and Li (1998) and Sinclair et al. (2012) state,
that the temperature dependency of this proxy might be larger than implied by inorganic
experiments. Thus, temperature potentially plays a secondary role in fractionating Mg.

In contrast, Sr/Ca incorporation may depend on the calcite precipitation rate (Lorens, 1981;
Huang and Fairchild, 2001; Gabitov and Watson, 2006; Nehrke et al., 2007). Growth rate varies
in PR-LA-1 by at least an order of magnitude from less than 10 to more than 300 pm/year (Fig-
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ure 5.4, periods of low growth rates are indicated with vertical bars). This variability would be
enough to affect Sr/Ca incorporation significantly. Figure 5.10 shows the Sr/Ca ratio and the
growth rate variability in PR-LA-1, with intervals of slow growth indicated with orange bars.
During some of these phases with relatively low growth rates Sr/Ca does show comparably
low values with regard to the variability of the other proxies such as Mg/Ca or 880 and §3C
values, which exhibit systematic higher values. This implies, that growth rate effects may
indeed influence the incorporation of Sr in PR-LA-1 and superpose the hydrological controls.

Other effects on Mg/Ca or Sr/Ca might be incorporation of dust/detrital material, changes
in the soil zone or sea spray. In an island karst system, input of seawater to groundwaters can
be a significant source of ions, especially for Mg and Sr which are both relatively concentrated
in seawater (Goede et al., 1998). For example, average Mg and Sr concentrations in seawater
are about 1,200 mmol/lI and 8 mmol/l, respectively (Stumm and Morgan, 1981), compared to
only about 5 mmol/l Mg (Roman-Mas and Lee, 1987) and 50 nmol/l Sr (Pett-Ridge, 2009) in
surface waters in Puerto Rico. A potential source of sea spray might be tropical cyclones,
which today affect the site on a regular basis. Thus it is possible, that sea spray contributes
a second-order effect to the element profiles. Saharan dust is also known to be a significant
source of soil in the Caribbean in general and also Puerto Rico, as evidenced by soil min-
eralogy, isotopic tracers, trace element ratios and rare earth element patterns (Pett-Ridge,
2009).

Input of detrital material is not regarded to have a major influence on the trace element
variability in PR-LA-1 which is indicated by the generally very low Al/Ca and Th/Ca ratios,
which are proxies for the contamination with clay minerals and other detritus (Fairchild and
Treble, 2009). However, the correlation coefficients with Mg/Ca and Ba/Ca suggest, that
detrital contamination might have a small effect on these elemental signatures (Figure 5.7 c
and d).

Besides Mg/Ca and Sr/Ca, also P/Ca and U/Ca exhibit a moderate variability in PR-LA-1.
Both ratios are generally positively correlated. A covariation of U and P on annual timescales
was observed by Treble et al. (2003), who interpreted P to be transported from seasonally
decaying vegetation prior to mineralization in the soil. Borsato et al. (2007) attributed annual
P layers to an autumnal flush of organic material from the soil due to the coincidence of
vegetation dieback and high infiltration. A covariation of U and P was also reported on longer
timescales by Mischel et al. (in press) and Webb et al. (2014). Both studies interpret higher
values in P and U as reflecting more productive vegetation and higher soil moisture, which is
supported by an anti-correlation with Mg (Webb et al., 2014) and 8'3C values (Mischel et al.,
in press), respectively.

In PR-LA-1, P/Ca ratios are both anti-correlated with Mg/Ca values, as well as 813C and
Sr/Ca (Figure 5.7 b). This is also visible in the records in Figure 5.10, with relatively low P/Ca
ratios during periods of slow growth rates and higher Mg/Ca, 8§'¥0 and §!*C values. This in-
dicates, that P/Ca could be interpreted in the same way as stated above. The anti-correlation

with P/Ca values generally favors the interpretation of Mg/Ca as proxy for hydrological pro-
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cesses rather than a dominance of the temperature dependency. Since wetter conditions in
the tropics are usually accompanied by higher temperatures, the temperature effect would
cause a correlation rather than an anti-correlation of Mg/Ca with P/Ca.

In summary, the phase between 17 and 15 ka shows a strong characteristic imprint of
PCP and/or ICD in Mg/Ca, Sr/Ca and Ba/Ca. Before 17 ka, the variability due to calcite
water interactions is substantially lower compared to the phase afterwards. Hydrologically
affected calcite water interactions such as PCP, ICD or calcite recrystallization might have
had influence on Mg/Ca and Sr/Ca during some short term phases as indicated by Figures
5.9, A.8 and A.9.

8130 and 8"3C values

The 8'3C of speleothem calcite is dependent on the type and amount of vegetation above

the cave, root respiration, organic material decomposition and the amount of calcite water
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interactions (Fairchild et al., 2006a). Variations in the biogenic CO, component of the carbon
are in turn influenced by precipitation amount and temperature (Genty et al., 2003). Gener-
ally the pCO; is expected to show an inverse correlation with 8'*C values in the soil horizon.
Changes in the amount of rainfall or temperature could also alter the ratio of C3 and C4
plants, causing further isotopic changes, particularly over longer timescales (Fairchild et al.,
2006a).

In the tropics, speleothem 880 values are often interpreted to reflect rainfall amount
(Vuille, 2003; Lachniet, 2009a; Winter et al., 2015). This is also observed at Cueva Larga,
with more negative rain water §!%0 values correlating with increasing amount of rainfall.
A decrease of 1Y% in 8'80 values corresponds to a rainfall increase of about 250 mm/month
(Vieten et al., in press), which is in agreement with the trend observed in rainfall collected at
the GNIP weather station in San Juan between 1968 and 1973 (location indicated in Figure
5.2, weather data downloaded from: https://nucleus.iaea.org/wiser).

However, comparing the annual averages of 820 and rainfall amount in San Juan instead
of monthly values indicates a smaller slope of approximately 100 mm/month (1200 mm/year)
for the period 1968 to 1973. A 1Y%o decrease in 8'80 values thus corresponds roughly to a
50% increase in rainfall amount compared to the modern annual rainfall sum at Cueva Larga
(2100 mm/year) and 100% at San Juan (1350 mm/year). As a comparison, the variability at
weather station San Juan was between 60 and 200% of the mean annual precipitation amount
during the period 1963 to 1983.

At the location of PR-LA-1, temperature was found to be nearly constant over time with
22.5+0.2°C and reflects the mean annual temperature (MAT) outside the cave (Vieten et al.,
in press). Long-term changes in MAT are thus expected to influence speleothem isotopic
composition (Lachniet, 2009a).

Modern dripwater composition at various drip sites near PR-LA-1 is about -2.6 + 0.2 %o
(VSMOW, Vieten et al. (in press) and Vieten et al., unpublished data). For the cave tem-
perature of 22.5°C, the theoretical expected value of precipitated calcite under equilibrium
conditions is -3.1+0.2%0 (VPDB) (Tremaine et al., 2011). Recently precipitated calcite is at a
value of -3.2+0.2 %0 (VPDB, Vieten et al, unpublished data), indicating that calcite precipi-
tates near equilibrium conditions. Calculating the fractionation after Kim and O’Neil (1997)
suggests a disequilibrium fractionation effect of about 1.5 + 0.2%0. However, we use the equa-
tion after Tremaine et al. (2011) which was developed under field conditions and is in better
agreement with field data and other studies (e.g., Coplen (2007)).

Nevertheless, both §!30 and 8'3C values are subject to disequilibrium fractionation effects
occurring inside the cave (Mickler et al., 2004; Dreybrodt and Scholz, 2011; Deininger et al.,
2012; Meyer et al., 2014). '80 and 8'3C values in PR-LA-1 are positively correlated through-
out the record, which documents the influence of cave-internal effects on both proxies in the
past. Speleothem 830 and §!C values are affected by fractionation effects due to variations
of temperature, drip interval (or drip rate), evaporation and pCO5.

Cave air pCO; measurements revealed, that Cueva Larga is affected by seasonal ventila-
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tion effects with low pCO; values in winter (Vieten et al., 2016). This might bias speleothem
climate records towards the winter season due to increased calcite precipitation rates. En-
hanced kinetic fractionation due to stronger ventilation and thus, possibly more evaporation,
has a significant effect on 880 and §'3C values of the calcite (Deininger et al., 2012). This
so called ’kinetic’ fractionation results in higher §'®0 and §!*C values than expected under
conditions of stable isotope equilibrium (e.g., Boch et al. (2011); Frisia et al. (2011); Mattey
et al. (2010); Scholz et al. (2012); Tremaine et al. (2011)).

Drip rates varied site-specifically and showed seepage flow behaviour (Vieten et al., in
press). Decreasing drip rates result in higher (enriched) values of 8'3C and §!80 (Miihlinghaus
et al., 2009). Recent laboratory experiments under conditions similar to those in natural cave
systems confirmed the importance of drip rate variability on the stable isotope composition
in speleothem calcite (Hansen et al., 2013).

All these cave-internal processes may be attached to climatic changes, e.g. generally drier
conditions may be accompanied by lower drip rates. In tropical locations, these effects -
including temperature variability - would amplify the negative relationship between rainfall
amount and speleothem 3'30. This interpretation is supported by the comparison of 830
and 8'3C variability with growth rate (Figure 5.10), where the stable isotope records show
systematically higher values during periods of decreased calcite precipitation indicative for
slower drip rates. 'O signatures in PR-LA-1 are thus interpreted as reflecting precipitation

amount above the cave.

5.4.3 Climate variability in Puerto Rico during the last Glacial
Dansgaard-Oeschger interstadials

Most of the Dansgaard/Oeschger warm interstadials (D/O) are recorded in PR-LA-1 as more
negative peaks in 8'%0 values and relatively low Mg/Ca values indicating generally warm
and humid conditions on Puerto Rico (Figure 5.11). The timing of the D/O cycles corresponds
well with other precisely dated records, such as the recent publication from the Amazonian
basin by Wang et al. (2017) or the reflectance record from the Cariaco basin (Deplazes et al.,
2013), which reflects the position of the ITCZ during the last Glacial. The similarity of the
5180 signature of PR-LA-1 to these both records (Figure 5.11) indicates a connection between
rainfall variability on Puerto Rico with the latitudinal shift of the ITCZ associated with North
Atlantic temperature variability (NGRIP members, 2004).

D/O interstadials 7 (~35 ka) and 11 (~43 ka) reach the most negative values with approx-
imately -1.8 %o. Interstadials 2, 3, 5, 6, 12 and 13 are characterized by 880 values of about
-1.2 to -1.5 %o, whereas during D/O’s 4 and 4.1, the values are below 1 %.

Comparing glacial with modern oxygen isotopic signatures in Cueva Larga reveals that cli-
mate conditions on Puerto Rico during interstadials 7 and 11 were most comparable to mod-
ern conditions. During the other interstadials, oxygen isotope values indicate only slightly

cooler and/or drier conditions. Under glacial boundary conditions, we assume a 1.1 %o change
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as a result of global ice volume and only minor local salinity changes in the subtropical At-
lantic surface waters during the Last Glacial Maximum (LGM, Shackleton (1974); Hagen and
Keigwin (2002); Schrag et al. (2002)), whereas the difference at ~35ka and ~43 ka was only
about 0.5 %o. Assuming in a first approximation that all other parameters stay constant and
fractionation processes in the cave remain comparable to modern conditions (-3.2 + 0.2 %),
this yields a value for precipitated calcite corrected for the composition of the sea surface
waters of about -2.2 to -2.7 %o for the LGM and MIS 3, respectively.

Suggesting generally cooler and/or drier conditions during the last glacial period, 880
values are shifted towards higher values, which are reached during the other interstadials.
SST reconstructions suggest a shift of 2-4°C between Holocene and peak glacial conditions

in the Caribbean basin and the Gulf of Mexico (e.g., Lea et al. (2003); Schmidt et al. (2004);
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Figure 5.11: Proxy records (Mg/Ca (orange), P/Ca (green), 8'30 (red)) from PR-LA-1 between 15 and
46 ka in comparison with the speleothem 880 record from Paraiso Cave from the Amazonian basin,
Brazil (blue, note the inverted axis, Wang et al. (2017)), the reflectance record from the Cariaco basin
off the Venezuelan coast (dark blue, Deplazes et al. (2013)), and the NGRIP ice core record (dark green,
NGRIP members (2004)). Dansgaard-Oeschger Interstadials are highlighted with light red bars and the

corresponding numbers.
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Ziegler et al. (2008)), whereas lacustrine sediments in Guatemala even suggest a cooling of
5-10°C (Grauel et al., 2016). During Greenland interstadials, Correa-Metrio et al. (2012) and
marine records (Shackleton, 1974; Hagen and Keigwin, 2002; Schmidt et al., 2004) suggest
a 0.5-1°C warming compared to average glacial conditions. A temperature decrease of 2-
4°C yields temperature fractionation corrected 8'0 values of speleothem calcite of about
-1.6 + 0.3 %0 for the LGM. This is in the range of the peak values of most D/O interstadials
measured in PR-LA-1 and about 1% lower than the baseline of about 0 to -1%o between 45
and 18 ka. For MIS 3 (1-3°C temperature decrease) a value of -2.3 + 0.3 %o is calculated.

An additional decrease in rainfall amount of roughly 50% compared to modern values
would explain a further increase of 1%o in !0 values (compare section 5.4.2). Since dis-
equilibrium effects may change the isotopic composition of a stalagmite significantly, this
value of 50% decrease in rainfall amount is regarded as an upper limit. Most likely, the addi-
tional increase in §!80 values is a combination of less rainfall and associated disequilibrium
effects.

Assuming no change in rainfall amount and/or disequilibrium effects, a value of about
-0.5% is reached with a temperature decrease of more than 8 °C. However, with respect to the
observations of other paleo climate reconstructions and model studies from the Caribbean
realm (e.g., Schmidt et al. (2004); Zhang and Delworth (2005); Murphy et al. (2014); Arienzo

et al. (2015)), this scenario is regarded to be not realistic for Puerto Rico.

Heinrich stadials

Analogous to the warm D/O interstadials, Heinrich stadials HS1 (17.2-15.5 ka), HS2 (24.3 -
23.8 ka) and HS5 (45.4 - 44.8 ka) are clearly pronounced with elevated 5'30 values and a rela-
tively low P/Ca signature (Figure 5.12). HS1 and HS5 are also characterized by significantly
higher Mg/Ca ratios and low growth rates (Figures 5.10 and 5.12). The exact timing of HS3
in the 8'80 record is not clear, but similar conditions to the other HS are observed between
30.2 and 28.9 ka. HS4 is not recorded in PR-LA-1. The proxies indicate that Heinrich stadi-
als in Puerto Rico were characterized by cooler/drier conditions and a decline of vegetation
and soil productivity. The timing of HS1 to HS5 is in agreement with other paleo climate re-
constructions from the subtropical and tropical Atlantic realm (Escobar et al., 2012; Deplazes
et al., 2013; Lachniet et al., 2013; Arienzo et al., 2015) and other northern hemispheric records
(Wang et al., 2007).

The observations in PR-LA-1 are in concert with other proxies from the subtropical/tropical
western Atlantic which support the overall drying and/or similar cooling associated with
Heinrich stadials (Peterson, 2000; Escobar et al., 2012; Lachniet et al., 2013; Arienzo et al.,
2015; Grauel et al., 2016). Decreasing SSTs by ~ 3-5 °C across Heinrich stadials were detected
at the Bermuda rise (Sachs and Lehman, 1999; Keigwin and Boyle, 1999; Hagen and Keigwin,
2002). A similar cooling by ~4°C during Heinrich stadials 1 to 3 is observed in the Bahamian
speleothem record (Arienzo et al., 2015). Lacustrine sediments from Guatemala shows in-

creased aridity and a 6- 10 °C cooling associated with Heinrich stadial 1 (Hodell et al., 2008;

83



5 Paper I: Cueva Larga

Escobar et al., 2012; Correa-Metrio et al., 2012; Grauel et al., 2016) and a speleothem record
from southwestern Mexico demonstrates a reduction of the North American Monsoon (Lach-
niet et al., 2013).

In Puerto Rico, the increase in 880 values during HS 2, 3 and 5 is about 2 %o and for HS1
even 3 %o. However, this difference cannot solely be explained by the above reported tempera-
ture decrease compared to glacial boundary conditions. A total drop of about 10 °C compared
to modern temperatures would only result in a §!80 signature of ~0 %o. Also Arienzo et al.

(2015) only observe an 8'80 increase of about 1- 1.5 %o in speleothem calcite. The decreased
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Figure 5.12: Proxy records (Mg/Ca (orange), P/Ca (green), 8'30 (red)) from PR-LA-1 between 15 and
46 ka in comparison with speleothem 8180 records from Juxtlahuaca Cave, Mexico (dark red, Lachniet
et al. (2013)), from Abaco Island, Bahamas (light red, Arienzo et al. (2015)) and from Hulu Cave, China
(purple, Wang et al. (2001)). The marine sediment reflectance record from the Cariaco basin off Venezuela
is shown in dark blue (Deplazes et al., 2013). The timing of the Heinrich stadials is indicated with light

blue bars.
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temperatures for the tropical Northern Hemisphere coincident with Heinrich stadials are in
principle also supported by model studies. However, the modeled temperature changes are
much less (Zhang and Delworth, 2005; Murphy et al., 2014), and for the location of Puerto
Rico, Murphy et al. (2014) even report no significant change in surface temperatures.

Moreover, comparing the Mexican speleothem record from Juxtlahuaca Cave (Lachniet
et al., 2013) with the PR-LA-1 880 signature (Figure 5.12) reveals that the timing and mag-
nitude in the increase of the 880 values during HS1 is nearly synchronous. This supports
the significance of the supra-regional control of rainfall changes in the subtropical Caribbean
driven by the southerly shifted ITCZ and reduced AMOC (Lachniet et al., 2013). The major
contribution to the HS-signatures observed in PR-LA-1 880 values is thus expected to origi-
nate from a further decrease in rainfall amount compared to glacial boundary conditions and
potentially associated drip-rate modulated disequilibrium fractionation effects.

Comparing the recorded Heinrich stadials in PR-LA-1 with each other, HS1 (17.2-15.5 ka)
appears to be accompanied by the most extreme conditions in Puerto Rico. This is a common
observation, since most records declare HS1 the severest Heinrich stadial (Escobar et al., 2012;
Arienzo et al., 2015), accompanied by e.g., a near shut down of the AMOC (B6hm et al., 2015).

During HS1, paleo climate proxy reconstructions in the Caribbean realm report an warm
and wet interruption at about of the cold and dry period. This interruption occurs in lacus-
trine sediments in Guatemala (Escobar et al., 2012) at about ~17 ka, and in the Bahamian
speleothem from 17.5 to 17.1ka (Arienzo et al., 2015). In Puerto Rico, HS1 starts at about
17.2ka with a gradual increase in Mg/Ca and 8'®0 values indicating a decrease of rainfall
amount and temperature. The intermediate phase can be associated with a short-term 820
excursion to slightly more negative values at around 16.8 ka succeeded by relatively stable
Mg/Ca values indicating a rather constant precipitation regime until 15.9 ka. The proxies
in PR-LA-1 suggest, that the following period until 15.4 ka was the driest and coolest phase
of the whole record. P/Ca and 8"C values also suggest that the decrease in rainfall and
temperature was accompanied by a decline of soil productivity.

In contrast, even though HS2 is associated with a similar decrease of the strength of the
AMOC as HS1 (Bohm et al., 2015), the climate response in Puerto Rico was apparently not
the same. During HS2 (24.3-23.8 ka), 880 values increased by about 2 %o, accompanied
by a relative decrease in P/Ca. Mg/Ca ratios, in contrast, only shows a minor increase. A
similar pattern is observed during HS3. HS5 again exhibits again a clear increase of §'%0 and
Mg/Ca values accompanied by a decline in P/Ca, however not as pronounced as reported for
HS1. Nevertheless, the big picture of all proxies together indicate, that all Heinrich stadials

recorded in PR-LA-1 were characterized by drier and/or cooler climate conditions.
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5.5 Conclusions

Precise 2°Th/U dating shows, that PR-LA-1 grew from 15 to 46 ka with a hiatus between 35
and 41ka and covers several millennial scale events during the last Glacial such as Dans-
gaard/Oescher interstadials 1- 12 and Heinrich stadial 1-5. Contamination with detrital Th
was found to be generally low, but has significant influence on the calculation of the 2°Th/U
ages.

The comparison of the PR-LA-1 proxy records with climate records sensitive for global and
regional climate change (Figure 5.12 and 5.11) reveals, that most of the prominent climate
events during the last glacial period - the Heinrich stadials and Dansgaard/Oeschger cycles
- also had an impact on local climate on Puerto Rico.

Our observations are in concert with model studies and other climate proxy reconstruc-
tions (e.g., Schmidt et al. (2004); Zhang and Delworth (2005); Murphy et al. (2014); Arienzo
et al. (2015)) where most of them found generally drier and cooler conditions in the Caribbean
realm during the last Glacial. The average oxygen isotopic composition of speleothem calcite
between 46 and 18 ka suggests in agreement with other records, that climate on Puerto Rico
was generally cooler by ~2-4°C and also drier than today.

Warm North Atlantic Dansgaard/Oeschger interstadials as observed in Greenland ice cores
(Figure 5.11) are also recorded in Puerto Rico and were found to be characterized by relatively
warm and humid conditions. §!80 values during single D/O peaks 7 and 11 are even inter-
preted to show comparable climate conditions to the modern environment. In contrast, cold
Heinrich stadials are recorded as relatively cold and dry periods, which were additionally
accompanied by a decline in vegetation and soil productivity. The variability of 8'%0 values
during Heinrich stadials is in agreement with other records (e.g., Escobar et al. (2012); Arienzo
et al. (2015)), indicating temperature drops by about 3-5 °C and associated decreased rainfall
amounts.

These climatic changes are ascribed to the southerly movement of the ITCZ and the vari-
able strength of the AMOC. Our record is the first from this region which clearly shows
the impact of both stadials and interstadials on western Caribbean climate variability over a
relatively long time period and allows an approximate quantification of last glacial climate

conditions.
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Abstract We present a precisely dated speleothem stable isotope and trace element record from Cuba (96-7
ka), showing pronounced hydrological variability throughout the last Glacial. During the Last Glacial Maximum,
increasing P/Ca and U/Ca ratios as well as 8'3C values indicate a decline of vegetation and soil activity. The
inverse relationship of P/Ca compared to the conventional interpretation in temperate regions is suspected to
originate from site-specific soil characteristics. Mg/Ca, Sr/Ca and Ba/Ca were found to be mainly controlled
by calcite-water interactions such as PCP/ICD and calcite recrystallization. However, there is also evidence for
several second order effects obscuring the hydrological controls. In contrast, 8'%0 values are regarded as robust
proxy for precipitation amount on Cuban speleothems. During the transition into the Holocene, the record shows
a gradual change to generally warmer and wetter conditions. Across the last Glacial, we observe a similar rela-
tionship. During North Atlantic cold events (e.g., Heinrich stadials and the Younger Dryas), climatic conditions
on Cuba were comparably cool and/or dry. This is in agreement with previous evidence for the Holocene, when
North Atlantic cold events coincided with drier conditions on Cuba (Fensterer et al., 2013). In contrast, warm
Dansgaard/Oeschger cycles were accompanied by more humid conditions. These observations are in concert
with previous studies, especially from the Central American realm. Rainfall variability on Cuba was found to be
mainly connected to insolation and the strength of the AMOC. The associated variability in Caribbean SSTs and
the shift of the ITCZ led to partially severe changes of the hydrological cycle in the Northwestern Caribbean

realm.
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6.1 Introduction

Recent research suggests major changes in the tropical hydrological cycle during the last
glacial period coinciding with North Atlantic (NA) climate variability due to changes in the
position of the Intertropical Convergence Zone (ITCZ) and the linked wind and pressure
systems (e.g., Deplazes et al. (2013); Lachniet et al. (2009); Schmidt et al. (2006)). The migration
of the ITCZ has been associated with the changes in insolation as well as the strength of the
Atlantic Meridional Overturning Circulation (AMOC) and its associated inter-hemispheric
heat flow (Broccoli et al., 2006; McGee et al., 2014; Schmidt and Spero, 2011; Strikis et al.,
2011; Lachniet et al., 2013).

However, the nature of these changes and details of their spatial and temporal evolution
are still under debate. For instance, it has been suggested that the inter-hemispheric temper-
ature gradient during the late Quaternary affected the mean position and the intra-annual
migration of the ITCZ, which subsequently moved southward during NA cold phases (Chi-
ang, 2003; Schmidt and Spero, 2011; Correa-Metrio et al., 2012; Arbuszewski et al., 2013). In
contrast, other studies suggested that the ITCZ contracted near its present position (Collins
et al., 2011).

Most climate records from the Caribbean covering the last 100 ka are based on marine and
lacustrine sediments (Grimm et al., 2006; Schmidt et al., 2006; Donders et al., 2011; Escobar
et al., 2012; Correa-Metrio et al., 2012; Deplazes et al., 2013; Grauel et al., 2016).

From the tropical and subtropical Americas, several speleothem and lacustrine climate
records spanning glacial-interglacial time scales are available. These are mainly centered in
northeastern Brazil or Central America (CA) and document a relationship with NA climate
variability (Cruz et al., 2007; Wang et al., 2007; Lachniet et al., 2009; Correa-Metrio et al.,
2012; Lachniet et al., 2013; Roy et al., 2013). For instance, a speleothem record (100 - 24 ka)
from Costa Rica shows a controversial response to North Atlantic cold events (Lachniet et al.,
2009). Lachniet et al. (2009) thus concluded that past rainfall variability in CA rather depends
on spatial gradients in sea-surface temperature (SST) and sea-surface salinity (SSS) between
the Atlantic and the Pacific Ocean than on NA climate variability.

Recent research on a Bahamian speleothem reveals a temperature decrease associated
with Heinrich Stadials (HS) rather than a change in rainfall amount (Arienzo et al., 2015),
whereas pollen-inferred climate reconstructions from Lake Tulane (Florida) indicate wetter
summer and warmer winter conditions during HS and the Younger Dryas (YD) (Grimm et al.,
2006; Donders et al., 2011). Marine sediments from the Cariaco Basin suggest a response
of the ITCZ and the associated rainfall patterns to NA climate change, such as the Dans-
gaard/Oeschger (D/O) warm events (Deplazes et al., 2013). In summary, a clear response of
Caribbean terrestrial climate records to both glacial NA cold (HS) and warm (D/O) events
has not been established yet, and the available records only provide a fragmentary picture
of climate change in the Caribbean region during the last glacial period.

For the Holocene, several speleothem records from the central Caribbean are available. The
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majority of these records are based on 8180 values (Winter et al., 2011; Fensterer et al., 2012,
2013; Winter et al., 2015; Medina-Elizalde et al., 2016), which are interpreted to be dominated
by the amount effect (Vuille, 2003; Lachniet et al., 2009; Strikis et al., 2011; Fensterer et al.,
2012). Only a limited number of studies from the tropics have made use of trace elements
to support the interpretation of the stable isotope records in terms of climate variability
(Cruz et al.,, 2007; Griffiths et al., 2010; Sinclair et al., 2012). Trace elements such as Mg or
Sr are well-established proxies of past hydrological variability under certain circumstances
(Fairchild and Treble, 2009; Fairchild et al., 2006a), and many studies have documented trace
element variations on annual, decadal, millennial and glacial-interglacial timescales (Huang
et al., 2001; Treble et al., 2003; Borsato et al., 2007; Cruz et al., 2007; Griffiths et al., 2010;
Regattieri et al., 2014; Tan et al., 2014). Speleothem trace element records from the central
Caribbean are not available yet.

Here we present a stable isotopes and trace element speleothem record from Cuba covering
the period from 96 to 7 ka, which provides an important step towards a better understanding
of the spatial and temporal response of the tropical climate system to abrupt NA climate

variability.

6.2 Material and methods

Stalagmite Cuba Medio (CM) was collected from the Santo Tomas cave system (22.52°N,
-83.85°E, Figure 6.1) in the cone (mogote) karst region of the Sierra de Quemados in western
Cuba. The cave system has a total length of 46 km and shows several stages of development
eroded by subsurface water streams and fluvial processes (Pajon et al., 2001; Parise et al.,
2005). The cave system is developed in stratified micritic limestones of late Jurassic age,
including minor dolomite and chert (Parise et al., 2005). Soil and vegetation characteristics
are typical for the mogote karst region of the Greater Antilles with a dense mixture of trees,
palms and ferns and a thin, but generally very productive soil layer.

CM was collected in Torch cave in a gallery 170 m above sea level (35 m above valley level),
overlain by approximately 60 m of rock. The speleothem has a total length of 520 mm and
is divided into two main growth parts separated by a 1mm-thin detrital layer associated
with a hiatus at 23 mm distance from top (dft, Figure 6.2). The uppermost part (0 - 23 mm
dft) covering the early Holocene was already included in the study of Fensterer et al. (2013).
Next to the growth axis of the stalagmite, two smaller stalagmites formed, which were also
analyzed (Figure 6.2). The stalagmite was not active at the time of collection.

230Th/U-dating was performed using thermal ionization mass spectrometry (TIMS) at the
Heidelberg Academy of Sciences and multi-collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) at the Max Planck Institute for Chemistry (MPIC), Mainz. Stable
carbon and oxygen isotope analysis was performed at a resolution of 0.10-0.33 mm along the
growth axis of CM, CMa and CMb using an on-line, automated carbonate preparation sys-

tem linked to a triple collector gas source mass spectrometer at the University of Innsbruck.
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Figure 6.1: Map indicating the locations of Santo Tomas Cave (western Cuba) and the most relevant
studies discussed in this manuscript: Terciopelo Cave, Costa Rica (Lachniet et al., 2009); Lake Petén Itza,
Guatemala (Hodell et al., 2008; Correa-Metrio et al., 2012; Escobar et al., 2012); paleo lake Babicora,
Mexico (Roy et al., 2013); sediment cores ODP 999A, Caribbean sea (Schmidt et al., 2004); sediment core
MD02-2575, Gulf of Mexico (Ziegler et al., 2008); sediment core ODP 1063, Bermuda rise (McManus et al.,
2004; Channell et al., 2012; B6hm et al., 2015) and Greenland ice core NGRIP (NGRIP members, 2004).

Line scans of the concentrations of Mg, Al, P, Sr, Y, Ba, La, Ce, Pb, Th and U were measured
along the major growth axis of CM by laser ablation ICPMS at the MPIC, Mainz with a spot
size of 110 pm and a scan speed of 10 um/s. The raw time series were outlier corrected with a
5-point running median and subsequently reduced to an equidistant record, corresponding
to a 5 point smoothing. Figure B.3 in the supplementary material shows the molar ratios of
all measured elements.

Correlation analysis was performed with a test statistic based on Pearson’s product mo-
ment correlation coefficient r (x,y) and follows a t-distribution with length(x)-2 degrees of
freedom. Asymptotic confidence intervals are given based on Fisher’s Z transform. The
given Pearson’s correlation coefficients are all significant at the 0.05 level. Further details

about materials and methods are given in the supplementary material (Appendix B).

6.3 Results

6.3.1 #°Th/U dating

On the main growth axis CM, in total 34 TIMS (Tables B.1 and B.2) and 40 MC-ICPMS (Table
B.3) 2°Th/U ages were performed (Figure B.1). For each of the small stalagmites CMa and
CMb, three MC-ICPMS ages each were determined (Tables B.4 and B.5).
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U content is generally low with 0.06-0.2 pg/g. In most samples, detrital 2**Th content is
smaller 0.2 ng/g. For stalagmites from the same host rock, an activity ratio of (**°Th/?2Th)
of 8 + 4 was found to be appropriate for correction of detrital contamination (Fensterer et al.,
2010, 2012), resulting from a detrital weight ratio of 232Th/?3U = 0.38 + 0.30. Hence, the cor-
rection for detrital Th is significant already for small concentrations.

In addition, many TIMS ages have relatively large errors and are systematically ’older’
than the MC-ICPMS data. This can be ascribed to the lower transmission efficiency of the
TIMS technique (Scholz and Hoffmann, 2008). The MC-ICPMS technique enables a higher
precision of 2°Th/U dating for samples with low U contents, thus it is regarded the more
reliable method here.

Therefore, the age control is focused on the MC-ICPMS data and all TIMS ages which
are not in chronological order with the MC-ICPMS chronology are omitted. In total, 14 TIMS
20Th/U ages are used for constructing the age model of CM in addition to the 40 MC-ICPMS
ages (Figure 6.2).

6.3.2 Age model and growth rate

The growth axis CM spans from 82 ka (MIS 5a) to the early Holocene (7 ka) indicating nearly
continuous growth with the exception of the hiatus from 13 to 10 ka (Figure 6.2). CMa (76 to
70 ka) replicates the MIS 5a growth phase of CM, whereas CMb grew between 97 and 93 ka
(MIS 5b/c).

However, the chronology and petrography as well as the trace element and stable isotope
record of CM show indication for several phases of very slow growth in CM, which could
also be related to more growth stops. These sections are indicated with grey bars in the
Figures 6.2 and B.4. In order to correctly account for potential hiatuses in the age model, the
records are carefully revisited in order to find additional evidence for growth stops. Very high
concentrations of trace elements indicate high detrital contamination, which is typical for
hiatuses. For this purpose, Al/Ca which is included with clay minerals in speleothem calcite
was used as indicator (Fairchild and Baker, 2012). Two growth stops are identified at 408 mm
dft (69.4-66.9 ka) and 439 mm (73.6 - 72.7 ka). Further evidence for very short hiatuses lasting
only a few hundred years was found at 62.5 mm dft (16.5- 17 ka) and 356 mm (64.6 - 64.3 ka).

The age models (Figure 6.2) were subsequently constructed for each stalagmite individu-
ally. For CM and CMb, we used the algorithm StalAge (Scholz and Hoffmann, 2011) between
the identified hiatuses, respectively. For CMa, the age model was tuned to the parallel axis
CM taking into account the measured 2*°Th/U-ages on both axes as well as the best correla-
tion between the two stable isotope records.

Growth rate varies over an order of magnitude, with values of 2-3 pm/a up to 20-60 um/a
and average values of 7-10 pm/a. Lowest values apart from the mentioned growth stops (high-
lighted with vertical grey bars in Figure 6.2 and 6.3) are observed between 62.5 and 77 mm
dft (24- 17 ka), 121- 131 mm (34- 30.5 ka), 166 - 173 mm (42 - 37 ka), 245 - 250 mm (59 - 52 ka).
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6.3.3 Proxy variability

The results of the element to calcium ratios along growth axis CM versus dft and age, are
shown in the supplementary material (Figures B.4 and B.5). La/Ca, Ce/Ca, Y/Ca and Pb/Ca
show a very noisy signal with values close to the detection limit and are not considered in
the following discussion. Al/Ca ratios share a similar pattern with frequent peaks of more
than 2 mmol/mol, which was used for the identification of potential hiatuses (section 6.3.2).

Figure 6.3 shows the stable isotope record and the molar element to calcium ratios of U/Ca,
P/Ca, Sr/Ca and Mg/Ca with intervals of low growth rates highlighted by grey vertical bars.
U/Ca and P/Ca ratios range from 0.01 to 0.3 pmol/mol and 0.1 to 2.5 mmol/mol, respectively.
Extraordinarily high contents of both elements are observed between 25-17 ka, and at 32.5 -
28.5, 36 - 34, 62.5 and 59 as well as 89 - 75 ka. High U/Ca and P/Ca values also have a tendency
to be accompanied by relatively high 8'3C values (Figure 6.3). The Mg/Ca ratio of CM is
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Figure 6.2: 30Th/U-ages measured along the growth axes CM, CMa (green) and CMb (violet). Blue
squares indicate the TIMS data which are used for constructing the age model. Red dots show the MC-
ICPMS data from CM. The growth axes are indicated on the scan of sample Cuba medio. The age models
are indicated with colored lines, respectively.
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generally high with an average value of 20 mmol/mol and shows a large variability. Sr/Ca
ratios are characterized by a similar structure with large, abrupt changes and values between
0.02 and 0.06 mmol/mol.

Figure B.2 in supplementary material shows the individual records of §'®0 and §'*C values
of CM, CMa and CMb. The three records are combined to a composite record CM, which
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Figure 6.3: Temporal evolution of the stable isotope ratios and element to Ca ratios in stalagmite Cuba
Medio. Proxy records from top to bottom: Composite 880 record (CM, CMa, CMb, light grey line), 5 point
running mean (5pRM, red); stacked 8'3C record (CM, CMa, CMb, light grey line) and 5pRM (black). The
following panels show the molar element to Ca ratios reduced to the spatial resoluton of the stable isotope
records. Light grey vertical bars indicate periods of slow growth discussed in section 6.3.2. Unsmoothed

data and the records of Ba, Ce, La, Pb and Th are shown in the supplementary material B.3.
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is shown in Figure 6.3. 880 values in CM vary between -4 and +1%. The lowest values are
observed during MIS 5 and the early Holocene. The last glacial period (i.e., between early MIS
4 (65 ka) and the start of the transition to the Holocene (15 ka)) is characterized by relatively
high values ranging from 0 to -1.5%c. 8!*C values range from -10 to +1%o. As for the 830

values, minima are observed during the early Holocene and MIS 5, whereas maximum 8'*C

values occur during the LGM (25-17 ka)

6.3.4 Correlation analysis

The variability of element to calcium ratios and stable isotope records is further assessed
by calculating Pearson’s correlation coefficients between the individual records. In order to
investigate temporal changes in the correlation of the different proxies, the record was split
into seperate sections (Figure 6.4). Correlations were calculated for the whole record and the
five marine isotope stages covered by CM: MIS 1 (Holocene, 10-7 ka), MIS 2 (29 - 12 ka, LGM
and deglaciation), MIS 3 (57-29 ka), MIS 4 (71-57,ka) and MIS 5a (82-71ka). Significant
positive correlations are shown in red colors, negative correlations are shown in blue. The
lighter the color, the less pronounced is the correlation.

One group of element ratios found in CM consists of U/Ca and P/Ca being highly cor-

related with ry,p =0.89. Both are inversely connected with Sr/Ca and Ba/Ca (rs,p =-0.45,
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Figure 6.4: Visualization of Pearson’s correlation coefficients of Al/Ca, P/Ca, U/Ca, Ba/Ca, Sr/Ca,
Mg/Ca, 5'80 and 5'3C values for the whole record (upper left panel) and MIS 1 to MIS 5a of stalag-
mite CM. Only significant correlations (p = 0.05) are shown.
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ra/p =-0.53, rpau =-0.43, rs,yu =-0.37). Mg/Ca, Sr/Ca and Ba/Ca are all positively correlated
in the whole record with rpg/p, = 0.46, rpg/sy = 0.43 and rs,/p, = 0.87. The correlations of Sr/Ca
and Ba/Ca as well as P/Ca and U/Ca persist across all analysed sections. Al/Ca shows weak
correlations with U/Ca, P/Ca and 8'*C values during some sections.

While §*0 and 8"*C values are positively correlated throughout the record (rgisgg13¢ = 0.53),
the relationship with the previously mentioned element ratio groups is controversial. During
the Holocene, 830 and 8'*C values are highly correlated with Sr/Ca, Ba/Ca and Mg/Ca (Fig-
ure 6.4). The correlation with Mg/Ca weakly persists during MIS3 through MIS5a, whereas
the covariation of Mg/Ca with Sr/Ca and Ba/Ca decreases during MIS 3 and is not significant
in MIS 4 and 5. The relationship of Sr/Ca and Ba/Ca to the stable isotope signals is, how-
ever, not consistent. In contrast, both element ratios keep the strong anti-correlation with
U/Ca and P/Ca through MIS 2 to MIS 5. The correlation of %0 and &'3C values is most
pronounced during the early Holocene and MIS 5a. The correlation is lowest in MIS 3 and 4
and even weakly negative during MIS 2 (glacial to full glacial conditions).

The covariation of Mg/Ca, Sr/Ca and Ba/Ca is further analyzed applying the models de-
veloped by Sinclair et al. (2012) to the element data in CM. Figure 6.5 shows the cross plots
of In(Sr/Ca) vs. In(Mg/Ca), In(Ba/Ca) vs. In(Mg/Ca) and In(Ba/Ca) vs. In(Sr/Ca) for the whole
record from 82 to 7 ka. The corresponding plots for the individual time slices MIS 1, MIS 2,

MIS 3, MIS 4 and MIS 5 are attached to the supplementary material (Figures B.6, B.7 and B.8).

D;-1
D,-1

The slopes
Eg;j;g], (calcite recrystallization) with i,j = Mg, Sr, Ba were calculated using the partition co-
efficients Dyg = 0.031 (for 25°C), Ds, = 0.15 (both Huang and Fairchild, 2001) and Dg, =0.012
(Tesoriero and Pankow, 1996).

For all time slices, only the In(Ba/Ca) vs. In(Sr/Ca) data points follow the theoretically
expected slope for PCP/ICD. The In(Sr/Ca) vs. In(Mg/Ca) and In(Ba/Ca) vs. In(Mg/Ca) slope
only fits with the PCP/ICD model during the deglaciation (17-12ka, Figure B.6 bottom
panel). During the early Holocene, MIS 2 and MIS 3 the actual slopes are lower than ex-
pected for PCP/ICD (Figure B.6 upper panel) and vary between 0.23 and 0.42 for In(Sr/Ca)
vs. In(Mg/Ca) and between 0.31 and 0.48 for In(Ba/Ca) vs. In(Mg/Ca). For MIS 4 and MIS
5, the cross plots for In(Sr/Ca) vs. In(Mg/Ca) and In(Ba/Ca) vs. In(Mg/Ca) have no explana-

tory power, since no significant correlation exists between Mg/Ca with Sr/Ca and Ba/Ca. In

(prior calcite precipitation (PCP) or incongruent calcite dissolution (ICD)) and

general, it seems that the In(Sr/Ca) vs. In(Mg/Ca) plots follow the slope derived by Sinclair
et al. (2012) for calcite recrystallization. However, the In(Ba/Ca) vs. In(Mg/Ca) plots do not

confirm this pattern.
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Figure 6.5: Cross plots of element to calcium ratios in speleothem calcite of CM shown as [n(Sr/Ca) vs. [n(Mg/Ca) (left), [n(Ba/Ca) vs. In(Mg/Ca) (middle) and In(Ba/Ca)
vs. In(Sr/Ca) (right) for the whole record (82 -7 ka). The red lines indicate the theoretically expected slopes for PCP and/or ICD after Sinclair et al. (2012) calculated
with the corresponding partition coefficients. The dashed lines show the same for the case of calcite recrystallization (Sinclair et al., 2012). The dotted lines show the
fitted slope of the data points. The plots for the individual time slices MIS 1, MIS 2, MIS 3, MIS 4 and MIS 5 are attached to the supplementary material (Figures B.6,

B.7 and B.8)
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6.4 Discussion

6.4 Discussion

6.4.1 Trace elements

The trace elements in CM can be assigned to three major environmental patterns reflecting
(1) detrital contamination, (2) vegetation and soil dynamics and (3) hydrological variability
(calcite-water interactions). Al/Ca and Th/Ca are interpreted to reflect the incorporation of
detrital material. High Al content indicates the presence of clay minerals, which adsorb a
range of trace elements (Dorale et al., 2004; Fairchild and Treble, 2009; Wassenburg et al.,
2012). In CM, weak correlations are observed with P/Ca, U/Ca and 8'3C values, which may
obscure their potential climate signal. For instance, a high concentration of detrital material
in CM is observed at the hiatus that marks the Younger Dryas (YD, 13- 10 ka) and during the
late Last Glacial Maximum (LGM, 24-17 ka) (Figure B.5).

Environmental controls on P/Ca and U/Ca

A second major group of trace element ratios, which is most prominent on glacial-interglacial
timescales, is formed by P/Ca and U/Ca (Figure 6.3). P in speleothem calcite may be inter-
preted to be transported from seasonally decaying vegetation prior to mineralization in the
soil (Huang et al., 2001; Fairchild et al., 2001). Treble et al. (2003) observed a covariation
of U and P on annual timescales, which is explained by the formation of phosphate/uranyl
complexes. Borsato et al. (2007) attributed annual P layers to an autumnal flush of organic
material from the soil due to the coincidence of vegetation dieback and high infiltration. A
covariation of U and P was also reported on longer timescales (Mischel et al., in press; Webb
et al., 2014). Both studies interpret higher values in P and U as reflecting more productive veg-
etation and higher soil moisture, which is supported by an anti-correlation with Mg (Webb
et al., 2014) and 8'3C (Mischel et al., in press), respectively.

In stalagmite CM, high values of P and U tend to coincide with elevated 8'°C and Mg/Ca
values suggesting a different relationship. Higher 8!°C values are usually interpreted to re-
flect a less productive vegetation and reduced soil activity above the cave (Genty et al., 2003;
McDermott, 2004; Meyer et al., 2014). The (positive) covariation of §1*°C with U/Ca and P/Ca
in CM thus suggests a connection of the three proxies to long-term vegetation and soil dy-
namics with higher P/Ca values indicating a decline in vegetation and soil activity in contrast
to the common interpretation.

At tropical sites, vegetation dieback is not so seasonally pronounced and litter fall may
occur throughout the year. This suggests a different pattern of infiltration of P-bearing waters
than in temperate locations with pronounced seasonality. A general decline of vegetation
might have the same effect also in tropical locations over several years, however, this process
might not be persistent over several millennia. Based on monitoring data from a tropical
cave, Frisia et al. (2012) infer, there may not be a direct relation between an increase in P

concentration and seasonal infiltration, especially if the source of this element is not the
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labile phosphate released through leaching during seasonal vegetation dieback in temperate
climates. The authors found that incorporation of P into speleothems may be complex and
showed that co-precipitation of P-rich phases may occur during intervals of reduced drip
rates, which may indicate dry spells. This observation may support our interpretation.

We suggest, that the observed inverse connection of P/Ca with vegetation variability may
be also the result of different soil types compared to the Australian caves. In their study, Tre-
ble et al. (2003) argue with the low P retention capacity of the sandy southwestern Australia
soils, which might explain why a strong seasonal P signal associated with seasonal flush of
organic-rich complexes is seen in speleothems from this region. In contrast, subtropical and
tropical soils are often characterized by a high P retention capacity (Sanchez and Uehara,
1980; Daroub et al., 2003), which means that phosphate is bound much tighter to the non-
soluble phase. In principle, P retention in soils is pH dependent. At low soil pH, P is fixed
into slightly soluble forms by precipitation and sorption reactions with Fe and Al compounds
as well as crystalline and amorphous colloids (Sanchez and Uehara, 1980). At the cave site
in western Cuba, the dominant soil types are Luvisols, Cambisols and Gleysols (Gardi et al.,
2014). A survey shows, that Luvisols as well as Gleysols in most cases show serious to very
serious phosphorus deficiencies, and Cambisols average phosphorus deficiency (Roche et al.,
1978), with Luvisols being neutral and Cambisols rather acid (Schulte and Ruhiyat, 1998). A
decline in vegetation productivity may result in a lower soil pCO,, which in turn elevates soil
pH. Under certain circumstances a threshold soil pH might be reached, which facilitate the
release of previously adsorbed phosphate to the soil solution and thus increases the flush of
P-rich complexes.

Recently it was also shown that with increased aridity the P cycle may become decoupled
from the N cycle with increased P concentrations in the soil (Delgado-Baquerizo et al., 2013).
Although this study rather applies to dry sub-humid to arid ecosystems, it may be of some
significance for the tropical glacial environments, which experienced presumably much drier
conditions than today (Escobar et al., 2012; Correa-Metrio et al., 2012).

Thus, the positive correlation of U and P with 8'3C in stalagmite CM suggests a connection
to vegetation and soil dynamics on longer timescales, rather than a direct response of these

proxies to infiltration.

Environmental controls on Mg/Ca, Sr/Ca and Ba/Ca

Sr/Ca, Ba/Ca and Mg/Ca form the third major group of trace element ratios. A positive cor-
relation between these element ratios is often interpreted to reflect hydrological variability
due to PCP and/or changes in the residence time of the recharge water (Roberts et al., 1998;
McMillan et al., 2005; Cruz et al., 2007; Fairchild and Treble, 2009; Fairchild and Baker, 2012;
Sinclair et al., 2012). However, such a covariation may also be caused by other processes and
is thus further tested by applying the model of Sinclair et al. (2012).

The resulting plots of the whole record (82-7 ka, Figure 6.5) are exemplary for the general
conclusion. The In(Ba/Ca) vs. In(Sr/Ca) plot matches with the theoretically calculated slope
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of Sinclair et al. (2012) for prior calcite precipitation (PCP) and/or incongruent calcite dis-
solution (ICD) suggesting a hydrological control on these proxies. In contrast, the slopes of
the In(Sr/Ca) vs. In(Mg/Ca) and In(Ba/Ca) vs. In(Mg/Ca) plots are systematically lower than
expected for PCP/ICD and do also not correspond systematically with the model developed
for calcite recrystallization. The deviation of the slope in the In(Mg/Ca) plots is suggested to
results from additional Mg input from dissolution of dolomite or high Mg-calcite in the host
rock (Sinclair et al., 2012). Relatively high Mg/Ca ratios in CM support the existence of an
additional Mg source along the water pathway feeding stalagmite CM.

Calcite recrystallization might also induce a correlation between Sr and Mg. The graphs
In(Sr/Ca) vs In(Mg/Ca) and In(Ba/Ca) vs In(Mg/Ca) in the Figures B.6, B.7 and B.8 suggest that
the trace element signatures might indeed be affected by calcite recrystallization, which in
general is a high non-linear process (Sinclair et al., 2012). Sinclair et al. (2012) note, that their
models of calcite recrystallization require some degree of equilibration between limestone
and solution and that the models are most applicable to cases where there is a low solution
volume and a large area of limestone surface. These conditions might be encountered during
diagenesis of a very porous limestone and/or vadose diagenesis where solution is a thin film
trickling across a large surface area of limestone.

Other processes may also exert a second-order effect on the incorporation of Mg, Sr and
Ba. Dwmg is dependent on temperature, however, a temperature change by 2-3°C would
result in a total change in Mg by at most 15% (Huang and Fairchild, 2001). The variability of
Mg/Ca in CM is much greater with peaks from about 20 up to 30 mmol/mol, so temperature
effects are regarded to play only a minor role. In contrast, changes in calcite precipitation
rate affect the incorporation of Sr in speleothem calcite but have no effect on Mg (Gabitov
and Watson, 2006; Nehrke et al., 2007). A change in growth rates by more than an order
of magnitude is expected to notably affect Sr incorporation in speleothem calcite and may
thus obscure the covariation with Mg/Ca. High growth rates would lead to higher Sr/Ca
ratios in the speleothem and vice versa, whereas the potential hydrological controls such
as PCP/ICD or calcite recrystallization would have the opposite effect on Mg/Ca as well as
Sr/Ca. More humid conditions may permit higher growth rates due to higher drip rates
(Kaufmann, 2003), so these constitute competing effects concerning the incorporation of Sr
in speleothem calcite.

This effect is for example visible in the CM record before 50 ka, when the correlation of
Mg/Ca with Sr/Ca and Ba/Ca diminishes. This section is characterized by relatively strong
changes in speleothem growth rates. Between 63 and 59 ka, the highest growth rates of the
whole record with more than 20 um/yr are observed, accompanied by relatively low Mg/Ca
compared to the period with low growth rates down to 2- 3 pm/yr afterwards (59 - 52 ka). The
growth rate dependency of Sr/Ca obviously rules out the hydrological influence, because
the absolute Sr/Ca level shows no comparable change across the discussed sections. For
interpreting the Sr/Ca (and Ba/Ca) variability in CM in terms of climatic changes, both effects

have thus to be taken carefully into account.
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Sr/Ca and Ba/Ca are generally negatively correlated with P/Ca and U/Ca which seem
to be connected with soil dynamics (section 6.4.1). This observation is in concert with the
interpretation of both element groups. According to section 6.4.1, low soil pCO, might explain
higher P and U complexes in the percolating water. On the other hand, it also induces less
dissolution in the host rock and thus lower precipitation rates.

Other effects on Mg/Ca or Sr/Ca might be incorporation of dust/detrital material or sea
spray. In anisland karst system, input of seawater to groundwaters can be a significant source
of ions, especially for Mg and Sr which are both relatively concentrated in seawater (Goede
et al., 1998). A potential source of sea spray might be tropical cyclones, which today affect
the site on a regular basis. Thus it is possible, that sea spray contributes a second-order effect
to the element profiles. Input of detrital material is not regarded to have a major influence
on the Mg/Ca, Sr/Ca and Ba/Ca variability in CM which is indicated by the generally very
low Al/Ca and Th/Ca ratios and the non-significant correlation coefficients (section 6.3.4).

High values of Mg/Ca thus most likely reflect a higher degree of calcite-water interac-
tions through PCP/ICD and/or calcite recrystallization and thus generally drier conditions
in western Cuba. This is also consistent with the generally positive correlation with 5§20
and 8'3C values and the previously discussed variability of P/Ca and U/Ca. It is to note that,
since especially calcite recrystallization is a highly non-linear process, the inferences from

the Mg/Ca signal in terms of rainfall changes can only remain highly qualitative.

6.4.2 Stable isotopes
Environmental controls on 8'3C values

Since speleothem 8'3C values are influenced by a variety of processes, they may be used
to disentangle the interpretation of speleothem climate records (McDermott, 2004; Drey-
brodt and Scholz, 2011; Meyer et al., 2014). A positive relationship between Mg/Ca ratios and
813C values may indicate that both proxies are driven by calcite-water interactions such as
PCP/ICD due to varying residence time (Cruz et al., 2007; Johnson et al., 2006), drip-rate mod-
ulated stable isotope fractionation under disequilibrium conditions (Deininger et al., 2012;
Scholz et al., 2009) or that the variations originate in the soil zone.

Varying 8'3C values have commonly been interpreted to reflect changes in vegetation and
soil activity above the cave (Fohlmeister et al., 2011; McDermott, 2004; Meyer et al., 2014;
Mischel et al., in press). The positive covariation of 8'*C with U and P supports the inter-
pretation that these three proxies record long-term vegetation and soil dynamics. Higher
813C values are thus interpreted to reflect generally drier conditions as a mixed signal of
long-term decline in vegetation density and reduced soil activity as well as enhanced calcite
water-interactions (PCP/ICD) due to longer residence time. Stronger disequilibrium stable
isotope fractionation occurring inside the cave during very dry intervals would have the same
effect.

In stalagmite CM, Mg/Ca and 8'3C show a number of synchronous positive peaks (around
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13, 18-19, 20-21, 23-24, 30-31, 34.5-35.5 and 38-39, 45-46, 51-52, 59-60 and 64-65 ka, Figure
6.3), which may thus be interpreted as dry events. Some of these dry events coincide with
prominent North Atlantic cold events (Heinrich stadials, see the later discussion in section
6.4.3).

Environmental controls on 880 values

The amount effect has been suggested as one of the most important drivers of the §!20 value
of low-latitude precipitation (Vuille, 2003; Lachniet and Patterson, 2006; Lachniet, 2009a).
Thus, 3'80 values of tropical speleothems are usually interpreted to reflect changes in rainfall
amount (Cruz et al., 2009; Lachniet et al., 2009; Winter et al., 2011), what also applies to the
Holocene part of stalagmite CM and other speleothems from the same cave system (Fensterer
et al., 2012, 2013). This interpretation of the Holocene §'®0 values is further supported by the
strong positive correlation of 8'0 with our Mg/Ca, Sr/Ca and Ba/Ca record in CM between
10 and 7 ka (Figure 6.4). This strong covariation of the elemental ratios during the Holocene
was found to be most likely caused by calcite/water interactions (PCP/ICD, sections 6.3.4 and
6.4.1), demonstrating that the major factor influencing these proxies during the Holocene was
indeed rainfall amount. The positive covariation of §!30 values with Mg/Ca weakens across
the earlier part of the record and is even partly opposite with Sr/Ca and Ba/Ca, possibly due
to the additional processes modulating the trace element signatures in CM (section 6.4.1).
During MIS 2, also 8'3C values are decoupled from the §'30 signal, which may be explained
by the enhanced influence of soil dynamics during the LGM on the carbon composition of
the speleothem (section 6.4.3).

In order to further elucidate the environmental controls on 8'0 values in Cuba, the record
is compared (Figure 6.6) to a number of sea surface temperature (SST) and planktonic §!30
records representing potential sources of rainwater from the Caribbean (Schmidt et al., 2004),
the Gulf of Mexico (Ziegler et al., 2008) and the western subtropical Atlantic (Channell et al.,
2012). On glacial-interglacial timescales, the CM 880 record resembles the SST and §'¥0
patterns of the three marine records. The variability of the 'O values of surface water in
the tropical Atlantic is about 2 %o on glacial-interglacial timescales, the global increase of §'30
values in seawater during the LGM was ca. 1% (Schrag et al., 2002). In contrast, the difference
between the Holocene and Glacial §'30 values of stalagmite CM is about 4 to 5 %o, thus only
2-3 % of the variability are not caused by changes of the source waters. This difference of the
8180 values of CM between the Holocene and the Glacial may be explained by a combination
of temperature differences and a decrease in rainfall amount as stated in previous studies
(e.g., Schmidt et al. (2004); Ziegler et al. (2008); Hodell et al. (2008); Lachniet et al. (2009);
Correa-Metrio et al. (2012); Arienzo et al. (2013); Grauel et al. (2016)). Assuming a cooling
of ca. 5°C during the Last Glacial Maximum (LGM) relative to the late Holocene would
have had a temperature-induced increase in carbonate-water isotopic fractionation (relative
to modern cave air temperatures) during the LGM of ~1%¢ (Kim and O’Neil, 1997; Tremaine

et al., 2011). Thus about another ~1-2%o may be attributed to a reduction in precipitation
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Figure 6.6: Speleothem CM §'80 values (raw composite record: light grey, 5p RM: red line, this study)
together with the Holocene speleothem 8'80 record from Fensterer et al. (2013) (light red). The records
are compared with insolation during July (light pink) and December (pink) at 30°N, as well as SST and
8180 records obtained from planktonic foraminifera from the Caribbean (green: 8'30, cyan: SST, ODP
999A, Schmidt et al. (2004)), the Gulf of Mexico (violet: 8180, purple: SST, Ziegler et al. (2008)) and the
Bermuda rise (orange, Channell et al. (2012)). Vertical bars indicate periods with relatively high (winter)
insolation which are accompanied by high 880 values in CM indicating wetter and warmer conditions

on Cuba.
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amount, together with potentially linked disequilibrium fractionation effects inside the cave
driven by ventilation or drip rate variability, which would further enrich the 8'30 signature
(Lachniet, 2009a; Deininger et al., 2012).

The variability of the tropical hydrological cycle has been closely related to variations in in-
solation, since the position of the Intertropical Convergence Zone (ITCZ), which determines
the trade wind season on Cuba, is highly sensitive to solar insolation on seasonal and longer
timescales (Poveda et al., 2006). Previous studies have documented a clear link between sum-
mer insolation, which is dominated by precession in the tropics, and rainfall proxy records
from speleothems (Cruz et al., 2005a; Wang et al., 2007) and lake sediments (Baker et al.,
2001). Interestingly, on glacial-interglacial timescales, the 38!0 values of CM show a close
relationship rather to winter insolation, in particular from MIS 4 to 2 (Figure 6.6), which is

opposite to that expected based on a direct insolation-monsoon strength mechanism.

Forcings on the Caribbean hydrological cycle

A connection of speleothem 80 values to northern hemisphere winter insolation was also
observed by Lachniet et al. (2009) in a record from Costa Rica, Central America (CA), which
is shown in Figure 6.7.

Lachniet et al. (2009) consider two possibilities for a direct and indirect control of winter
insolation to Caribbean rainfall, respectively. First, it is possible that high winter insolation
warms tropical North Atlantic and Caribbean SSTs, which contributes to a longer wet season
the following summer. This is supported by evidence that warmer SSTs in the Caribbean pro-
mote decreased tropospheric stability and a higher rainfall probability over Central America
and by the strong connection of rainfall anomalies in CA with SST anomalies in the Caribbean
Sea (Enfield and Alfaro, 1999; Lachniet et al., 2009). When the Caribbean is warm, the rainy
season starts early and ends late which would be associated with low 830 values in the sta-
lagmite records. This direct forcing would suggest that antecedent conditions in tropical SST
are important for the following wet season rainfall. The second suggestion by Lachniet et al.
(2009) is, that high winter insolation may also drive an enhanced SST gradient across the
isthmus, which in turn would not directly influence the rainfall variability on Cuba.

Both the Cuban and the Costa Rican speleothem records share a similar pattern and show
similarities with the SST’s in the Caribbean basin (Schmidt et al., 2004; Lachniet et al., 2009),
suggesting that higher rainfall on Cuba and in CA is associated with periods of a warm
tropical North Atlantic Ocean. This relationship is consistent with data that suggests that the
Caribbean exerts a stronger control than the Pacific on Central American and Northwestern
Caribbean rainfall, because positive SST anomalies result in a longer wet season (Enfield
and Alfaro, 1999). For example, a relatively dry interval is recorded in Cuba as well as in
Central America between ca 60 and 45 ka, which is associated with decreasing or relatively
low Caribbean SSTs (Figure 6.6). This close connection between Cuba and CA originates in
the North Atlantic Subtropical High (NASH) which produces the easterly trade winds. The
flow intensifies in the Caribbean Sea forming the Caribbean Low Level Jet (CLLJ), which
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splits into two branches during boreal summer (Amador, 1998; Amador and Magana, 1999;
Mestas-Nufiez and Miller, 2006; Mestas-Nufriez et al., 2007; Hodell et al., 2008). One branch
turns northward bringing moisture to the western Gulf of Mexico, and the southerly branch
of the CLL) continues westward carrying moisture across the CA isthmus to the Pacific.

A central observation of Lachniet et al. (2009) is, that higher rainfall in Costa Rica is also
connected with large SST gradients between the Atlantic and Pacific Oceans (Lachniet et al.,
2009), and little correlation was found with 8'80 values in the subtropical North Atlantic
Ocean. In contrast, rainfall in Cuba was found to be closely connected with North Atlantic
SSTs and the strength of the AMOC (Fensterer et al. (2012, 2013) and section 6.4.3). These
different modulations of rainfall variability might explain the differences on millennial scale
to the Costa Rican record, which exhibits a much higher internal variability than the Cuban
5180 signal.

6.4.3 Implications for climate variability on Cuba during the last Glacial
Impact of North Atlantic millennial scale events

Previous work on Cuban speleothems suggest a close link to North Atlantic climate vari-
ability (Fensterer et al., 2012, 2013). In Central America, lacustrine sediment cores provide
evidence for a close link of precipitation changes also during the last glacial period in the
northern hemisphere neotropics with fresh-water forcing to the high-latitude North Atlantic
(Hodell et al., 2008; Correa-Metrio et al., 2012; Escobar et al., 2012; Roy et al., 2013; Grauel
et al,, 2016). A series of studies from Lake Petén ltz4, Guatemala, showed that cooler and
more arid climate dominated the Central American lowlands during North Atlantic stadials
(e.g., Heinrich events). In contrast, Greenland warm phases were associated with warm and
relatively wet conditions (Correa-Metrio et al., 2012; Escobar et al., 2012). Similar observa-
tions with a stronger North American monsoon during warm interstadials were made by Roy
et al. (2013) for the drylands of northern Mexico at 29 °N (Figure 6.7).

Figure 6.7 presents the Cuban §'®0, Mg/Ca and P/Ca record together with the Greenland
ice core 3180 chronology NGRIP members (2004), the 830 speleothem record from Terciopelo
Cave, Costa Rica (Lachniet et al. (2009) and lacustrine sediment climate reconstructions from
Mexico (Roy et al., 2013) and Guatemala (Correa-Metrio et al., 2012) representing the impact
of NA millennial scale climate changes in Central America. The comparison shows, that most
NA cold events associated with freshwater input into the North Atlantic (so called Heinrich
stadials (Heinrich, 1988; Hemming, 2004)) were characterized by cooler and/or drier condi-
tions on Cuba. During the Younger Dryas (YD, 13- 10ka), HS 1 (17-15 ka), H7 a/b (~ 73 and
~76 ka) and HS 8/9 (between 93 and 84 ka) actual growth stops were identified in stalagmite
CM, and HS 2 (~ 22-24 ka), HS 3 (~ 30 ka), HS 4 (~ 38 ka) and HS 6 (~ 63 ka) were all associated
with comparably slow speleothem growth rates. HS5 might be linked with a thin detrital
layer around ~ 45 ka. This is supported by lower 880 and relatively high Mg/Ca values dur-

ing most Heinrich stadials. HS 1 seems to be split into to consecutive cold/dry spells, with
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Figure 6.7: Comparison of proxy records of CM with previous studies: In red: speleothem CM 580
values (raw composite record: light grey, 5p RM: red line, this study) together with the Holocene speleothem
8180 record from Fensterer et al. (2013) (light red); orange: Mg/Ca and green: P/Ca records of CM. Brown:
lacustrine sediment record from paleo lake Babicora (northern Mexico) representing runoff variability (Roy
et al. (2013)); Blue and pink: rainfall and temperature reconstructions from Lake Petén Itza, Guatemala
deduced from pollen assemblages, both Correa-Metrio et al. (2012)); Purple: speleothem 8'80 values
from Terciopelo Cave, Costa Rica (Lachniet et al. (2009)); Cyan: NGRIP 830 ice core record (cyan, NGRIP
members (2004)). Vertical grey bars indicate the approximate timing of North Atlantic cold events (Younger
Dryas (YD) and Heinrich stadials (HS)). Numbers indicate the Dansgaard/Oeschger warm interstadials in
Greenland, which are partially recorded in the CM 8'0 and Mg/Ca record.

107



6 Paper II: Santo Tomas Cave

8'80 values increasing by about 0.5-1Y%0 between 18.4-17.8 ka, followed by an additional
increase to values around 0 %o from 16.5 - 15.7 ka after a short intermediate recovery. Simul-
taneously, HS 1 is characterized by the highest 3'80 values of the whole record indicating
that this period was the coolest and driest interval. Both observation were also made in
other records from the tropical latitudes, such as e.g. Stager et al. (2011); Escobar et al. (2012)
or Arienzo et al. (2015). The two periods of maximum cold and/or arid conditions coincide ap-
proximately with two pulses of ice-rafted debris (IRD) recorded off southern Portugal (Bard
et al., 2000). McManus et al. (2004) and Bohm et al. (2015) report, that HS 1 was characterized
by a near shut down of the Atlantic meridional overturning circulation (AMOC) which might
explain the severe changes in the hydrological regime.

In contrast, warm Greenland interstadials (Dansgaard/Oeschger stadials) are only partly
pronounced in the Cuban speleothem record (Figure 6.7). The early D/O cycles 19 and 20 be-
tween 82 and 69 ka are clearly visible in the 8'80 record and characterized by large variations
of about 2 %o. The 880 signature nearly reaches values comparable to Holocene conditions
of around 3 %o during warm interstadials. Wetter conditions with relatively high pluvial dis-
charge between 80 and 58 ka was also found in paleo lake Babicora (Northern Mexico, Roy
et al. (2013)) as well as in Guatemala (Correa-Metrio et al., 2012). The increase of 530 values
begins in CM about 65 ka and reaches its glacial level around 0 %o at 60 ka. A similar, much
sharper change was found in a Costa Rican speleothem (Lachniet et al., 2009)), whereas the
decrease in runoff in Northern Mexico is smoother (Roy et al., 2013). Drier conditions be-
tween 60 and 48 ka are also consistent with the pollen derived record of Correa-Metrio et al.
(2012) (Figure 6.7)

During MIS 3, the variability of 8'30 values in CM is comparably low, and only major D/O
cycles may be linked with small negative excursions of the 830 and Mg/Ca record (Figure
6.7). Similar observations were made at Lake Petén Itza, Guatemala, with fairly constant
ostracod 8'®0 values during MIS 3 with the exceptions of the Heinrich stadials (Escobar
et al., 2012).

Last Glacial Maximum

During the Last Glacial Maximum (LGM, 24 - 19 ka), our record shows an apparently con-
troversial pattern. From 24 to 21ka, Mg/Ca ratios are relatively low, which might denote
comparably moist conditions. A sharp increase after 21 ka suggests a shift to relatively drier
climate, whereas considerably higher P/Ca ratios indicate a gradual change in vegetation and
soil dynamics between 25 - 16 ka with highest values from 21- 18 ka, coinciding with the high
Mg/Ca values. Even though Mg/Ca ratios in CM may not be a reliable precipitation proxy
(section 6.4.1), growth rates were generally low during the whole MIS2 (24 - 16 ka), support-
ing the interpretation of generally drier and/or cooler conditions. In contrast, relatively stable
5180 values around -0.5 %0 show no evidence for a severe temperature and/or rainfall decrease
as suggested by the signal of the other proxies.

For the LGM, temperature reconstructions from the Northern Caribbean realm estimate
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a cooling of up to 6-10°C (Hodell et al., 2008; Correa-Metrio et al., 2012; Arienzo et al., 2013;
Grauel et al., 2016). We speculate that during the LGM, long-lasting relatively low tempera-
tures might have triggered the unfavorable conditions for the existing biosphere and caused
a gradual change in soil constitution which is displayed in the P/Ca ratio. A similar threshold
might have been reached during HS 3 and HS 4 as well as around 80 and 60 ka, which mark
also sections with relatively high P/Ca ratios.

Concerning the hydrological regime, climate reconstructions are not consistent. Whereas
Roy et al. (2013) state below average runoff for the LGM in Northern Mexico, higher lake lev-
els and relatively moister climate were suggested for Guatemala (Hodell et al., 2008; Escobar
et al., 2012). Pollen analysis from the same lake indicate moist conditions but air tempera-
tures at least 4.0 - 6.0 °C cooler than today (Bush et al., 2009), which is consistent with recent
temperature estimates for the LGM in CA (Correa-Metrio et al., 2012; Grauel et al., 2016). The
competing influence of cooler and comparably humid conditions might explain the relatively
stable 8180 values in CM during the LGM.

A wetter LGM in the Northern Caribbean might be explained by greater summer precipi-
tation caused by a more northerly position of the ITCZ (Escobar et al., 2012). McManus et al.
(2004) and Bohm et al. (2015) inferred, that the strength of the AMOC during the LGM was
similar to the strength during the Bolling-Allerod-period, a time for which there is evidence
of a northerly ITCZ position (Peterson, 2000). Alternatively, a relatively high winter inso-
lation may have prolonged the wet season (compare section 6.4.2). Hodell et al. (2008) and
Escobar et al. (2012) also speculate, that greater winter precipitation from increased intensity

and frequency from the North may also account for wetter LGM conditions.

6.5 Conclusions

The here presented trace element and stable isotope record from western Cuba provides
evidence for a pronounced variability of the tropical hydrological cycle across the last glacial
cycle into the early Holocene (96 - 7 ka).

Based on precise MC-ICPMS 2*°Th/U dating, a tight age model could be established for
the proxy records. High resolution trace element records were found to be controlled by
three different processes, detrital contamination, soil/vegetation dynamics and calcite-water
interactions.

In particular, P/Ca and U/Ca were found to be associated with soil dynamic processes,
deduced from a positive covariation with Mg/Ca and 8!*C values. This is one of the first
records showing that high P/Ca ratios may be also connected with a decline of the vegetation
system above the cave. We speculate, that this inverse interpretation compared to previous
work, such as by Treble et al. (2003), may be related to different soil characteristics which
enable under certain environmental conditions a triggering in soil pH, which subsequently
releases adsorbed phosphate to the soil solution.

Mg/Ca, Sr/Ca and Ba/Ca were found to be mainly controlled by calcite-water interactions

109



6 Paper II: Santo Tomas Cave

such as PCP/ICD and calcite recrystallization. However, there is also evidence for several
second order effects particularly on Sr/Ca and Ba/Ca which obscure the interpretation as
pure hydrological proxies. In contrast, 3180 values are regarded as relatively robust proxy for
precipitation amount on Cuban speleothems.

In concert with previous work from the Caribbean realm, especially from Central Amer-
ica, rainfall variability on Cuba is connected to insolation and tropical North Atlantic and
Caribbean SSTs, as well as to the strength of the AMOC and high-latitude temperature vari-
ability.

Our record shows, that North Atlantic cold events, in particular Heinrich stadials, were
associated with relatively cold and dry conditions on Cuba. In particular, HS 1 was the driest
and coolest interval of the whole record. Several other cold events, such as the YD were even
accompanied by growth stops. In contrast, Greenland warm interstadials especially during
MIS 5 were characterized by relatively warm and wet conditions, whereas the response to
high latitude temperatures during MIS3 to M1S4 in the Cuban record was much smaller.

During the LGM, climate on Cuba was relatively cool, but not especially dry. Nevertheless,
environmental conditions were sufficiently unfavorable for the existing biosphere, resulting

in a decline in vegetation and soil dynamics.
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Abstract Here we present a combined high-resolution trace element and stable isotope record from a speleo-
them from SW Romania, covering the last 3.6 ka. Age control is based on three independent methods providing a
precise age model, in particular for the last 250 years. Correlation analysis of proxy records against instrumental
climate data revealed a significant anti-correlation (r=-0.66, p < 0.01) of speleothem Mg/Ca ratios with regional
winter precipitation. This association was used to develop a quantitative reconstruction of winter precipitation for
SW Romania. The agreement with other regional rainfall reconstructions during the last three centuries confirms
our interpretation and supports the expansion of the precipitation estimates over the last 3.7 ka. Speleothem
80 values represent a mixed signal of competing influence of Mediterranean and continental moisture sources,
changes in seasonality and temperature variability. 8"*C values are interpreted to reflect variable effects of isotope
fractionation under conditions of disequilibrium due to degassing of CO2 and prior calcite precipitation. This
record provides a robust qualitative and quantitative climate reconstruction for the realm of SW Romania. The
Medieval Climate Anomaly (AD 900 to 1200) was generally more humid than average. The Little Ice Age (AD 1400
and 1700) started with a cool and dry interval from AD 1380 to 1430, followed by wet and probably warmer
decades. Subsequently, winter precipitation in SW Romania gradually decreased and reached a minimum at the

beginning of the 18th century.
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7.1 Introduction

Speleothems are widely used in reconstructing past climate variability on various timescales
up to sub-annual resolution (e.g., Wang et al., 2001; Mattey et al., 2008; Fleitmann et al., 2009;
Orland et al., 2014; Baker et al., 2015). Speleothem 80 values are considered as reliable
recorders of the 8'80 values of precipitation and air temperature (see reviews of Fairchild
et al.,, 2006a; Lachniet and Patterson, 2009), but recent research also focuses on the use of ele-
mental proxies (e.g., Treble et al., 2003; Johnson et al., 2006; Fairchild and Treble, 2009; Griffiths
et al., 2010; Sinclair et al., 2012; Tan et al., 2014). In some cases, speleothem proxy time series
have been successfully calibrated against instrumental data, thus permitting quantitative re-
constructions of climate parameters (Proctor et al., 2002; Jex et al., 2011; Tan et al., 2013).
However, the relation between climate at the surface and speleothem proxy signals requires
a rigorous understanding of the processes involved in the proxy signal transport from the
surface into the cave as well as in-cave processes (Mattey et al., 2010; Dreybrodt and Scholz,
2011; Meyer et al., 2014; Casteel and Banner, 2015).

Fast growing laminated stalagmites may provide annual to sub-annual proxy records,
which are suitable for calibration and high-resolution climate reconstructions (Johnson et al.,
2006; Mattey et al., 2008; Tan et al., 2013; Baker et al., 2015). However, such climate reconstruc-
tions are only available from a limited number of locations. In such studies, layer counting
has to be cross-validated with absolute dating methods, such as the 230Th/U-method, to ac-
count for missing or double-counted years and hiatuses (Smith et al., 2009; Comboul et al.,
2014). The top section of recently growing and active speleothems can also be dated by iden-
tifying the mid-20th century radiocarbon bomb peak (e.g., Fohlmeister et al. (2011); Mattey
et al. (2008); Rudzka-Phillips et al. (2013); Sundqvist et al. (2013)).

Stable isotopes of oxygen and carbon are the most commonly used proxies in paleo cli-
mate reconstructions from speleothems (Lachniet, 2009a). However, trace elements are more
and more established climate proxies. Elements such as Mg or Sr are well-understood as hy-
drological tracers under certain circumstances (Cruz et al., 2007; Fairchild and Treble, 2009).
For example, Sinclair et al. (2012) developed a model which allows to investigate the most
commonly used interpretation of changes in Mg and Sr as being linked to rainfall as a result
of calcite-water interactions such as prior calcite precipitation (PCP).

From the Carpathian realm, few terrestrial Holocene climate records exist despite its im-
portant geographical position as a transitional climatic zone between central Europe and
the Mediterranean (e.g., Constantin et al., 2007; Feurdean et al., 2008; Rudzka et al., 2012;
Onac et al., 2014). Reconstructions based on tree-ring data provide valuable information for
the past several hundred years (Popa and Kern, 2008; Levani¢ et al., 2012), but are limited
to the growth season. More recently, guano-derived §!*C-based paleo hydroclimate records
made it possible to characterize hydroclimate regimes in south western Romania (Onac et al.,
2014, 2015) for the Medieval Climate Anomaly (MCA). The existing stalagmite records mainly

reflect past variability of winter climate and suggest that the climate in the Carpathian-
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Balkan realm is linked to the North Atlantic region (Onac et al., 2002; Constantin et al., 2007;
Dragusin et al., 2014).

Here we present a high-resolution multi-proxy record based on trace elements and stable
isotopes from a laminated stalagmite from southwestern Romania covering the last 3.6 ka.
For the past 250 years, the chronology is constructed combining elemental layer counting
with 2°Th/U-dating and the detection of the radiocarbon bomb peak constituting a solid

base for both qualitative and quantitative climate reconstruction.

7.2 Material and methods

7.2.1 Study location

Closani Cave (45.07 °N, 22.80 °E) is located in southwestern Romania at the southern slope of
the Carpathians at 433 m above sea level (a.s.l., Figure 7.1A and B). The regional climate is
characterized by westerly circulation and the influence of the Carpathian mountain topog-
raphy (Busuioc et al., 2014; lonita et al., 2014; Micu et al., 2015). Annual precipitation shows
two maxima, one from April to June, which is mainly caused by North Atlantic cyclones, and

a smaller one between October and December, generated by cyclones originating from the

Figure 7.1: Location of Closani Cave (CC, red star). Blue stars indicate other relevant records: (A)
Giimiighane, NE Turkey (Jex et al., 2011), Spannagel cave, Austria (Fohlmeister et al., 2013); marine sedi-
ment core PB-09, Gulf of Lions (Sabatier et al., 2012). (B) Blue star: Bdile Herculane (Levanic¢ et al., 2012).
Black stars: Weather stations Targu Jiu (TJ) and Drobeta/Tr. Severin (DTS) and GNIP station Ramnicu
Vilcea (RV).
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western and central Mediterranean Basin. The winter continental air flows, usually dry and
cold, originate in the Arctic Ocean, whereas continental air masses from eastern Eurasia and
north Africa or southwest Asia frequently influence the summer precipitation regime with
usually very warm and dry spells (Micu et al., 2015). Closani Cave is developed in massive Up-
per Jurassic limestone mainly consisting of calcite (93 %) with minor occurrence of dolomite
(7 %) (Diaconu, 1990; Constantin, 2003). The cave consists of two main passages with a total
length of 1,458 m (Figure 7.2 A). At the position of the stalagmite the hostrock overburden
is approx. 80- 100 m (Diaconu, 1990; Constantin and Lauritzen, 1998) and overlain by a soil
layer of up to 1.5 m thickness. The area is densely covered by vegetation consisting of grasses,

shrubs and trees.

7.2.2 Sample description

Stalagmite C09-2 was fed by dripwater at the time of removal in 2009. The specimen (Figure
7.2 B) has a total length of 70cm and a diameter of 7-8 cm. The stalagmite was cut in two
halves along its growth axis, and a slab was prepared. One half of the slab was used to
sample for 2°Th/U-dating and *C-analyses, whereas sampling for stable isotopes and trace
element measurements was performed on the opposite half. The focus of this study is on the
upper 46 cm, which are composed of clean, translucent calcite. This section exhibits frequent,
both macroscopically (Figure 7.2 C) and microscopically (Figure 7.2 D) visible lamination with
alternating translucent and whitish layers. Stalagmite C09-2 was collected beneath drip site
CC2 (Figure 7.2 A) about 160 m from the cave entrance in the deeper part of the cave, which

is characterized by a stable cave environment.

7.2.3 Methods

230Th/U-analysis was performed using multi-collector inductively coupled mass spectrome-
try (MC-ICPMS) at the Institute of Environmental Physics, Heidelberg. Samples for radio-
carbon dating were analysed with the MICADAS facility (Synal et al., 2007) operated at the
Klaus-Tschira-Facility (Mannheim, Germany). Stable carbon and oxygen isotope analysis was
performed using an on-line, automated carbonate preparation system linked to a triple col-
lector gas source mass spectrometer at the University of Innsbruck. Concentrations of trace
elements were measured along the major growth axis of C09-2 by laser ablation MC-ICPMS
at Goethe University Frankfurt, Germany.

Drip water and cave air parameters are monitored in Closani Cave since 2010 (Constantin
et al., unpublished data). Instrumental data (data downloaded from www.ecad.eu, Klein Tank
et al. (2002)) were taken from the weather stations Targu Jiu (TJ, 203 m a.s.l., mean annual
temperature MAT: 10.6 °C, mean annual total precipitation MTP: 786 mm (1961-1990)) and
Drobeta/Turnu Severin (DTS, 77 m a.s.l,, MAT: 11.6 °C, MTP: 686 mm), located about 50 km
from Closani Cave (Figure 7.1B). TJ provides a long-term record of monthly mean precip-
itation P (1918-2000) and monthly mean temperature T (1900 - 1993), whereas DTS covers
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P from 1925-2015 and T from 2006-2015. &0 values of meteoric precipitation (8'*0))
are available for the years 2012-2014 from the GNIP station Ramnicu Valcea (RV, 237 m
a.s.l, MAT 10.3°C, MTP 699 mm, Global Network of Isotopes in Precipitation, accessible at:
http://www.iaea.org/water). The climate diagrams of the weather stations are summarized
in Figure 7.3.

Correlation analysis was performed with a statistic test based on Pearson’s product mo-
ment correlation coefficient r (x,y) and follows a t-distribution with length (x-2) degrees of
freedom. Asymptotic confidence intervals are given based on Fisher’s Z transform. If neces-
sary, p-values are adjusted for autocorrelation following Zwiers and von Storch (1995). The
statistics of the given correlation coefficients is shown in the supplemental material. For fur-
ther correlations tests (section 7.3.4), we also used the software "PearsonT3’ (Olafsdéttir and
Mudelsee, 2014) to calculate correlation coefficients and corresponding bootstrap confidence
intervals that are also valid in the presence of autocorrelation.

Detailed information about cave monitoring, sample preparation, analytical procedures

and data reduction is given in the supplementary material (Appendix C).
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Figure 7.2: (A) Location of stalagmite C09-2 in Closani Cave prior to removal in 2009. The cave map
has been modified after Constantin (2003). (B) Scan of stalagmite C09-2. This study focuses on the upper
46 cm of the sample (track of proxy analyses indicated with red line). (C) Example of a slab used for
LA-ICPMS measurements. (D) Microscopic view of the lamination of C09-2
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7.3 Results

7.3.1 Radiometric dating

Eleven 2°Th/U ages were determined in the upper 46cm of the stalagmite, which formed
during the last 3.7 ka (Figure 7.6 A and Table 7.2). The 233U content of the stalagmite is gener-
ally low (on average about 40-50 ng/g), and 2**Th is below 50 pg/g in most samples. Relative
errors of the final ages range from 1.5 to 3 % for the ages older than 600 years. The uncertain-
ties of the younger samples are between 3 and 5% due to the extremely low ?**Th content
which is in the order of 5-10fg/g.

14C measurements reveal a strong increase in radiocarbon in the uppermost 5 mm dft (Ta-
ble 7.1 and Figure 7.4). The rise of the '*C activity is interpreted as the start of the mid-20th
century atmospheric bomb peak recorded by the stalagmite. All published radiocarbon bomb
spikes in speleothems show that the response of speleothem '*C activity to the increase in
atmospheric radiocarbon activity occurs nearly simultaneously (Fohlmeister et al., 2011; Mat-
tey et al.,, 2008; Rudzka-Phillips et al., 2013; Sundqvist et al., 2013). Therefore, the timing was
established by identifying the last sample corresponding to the radiocarbon plateau of the
early 20'" century (sample | in Figure 7.4). This sets the reference point for all other measure-
ments to the year 1955 AD at 3.2 mm dft.

PTJ T(min/max] TJ

T Closani I L
—a— P Closani »— Timin/max)
i ) —A— —A—  T(min/max) DTS

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 7.3: Comparison of monthly means of precipitation amount P and temperature T: Instrumental
precipitation data (blue bars) and monthly mean minimum/maximum T (green/red lines) from the sta-
tions DTS, TJ and RV displayed as mean values (1961- 1990). Data from Closani Cave (Constantin et al.,
unpublished data) are summarized from the years 2011 -2076.
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Figure 7.4: ' C activity measured in C09-2 calcite (black points) and atmospheric radiocarbon bomb peak
(Levin et al., 2010). Note the different scales of the two vertical axes.
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Figure 7.5: Top segment (1 to 7mm dft) of the raw trace element ratios of C09-2, with Sr/Ca, (blue),
Ba/Cac (green) and Mg/Ca. (orange) ratios. Red points: minima allocated to summer conditions. The
reference point (AD 1955) is indicated at 3.2 mm dft.
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7.3.2 Layer counting and age model

On annual to sub-annual scale, Sr/Cacite) and Ba/Ca, ratios show alternating minima and
maxima, which are pronounced nearly throughout the record (Figure 7.5). A periodic signal
is continuously visible in Sr/Ca. and Ba/Ca., whereas Mg/Ca, only shows partly anti-phased
extreme values compared to the other element to Ca ratios (e.g. between 3.2 and 4.5 mm dft).
Minima are characterized by sharp peaks, whereas maxima have a variable but generally
wider width. Monitoring of the drip site and cave air parameters suggests, that the observed
cycles in Sr and Ba are the result of seasonal variability in calcite precipitation rates and
represent annual layers (section 7.3.3, discussion 7.4.1 and supplementary material). Thus,
we use the sharp minima in Sr/Ca. to define annual elemental layers which were manually
counted. This routine was repeated independently and yielded n = 10 time series. Each series
was anchored to the reference point of the year 1955 AD at 3.2 mm dft. The distribution of
the resulting chronologies enables the estimation of the uncertainties of layer counting and
the calculation of the most probable age model (Figure 7.6 A). For the upper 47 mm dft, the

uncertainty of all chronologies is very small (216 + 3 counted minima). For the 20"

century,
the uncertainty of the layer counting is about + 1year. Thus, the total uncertainties of this
part amount to +3years, taking into account the error of allocating the start of the '*C
increase in the stalagmite (+ 2 years). The combination of layer counting and radiocarbon
dating yields a precise age model for the period from 1759 to 1973 AD, which is in good
agreement with the uppermost 2°Th/U-age (1836 + 20 AD at 35 mm) (Figure 7.6 A). The final
age model (Figure 7.6 B) is divided into two parts, with the layer counted part representing
the upper 47 mm. Below, the age model is constructed with the 2°Th/U-ages using the R-

package ’Bchron’ (Haslett and Parnell, 2008).

Table 7.1: Results of radiocarbon measurements. Errors are given as 1o range. Absolute age errors are
estimated to + 2 years mainly due to uncertainties in the allocation of the exact depth of the start of the

¢ increase in the stalagmite.

Lab. No. Label dft ac error  age
(mm)  (pmC) (pmC) (AD)

MAMS 11688 C09-2N 1.2 99.39 0.27 1972
MAMS 11687 C09-2M 1.6 97.21 0.25 1969
MAMS 11686 C09-2L 2 9283  0.25 1965
MAMS 11685 C09-2K 24 89.67 0.25 1961
MAMS 11669 C09-2 1 3.2 88.11 0.28 1955
MAMS 11682 C09-2G 4 86.96  0.24 1951
MAMS 11668 C09-2D 5.2 87.84  0.27 1942
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Figure 7.6: Age model of C09-2. (A) Age models for the top 50 mm. Black: age model obtained from layer
counting (grey: 26 SD including the +2 years uncertainty of the radiocarbon dating); cyan: age model
obtained from Bchron (Haslett and Parnell, 2008) (light blue: 2 SD). (B) Age model and 26 SD obtained
with Bchron for C09-2. Symbols in (A) and (B): blue star: position of the reference point (3.2 mm, AD 1955);
blue crosses: positions of the start and end points of the layer counting; red points: 2> Th/U ages.
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Table 7.2: Activity ratios and %*° Th/U-ages for stalagmite C09-2. Uncertainties are given as 26 range. Ages are quoted relative to AD 1950.

Lab. No. SampleID  dft 238y 232Th 230Th/28y 2Z0Th/B2Th  24U/8U  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act.ratio Act.ratio Act.ratio (ka) (ka)
7686 C09-2-3.5 3.5 42.098+0.005 0.0273+£0.0001 0.0026 +£0.0002 12.31+£0.91 1.448 +0.001 0.13+£0.01 0.12+£0.02
7687 C09-2-5.6 5.6  45.524+0.008 0.0188+£0.0001 0.0056 +0.0003 41.86+2.38 1.445+0.002 0.36 £0.02 0.35+0.02
7688 C09-2-10.4 104 57.975+0.007 0.0287 £0.0001 0.0072+0.0003 44.20+1.52 1.416+0.001 0.49 +0.02 0.48 £0.02
7689 C09-2-11.5 11.5 52.899 £0.006 0.0470 +0.0002 0.0090 + 0.0003 30.90+ 1.04 1.428 +0.002 0.62+£0.02 0.60+£0.03
7690 C09-2-17.3 17.3 44.216+0.010 0.0212+0.0001 0.0174+0.0005 111.2+3.1 1.431 +0.002 1.27 £0.04 1.26 £ 0.04
7691 C09-2-21.1 21.1  49.798 +0.015 0.0800 +0.0003 0.0226 + 0.0006 43.05+1.09 1.434+0.002 1.66 £ 0.04 1.63+0.05
7692 C09-2-24.1 24.1 49.132+0.017 0.0138+0.0001 0.0256 +0.0007 280.0+7.8 1.451+0.003 1.88 £0.05 1.87 £0.05
7693 C09-2-30.7 30.7 51.666+0.018 n.d. 0.0315 +0.0009 n.d. 1.429 +0.002 2.36 £0.07 2.36 £0.07
7694 C09-2-36.0 36.0 54.847+0.015 n.d. 0.0400 +0.0008 n.d. 1.439 £ 0.002 3.00 £ 0.06 3.00 +0.06
7695 C09-2-41.2 41.2 48.417+0.009 0.0495+0.0001 0.0446 +0.0007 134.0+2.0 1.423+0.001 3.41+0.05 3.39 +0.05
7696 C09-2-44.8 44.8 44.231+0.010 n.d. 0.0471 £ 0.0007 n.d. 1.401 £ 0.002 3.66 +0.06 3.66 +0.06
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7.3.3 Data
Climate parameter

The weather stations T) and DTS were chosen, because both are located at the southern slope
of the Carpathian mountain chain and are thus the closest stations with the longest over-
lap with the speleothem proxy data. The comparison of MATs with mean cave temperature
(11.4 £ 0.5°C) show that the weather station data are representative for the cave site. Figure
7.3 shows the measured outside air temperature and precipitation at the cave site in com-
parison with the instrumental data from the weather stations TJ, DTS and RV, averaged for
the period 1961-1990. Measured temperatures at the cave site are well between the averaged
mean monthly minimum and maximum temperatures of all stations. Winter temperatures at
Closani tend to slightly higher values than observed at the other stations. Due to infrequent
system malfunctions of weather monitoring equipment at Closani Cave, precipitation could
not be recorded continuously, so interpretation of this time series is limited, which is visi-
ble in the large error bars. The seasonal cycle follows the observed pattern in the long-term
record of the weather stations. Annual (570 + 310 mm) and monthly totals are in agreement
with the station data with respect to the large error bars.

Since weather data are only sparsely available for the cave site and no 8'®0, values of
meteoric precipitation were analyzed, the dripwater data are compared to the available data
sets from the weather stations. Potential evapotranspiration (PET) was calculated by ap-
plying the formula of Thornthwaite (1948) to the station data in order to estimate monthly
infiltration. The estimation of PET reveals, that during the summer months infiltration may
only amount to about 0 to 25% of precipitation, whereas winter precipitation contributes to
75 to 100 % to the infiltrating water mass.

8130, values of meteoric precipitation from 2012 to 2014 (RV) range from -16 %o in winter
to -3 %o in summer. The correlation between temperature on monthly scale and 8'30, at RV
is very high (rT/5180p =0.86, 0 =32, p < 0.1 (adjusted)). Drip water §'80 values at Closani Cave
do not exhibit a clear seasonal pattern with a mean value of -9.81+0.37 %o (min. -9.35 %o,
max. -10.03 %o, Figure 7.7).

However, the estimated infiltration-weighted annual mean in precipitation at RV calcu-
lated following Wackerbarth et al. (2010), 8'*O,¢ =-10.9 £ 1.6 %o, is in the range of the mean
dripwater 8'80 value. The difference of the two values could be explained by the different
mean annual temperatures of the cave site and station RV (AT =1.1°C). Calculation of the
slope d(8'80,)/dT at station RV yields a value of 0.45 %o°C™", resulting in A(8'30,) = 0.5%0¢ and
shifting §!80;,¢ towards higher values.

Cave and drip characteristics

Cave temperature shows a mean value of 11.4 °C with inter-annual variations of £0.5 °C. Rel-
ative humidity is close to 100 %. Figure 7.7 shows the monitored long-term cave air and

dripwater parameters at drip site CC2, corresponding to stalagmite C09-2. The pCO; of the
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cave air shows a strong annual variability with maximum values of up to 8800 ppm in late
summer and minimum values in winter and spring (1000 ppm) following the seasonal outside
temperature cycle. The pH values of the dripwater and the calculated saturation indices also
share this seasonal signal with highest values during the cold season, showing that calcite
precipitation is favored in winter (Figure 7.7). Ca-content of the dripwater varies around
2.2 mmol/l and exhibits a less pronounced seasonal signal, as well as the Sr/Ca,, and Mg/Ca,,

ratios of the dripwater.
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Figure 7.7: Cave air and dripwater monitoring in Closani Cave for drip site CC2 for the years 2010 to
2015 (Constantin et al., unpublished data). pCO, (green), Sl (dark blue stars) and pH (light blue) show a
pronounced seasonal signal, which is reflected in Ca content (magenta) and also weakly visible in Sr/Ca,,
(dark blue dots), Mg/Ca,, (orange) and 5180dripwater (red filled symbols, axis inverted). The variability
in 6180dripwater is strongly muted in 8'80 41,110 (red open symbols). Light blue bars indicate monthly

precipitation at Closani Cave, dark blue squares the mean value of the months October to March.
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Figure 7.8: Cross plots of dripwater ratios of In(Sr/Cay,) vs. [n(Mg/Cay) (left), [n(Ba/Cay,) vs. [n(Sr/Cay,)
(middle) and [n(Ba/Cay,) vs. [n(Mg/Cay,) (right). The red lines indicate the theoretically expected slopes
for PCP and/or ICD after Sinclair et al. (2012) calculated with the corresponding partition coefficients.

The drip rate at site CC2 was constant throughout the monitoring period (0.5 drips/min).
The drip is fed by a stalactite and during the monitoring period only little calcite precipi-
tation was observed - much less than expected from the observed growth rates in C09-2.
Mg/Cagripwaters St/Cagdripwater and Ba/Cagripwater (the latter not shown in Figure 7.7) exhibit
only small variations. However, the cross-plots of the logarithmic trace element to calcium
ratios after Sinclair et al. 2012 (Figure 7.8) show, that the values in the dripwater follow the
theoretically expected slopes for the presence of prior calcite precipitation (PCP) and/or in-
congruent calcite dissolution (ICD). The slopes were calculated using the partition coeffi-
cients Dpg =0.019, Ds; = 0.15 (both Huang and Fairchild, 2001) and Dg, = 0.012 (Tesoriero and
Pankow, 1996).

In general, dripwater and cave air parameters show no direct connection with monthly
precipitation amount (light blue bars). However, the long-term trend in mean winter precip-
itation (ONDJFM) is similar to the (inverted) long-term variability of Sr/Ca, Mg/Ca and 50
(Figure 7.7).

Speleothem proxy variability

From 1700 BC to ~ 1400 AD, 830 values vary around a mean value of about -8 %o (Figure 7.9).
Afterwards, the signal decreases by about -0.5 %o and remains at its modern level of about -
8.5 %o. 813C values show a different pattern, with a distinct feature being the interval between
1300 AD and 1650 AD, where the 8'3C signal rises by about 0.5 to 1% to values of -10.5 to
-10 %o. Regarding the whole record, 8'0 and 8'*C values exhibit a weak negative correlation
(rsucysiso =-0.31).

Superposed on the annual variability, the element to Ca ratios show a generally stable

signal with mean values of about 1.2 mmol/mol for Mg/Cac, 0.025 mmol/mol for Sr/Ca. and
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0.005 mmol/mol of Ba/Cac. Sr/Ca. and Ba/Ca, ratios share a similar long-term pattern (rs;/pa
=0.96, statistics of correlation coefficients given in this section are summarized in Table C.1
in supplementary material) whereas Mg/Ca, ratios follow a different pattern with negative
correlation to Sr and Ba (rmg/sr = -0.45 and rpg/pa = -0.46) (Figure 7.10) .

Between 1700 BC to 1400 AD C09-2 grew with a mean rate of about 100 pm/yr, with several
short excursions of apparently slow growth of about 1mm length, indicated by poor lami-
nation, low Sr/Cac, high Mg/Ca, and partially low 8'3C values (sections indicated in Figure
7.9). Taken as a whole, the centuries after 1400 AD until ~ 1680 AD are characterized by faster
growth of about 200 pm/yr with one distinct period of poor lamination (slow growth) around
1600 AD. The same is visible between 1680 and 1760 AD, which deposited in only 5 mm total
distance, indicating growth rates of about only 50 um/yr. For the period from 1759 to 1973 AD,
the distance between the counted Sr/Ca. minima is defined as total layer width (equatable
to mean annual mean growth rate). It varies between 50 and 600 pm with a mean value of
210 um (Figure 7.10). Since the elemental layers are not continuously developed in C09-2,
continuous layer counting is not possible beyond 1759 AD. Between AD 1759 and 1974, an-
nual mean growth rate shows a strong correlation to the annual mean element to Ca ratios

(rgrmg =-0.67, rgysy = 0.57 and rgr/ga = 0.61). In this part, the correlation of Sr and Ba persists,
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Figure 7.9: C09-2 proxy records, with Ba/Ca. (green), Sr/Ca. (blue) and Mg/Ca, (orange) ratios and
stable carbon (black) and oxygen (red) values (note the inverted axes of the stable isotopes). Total record
from 2000 yrs BC with the raw time series (light grey lines) and 10p-running means (RM, colored lines)
of the stable isotope values. Element to Ca ratios are displayed as 5p RM (light grey lines) and 50p RM
(colored lines). Short-term sections of poor lamination, low Sr/Cac, high Mg/Ca. and partially low §'3C

values which indicate slow speleothem growth are highlighted with light orange vertical bars.
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whereas it is weaker for Mg to Sr and Ba (rs;/Ba = 0.95, rmg/a = -0.32 and rygys, = -0.32, outlier
corrected raw data).

Whereas growth rate, Sr/Ca. and Ba/Ca, ratios are positively connected to 8§°C values
(rgrsisc = 0.31, rgiseys, =0.33, rgise/p, =0.33), the relationship of the elemental proxies to the
8180 record is negative (rgisqg, = -0.29, rgisg g, = -0.32). All correlation coefficients are signif-

icant to the 95 % interval.

7.3.4 Correlation analysis with instrumental data

The overlap between the stalagmite proxy records and the instrumental records of precipita-
tion (1918 to 1973, n =55) and temperature (1901 to 1973, n = 69) was used to infer potential
connections between the climate parameters and the speleothem proxies. Due to the main
contribution of winter precipitation to infiltration (section 7.3.3), the winter months October
to March were chosen for further analysis and in the following labeled as the winter precip-
itation and temperature time series P,, and T,,. Similar to Jex et al. (2011), the precipitation
time series Py, were smoothed with a 5-point linear weighted running mean to account for
the mixing of the precipitation information of the previous years in the host rock (Pji,).

Due to the lower temporal resolution of the §°C and §'®0 values of up to 3 years per

sample point, the overlapping period with instrumental data is too short to compute reliable
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Figure 7.10: Uppermost section of C09-2 proxy records, based on layer counted age control (AD 1759 to
1974). Stable carbon (black) and oxygen (red) values are displayed with inverted axes. Mg/Ca, (orange,
axis inverted), Sr/Ca, ratios (blue) and lamina width (brown) are shown as annual mean values with the
grey lines indicating the 95 % confidence bands due to the variance of the layer counting (section 7.3.2).

The grey rectangle shows the section which is shown in Figure 7.5.
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quantitative correlations. Thus, the comparison remains qualitative. The multi-annual 30
variability seems to be mainly related to T, (Figure 7.11) with a minor dependence on Py,. In
contrast, the §!*C values only show weak relationships with T,, and P,,.

In order to account for autocorrelation which origins from the smoothing of the climate
signal in the karst aquifer, the following correlation coefficients are computed with PearsonT3
(Olafsdéttir and Mudelsee, 2014). The best correlation was found for Mg/Ca, ratios, reveal-
ing a high anti-correlation with winter precipitation P,, (October to March) with ryg/p =-0.42
[-0.61, -0.19]. This correlation increases to rpgp |in =-0.58 [-0.85, -0.08] for the 5-point lin-

ear weighted running mean Py, i, (Figure 7.12). Detrending of both time series increases the
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Figure 7.11: Instrumental and proxy data for the 20th century. From bottom to top: Annual mean Sr/Ca
ratio (dark blue, grey shading: 2 SD uncertainty due to layer counting); annual mean layer width (brown);
annual mean Mg/Ca (orange); winter precipitation Py, (light blue, linear 5pRM P;, thick blue line); winter
temperature T, (light purple) and 5p RM (purple); 8'*C values (black) and 5'80 values (red). Note the
inverted axis for Mg/Ca ratios.
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correlation slightly to rygp_jin =-0.61 [-0.86, -0.12] (Figure 7.12). Mean annual growth rates
are also connected with winter precipitation variability (rgp_jin =0.37 [0.01, 0.64]). The con-
fidence intervals of all other cross-correlations are too large to infer significant correlations
(Table C.2 in supplementary material).

Regarding the age uncertainties, the significance of rygp is further tested. Taking into
account the uncertainty of the layer counting and the allocation of the reference years the
uncertainty of age control accounts to + 3 years (section 7.3.2). Therefore, a Monte Carlo
(MC) routine is applied which simulates 1000 cross-correlations rygp by shifting every layer
counted age model (n=10, section 7.3.2) within the age uncertainties and calculating the
corresponding correlation coefficient. The routine was repeated 1000 times to get a robust
result. The calculation of the mean of the simulated correlation coefficients rygp is based on
Fisher’s Z transform. The MC ensemble of Mg/Ca time series was also used to calculate the
uncertainty of Mg/Ca due to age uncertainties, which is displayed as orange bands in Figure
7.12. This approach was developed similar to the model of Dee et al. (2015), who incorporate
age uncertainties in the proxy signal by means of ensemble-based age models.

It is to note, that the probabilities of the directions of the shift are not equal. A shift by
-3years changes the reference point to AD 1952, which would imply that the speleothem
would have reacted unusually fast. The allocation of radiocarbon sample K’ (Figure 7.4),
which clearly shows a rise in ™C activity in speleothem calcite, to the year AD 1958 would
result in a response time of the speleothem to the atmospheric rise in "C activity of less than
2 years, as the first year of significant atmospheric increase is AD 1956. Thus, the probability
distribution of the shift is not symmetric (Figure C.1). The calculated overall mean value is

mg/p = -0.46 + 0.14, which is still significant at an p-value of 0.1 (corrected for autocorrelation).

7.3.5 Regression analysis

In order to get a quantitative estimate of past winter precipitation, the robust correlation
with Mg/Ca. provides the basis for a regression analysis. The reconstruction is performed
fitting a linear regression model P,.. = a- Mg/Ca, + c to the 5-yr linear weighted running
mean to predict precipitation from the Mg/Camg/ca value in the speleothem. The resulting

regression equation is
Prec = (62 + 12) - Mg/Ca, + (130 + 14) (7.1

The uncertainties A(P,..) of the reconstructed estimate P,.. are based on the calculated pre-
diction intervals of the regression A(Prec)pred. However, the uncertainty of the age control
of the Mg/Ca, ratio also has to be taken into account. Therefore, the ensemble-based age

uncertainty of Mg/Ca, is taken into account with

OPrec

A Prec age = i o~ _
(Prec)ag d(Mg/Ca,)

A(Mg/Ca,) = (62 + 12) - A(Mg/Ca,) (7.2)
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These uncertainties are then added to the prediction intervals from the regression analysis:

A(Prec) = A(Prec)pred + A(Prec)age (7'3)

Figure 7.13 shows, that these uncertainties do not substantially increase the error band for
the common period, however, they may become significant for the older parts with higher
age errors. The reconstructed precipitation amount P explains 34 % of the variance of Py,
(r? = 0.34). The original values of P, and P}, are well within the estimated uncertainty bands
(Figure 7.13).

The validity of the winter precipitation reconstruction was further assessed by applying a
split calibration/verification approach on the instrumental and proxy data (Fritts, 1976). For
the split approach, a random set of entries of the precipitation time series is omitted. This
procedure is repeated n times. A separate regression model is derived for each of the n new
time series in which the precipitation observations and corresponding Mg/Ca, values for
the chosen years are omitted. The five years preceding every omitted year are also omitted
in order to remove all information that is used to derive the linear weighted running mean
of the precipitation time series. The result is n independently derived estimates of winter
precipitation that constitute a validation series. The validation series is compared to the
instrumental precipitation time series. A moderately strong correlation was found between
the precipitation estimates and the annual time series Py, (r=0.43, p = 0.05). The standard
deviation of the precipitation estimates is 6.9 mm.

We conclude, that the performance of the regression is sufficiently strong to merit fur-
ther application. The regression model was applied to the Mg/Ca. data of older stalag-

mite sections to produce the precipitation estimates of the amount of winter precipitation
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Figure 7.12: Left: Mg/Ca, ratio (orange) in speleothem C09-2 vs. winter precipitation Py, (light blue) and
the 5p linear weighted running mean Py;, (dark blue). Orange shaded bands indicate the ensemble based
uncertainty of Mg/Cac due to the error of the age control (see text for more details). Dotted lines indicate

the trend lines of the time series, respectively. Right: Detrended time series of Mg/Cac, Py, and Pj;y,.
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Figure 7.13: Results of regression analysis. left: Regression model (red) applied to winter precipitation
(mm) versus Mg/Ca, ratio (mmol/mol). Light open symbols indicate ONDJFM values between 1919 and
1973, whereas dark open symbols show the 5p linear weighted RM values. The shaded bands are the 95%
confidence (dark red) and 95% prediction (light red) bands. Right: Reconstructed precipitation time series
Pyrec (green) with prediction intervals (dark green shaded band) and final uncertainty bands including the
error from the age control (light green bands). Scattered lines indicate Py, (light blue) and Py;,, (dark blue).

(mm/month) from 1759 to 1973 AD. The model was also applied to the Mg/Ca, record from
1700 BC to 1759 AD in order to derive an estimate of past winter precipitation which can be

qualitatively explored.

7.4 Discussion

7.4.1 Trace element variability
Seasonal cyclicity

Trace element analyses reveal a pronounced variability in Mg/Ca,, Sr/Ca. and Ba/Ca,, as
well on seasonal scale, but also superposed by decadal to centennial changes. Cave monitor-
ing results suggest, that growth rate variability and calcite water interactions are the most
important processes determining trace element composition of speleothem calcite.

On seasonal scale, Ba/Ca. and Sr/Ca. exhibit a strong positive correlation, while both
are negatively correlated with Mg/Ca. (Figure 7.9, 7.10 and Table C.1). However, this anti-
cyclicity is not as strong as the correlation of Sr/Ca, and Ba/Ca. and is only prominent in
limited sections of the record. Roberts et al. (1998) interpreted an anti-correlation of Sr/Ca
(and Ba/Ca) with Mg/Ca as seasonal variations in water residence time in the unsaturated
zone. A similar interpretation was favored by Treble et al. (2003), who argued that the de-
pendence of Sr and Ba concentrations on growth rate may lead to an anti-correlation with

Mg/Ca. We match with this interpretation and suggest, that growth rate variability causes
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the observed seasonal Sr/Ca. and Ba/Ca. variability rather than calcite-water interactions
such as PCP, ICD or residence time changes.

Monitoring of cave air and dripwater parameters revealed a strong seasonality in Closani
Cave. pCO, shows a pronounced seasonal cycle with very high values of up to 8800 ppm in
summer and minimum values (1000 ppm) in winter (section 7.3.3 and Figure 7.7). Calculation
of calcite saturation indices (SI) and pH values show, that during summer, only little calcite
precipitation is expected, and the main season of carbonate precipitation is winter (section
7.3.3). Thus, the pronounced seasonal cave air pCO; cycle leads to seasonally different sta-
lagmite growth rates. This in turn influences Sr (and Ba) incorporation into the speleothem
calcite due to the dependency of the partitioning coefficient Ds, (and Dg,) on calcite precip-
itation rate (Huang and Fairchild, 2001; Nehrke et al., 2007; Fairchild and Treble, 2009).

Annual mean growth rates of C09-2 determined by measuring the total width of the Sr/Ca.
cycles are between 50 and 600 pm/year (section 7.3.3). Taking these extreme values, minimum
growth rates for summer can be assumed to be about 1 - 10 pm/month. This yields values
of up to more than 100 pm/month for winter months. For this range in growth rate, Ds,
varies by at least an order of magnitude between ca. 0.02 for slow growth and >0.15 for fast
growth (Huang and Fairchild, 2001; Nehrke et al., 2007; Fairchild and Treble, 2009). Gabitov
and Watson (2006) showed in laboratory experiments that growth rate effects on Sr in calcite
become significant at a growth rate >500 pm/year, which is exceeded in C09-2 during the
winter season. Calculating theoretical dripwater Sr/Ca,, ratios using the measured maximum
and minimum values of Sr/Ca. and the estimated values for Ds, is in good agreement with
the dripwater data (Sr/Ca,, = 0.27 mmol/mol).

In contrast, Mg/Ca incorporation in speleothem calcite is not dependent on growth rate.
Dmg was found to be related with temperature (Huang and Fairchild, 2001; Gascoyne, 1983),
however this process is regarded to be subordinate since temperature in the cave is very con-
stant. In contrast Mg/Ca. was not found to be correlated with outside surface air temperature
(section 7.3.3). Thus, the Mg/Ca.composition reflects processes determining dripwater vari-
ability. In some years, Mg/Ca. shows seasonal variability with higher values during summer
and lower in winter (Figure 7.10). This pattern is also observed in the dripwater, with only
small variations of (Sr/Ca),, and (Mg/Ca),, on seasonal timescales coinciding with the pCOs,,
Sl and pH seasonal cycle (Figure 7.7). Such patterns in Mg/Ca are commonly interpreted to
reflect a higher amount of prior calcite precipitation (PCP) in the season with low infiltration
(summer) and less PCP in high infiltration seasons (winter) (Cruz et al., 2007; Fairchild and
Baker, 2012). Cruz et al. (2007) interpret higher (lower) Mg/Ca and Sr/Ca values associated
with lower (higher) levels of recharge into the karstic aquifer, as a result of the increase (de-
crease) in the volume of calcite precipitated in the unsaturated zone above the cave during
dry (wet) climate periods.

Sinclair et al. (2012) developed a theoretical model which predicts that the slope of a graph
of In(Sr/Ca) and In(Mg/Ca) (measured in dripwaters or speleothem calcite) in the presence of

PCP or incongruent calcite dissolution (ICD) is independent of solution and host-limestone
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Dg,-1
Dpg-1°

Mg/Ca and Ba/Ca composition of the dripwater can be ascribed to PCP or ICD. The covari-

composition and is given by Figure 7.8 shows, that according to this model, Sr/Ca,
ation with 8'3C values in the dripwater also supports the presence of PCP (Cruz et al., 2007;
Sinclair et al., 2012). Residence time variability (Fairchild and Treble, 2009) or ICD (Sinclair,
2011) influence the Mg/Ca ratio in the speleothem in the same direction, however all of those
processes reflect calcite water interactions and can be traced back to the amount of infiltrat-
ing meteoric precipitation.

Though, we suggest that the seasonal variability in Mg/Ca, if present, is caused by cal-
cite - water interactions related to the seasonal cycle in water supply with low infiltration in
summer and high infiltration in winter (section 7.3.3). These processes might also contribute
to the observed annual Sr/Ca and Ba/Ca cycle. However, the strong growth rate effect dom-

inates the incorporation of both elements in speleothem calcite.

Mg/Ca - a proxy for winter precipitation

The high correlation of Mg/Ca. with winter precipitation variability (section 7.3.4) strongly
indicates that precipitation-forced processes influence Mg/Ca composition of the speleothem
also on multi-annual timescales. From the mentioned processes in the previous section, the
presence of calcite - water interactions are the most likely processes explaining this connec-
tion. Unfortunately, due to the decoupling of Sr/Ca. (Ba/Ca.) and Mg/Ca,, the model of
Sinclair et al. (2012) is not applicable to the trace element composition in the speleothem.
Sinclair et al. (2012) discuss other processes such as diagenetic effects which could influence
the trace element composition. Thinkable scenarios could be for example Mg input from
dolomite dissolution, calcite recrystallization or soil processes. Another process influencing
elemental and stable isotopic composition of the dripwater could be degassing effects due
to seasonal ventilation (Johnson et al., 2006; Deininger et al., 2012). However, all these pro-
cesses are all not necessarily related with recharge. Thus, the correlation of Mg/Ca, with
precipitation indicates that it is unlikely, that other processes than calcite - water interac-
tions determine the incorporation of Mg/Ca. on multi-annual timescales. However, this does
not exclude, that the other mentioned processes contribute a second-order effect to the el-
ement profiles. The relation of lamina width with precipitation (section 7.3.4) also supports
this interpretation. Low growth rates are accompanied by high Mg/Ca, ratios and less winter
precipitation which may be caused by enhanced PCP leading to lower supersaturation and
thus less precipitation of calcite on the stalagmite’s surface. This also supports the long -
term persistent anti-correlation of Sr/Ca. (Ba/Ca.) and Mg/Ca..

The estimation of PET (section 7.3.3) also suggests that most of the summer precipitation is
lost to the annual infiltrating water budget and that mainly winter precipitation contributes
to the infiltrating water feeding the karst reservoir. This explains the relation of Mg/Ca, to
winter precipitation. The highest correlation was found for the smoothed time series over
the 5 previous years. This is related to the karst system, which acts as a low pass filter.

This is taken into account with the calculation of a linear weighted 5-point running mean
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of the precipitation time series (comparable to Jex et al. (2011); Mischel et al. (2015)). This
filter considers the potentially stronger influence of the more recent years in comparison
to the previous years. An alternative mixing model, which simulates a mixture of fracture
and storage flow, as proposed in Fairchild and Baker (2012) (based on the work of Baker
et al. (2007), Baker and Bradley (2010) and Jex et al. (2010)) did not significantly improve
the correlation, suggesting a simple reservoir with an overflow feeding stalagmite C09-2.
Smoothing always reduces the degrees of freedom of a time series, but still the calculated
correlation coefficient between Mg/Ca and winter precipitation has proved to be significant
(section 7.3.4) even when taking into account the auto-correlation and age uncertainties. In
conclusion, the presented results suggest that Mg/Ca is a proxy for past winter precipitation

variability and can be used for qualitative and quantitative reconstruction.

Limitations of the precipitation estimates

This reconstruction was performed using a linear regression model (section 7.3.5), which ex-
plains about 34% of the variance of the winter precipitation time series. For the last 250 years,
the reconstructed precipitation amount is based on a tight age control, providing a solid basis
for further interpretation. Furthermore, the mean values and variances of the Mg/Ca. time
series between 1919 - 1974 (1.13 £ 0.11 mmol/mol) and 1756 - 1918 (1.08 + 0.13 mmol/mol) in-
dicate no substantial difference during both periods. However, in the older sections, the
reliability of the transfer from Mg/Ca values to absolute precipitation estimates underlies
several uncertainties. On the one hand, the age uncertainties become larger which increases
the uncertainties of the reconstruction. On the other hand, the calibration period is very
short with respect to the reconstruction period and it is difficult to proof to what extent the
correlation persists throughout the record.

For example, from the previously mentioned potential second-order effects enhanced de-
gassing of CO, due to slow drip rates may lead to changes in 8'3C values as well as in trace
element to Ca ratios in speleothems (Fairchild and Treble, 2009; Johnson et al., 2006). This
may be the case in sections with poor or absent lamination in C09-2. These intervals are char-
acterized by low Sr/Ca, as well as Ba/Ca, ratios and high Mg/Ca. and 8'*C values, indicating
very low growth rates.

Periods with extreme snow cover events could be one explanation for this effect. During
the last century, the effect of snow cover in winter generally played a minor role because
the fraction of snow is only about 10 % of total annual precipitation. However, extreme
events may have a significant influence on the record. A very high fraction of snow in winter
precipitation and severe winters may cause less infiltration during the main season of calcite
precipitation. This may be reflected in higher Mg/Ca, ratios even though the total amount of
precipitation is high. Periods of extremely low reconstructed precipitation may thus also be
the consequence of extreme events during severe winters. For example, this might be the case
for the period of extraordinarily low precipitation between about AD 1630 and 1750 during the
Little Ice Age. During these periods (highlighted in Figure 7.9), the reconstructed precipitation
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amount potentially underestimates the actual value and is thus to be interpreted with care.

7.4.2 880 and 83C values

The 8'30 value of the precipitation, §'*0,, falling in the region of the cave site seems to be
related to temperature as indicated by the high correlation coefficient (R = 0.86, p < 0.001) be-
tween the monthly means of temperature and 8'®0, at the GNIP station at Ramnicu Valcea
(RV). The correlation between precipitation amount and 'O, at RV, in contrast, is not signif-
icant. The mean 8'®0 value of the dripwater reflects the evapotranspiration-weighted mean
annual 880 value of precipitation (section 7.3.3). In general, the most important effects on
precipitation !0 values are the temperature effect, the continental effect, the source effect,
changes in seasonality and the amount effect (Lachniet and Patterson, 2009).

According to Micu et al. (2015), annual precipitation is mainly characterized by a mixture
of Mediterranean and Atlantic air masses, dominating summer and winter precipitation max-
ima, respectively. Due to the different trajectories and moisture sources, the !0 values of
the air masses is expected to be different. Mediterranean surface waters are generally warmer
than those of the Atlantic, which results in higher 38!0 values. The Atlantic air masses in
turn are potentially more depleted when they reach Romania since the trajectories over the
continent are longer. Thus, changes in the seasonal precipitation pattern has an effect on
the annual weighted mean 880 value. Higher 880 values in the stalagmite could thus be
interpreted to reflect a higher proportion of warmer Mediterranean moisture and vice versa.
A similar situation of competing air masses was described for stalagmite ER76 from Grotta di
Ernesto in northern Italy (Scholz et al., 2012), confirming the complexity of the interpretation
of 880 values in stalagmites, in particular for geographically complex locations, as it is also
the case in SW Romania.

At Ramnicu Valcea, the amount effect appears to be not important. However, dripwater
5180 values at Closani Cave may suggest a connection to precipitation variability (Figure
7.7) with lower 880 values coinciding with more humid phases and vice versa. Since the
Mediterranean water masses contribute the largest amount of annual precipitation (section
7.3.3), higher 8!80 values could also reflect more humid conditions due to enhanced summer
rainfall. Due to both competing processes, it is difficult to draw a direct connection between
8180 values and precipitation amount. The comparison with other precipitation records in
Figure 7.15 does also not permit a simple interpretation for the 8'30 values.

Dragusin et al. (2014) presented a novel approach to discriminate temperature and hy-
drologic effects on 880 values of speleothems in Romania over the middle Holocene. The
authors constrain, that 880 values of speleothems from the western Mediterranean ap-
pear to be mainly controlled by temperature changes, whereas samples from the eastern
Mediterranean, including southwestern Romania, recorded a similar isotopic enrichment due
to changing hydrology.

The C09-2 8'80 values are also compared to the record of Sabatier et al. (2012), who recon-
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structed storm activity in the western Mediterranean using the smectite/(illite+chlorite) ratio
of a sediment core from the Gulf of Lions in order to assess the influence of Mediterranean
cyclones on speleothem stable isotope signals. Striking features in the record of Sabatier et al.
(2012) are the pronounced low storm activity from approximately 600 to 100 BC and from 900
to 1200 AD. These phases are accompanied by comparably low §!80 values in C09-2, indicat-
ing less influence of Mediterranean moisture. The same pattern is observed for other shorter
intervals in the middle of the 14™" and 15" century (Figure 7.14). The southwesterly and
southerly air masses, originating from the western and central parts of the Mediterranean
Basin are responsible for causing warmer weather and shorter cold seasons (Micu et al., 2015).
Thus, we also compare our record to the COMNISPAII record (Figure 7.14) from Spannagel

Cave (Fohlmeister et al. (2013) and references). Several studies have shown that this record
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Figure 7.14: C09-2 8'80 values (red) and reconstructed winter precipitation from Mg/Ca ratio (blue)
in comparison with the COMNISPA 11 8180 record in turquoise (Fohlmeister et al., 2013). Note inverted
axis, lower values indicating warmer temperatures in central Europe (CE) and vice versa. Light green:
storm activity in the Gulf of Lions (NW Mediterranean Sea, Sabatier et al. (2012)). Low values of smec-
tite/(illite+chlorite) ratio correspond to periods of high storm activity. Grey bands indicate the uncertain-
ties of reconstructed rainfall, blue (yellow) shading indicates wetter (drier) than average conditions in SW

Romania. Vertical bars indicate the timing of prominent climate events during the late Holocene in Europe.
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is not only representative of local climate in the Alps, but its signal tracks large-scale cli-
mate variations (Fohlmeister et al., 2013). Mangini et al. (2005) showed that for Spannagel
cave higher speleothem 8'80 values represent colder conditions and vice versa. On cen-
tennial to millennial timescales, §'¥0 values in C09-2 and the COMNISPA Il appear to be
anti-correlated, especially during the last 2000 years. The comparison to the both records
strengthens our assumption that §!80 values in precipitation in SW Romania are connected
to Mediterranean cyclone activity and, on millennial scale, to temperature variability.

The 83C signal recorded in speleothems depends on environmental as well as isotope
fractionation processes occurring at the surface, in the soil, the epikarst, the cave and on
the stalagmite surface (Dreybrodt and Scholz, 2011). Climate variability directly or indirectly
influences these processes, and their interactions renders the interpretation of speleothem
813C values non-trivial. Whereas the 8'*C signal is dominated by soil processes on millennial
time-scales, short-term variability is influenced by isotope fractionation under conditions of
disequilibrium controlled by inter-annual differences in degassing of CO, related to drip rate
variability (Frisia et al., 2011; Johnson et al., 2006). We therefore expect that processes at
the surface and in the soil zone play only a minor role in controlling the §*C values over
the last ~4ka. The 8!3C values of stalagmite C09-2 are thus interpreted to primarily reflect
effects of disequilibrium fractionation occurring inside the cave and on the stalagmite surface
(Deininger et al., 2012; Scholz et al., 2009) and to lesser extent changes in soil activity and

vegetation.

7.4.3 Late Holocene climate variability

For the last 250 years, we compare our precipitation estimates to the summer drought re-
construction based on tree rings from Baile Herculane, located only a few km south-west of
Closani Cave (Levanic¢ et al., 2012) (Figure 7.15). The combination of the C09-2 P, reconstruc-
tion and the summer drought record provides a comprehensive picture of past precipitation
variability in SW Romania.

A second record is a reconstruction based on speleothems from northern Turkey (Jex et al.,
2011). The authors found that autumn/winter precipitation in Giimushane is influenced by
pressure fields over the Caspian Sea/Western Russia. These patterns, the North Sea Caspian
Pattern (NCP) and East Atlantic/West Russia pattern (EAWR), may also affect winter climate
in SW Romania by influencing northerly circulation and the influence of the North Atlantic
Oscillation (NAO)(Comas-Bru et al., 2016).

During the 20" century, all three records are precisely dated based on annual layer count-
ing. Even though the August standardised precipitation index (SPI) record of Levanic et al.
(2012) is a summer drought record and the speleothem records reflect winter conditions, all
reconstructions show relatively dry periods during the late 1900s, the late 1920s and early
1930s, around 1945, during the early 1960s and after 1975 (indicated with orange bars in Fig-
ure 7.15). Before AD 1900, a possible shift in the age control of the record of Jex et al. (2011)
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might be the reason for the lower covariation of the records from SW Romania and northern
Turkey. During the late 18th century, relatively dry periods in SW Romania prevailed in sum-
mer (Levanic et al., 2012) as well as winter, whereas the period between 1800 and 1900 was
relatively humid (Figure 7.15). A similar pattern was also observed by Feurdean et al. (2015)
deduced from a peat profile in the northern Carpathians.

Figure 7.14 shows the 8'80 record of C09-2 and the reconstructed winter precipitation in
SW Romania for the last 3700 years. The most prominent climate anomalies during the last
1500 years were - besides the Industrial Era - the Medieval Climate Anomaly (MCA) between
ca. 900 and 1400 AD and the Little Ice Age (LIA) between ca. 1500 and 1800 AD. In our precip-
itation record from SW Romania, the beginning of the MCA was more humid than average,
whereas during the second half conditions were slightly drier. This pattern was also observed
by Onac et al. (2015) deduced from a cave guano sequence from a cave in SW Romania. A
similar pattern appears during the Roman Warm Period (RWP, 250 BC to 400 AD), which was

characterized by generally warmer and humid conditions in SW Romania, with a drier pe-
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Figure 7.15: C09-2 8'80 values (red), growth rate (brown) and reconstructed winter precipitation from
Mg/Ca ratio (blue) in comparison with the autumn/winter rainfall reconstruction of Jex et al. (2011) and the
summer drought record from SW Romania by Levani¢ et al. (2012). Grey bands indicate the uncertainties
of reconstructed rainfall and growth rate. Blue (yellow) shading indicates wetter (drier) years than the
mean values of the common period (1919-1973). Vertical orange bars indicate relatively dry periods in
SW Romania.
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riod from 0 to 200 AD. This phase is accompanied by high storm activity in the Gulf of Lions
(Sabatier et al., 2012) and lower 8'®0 values in C09-2, indicating an enhanced influence of
Mediterranean moisture sources. Other humid phases in SW Romania are observed around
500 BC and between 1400 and 1500 AD.

The LIA is a very pronounced period in the C09-2 record with a strong decrease in precip-
itation and 8'80 values. This phase is known as a very cold phase in Europe (Mann et al.,
2009b). In C09-2, this phase is characterized by very low growth rates, with the most extreme
values between 1680 and 1760 AD. This indicates, that the very low reconstructed precipita-
tion amounts in SW Romania during this phase potentially underestimate the actual values,
probably due to more severe winter conditions (compare section 7.4.1).

Another dry phase in the C09-2 record is recorded at the end of the late Bronze Age from
around 1300 to 1000 BC (Figure 7.14). This interval is documented in both archaeological and
paleo climate records around the eastern Mediterranean and referred to as the ’3.2 ka event’
(Drake, 2012; Dragusin et al., 2014). Dragusin et al. (2014) report a change in temperature
and climate-hydrology during this period in southern Romania, whereas Aegean Sea winter
surface temperatures were found to be lower (Rohling et al., 2002). A dry phase is recorded
as well in northern Romania (Schnitchen et al., 2006) as in the eastern Mediterranean realm
(Kaniewski et al., 2010, 2013).

7.5 Conclusions

We present a multi-proxy record from a speleothem in SW Romania, which covers the last 3.6
ka. The age control of the youngest section is based on three independent methods, which
provide an internally consistent, precise age model for the instrumental period. This enables
to calibrate the proxy data with meteorological data. Based on the high anti-correlation be-
tween Mg/Ca in speleothem calcite and regional winter precipitation, we were able to recon-
struct winter precipitation variability during the last 3.6 ka in SW Romania. Sr/Ca and Ba/Ca
ratios are dominated by the seasonal cycle in cave pCO,. 880 values appear to be connected
to varying influence of Mediterranean and Atlantic moisture sources, temperature variabil-
ity and changes in seasonality, which makes the interpretation in terms of climate variability
complex. The comparison with other precipitation reconstructions shows that particularly
dry periods in the speleothem record are also visible in a tree ring-based summer drought re-
construction in close vicinity to Closani cave (Levanic et al., 2012). A reconstruction of winter
precipitation from Turkey using speleothem proxies (Jex et al., 2011) shows a good agreement
during the last 100 years, where both records are based on a precise age control. This record
is the first of its kind in SE Europe. However, due to a lack of other (supra-) regional precipi-
tation records, it is currently not clear whether the reconstructed precipitation data reflect a
local or a regional signal. Nevertheless, the multi-decadal variability is likely representative
for SE Europe because prominent northern hemispheric periods, such as the LIA or the MCA,

are recorded.
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8 Consequences for the interpretation of
speleothem derived proxies for climate

reconstruction

In this summary, the results of the previous chapters are presented and assessed in the con-
text of current research. The contribution of this thesis to improving the application and in-
terpretation of multi-proxy approaches in climate reconstruction with speleothems are elab-
orated.

The analyzed proxies could be associated to certain general environmental patterns in all
presented case studies. First, this comprises detrital contamination, which was found to be
mainly related with the element ratios Al/Ca and Th/Ca. The second major pattern refers
to vegetation and soil dynamics, and is mainly attributed to the elemental ratios P/Ca and
U/Ca, as well as 8'3C values. The third main group is associated with hydrological variability
in general and consists of Mg/Ca, Sr/Ca and Ba/Ca, as well as the stable isotope 8'30 (and
813C) values.

In this chapter, the inferred interpretations of the most relevant proxies and the conse-
quences for their application are elucidated. This comprises the most commonly used 520
values (section 8.1) as well as the elemental proxies Mg/Ca and Sr/Ca, which are often re-
garded as tracers of hydrological variability (section 8.2). Additionally, the apparent contro-
versial interpretations of the P/Ca ratio in the presented speleothem studies are summarized

and compared (section 8.3).

8.1 80 - the proxy of first choice?

Stable isotope §'80 values are routinely measured in environmental archives such as ice cores,
foraminifera, corals or speleothems in order to make inferences on the water cycle (Dans-
gaard, 1964; Swart et al., 1993). In speleothems, the oxygen isotopic signature is commonly
analyzed simultaneously with 8'*C values, which helps tracing the isotopic composition of
all components of the carbonate. These proxies provide the main basis for reconstructing the
temperature or precipitation history of a site from speleothems (Bradley, 2015).

As outlined in section 2.2, oxygen isotopic variations in the speleothem calcite (§'30,)
should in theory provide a proxy of temperature variations through time, since the fraction-
ation of oxygen isotopes is dependent on the temperature of deposition (O’Neil et al., 1969).

However, §!80 and 8'*C values in speleothems are subject to a variety of processes outside
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8 Consequences for the interpretation of speleothem derived proxies

and inside the cave environment (Mickler et al., 2004). Nevertheless, both are still the proxies
of choice. This section summarizes the use of %0 values in speleothem research deduced

from the conclusions drawn from the presented case studies in this thesis.

8.1.1 Speleothem 80 in the tropics

In concert with previous research (van Breukelen et al., 2008; Scholl et al., 2009), an inverse
relationship of 880 values in rain water with precipitation amount was inferred for the loca-
tion of Cueva Larga in Puerto Rico (Vieten et al., in press). Monitoring of dripwaters suggests
that this relationship is also valid for speleothems from this cave and Vieten et al. (in press)
were even able to estimate a quantitative relation between changes in rainfall amount and
5180 values.

Furthermore, in Chapter 5 of this thesis it was found that the relationship between temper-
ature in Cueva Larga, which reflects the mean annual surface temperature, and 8'30 values
of dripwaters and recent calcite is well described by the fractionation equation derived by
Tremaine et al. (2011) (section 5.4.2). These relations formed the basis of interpreting the
8180, in stalagmite PR-LA-1 and allowed qualitative and quantitative inferences of past tem-
perature and precipitation variability in Puerto Rico during the last Glacial (section 5.4.3).

In Santo Tomas Cave, Cuba, (Chapter 6), some samples of drip and pool waters have been
analyzed in the past (Fensterer, 2011). However, the monitoring program was less compre-
hensive than at the location of Cueva Larga. Nevertheless, Fensterer et al. (2012) and Fen-
sterer et al. (2013) were able to relate the changes in 8'80. of Holocene stalagmites from the
same cave system with Caribbean rainfall variability. This was possible due to the fact that in
tropical cave environments, 8180 values of dripwaters and speleothems are regularly found
to be determined by the amount effect (van Breukelen et al., 2008; Kanner et al., 2012). This
originates in the opposed seasonal cycles of temperature and 880 composition of precipita-
tion in low latitudes, with high (low) temperatures coinciding with more depleted (enriched)
8180 values. Thus high temperatures and rainy season tend to coincide (Vuille, 2003), and as
a consequence, all potential effects such as additional drip rate and ventilation driven dis-
equilibrium fractionation (section 2.2) should influence the oxygen isotope signature in the
same direction.

However, !0 values in speleothem carbonate are affected by two processes that have
nothing to do with changes in precipitation amount - the influence of temperature on car-
bonate - water isotopic fractionation in the cave and the influence of changing 8'®0 of seawa-
ter. Quantitatively accounting for both ’artifacts’ can significantly alter the interpretations
of speleothem records (Baker and Fritz, 2015). These corrections may have grave implica-
tions for the interpretation of tropical Northern Hemisphere speleothem records where the
combined adjustments tend to decrease or even eliminate the 'true’ signal amplitude (Baker
and Fritz, 2015).

For example, assuming a cooling of ca. 5°C during the Last Glacial Maximum (LGM)
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relative to the late Holocene would have had a temperature-induced increase (relative to
modern cave air temperatures) during the LGM of ~1%o (Kim and O’Neil, 1997; Tremaine
et al., 2011). The global increase of 80 values in seawater during the LGM was ca. 1%o
(Schrag et al., 2002). All other considerations aside, this would have led to a 1% increase in
the 8'80 of water vapor, precipitation, groundwater, and speleothem carbonate (Baker and
Fritz, 2015). Thus, an amount of ~2%o should be subtracted from the 8'30 value of LGM
speleothem calcite to account for both effects. As a consequence, the largest corrections (to
more negative values) accumulate during glacial maxima and the smallest corrections during

interglacials (when temperature and 3'80 of seawater were near present-day values).

8.1.2 Speleothem 8'*0 in temperate regions

A more complex situation is encountered in temperate regions, such as Closani Cave, Roma-
nia (Chapter 7). Due to a long-term monitoring program the cave-internal processes deter-
mining the composition of dripwater are relatively well understood.

In the mid-latitudes, the rainfall season may be independent of the annual temperature
cycle, which decouples the temperature- from the amount effect on 830 values of precip-
itation. In the case of Romania, annual rainfall has two maxima, which are mainly gener-
ated by mediterranean and continental air masses, respectively (section 4.2 and Micu et al.
(2015)). Due to their origin, these air masses have different isotopic signatures, which raises
the ’problem’ of interpreting the 8'80 values in speleothems from this region to the level of
the interplay of atmospheric teleconnections influencing seasonality in rainfall at the site.

In general, winter climate and associated 3'30 values of precipitation in Central Europe
were found to be connected with the variability of the North Atlantic Oscillation (Wanner
et al.,, 2001). The strong influence of the NAO on precipitation and temperature patterns
was in principle also found for Romania (Bojariu and Paliu, 2001; Bojariu and Gimeno, 2003;
Tomozeiu et al., 2005; Micu et al., 2015) and the existing speleothem 880 records from the
Carpathian realm have all been related with North Atlantic climate variability (Onac et al.,
2002; Constantin et al., 2007; Tamas et al., 2010).

However, a recent model study by Comas-Bru et al. (2016) shows, that 880 values of
precipitation may not be a robust proxy to reconstruct any relationship of the NAO with
air temperature and precipitation due to the complex interferences of the NAO with other
large-scale circulation patterns such as the Scandinavian pattern (SCA) or the East Atlantic
pattern (EA).

In order to discriminate between the effects of temperature and hydrology on speleothem
5180 values from Romania, Dragusin et al. (2014) take advantage of a novel approach. The au-
thors use pollen-based temperature reconstructions to constrain temperature-driven isotopic
changes of speleothem calcite. Dragusin et al. (2014) infer, that in the Atlantic-dominated
western Romania, changes in 880, values largely reflect temperature variations. However

they note a significant deviation of the measured data to the calculated temperature-driven
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isotopic changes which is ascribed to additional ’climate-hydrology’ factors.

Also for stalagmite C09-2, which is presented in Chapter 7, changes in temperature or
precipitation could not be clearly distinguished in the §!%0, variability, despite the existence
of a long-term cave monitoring, and the possibility of linking speleothem time-series with
instrumental data. In this particular case, the Mg/Ca ratio was found to constitute a more
reliable tracer, due to the strong and significant correlation with winter precipitation which
even enabled the quantitative reconstruction of winter rainfall during the last 4 ka.

This demonstrates, that the discrimination of temperature- and precipitation driven con-
trols on 8!80, values in the Carpathian-Balkan region is complex and that the amendment of

further evidence and independent proxies is desirable for speleothem studies from this area.

8.1.3 Additional information

Monitoring of rain and dripwaters in the cave strongly facilitates the quantification of many
relevant processes, such as disequilibrium fractionation effects or the influence of ventilation
as it was possible for Cueva Larga (Vieten et al., 2016, in press) or also Closani Cave. Mean-
while, cave monitoring studies constitute a new standard for the interpretation of speleothem
proxies and characterising the relationship between water isotopes of precipitation and cave
dripwater is becoming routine in caves worldwide (Cruz et al., 2005a; Mattey et al., 2010;
Riechelmann et al., 2011; Genty et al., 2014).

Supplemental information, such as climate reconstructions from other archives may rep-
resent essential parts of the puzzle of the multiple effects on speleothem 830 values. A
useful archive are instrumental or historical data providing a direct measure of the climate
parameter which can be directly correlated with the proxy time-series. Here, the fundamental
prerequisite is establishing a precise age model, and the proper evaluation of its uncertain-
ties as demonstrated in Chapter 7. However, this is only possible for speleothem time series
covering the instrumental era (i.e. approximately the last 150 years). For older samples, cali-
brated quantitative climate reconstructions such as tree-ring derived temperature or drought
records may be useful (e.g., (Popa and Kern, 2008; Levanic et al., 2012)).

Independently analyzed tracers in the speleothem are a measure which should be consid-
ered in any case. The benefit of certain elemental proxies in speleothem research such as
Mg/Ca, Sr/Ca as hydrological proxies or P/Ca as tracer of soil and vegetation dynamics is
discussed in the following sections.

A comparison of multiple proxies (Meckler et al., 2015) shows the potential of speleothems
for absolute paleo temperature reconstructions by comparing the results of four different
‘paleo thermometers’ that are (i) speleothem fluid inclusions (Dublyansky and Spétl, 2009;
Affolter et al., 2014), (ii) liquid-vapour homogenization of fluid inclusions (Kriiger et al., 2011),
(iii) noble gases concentration in stalagmite water (Kluge et al., 2008; Vogel et al., 2013) and
(iv) clumped isotopes (Ghosh et al., 2006; Eiler, 2007; Meckler et al., 2014).

Independent of the underlying technique, the analysis of stable isotopes in fluid inclusions
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in speleothem calcite may provide valuable information about past dripwater composition
and temperature estimates (Schwarcz et al., 1976; Fleitmann et al., 2003; van Breukelen et al.,
2008; Kluge et al., 2008; Affolter et al., 2015; Labuhn et al., 2015). The analysis of the tem-
perature dependent preference for heavy nuclides to bond to each other, rather than to a
lighter isotope is referred to as clumped isotope geochemistry (Ghosh et al., 2006; Eiler, 2007)
is a promising technique, despite some complications of applying the system to speleothems
(Affek et al., 2008; Daéron et al., 2011; Wainer et al., 2011; Kluge and Affek, 2012; Kluge et al.,
2013).

8.1.4 Conclusions

In summary, the use of speleothem 880 values in terms of paleo climate reconstruction
is unchallenged. The fundamental problem of interpreting speleothem 80 values is the
discrimination of temperature and precipitation effects. In most cases, the analysis of 80
and 8'3C alone is not enough to derive satisfying results in terms of climate reconstruction.

In particular in tropical regions which are dominated by the amount effect, the oxygen iso-
topic signature is regarded a reliable proxy of past hydrological variability, when taking into
account second order effects, that may change the interpretation of 20, significantly, e.g.
on glacial-interglacial timescales. However, this also presumes the knowledge of a quantitive
estimate past temperature changes.

In the mid-latitudes, a deep understanding of the climatological framework is indispens-
able, but still the controls of speleothem 880 values may remain obscure, because a variety
of effects may compete each other. Independent information from ’paleo thermometers’ or
hydrologically forced proxies constitute valuable opportunities to disentangle the climate

information of the stable isotopic composition of the speleothem.

8.2 Magnesium and Strontium - tracers of hydrological

processes?

Magnesium and strontium are amongst the most commonly used elemental proxies in speleo-
them research. Despite the existence of a number of processes influencing the incorporation
of Mg and Sr (section 2.4), most published records are interpreted to be linked with rainfall
variability when Mg/Ca and Sr/Ca covary (Hellstrom and McCulloch, 2000; McMillan et al.,
2005; Cruz et al., 2007). However, two general mechanisms - limestone diagenesis and water-
rock interactions - might be responsible for co-fractionating Sr and Mg in the dripwaters. In
this thesis, the model of Sinclair et al. (2012) was used to make inferences about the processes

governing apparent co-variations in Mg/Ca and Sr/Ca.
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8.2.1 Results of the case studies

In Chapter 5, Mg/Ca and Sr/Ca ratios were found to be generally positively correlated in
speleothem PR-LA-1, however, little variability is observed throughout the record. Monitoring
of dripwaters in Cueva Larga did not provide evidence for the existence of strong prior calcite
precipitation (PCP) (Vieten et al., in press).

Applying the model of Sinclair et al. (2012) to the elemental ratios of speleothem calcite
confirms, that the influence of calcite-water interactions such as PCP or ICD was comparably
small in the main part of the record. Temperature as well as growth rate variability were also
found to be potential drivers of second order-effects in Mg/Ca and Sr/Ca, respectively, as
well as the influence of sea spray or detrital contamination could not be excluded. The only
interval showing a notable signature of prior calcite precipitation (PCP) and/or (ICD) and
being thus mainly controlled by calcite-water interactions is the last section between 15 and
16.5 ka indicating drier conditions during Heinrich stadial 1. For the earlier part of the record,
additional evidence from other trace elements, such as P/Ca, or stable isotope 8180 and 813C
values, was necessary to reconstruct climate conditions at the surface above the cave.

A similar picture is observed in stalagmite CM (Chapter 6). With 82-7 ka, the record spans
a longer time frame than PR-LA-1 (Chapter 5). Mg/Ca and Sr/Ca are generally positively
correlated, however, the slopes of the In(Sr/Ca) vs In(Mg/Ca) plots are systematically lower
than expected for PCP/ICD. This is interpreted to be caused by an additional Mg source along
the pathway of the dripwater through the host rock, e.g. high Mg-calcite or dolomite (section
6.4.1). However, the partly very variable slopes of the logarithmic plots could also be caused
by calcite recrystallization, which is in general a highly non-linear process (Sinclair et al.,
2012). Despite this is still a process determined by the amount of water percolating through
the host rock, it is therefore not possible to make inferences from the absolute variations to
the actual amount of rainfall above the cave.

Moreover, in CM, the incorporation of Sr and Mg in speleothem calcite may also be ob-
scured by temperature and growth rate effects, variable soil leaching or sea spray (section
6.4.1). However, the generally positive correlation of Mg/Ca with §'80 and 8'*C values sug-
gests that high Mg/Ca values in CM most likely reflect a higher degree of calcite-water inter-
actions through PCP, ICD and/or calcite recrystallization and thus generally drier conditions.

In stalagmite C09-2 from southwestern Romania (Chapter 7), a different pattern in Mg/Ca
and Sr/Ca systematics is noted. Both elements are correlated in the dripwater, but anti-
correlated within speleothem calcite (section 7.4.1). The anti-correlation is based on the de-
coupling of Mg and Sr signals due to seasonal growth rate effects. Thus, the model of Sinclair
et al. (2012) is not applicable to the Sr and Mg values in the stalagmite. However, in the drip-
water, the slopes of the logarithmic plots between both elements follows the theoretically
derived values by Sinclair et al. (2012), indicating that PCP and/or ICD exerts a first order
control prior to calcite precipitation on the stalagmite. This signal is subsequently modu-

lated by the growth-rate dependency of the incorporation of Sr.
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The control on Mg/Ca as tracer for rainfall variability is further constrained by a strong
correlation of annual mean Mg/Ca in the speleothem with winter precipitation in southwest-
ern Romania through the 20th century. This correlation has proven to be robust against age
uncertainties and autocorrelation effects and could even be used to deduce a quantitative

reconstruction of precipitation estimates for the last ~4000 years.

Conclusions

In summary, Mg/Ca and Sr/Ca have shown to be mainly controlled by hydrological processes
in all records. For Closani, a direct link of Mg/Ca in stalagmite C09-2 with rainfall was found.
The interpretation of the Romanian record clearly benefits from the direct comparison with
instrumental data, which is not possible for the other studies. Here, the case is not that clear
and the hydrological control on the Mg/Ca ratio remains ambiguous. Reconstruction of past
hydrological conditions thus has to rely on the combination of several proxies such as 80
values (section 8.1) to derive concrete conclusions.

However, care must be taken when interpreting trace element signals from samples which
exhibit a variable calcite precipitation rate. If growth rate varies over more than an order of
magnitude, it may significantly affect the Sr/Ca ratio of speleothems, which was shown to
apply for all samples in this thesis to a greater or lesser extent. Also temperature variability
may exert a non-negligible second-order effect on Mg/Ca. The same may apply at some loca-
tions to detrital contamination, the effect of soil processes and sea spray as well as limestone
diagenesis. These aspects have to be properly assessed and evaluated and, if quantitative es-
timation of the processes is possible, compared to the present variability in the trace element
signal.

The model of Sinclair et al. (2012) provides a helpful tool to reach a better understand-
ing of the processes which may be responsible for the observed trace element variability in
speleothem records. In remote cave locations, it is often not possible to establish a cave mon-
itoring program, or the results may not be transferable to the analyzed sample. It clearly
shows, that a correlation of Mg/Ca with Sr/Ca may not be necessarily linked with hydrolog-

ical processes, and if so, they may not underly a linear relationship.

8.3 Phosphorus - a proxy for vegetation and soil dynamics?

P/Ca was analyzed and interpreted in speleothem PR-LA-1 and CM. In stalagmite C09-2,
the measured P concentration was in the range of the detection limit, and was thus not
interpreted in Chapter 7. However, the raw intensities appear to confirm the expected pattern
for temperate climates, with a positive correlation of the P and U signal and the P content
being related with annual laminae (section 2.5.1).

The P content in C09-2 seems to exhibit a seasonal cyclicity which is anti-correlated to
Sr/Ca and Ba/Ca (Figure 8.1). High Sr/Ca values in C09-2 were attributed to the winter sea-
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son and vice versa. Thus, the peak value of the P/Ca cycles seems to occur during the summer.
Thus, P input in the speleothem appears to be highest during the warm season, when veg-
etation activity is high. However, infiltration and calcite precipitation during the summer is
regarded to be very low in Closani Cave, so the high peak in P content potentially marks the
onset of calcite precipitation after the summer season, when infiltration increases and soil P
is flushed into the cave. The P peak in C09-2 is rather sharp, which may be associated to the
still relatively low calcite precipitation rates during late summer and autumn compared to
winter/spring months, where pCO; in cave air reaches its minimum and speleothem growth
is at a maximum.

This explanation agrees with the common interpretation of the P content in speleothems.
Borsato et al. (2007) attributed annual P layers to an autumnal flush of organic material
from the soil due to the coincidence of vegetation dieback and high infiltration, similar to
Treble et al. (2003), who argue that P from seasonal vegetation decay is transported to the
speleothem before it is mineralized in the soil.

The correlation of U and P is observed in all three samples included in this thesis (sections
5.4.2 and 6.4.1). This is explained by the formation of phosphate/uranyl complexes, which
was first described by Treble et al. (2003).

In the Puerto Rican speleothem, P/Ca ratios are anti-correlated with both Mg/Ca and §'3C
values (section 5.4.2). Similar patterns are previously observed by Webb et al. (2014) and

Mischel et al. (in press), respectively. As a consequence, both studies interpret higher values in

1‘5E4 |||||||ll|||l||||ll|ll||||lllIllllllllll'llllllll
8 1.0E4 |- -
&,
?«'%D 5'0E3W\“V/WW
o 0.0 llllllIllllllllllllllllllIlIlIIIlIlllIllllllIlIll
- s.0e5
m
a
fﬂ\/\J W 6085 O
(a8
-
lIIIIIII]IllllIlIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIII 4'OE5
1.0E6 |-
m
Q
= S‘OES\-/\/\
[§°]
[aa]
?% 0.0 IIIIIIII]IilllI!IIIIIIIIIIIIIIIIIIIIII!IIIIIIIIII 3.0E6
2566 &
206 &
S
1566 A
el
I I ! I 1.0E6
T T . Y T IS T T Lo L L. a1 S T T '

15 16 17 18 19 20
distance (mm)

Figure 8.1: Raw intensities of a section of a laser ablation line scan from C09-2. In this section, the cyclic-
ities of the Sr, Ba, P and U signals are well prounounced. The P content of the speleothem is characterized

by distinct peaks, which are anti-sorrelated to Sr and Ba maxima.
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P and U as reflecting more productive vegetation and higher soil moisture. This interpretation

is regarded to explain P/Ca variability in PR-LA-1.

8.3.1 Non-conventional P/Ca systematics in CM

In contrast, stalagmite CM exhibits an inverse relationship with Mg/Ca and §!C values (sec-
tion 6.4.1). So far, such a pattern has not been described in speleothem records before. Since
no extensive monitoring of dripwaters or analyses of soil characteristics exist for the location
of the cave, the interpretation of this signal has to rely on some assumptions.

The most prominent interval of the record is the Last Glacial Maximum (LGM). Several
proxies and other studies indicate that this period is characterized by lower temperatures and
rainfall compared to the Holocene (section 6.4.3). Low growth rates, high Mg/Ca and §!*C val-
ues confirm, that the LGM experienced a deterioration of climate conditions in Cuba. In this
period, P/Ca and U/Ca exhibit a broad maximum with values up to 3 mmol/mol (3000 ppm).
Such high values are usually not observed in speleothems, whose P content is only fed by
soil P interpreted to be mainly dominated by organic P (compare section 2.5.1).

In a tropical speleothem from Christmas Island, Frisia et al. (2012) report values of up to
8000 ppm, and state that the high P values are likely to be sourced from the dissolution of
apatite-group minerals present in the epikarst and brecciated rock. Apatite inclusions are not
reported for the host rock at the location of CM, however, this does not generally exclude this
source. However, this source is not regarded as the main driver of high P/Ca values in CM.
More dissolution of apatite minerals is more likely to occur during more humid intervals,
which is also observed by Frisia et al. (2012), where periods of high P concentration generally
reflect effective recharge of the aquifer in the rainy season.

In another speleothem 645-FS04 from southern Australia, Frisia et al. (2012) report distinct
P concentration peaks associated with ’stromatolite-like’ layers which mark periods of re-
duced drip rate and thus potentially indicative of dry phases of unknown duration within
the otherwise wet climate regime of the Early Pliocene. These laminae are characterized by
micrometer-scale micritic structures which are suspected to be caused by microbial processes
which may have been involved in the P incorporation in the speleothems.

Although petrographic analyses are not available for CM to compare the crystal structures
to the observations by Frisia et al. (2012), it is unlikely that the proposed processes also caused
high P/Ca values during dry intervals in CM. Firstly, the elemental patterns within these
’stromatolite-like’ layers are not consistent with correlations of P/Ca with Mg/Ca observed
in CM. Moreover, the P-rich interval in CM is stretched over several mm to cm, whereas the
P concentration peaks in the Australian sample are concentrated on mm-thin layers (Frisia
et al.,, 2012).

Thus, in Chapter 6 another interpretation for the high P/Ca ratios during intervals with
apparently drier and cooler conditions is suggested. Organic P may not be the only main

source of P in the soil solution during the LGM indicated by the high concentrations and the
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apparently cool and dry climate. Since P fixation in soils is pH dependent, it is suspected,
that the observed inverse connection of P/Ca with vegetation variability may be the result
by changing soil characteristics due to pH shifts. Treble et al. (2003) argue with the low
P retention capacity of the sandy southwestern Australia soils, which might explain why a
strong seasonal P signal associated with seasonal flush of organic-rich complexes is seen in
speleothems from this region. In contrast, subtropical and tropical soils are often character-
ized by a high P retention capacity (Sanchez and Uehara, 1980; Daroub et al., 2003), which
means that phosphate is bound much tighter to the non-soluble phase. A decline in vegeta-
tion productivity on long timescales may result in a lower soil pCO,, which in turn increases
soil pH. P availability in soils has a maximum at neutral or weakly acid soil pH (Figure 2.11). It
may be possible, that certain circumstances of climate and soil conditions might have shifted
the P cycle to this maximum, releasing previously adsorbed phosphates to the soil solution

and thus increasing the flush of P-rich complexes.

8.3.2 Conclusions

The compilation of the P cycle in section 2.5.1 shows, that the processes governing the P
concentration leached from the soil solution into cave dripwaters may be very diverse and
site-specific, depending on physical and chemical soil and host rock characteristics, microbial
activity, vegetation dynamics and the climatic boundary conditions.

However, it can be summarized that, P in speleothems is most commonly related to vegeta-
tion and soil dynamics, associated with hydrological variability, as observed in many previous
studies and also in stalagmites C09-2 and PR-LA-1 (Chapters 5 and 7). However, the results
from Chapter 6 and published by Frisia et al. (2012) show, that other processes may signifi-
cantly change the hydrological interpretation of P. The P cycle is a complex system and many
processes involving microbial activities as well as site-specific soil characteristics were found
to have a strong effect under certain circumstances.

Information about physical, chemical and biological soil characteristics should be con-
sidered to complement the interpretation of P in speleothems, especially where elemental
patterns appear to be controversial. Moreover, Frisia et al. (2012) claim, that the use of P to
refine paleo climate information from speleothems should be underpinned by petrographic
and elemental mapping, along with the chemical and textural characterization of the karst

host rocks.
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framework of recent research

This part comprises the climatological aspects of this thesis, which covers the last glacial pe-
riod (section 9.1) and the associated long-term and millennial scale climate fluctuations, as
well as the late Holocene (section 9.2) with its extensively studied prominent climate anoma-
lies. The most relevant results of the corresponding studies are revisited and important in-

tervals of the climate records discussed.

9.1 Spatio-temporal imprints in the tropical hydrological cycle

Climatic fluctuations on different timescales may be brought by internal or external mech-
anisms. Solar insolation is considered a main driver of the climate system, and its influence
during Earth’s past due to orbital variations mainly caused the ice age cycles (Milankovitch,
1941; Imbrie and Imbrie, 1986; Paillard, 2001). The influence of various internal parameters
such as ice sheet dynamics, atmospheric CO, concentration, global deep-ocean circulation,
and others lead to a variable climate during the glacial cycles marked by long-term variations,
the marine isotope stages, MIS, (Emiliani, 1955) as well as abrupt temperature oscillations.

During the last two decades, ice core records and marine sediment cores from the North At-
lantic region revealed that the last glacial period was characterized by abrupt climate changes
that recurred on millennial time scales (Clement and Peterson, 2008). The most recent and
perhaps best studied of these events is the Younger Dryas (YD), an abrupt return to near-
glacial temperatures in the high-latitude North Atlantic lasting roughly a millennium during
the last deglaciation (Alley et al., 1993; Clement and Peterson, 2008).

Rapid temperature excursions, named the Dansgaard/Oeschger cycles (D/O) were a char-
acteristic feature of Greenland climate during the last glacial period recurring roughly every
1500 years as abrupt warmings over Greenland of as much as 10°C followed by a more gradual
return to cold glacial conditions, and were showed to closely match sea surface temperature
(SST) changes recorded in high-accumulation rate sediments in the North Atlantic (Bond
et al., 1993).

Additionally, discrete layers of ice-rafted debris (IRD) were found in sub-polar North At-
lantic sediments (Heinrich, 1988; Bond et al., 1992), named the Heinrich events. The IRD was
deposited periodically during the coldest phases of the D/O cycles and were attributed to

originate from icebergs that came out of the Hudson Strait (Hemming, 2004). This freshwater
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input promoted a slowdown of the Atlantic meridional overturning circulation (AMOC) and
an inter-hemispheric climate response (McManus et al., 2004; Wolff et al., 2010; Bohm et al.,
2015). Heinrich stadials subsequent to Heinrich events were associated with a reduction in
sea surface temperatures (SSTs) in the North Atlantic (Sachs and Lehman, 1999; Hagen and
Keigwin, 2002). Reduced Northern Hemisphere SSTs led to the southward shift in the ITCZ
and drier conditions in the tropical Northern Hemisphere (Chiang and Bitz, 2005; Zarriess
et al., 2011; Stager et al., 2011).

In the Chapters 5 and 6, two speleothem records are presented from the Caribbean realm
covering long intervals during the last Glacial period. Both records provide new insights into
the variability of the tropical hydrological cycle on different timescales (Figure 9.1). The 5§30
record from stalagmite PR-LA-1(Chapter 5) documents the clear imprint of prominent abrupt
millennial-scale climate oscillations during the last Glacial. It is the first speleothem derived
long-term reconstruction of rainfall variability from the western tropical Atlantic realm which
records both the Heinrich stadials as well as the Dansgaard/Oeschger cycles. In contrast, the
8180 signal from western Cuba deduced from speleothem CM (Chapter 6) exhibits a much
lower internal variability. However, geochemical evidence from the stable isotope and trace
element signatures yield a comprehensive picture of past environmental variability over a
long time interval. This record is one of the longest speleothem records from the Caribbean
region.

The discussion of the effects of last Glacial climate variations on the tropical hydrological
cycle was extensively elaborated in both Chapters, so this section rather depicts a summary
and comparison of the results from both studies. In the first part, the variations and forcings
of both records on longer timescales are compared (section 9.1.1). Section 9.1.2 focuses on

the abrupt fluctuations on millennial scale.

9.1.1 Long term variability on glacial / interglacial timescales

The Cuban record covers most of the last glacial cycle from the late stages of MIS5 (MIS5c, 96-
87 ka, MIS5b, 87-82 ka and MIS5a, 82-71 ka) until the middle of MIS1 (14 ka today), whereas
PR-LA-1 grew during MIS3 (57-29 ka) and MIS2 (29-14 ka). The deduced climate reconstruc-
tion showed, that rainfall variability on Cuba and Puerto Rico is connected to insolation and
tropical North Atlantic and Caribbean SSTs, as well as to the strength of the AMOC and
high-latitude temperature variability. The comparison in Figure 9.1 shows, that both records
are on the same level of 3'®0 values during MIS2 and MIS3, which supports the common,
supra-regional controls of Caribbean rainfall. In contrast, the speleothem record from Costa
Rica (Lachniet et al. (2009), Figure 9.1) is characterized by much lower §!80 values, reflecting
the more remote position from the moisture source - which are mainly the western tropical
Atlantic and the Caribbean Sea - close to the Pacific coast across the isthmus.

The position of the Intertropical Convergence Zone (ITCZ) and associated changes in trop-

ical rainfall has been closely related to variations in summer insolation (Baker et al., 20071,
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Cruz et al.,, 2005a; Poveda et al., 2006; Wang et al., 2007). Interestingly, on glacial-interglacial
timescales, the 820 values of CM show a close relationship rather to winter insolation, which
is opposite to the expectation of a direct insolation-monsoon strength mechanism. This ob-
servation is shared with the Costa Rican speleothem record (Lachniet et al., 2009). The Puerto
Rican record is too short to conduct a similar comparison, however, the similarities in the
long-term variability between CM and PR-LA-1 support this pattern. The most probable in-
terpretation explaining this phenomenon is, that high winter insolation leads to a prolonged
wet season in the tropical Atlantic and Caribbean. This demonstrates the complexity of trop-
ical hydrological cycle (section 6.4.2).

MIS5 appeared to have experienced the most variable climate compared to the other parts
of the Cuban record (Figure 6.7). Interestingly, the transition into cooler and drier glacial

conditions during MI1S4 is very differently pronounced in the other archives, with the runoff
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Figure 9.1: Comparison of 880 records of CM (dark blue) and PR-LA-1 (red) with speleothem 580
values (magenta) from Terciopelo Cave, Costa Rica (Lachniet et al. (2009)), the reflectance record from
the Cariaco basin (light blue) representative for the position of the ITCZ (Deplazes et al., 2013) and the
NGRIP 880 ice core record (green, NGRIP members (2004)). Vertical gray bars indicate the timing of
North Atlantic cold events (Younger Dryas (YD) and Heinrich stadials (HS)).
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in Northern Mexico decreasing very smoothly (Roy et al., 2013), and the rainfall in Cuba and
Central America dropping much faster, but not simultaneously. On the one hand, this may
be attributed to uncertainties in the age models or site-specific factors. On the other hand,
this may suggest an interesting spatio-temporal feature in last Glacial climate variability,
which might deserve further investigation.

During the Last Glacial Maximum (LGM), climate on Cuba was relatively cool, but not
extraordinary dry. Nevertheless, P/Ca ratios demonstrated that environmental conditions
were sufficiently unfavorable for the existing biosphere, resulting in a decline in vegetation
and soil dynamics (section 6.4.3). The results are in concert with lacustrine sediments from
Guatemala (Hodell et al., 2008; Escobar et al., 2012; Correa-Metrio et al., 2012; Grauel et al.,
2016) or Mexico (Roy et al., 2013).

In contrast, the LGM marks no such pronounced interval in the Puerto Rican record. 20
values remain on a comparably stable level between 24 and 18 ka, with slightly higher values
from 20.5 to 18 ka. These are accompanied by slightly higher Mg/Ca and lower P/Ca values,
indicating drier conditions and a potential deterioration of vegetation and soil activity also in
Puerto Rico. However, these environmental changes are not as pronounced as indicated by
the proxy records in Cuba. This may be attributed to its location further north-west, which
probably resulted in the severer climate changes due to the southern movement of the ITCZ.
On Puerto Rico, the millennial scale fluctuations had a much stronger influence (section
9.1.2).

9.1.2 Abrupt North Atlantic climate changes on millennial scale

Despite CM covers most of the last Glacial cycle, the Dansgaard/Oeschger interstadials are
pronounced in stalagmite CM only during MIS5, where the peak intervals also mark the
warmest phases in the record besides the Holocene (Figure 6.7). In contrast, PR-LA-1 shows
a clear response to warm interstadials during MIS2 and 3. The internal comparison of the
5180 signatures reveals, that D/Os 7 and 11 were the warmest/wettest on Puerto Rico, with
only slightly drier and cooler conditions compared to modern times (section 5.4.3).

Most NA cold events, such as the Younger Dryas and the Heinrich stadials were charac-
terized by cooler and/or drier conditions on Cuba and Puerto Rico (sections 5.4.3 and 6.4.3).
Similarly, in both records, HS 1 seems to be the coolest and driest interval. This phenomenon
is observed also in other archives throughout the Caribbean realm, such as from Central
America (e.g., (Escobar et al., 2012; Lachniet et al., 2013)) or the Bahamas (Arienzo et al.,
2015), and may be associated with a near complete shut down of the AMOC (B6hm et al.,
2015). Also the internal structure of HS 1 is coherent across the region, with two consecutive
cold/dry spells interrupted by a short recovery to relatively warmer/wetter conditions.

In general, the 8'80 signatures during Heinrich stadials are much more pronounced in the
Puerto Rican record than in western Cuba (Figure 9.1), with 8130 values increasing by about
2-3 %0 in PR-LA-1, compared to 1-2 %o in CM. This may be attributed to a spatial difference
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in temperature and rainfall variability, or site-specific variable fractionation effects due to
drip-rate variability or cave ventilation. The generally higher growth rates of PR-LA-1 and
the high, persistent correlation with §*C values suggest, that this speleothem is probably
more sensitive to disequilibrium fractionation effects than stalagmite CM. Thus, it may be
suspected, that the difference in the !0 signal of these records may be largely attributed to
’kinetic’ effects in Puerto Rico. However, rainfall variability and the associated amount effect
in the tropics may be also regionally very different and site-specific. Additionally, the absolute
decrease in last Glacial temperatures differs largely between marine and terrestrial records
(Sachs and Lehman, 1999; Hagen and Keigwin, 2002; Correa-Metrio et al., 2012; Grauel et al.,
2016), ranging from 2-3°C in tropical Atlantic sea surface temperatures to 6-10°C in the
central American lowlands. Both presented speleothem records from Puerto Rico and Cuba
suggest, that the temperature decrease during the last Glacial and the Heinrich stadials was
comparable rather to the SST estimates and similar to the results obtained by Arienzo et al.
(2015) (sections 5.4.3 and 6.4.3). This may be attributed to the insular locations, which could
be responsible to the stronger marine imprint.

Regarding the amount effect, the estimated slope at Cueva Larga is roughly -0.4 to -1 %o per
100 mm on annual and monthly scale, respectively (Vieten et al. (in press) and section 5.4.2).
For Panama, previous studies found a relationship of -1.6 to -2.85 %0/100 mm between 830
and the amount of precipitation (Lachniet et al., 2004; Lachniet and Patterson, 2006). Similar
values were found for Barbados (-2.2 to -2.75 %0/100 mm, Jones et al. (2000)) and Panama
and Belize (-1.24 %0/100 mm, Lachniet and Patterson (2009)). Fensterer et al. (2012) derived a
trend line between stalagmite §!%0 and rainfall of -0.19 %0/100 mm whereas Medina-Elizalde
et al. (2010) deduced a more negative slope of -0.57 %0/100 mm for stalagmites from Mex-
ico. This large range of slopes describing the amount effect throughout the Caribbean and
Central American realm illustrates that the absolute differences in 80 signatures during
supra-regional climate events such as the Heinrich stadials or the Dansgaard/Oeschger cy-
cles cannot be directly compared without additional information such as independent tem-
perature estimates (e.g., Arienzo et al. (2015)) and an estimation of the site-specific amount
effect.

9.1.3 Conclusions

The both presented speleothem studies from Cuba and Puerto Rico provide a valuable amend-
ment to the picture of last Glacial spatio-temporal climate variability in the Caribbean realm.
Even if the temporal resolution of both records is partly very different, they share fundamen-
tal similarities, such as the long-term variability in §!30 values, which may be attributed to
changes in insolation, sea surface temperatures. Another feature present in both §!%0 sig-
nals is the response to North Atlantic cold events, which are pronounced as cool and dry
intervals in the Caribbean region. The decrease in temperature and precipitation seems to

be closely linked to a slowdown of the Atlantic meridional overturning circulation (AMOC)
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due to enhanced fresh water input in the North Atlantic and associated lower SSTs.

The comparison of the absolute variability in §'0 values, however, does not enable a quan-
titative estimation of the spatio-temporal differences of temperature and rainfall variability
between both locations. Additional information, for example derived from fluid inclusions
or clumped isotopes, might enable a more specific estimation of the effects of temperature,
rainfall and disequilibrium effects during last Glacial climate oscillations.

Substantial differences are observed in the response to North Atlantic warm interstadials
(D/O cycles) which are only partly pronounced in the Cuban record - and only during the rela-
tively warm MIS5. Additionally, the Last Glacial Maximum seems to have been characterized
by more severe environmental conditions on Cuba than on Puerto Rico, where the associated
climate deteriorations appear to have been relatively mild. These differences could be linked
with the latitudinal position of both locations and the relative distance to the position of the
ITCZ which determines the strength of the trade wind zone at the cave sites. Puerto Rico is
located further south, so a southern shift of the ITCZ during MIS2, MIS3 and especially the

LGM may affect the hydrological cycle less than on the more northwesterly situated Cuba.
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9.2 Late Holocene climate variability in eastern Europe

The main focus of Chapter 7 was the analysis and interpretation of trace elemental and sta-
ble isotopic records deduced from a late Holocene speleothem from Closani Cave, Romania.
The correlation analysis demonstrated, that the Mg/Ca ratio in stalagmite C09-2 is strongly
connected with winter precipitation in southwestern Romania and enabled a quantitative
reconstruction of past winter rainfall for the last 3.6 ka. The deduced precipitation estimates
from C09-2 were found to be in agreement with other rainfall reconstructions. Moreover,
the most prominent anomalies recorded in European climate archives during the last 4 ka
are also pronounced in this record. However, in Chapter 7, the discussion of past climate
variability in eastern Europe and the associated processes was kept rather cursory. In this
section, the emphasis is on assessing the influences of large-scale teleconnection patterns
and a more comprehensive comparison of the generated climate record with other regional

and European climate archives during the Medieval Climate Anomaly and the Little Ice Age.

9.2.1 Influence of large-scale circulation patterns

The climate over Eastern Europe region is dominated by the North Atlantic Oscillation (NAO)
and the East Atlantic-West Russia (EAWR) pattern (Hurrell et al., 2003, 2006; Barnston and
Livezey, 1987). Both teleconnection patterns were found to strongly influence climate pa-
rameters in Romania (e.g. Bojariu and Paliu (2001); Bojariu and Gimeno (2003); Rimbu et al.
(2012); Dragusin et al. (2014); Micu et al. (2015)). In general, a high NAO index appears to
be associated with warmer temperatures and reduced precipitation in the Romanian area
(Bojariu and Gimeno, 2003; Bojariu and Paliu, 2001). In contrast, positive anomalies of the
EAWR index are related with cooler temperatures and drier conditions (Rimbu et al., 2012).
However, model studies indicate, that these large-scale pressure systems interact and that
the previously found associations with precipitation, snow variability or temperature may
not be stationary in time (lonita, 2014; Comas-Bru et al., 2016).

In Figure 9.2, the Mg/Ca and 8'80 values from C09-2 are compared to reconstructions of
NAO and EAWR indices during the last 350 years (Luterbacher et al., 2001, 2002; Poirier et al.,
2017). The plot illustrates the non-stationary relation of southwestern Romanian climate to
the both teleconnection patterns. Despite all winter dry spells in the Closani region are asso-
ciated with a positive phase of the EAWR, this connection is not valid in the other direction.
Several intervals with high EAWR indices cannot be attributed with reduced precipitation in
Romania. However, the driest phase in the plotted interval around 1680 AD is also character-
ized by extremely high values of the EAWR index. A similar picture is notable regarding the
NAO. Only a few of the drier periods in Romania are accompanied by high NAO indices.

In Chapter 7, more Mediterranean influence on rainfall variability in southwestern Roma-
nia associated with warmer conditions is attributed with higher '80 values in the speleothem
and vice versa. Thus, positive EAWR anomalies might coincide with lower 8180 values. This

relation is visible for many of the positive excursions of the §'0 record. The long-term pat-
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Figure 9.2: Mg/Ca and §'30 values from C09-2 are compared to the 5-year running means of DJF-NAO
(Luterbacher et al., 2001) and DJF-EAWR indices (Poirier et al. (2017) with data from Luterbacher et al.
(2001)) from 1660 until 2000 AD. The light orange bars indicate dry spells in southwestern Romania. Note

that the axes are inverted.

tern of the oxygen isotopic signature in C09-2 may be also related with NAO variability on
multidecadal timescales. This connection to North Atlantic climate variability was suggested
by a number of low-resolution speleothem records from the Holocene (e.g., (Onac et al., 2002;
Constantin et al., 2007; Dragusin et al., 2014)).

To summarize, despite some apparent connections of southwestern Romanian climate to
the NAO and EAWR patterns, reconstructions from the southern Carpathian realm appear

not to be appropriate to make inferences about past variability of these teleconnections.

9.2.2 Eastern European Holocene climate variability

For eastern Europe, a variety of climate reconstructions exist covering the last centuries and
millennia. Many of them are based on tree-ring reconstructions, which rather reflect sum-
mer conditions (e.g., Popa and Kern (2008); Levanic¢ et al. (2012); Trouet (2014); Levanic et al.
(2015)). The C09-2 speleothem record however is biased to the cold season. Other climate
records are available, but many are based on rather coarse resolution or cover relatively short

intervals such as various speleothem (e.g., Onac et al. (2002); Constantin et al. (2007); Tamas
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et al. (2010); Rudzka et al. (2012); Dragusin et al. (2014); Onac et al. (2014, 2015)) or lake
sediment records (Feurdean and Bennike, 2004; Schnitchen et al., 2006; Magyari et al., 2009;
Buczko et al.,, 2013; Cristea et al., 2014).

In section 7.4.1, it was shown that the winter precipitation reconstruction for southwestern
Romania agrees with several regional and supra-regional hydroclimate records. During the
last 250 years, a number of dry spells prevailing in summer and winter seasons could be
identified due to the comparison with a summer drought record from Levanic¢ et al. (2012).
A supra-regional connection was found to the autumn/winter rainfall reconstruction of Jex
et al. (2011) from northern Turkey, which may be attributed to the strong influence of the
EAWR on precipitation variability at both locations.

Medieval Climate Anomly and Roman Warm Period

Amongst the most prominent warm climate anomalies during the last 3500 years were the
Medieval Climate Anomaly (MCA) between ca. 900 and 1400 AD and the Roman Warm Pe-
riod (RWP) between ca. 250 BC to 400 AD. Across southern and eastern Europe, overall warm
conditions are inferred for both intervals, the MCA (e.g., Rohling et al. (2002); Frisia et al.
(2005); Cristea et al. (2014)) and the RWP (e.g., Martin-Chivelet et al. (2011); Cristea et al.
(2014); Goudeau et al. (2015)), respectively. However, Bradley (2015) infer that there is little
evidence, that global or hemispheric mean temperatures were higher during the MCA than
in the latter half of the twentieth centuries. The author notes, that it is of greater signif-
icance, that there were significant precipitation anomalies during the period of the MCA,
in particular, many areas experienced pronounced drought episodes (Diaz et al., 2011). The
widespread nature of hydrologic anomalies during the MCA suggests that changes in partic-
ular circulation regimes (e.g., NAO and ENSO) may account for the unusual regimes during
this interval. In stalagmites from NW Scotland, evidence was found for a persistent posi-
tive NAO during the MCA (Trouet et al., 2009; Baker et al., 2015), which might explain the
existence of a dry period in the western and central Mediterranean (Moreno et al., 2012;
Ramos-Roman et al., 2016). However, other data suggests a more variable state of the NAO
during the MCA (Wassenburg et al., 2013; Smith et al., 2016).

Also in the reconstructed precipitation estimates from SW Romania (Figure 7.14), climate
during the MCA appears to be variable, with the beginning of the MCA being more hu-
mid than average, whereas during the second half conditions became slightly drier. This
pattern was also observed by Onac et al. (2015) deduced from a cave guano sequence from
a cave in SW Romania. Consistently, Feurdean et al. (2015) infer wet conditions between
800-1150 AD and a dry interval from 1300-1450 AD for the northern Carpathians. Goudeau
et al. (2015) observe a warm early MCA (~950 AD) and colder conditions during the later part
(1000-1200 AD). A similar pattern is found across the Mediterranean (Pla and Catalan, 2005;
Frisia et al., 2006) and in the southern Alps (Frisia et al., 2005; Holzhauser et al., 2005). This
interval also corresponds with a transition from dry conditions to more humid conditions in

the western Mediterranean (Nieto-Moreno et al., 2013). A similar pattern appears during the
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RWP, which was characterized by generally warmer and humid conditions in SW Romania,
with a drier period from 0 to 200 AD.

Little Ice Age (LIA) and other dry intervals

The Little Ice Age (LIA) represents one of the strongest global climate instabilities during
the late Holocene and is characterized by a multi-centennial-long cooling during the 14t"
to 19t centuries (e.g., Mayewski et al. (2004); Mann et al. (2009b); Biintgen et al. (2011);
PAGES 2k Consortium (2013)). The cooling has been attributed to a reduction in solar activity,
with the most prominent solar minima occurring between 1645-1715 AD and 1790-1830 AD.
These excursions are known as Maunder and Dalton minima, respectively (Mann et al., 1998;
Jones and Mann, 2004; Mann et al., 2009b). On the European continent, and especially in the
circum-Mediterranean region, the climate during the LIA is characterized by a remarkable
spatio-temporal heterogenity (Luterbacher et al., 2004; Xoplaki et al., 2005; Touchan et al.,
2005; Griggs et al., 2007; Gogou et al., 2016). For instance, various climate records have doc-
umented more humid conditions in the western Mediterranean, and drier conditions in the
East (Roberts et al., 2012).

Recent research on high-resolution records indicates also a non-consistent pattern across
eastern and southeastern Europe during the LIA. In the northern Carpathians, generally
cooler temperatures are inferred in a peat bog profile (Cristea et al., 2014), while Feurdean
et al. (2015) report dry conditions during 1500 to 1850 AD. In C09-2, the LIA is a very pro-
nounced period, with a gradual decrease in growth rates, precipitation and §!80 values from
approximately 1500 AD onwards (Figure 7.14). The severest winter conditions were identified
between 1680 and 1760 AD, contemporary with the Maunder Minimum. The Dalton mini-
mum, however, is not as pronounced in this record.

Interestingly, a bat guano 8'°C record from the Apuseni mountains northwest of the Car-
pathians shows a different picture of climate conditions during the LIA, indicating the strong
influence of the topography of the mountain chain. In their record, evidence was found for
two major cold spells occurring around 1400-1500 AD and ca. 1870 AD, which are both also
prominent in the C09-2 record, even if not as pronounced. However, neither 8'>C values nor
pollen association in guano changed strikingly over the MCA and LIA transition (Forray et al.,
2015). The authors infer, that this region experienced generally a warmer and drier climate
during the LIA, but colder and wetter than the MCA.

On the Balkan Peninsula, generally cooler conditions prevailed as inferred from tree-ring
reconstructions (Trouet, 2014; Levanic et al., 2015). Sedimentological and geochemical data
from Lake Butrint in the western Balkans (Albania) suggest that although the LIA was gen-
erally characterized by higher humidity relative to pre- and post-LIA times, maximum winter
precipitation was recorded between 1600 and 1800 AD (Morelldn et al., 2016). Another varved
sediment record from Etoliko Lagoon (western Greece) suggests that wet conditions in winter
prevailed during 1740-1790 AD, whereas dry winters marked the periods 1790-1830 AD (Dal-
ton Minimum) and 1830-1930 AD, the latter being sporadically interrupted by wet winters
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(Koutsodendris et al., 2017). This is apparently an opposite observation to the hydroclimatic
variations reconstructed in the Closani area. Moreover, the relatively high 80 values in
C09-2 indicate generally less Mediterranean influence during the LIA. Koutsodendris et al.
(2017) assign the variability of precipitation in western Greece to North Atlantic Oscilla-
tion dynamics, which was found to have a generally less impact on climate variability in
southwestern Romania than e.g., the EAWR. These observations support, that precipitation
variability in southwestern Romania is the result of different competing circulation patterns.

Other dry intervals in the C09-2 record are recorded around 450-610 AD and at the end
of the late Bronze Age from around 1300 to 1000 BC (Figure 7.14). The first one may be
associated with a pronounced cooling recorded throughout the northern hemisphere from
536 to around 660 AD, which was recently described by Biintgen et al. (2016) and termed the
’Late Antique Little Ice Age’ (LALIA). Cristea et al. (2014) also report a dry period in a peat
bog profile from the northern Carpathians around 520 AD. The latter dry phase during the
Bronze Age may be attributed to the ’3.2 ka event’ (Drake, 2012; Dragusin et al., 2014), which
is also associated with a minor dry phase in the northern Carpathian 8'3C record (Cristea
et al., 2014).

9.2.3 Conclusions

Chapter 7 and this summary show, that the deduced proxy record and its interpretation is
in agreement with other regional and supra-regional climate reconstructions. However, the
mechanisms governing temperature and precipitation variability are very diverse and could
not be unambiguously elucidated. Several patterns and processes could be identified which
have an at least temporary strong influence on the climate in the region.

In general, air masses from the Mediterranean and the Atlantic ocean dominate the mois-
ture sources, which probably determines the variability of the 3'80 values in the speleothem.
This is supported by the connection of eastern European to North Atlantic climate variabil-
ity. However, the comparison of the C09-2 proxy records with the reconstruction of NAO and
EAWR indices has shown, that the climate in southwestern Romania cannot be attributed to
the variability of a single large-scale teleconnection pattern. Despite the EAWR appears to ex-
ert more influence on winter climate in the Closani region than the NAOQ, the relation seems

to be non-stationary.
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10 Conclusions and Outlook

The central goal of this thesis was assessing the benefits and limitations of multi-proxy ap-
proaches in speleothem research. Hence, the aims were evaluating the environmental con-
trols of speleothem proxies such as stable isotopes or trace elements, and the application
to specific case studies from locations affected by complex climate interactions. Thus, the
extraction of appropriate proxies and the improvement of their general understanding con-
cerning their interpretation in terms of climate variability was a main task. A second focus
was to evaluate the contribution of the generated records to increasing the knowledge and

understanding of past climate conditions in the investigated regions.

All studies presented in the Chapters 5 to 7 demonstrate the strong benefits of the appli-
cation of several proxies in speleothems. However, the chosen tracers reveal some limitations
in terms of specific climate reconstruction, which require the assessment of potential further
steps for an improvement of such approaches. The main results and consequences from this
thesis concerning the interpretation of the applied proxies are summarized and discussed in
Chapter 8.

The analysis of stable isotope 8'®0 and 8'3C composition together with trace elemental
signatures enables a broad survey of past environmental changes comprising temperature
and rainfall variability as well as soil and vegetation dynamics. However, only under certain
circumstances, a single proxy may be clearly associated with a climate parameter, and the
comprehensive interpretation of several proxies is necessary to make climatological infer-
ences.

For example, in tropical locations, the §!0 values in speleothems may be reliable recorders
of past rainfall variability. However, a number of processes affecting the oxygen isotopic com-
position of speleothems have to be evaluated prior to expressing a final conclusion. Since cave
temperature variations influence the fractionation of oxygen isotopes, the absolute estima-
tion of precipitation changes is not possible without additional proxies or other independent
records providing information about temperature variations (section 8.1).

Trace elements such as Mg and Sr are found to constitute valuable tracers of hydrologi-
cal variability (section 8.2), along with P, which is also commonly associated with soil and
vegetation dynamics (section 8.3). For the Romanian record (Chapter 7), it is even possible
to derive a quantitative transfer function between Mg/Ca in the speleothem and meteoric
precipitation, which enables the reconstruction of past rainfall variability in southwestern
Romania for the last 3.6 ka.

The interpretation of P/Ca is found to be diverse in the three case studies. In Chapter 6,
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10 Conclusions and Outlook

the P/Ca ratio is inversely connected with past environmental conditions on Cuba than pre-
viously observed in other publications as well as in the other case studies from Puerto Rico
and Romania (section 8.3). The proposed mechanism applies only under site-specific condi-
tions, but it shows that the ’established’ interpretation of certain proxies may not always be
appropriate and has to be questioned in every single case.

Since the environmental controls of the analyzed proxies and its interactions may differ
significantly from site to site, speleothem studies strongly benefit from cave monitoring stud-
ies, which was shown for the Puerto Rican and Romanian sample (Chapters 5 and 7). How-
ever, in some remote locations, regular cave visits may not be realized. In these cases, the
model of Sinclair et al. (2012) provides a useful tool to estimate the influence of calcite-water
interactions on elemental ratios in speleothems.

A comprehensive evaluation of the results gains more importance and reliability by com-
paring them with other climate archives, such as for example instrumental or historical
records, tree-ring chronologies (Chapter 7), lacustrine sediments (Chapter 6), or pollen as-
semblages (Dragusin et al., 2014). Additional information may be also obtained by the appli-
cation of independent proxies. For the investigated tropical speleothems, the analysis of fluid
inclusions could provide valuable information about past dripwater or temperature variability
(Arienzo et al., 2015). Clumped isotopes are regarded as paleo thermometer as well as indica-
tors of kinetic effects during calcite precipitation. These methods may provide a reasonable
complement to disentangle the effects of temperature, rainfall and kinetic fractionation on

the variability of §!30 values in tropical speleothems.

Regarding the climatological inferences, this thesis focuses on glacial-interglacial and mil-
lennial scale variability in the tropics as well as sub-annual to centennial scale climate vari-
ability in eastern Europe during the late Holocene (Chapter 9). This comprises a large range
in timescales as well as very different climate systems.

The both speleothem records from the Caribbean realm provide valuable information about
the last glacial hydrological cycle in the tropics (section 9.1). Similarities in both records and
the agreement with independent archives confirm the previously demonstrated response of
the Caribbean to North Atlantic climate variability as well as external and internal controls.
The exhibited differences suggest a spatio-temporal variability in the distribution of rainfall
and temperature, for whose better understanding the two studies provide an important step.

The 880 record from stalagmite PR-LA-1 (Chapter 5) is the first speleothem derived long-
term reconstruction of rainfall variability from the western tropical Atlantic realm which
demonstrates the imprint of both the Heinrich stadials as well as the Dansgaard/Oeschger
cycles during the last Glacial (section 9.1.2). Stalagmite CM provides one of the longest
speleothem records from the Caribbean region, and the geochemical evidence from the stable
isotope and trace element signatures gives a comprehensive picture of past environmental
variability over a long time interval (section 9.1.1).

The analysis of independent temperature proxies, as suggested above, could provide more
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specific information about past temperature variability and thus enable the direct compari-
son of the response to North Atlantic climate fluctuations, such as the Heinrich stadials or the
D/O cycles. Moreover, the Puerto Rican stalagmite has the potential to allow the possibility
to study the internal variability of Heinrich stadials and D/O interstadials on multi-annual
timescales, for example by increasing the resolution of the stable isotope records.
Stalagmite C09-2 from southwestern Romania emerged as one of the unique samples ap-
propriate for quantitative reconstruction of past climate variability (Chapter 7). The Mg/Ca
ratio was found to be strongly connected with past winter rainfall, and the reconstructed pre-
cipitation estimates are in agreement with other local and supra-regional records. However,
the classification of the record in a climatological context was rather complex, since south-
western Romania is located in a transition zone of the influence of different teleconnection

patterns and air masses.

This thesis demonstrates the benefits and limitations of multi-proxy approaches in spe-
leothem research and provides an important contribution to the recent scientific discussion.
All presented case studies are the first speleothem derived climate reconstructions in the
investigated regions, respectively, combining both stable isotopes and trace elemental prox-
ies. This approach enabled new insights in the analysis, interpretation and combination of
speleothem proxies to make inferences about past climate variability.

For example, an important addition to the previous conventional interpretation of the P/Ca
ratio was deduced from stalagmite CM. Moreover, useful guidelines for the interpretation of
5180 and trace elements such as Mg/Ca in speleothems were developed and applied.

From the climatological point of view, the case studies provided an important step towards
better understanding of the spatio-temporal variability of the tropical hydrological cycle dur-

ing the last Glacial as well as late Holocene climate variability in southwestern Romania.
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Cueva Larga

A.1 Analytical details

Samples for 2°Th/U-dating were cut along the growth axis using a band saw. Analyses of
U and Th isotopes was performed using multi-collector inductively coupled plasma mass
spectrometry (MC-ICPMS) performed at the Max Planck Institute for Chemistry (MPIC) in
Mainz). Chemical preparation of the samples at the MPIC is described in detail in Yang et al.
(2015). The analytical methods are described by Obert et al. (2016). All MC-ICPMS ages
and activity ratios were calculated using the half-lives reported by Cheng et al. (2000). We
decided to use these half-lives instead of the more recent half-lives of Cheng et al. (2013)
in order to preserve comparability with previous publications. Age uncertainties are quoted
at the 2o-level and do not include half-life uncertainties. As described in section 5.4.1, a
232Th/%8U weight ratio of 0.14+0.11 was found to be appropriate for correction of detrital
contamination assuming 2*°Th, 2>*U and 238U in secular equilibrium.

Stable carbon and oxygen isotope analysis was performed at the University of Innsbruck.
The samples were micromilled at a spatial resolution of 1mm. The carbonate powder was
measured using an on-line, automated carbonate preparation system (Gasbench Il) linked
to a triple collector gas source ThermoFisher DeltaP"sXL mass spectrometer. Raw data were
calibrated against NBS19, and & values are reported relative to Vienna Pee Dee Belemnite
(VPDB) standard. Long-term precision of the 8'°C and 8'30 values, estimated as the 1c-
standard deviation of replicate analyses, is 0.06 and 0.08 %o, respectively (Spotl and Venne-
mann, 2003; Spétl, 2011).

Elemental concentrations were measured by laser ablation ICPMS at the MPIC follow-
ing the procedure of Jochum et al. (2012) and Yang et al. (2015), using the high-resolution
sector-field ICPMS Thermo Element2, combined with the UP-213 Nd:YAG laser ablation sys-
tem from New Wave. The analyzed isotopes were measured at low mass resolution (m/Am
~300) and are reported to be interference-free (Jochum et al., 2012). Trace element line scans
were performed along the growth axis of PR-LA-1 using a spot size of 110 pm and a scan
speed of 10 um/s, resulting in a spatial resolution of 7 pm per data point (scan time 0.7 s). To
avoid potential surface contamination, the scan path was pre-ablated with a scan speed of
80 pm/s. Trace element spot measurements on host rock samples were analyzed with a dwell

time of 60s, spot size 110 pm and repetition rate of 10 Hz. For spot measurements and line
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scans warm up and wash out times are 23 and 30 s, respectively. In order to account for ma-
trix effects, data reduction was carried out by calculating the blank corrected count rates of
the analyzed isotopes relative to the simultaneously measured internal standard *Ca. The
silicate reference glass NIST SRM 612 was used for external calibration of the trace element

analyses (Jochum et al., 2012, 2011). Element to calcium ratios are given as molar ratios.

A.2 Supplementary tables to section 5.3.1 (***Th/U dating)
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Table A.1: Activity ratios and %*° Th/U-ages for section L1A. Uncertainties are given as 26 range. All ages corrected with a detrital 3> Th/*33 U weight ratio of 0.14+ 0.11.

Lab.No. SampleID dft 28y B2Th (B°Th/?2Th)  (**°Th/?38U) (34U/38U)  Age (uncorr)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)

SW 111 L1A-0,5 0.5 0.295+0.003 0.4468 +0.0049 313+ 3 0.146 £ 0.002 1.1071+0.0116 16.47 £ 0.28 15.40 £ 0.28

SW 1 L1A-15 1.5 0.281+£0.002 0.1056 £0.0015 1297 +19 0.157+£0.001 1.1018 £0.0018 17.02+0.14 16.76 £0.13
SW 41 L1A-2,5 25 0.101+0.001 0.0089 +0.0002 18566 +363  0.163+0.001 1.0992 +0.0044 17.52+0.18 17.51+0.19

SW9 L1A-5,3 53 0.317 +£0.002 n.d. n.d. 0.165+0.001 1.0923 £0.0025 17.89 £0.17 17.89 £0.17

SW 2 L1A-6,5 6.5 0.301+0.002 n.d. n.d. 0.175+0.001 1.0895+0.0015 19.13+0.16 19.13+0.16
SW 17 L1A-9,5 9.5 0.329+0.002 0.0278 +0.0004 6507 +93 0.179+£0.001 1.0913 +0.0016 19.60 +0.13 19.54 +0.13
SW 10 L1A-10,8 10.8 0.274+0.002 0.4843 +0.0060 330+4 0.180+0.001 1.0978 +0.0043 20.78 £0.19 19.52+0.19
SW 42 L1A-11,8 11.8 0.093+0.001 0.0371+0.0005 5289 + 85 0.187 £0.002 1.0934 +0.0046  20.49 +0.25 20.41+0.25
SW 11 L1A-16,1 16.1  0.295+0.002 0.0496 +0.0024 3439 + 164 0.188 £0.002 1.0848 +0.0047 20.85+0.23 20.73+£0.23
SW 25 L1A-17,5 17.5 0.259+0.002 0.0834+0.0011 1811+ 25 0.189+£0.002 1.0789 +0.0024  21.22+0.19 20.99 +£0.19

SW 3 L1A-19,5 19.5 0.390+0.002 0.7091+0.0075 341+3 0.193+£0.001 1.0782+0.0015 22.76 £0.13 21.44+0.14
SW 33 L1A-20,3 20.3  0.298 +£0.002 0.1864 +0.0028 954 + 16 0.192+0.002 1.0794 +0.0017 21.73+£0.21 21.28 +0.22
SW 43 L1A-21,3 21.3  0.133+£0.001 0.0198 +0.0003 9625 + 161 0.192+0.002 1.0807 +0.0033 21.33+£0.21 21.29 £ 0.21
SW 18 L1A-23,2 23.2  0.300+0.002 1.7210+0.0168 123 +1 0.197 £0.001 1.0812+0.0013 26.09+0.16  21.89+0.17
SW 26 L1A-25,2 25.2  0.304+£0.002 2.0274+0.0198 108 £ 1 0.197 £0.001 1.0809 +0.0022  26.83+0.16  21.91+0.19

SW 4 L1A-26,5 26.5 0.303+0.002 0.1794 +0.0027 1042 + 17 0.199+£0.002 1.0772+0.0014  22.62+0.24 22.19+0.23
SW 12 L1A-31,7 31.7 0.331+0.003 0.0208 +£0.0022 9887 +1033 0.203+0.002 1.0819 +0.0063 22.69 +£0.27 22.64 +0.27
SW 19 L1A-32,5 32.5 0.307+£0.002 0.0451+0.0006 4315 + 58 0.206 £0.002 1.0808 £0.0016  23.16 +£0.21 23.05 +£0.21

continued on next page
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Lab.No. SampleID dft 28y B2Th (B°Th/?2Th)  (®°Th/?38U) (3*U/38U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW 5 L1A-35 35 0.349 + 0.002 n.d. n.d. 0.210+£0.001 1.0847 +0.0017 23.42+0.18 23.42+0.18
SW 6 L1A-41 41 0.321+£0.002 n.d. n.d. 0.214+£0.001 1.0883+0.0018 23.79+£0.16  23.79%0.16
SW 13 L1A-47,8 47.8 0.284 +0.002 n.d. n.d. 0.215+0.002 1.0832+0.0023 24.08 +£0.25 24.08 +0.25
SW 14 L1A-49,3 49.3  0.254 +0.002 n.d. n.d. 0.215+0.002 1.0801+0.0035 24.20+0.26  24.20+0.26
SW 20 L1A-50,8 50.8 0.257+0.001 0.1518 +0.0020 1147 + 16 0.218 £0.002 1.0790 +0.0017 24.99 +0.22 24.57 £0.23
SW 15 L1A-54,5 54,5 0.258 +£0.002 0.1933 +0.0028 910+ 13 0.218 +0.001 1.0760 +0.0032 25.25+0.19 24.71+0.19

Table A.2: Activity ratios and 2> Th/U-ages for section L1B. Uncertainties are given as 2c range. All ages corrected with a detrital >>* Th/?*8 U weight ratio of 0.14+ 0.11.

Lab.No. Sample ID dft B8y 232Th (33OTh/B2Th)  (3°Th/2%8U) (334u/380) Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW 29 L1B-0,0 55 0.292 +£0.003 0.0230 +0.0006 8582 + 239 0.221+£0.003 1.07 £0.01 25.14+£0.44  25.08 +0.45
SW 44 L1B-4,0 59 0.392+£0.002 0.0099 + 0.0002 18277 +343  0.223+0.002 1.0654+£0.0042  25.67+£0.26  25.64 +0.27
SW 49 L1B-5,5 60.5 0.271+£0.002 0.0550+0.0014 3443 + 102 0.228 £0.004 1.0624 +£0.0066  26.44+0.54  26.29+£0.53
SW 34 L1B-9,3 64.3 0.337+£0.002 0.0160 +0.0005 14834 +503  0.230+0.002 1.0615+£0.0020 26.68 £+0.27  26.65+0.27
SW 50 L1B-10,8 65.8 0.328£0.003 0.0306 +0.0007 7877 + 193 0.240 £ 0.003 1.0661 +0.0061 27.81+£048 27.74+0.48
SW 145 L1B-13.2 68.2 0.393+£0.002 0.0721+0.0012 4000 + 68 0.239+£0.002 1.0628 £0.0018  27.93+0.26  27.79+0.25
SW 27 L1B-17,7 72.7 0.404+0.002 0.0292+0.0007 10101+264 0.238+0.003 1.0646+0.0025 27.65+0.35 27.59+0.35
SW 51 L1B-19,7 74.7 0.343+0.004 0.0224 +£0.0007 11404 +368  0.243 +0.004 1.07 £0.01 28.12+0.58  28.08 +0.59
SW 45 L1B-24,0 79 0.112+0.001 0.0367 +0.0005 7426 + 105 0.257 £0.002 1.0977 £0.0039  29.03+0.28  28.95+0.29
SW 28 L1B-25,3 80.3 0.270+£0.002 0.0516 +0.0008 4162 £ 65 0.259+£0.002 1.0977 £0.0027  29.43+0.28 29.30+0.28
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Table A.3: Activity ratios and >’ Th/U-ages for section L1C. Uncertainties are given as 2c range. All ages corrected with a detrital >>? Th/?3 U weight ratio of 0.14+ 0.11.

Samples marked with a* are not used for the age model (more details in sections 5.3.1 and 5.4.1).

Lab.No. SampleID  dft B8y 232Th (BTh/22Th)  (3°Th/2%8U) (34U/38U)  Age (uncorr)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW 105 L1C-1,5 82 0.444 +0.003 n.d. n.d. 0.258 +0.002 1.0987 +0.0045 29.13+0.31 29.13 +0.31
SW 35 L1C-2,7 83.2 0.471+0.003 0.0038 +0.0005 98840 + 12050 0.259 +£0.002  1.0995 +0.0018 29.23 +0.27 29.22 +0.26
SW 106 L1C-6,2 86.7 0.336+£0.003 n.d. n.d. 0.262+0.003 1.1000 +£0.0084  29.53+0.42 29.53+0.42
SW 146 L1C-8.9 89.4 0.375+0.002 0.0544 +0.0007 5552+ 77 0.262+0.002 1.1007 £0.0016 29.72 +0.25 29.62 +£0.25
SW 46 L1C-10,6 91.1 0.094 +0.001  0.0056 +0.0001 54828 + 1472 0.264 +0.003 1.1014 +0.0050 29.76 + 0.38 29.75 +0.38
SW 52 L1C-6,7 92.2 0.353+0.004 0.0010+0.0003 292363 +85792  0.264 +0.003 1.1019 +0.0099 29.78 +0.53 29.78 +0.52
SW 147 L1C-14.2 94.7 0.347 £0.002 0.0365 + 0.0006 7670 + 123 0.264 +0.002 1.0973 +0.0017 29.95+0.27 29.87 +0.27
SW 107 L1C-16,3 96.8 0.307+0.003 0.0014+0.0011 175481+ 137687 0.268 +0.003 1.0930 +0.0088 30.62 +0.49 30.62 +0.48
SW 30 L1C-19,9 100.4 0.324+£0.002 0.0070 +0.0003 37507 + 1603 0.266 +0.002 1.0915 +0.0040 30.35+0.35 30.34 £ 0.36
SW 47 L1C-22,7 103.2 0.201+0.001 0.0104 +0.0002 27485 + 464 0.275+0.002 1.0860 +0.0032 31.78 £0.29 31.76 £ 0.29
SW 108 L1C-24,3 104.8 0.311+0.004 0.0126 +0.0014 20893 + 2296 0.276 +0.003 1.085+0.011 31.94 +0.60 31.91+0.60
SW 36 L1C-26,1 106.6 0.341+0.002 n.d. n.d. 0.282+0.003 1.0706 +0.0018 33.25+0.37 33.25+0.37
SW 109 L1C-28,3 108.8 0.337 +£0.002 n.d. n.d. 0.284 +0.002 1.0687 +0.0040 33.60 +0.36 33.60 £ 0.36
SW 148" L1C-33.4 1139 0.360+0.002 0.0714 +0.0009 4501 + 56 0.291+0.002 1.0510 +0.0017 35.51+0.28 35.37 £ 0.29"
SW 110" L1C-35,5 116 0.314+0.004 0.3373+0.0039 836+ 10 0.288 +0.003  1.0494 +0.011 35.79 £ 0.67 34.99 + 0.65"
SW 149* L1C-37.0 117.5 0.348+0.002 0.0784 +0.0009 4030 + 52 0.296 +0.002 1.0505 +0.0020 36.13+0.36 35.97 +0.37"
SW 31 L1C-38,5 119 0.364 +0.002 0.0181+0.0004 17384 + 418 0.283+0.003 1.0541+0.0044 34.11+0.50 34.08 +0.49
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Table A.4: Activity ratios and 2> Th/U-ages for section L1D. Uncertainties are given as 2 range. All ages corrected with a detrital >>* Th/?*8 U weight ratio of 0.14+ 0.11.

Samples marked with a™ are not used for the age model (more details in sections 5.3.1 and 5.4.1).

Lab.No. Sample ID  dft B8 B2Th (3°Th/32Th)  (3°Th/?8U) (3*U/38U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)

SW 113 L1D-0,0 120.6  0.344 +0.002 n.d. n.d. 0.276 +0.004  1.0469 +0.0015 33.32+0.52 33.32+0.52
SW 129* L1D-3,2 123.8 0.268 +0.002 0.2061 +0.0025 1440 + 19 0.359+£0.003 1.0719+0.0016  44.82+0.43 44.26+0.44"
SW 114 L1D-7,4 128  0.348+0.002 0.0016 +0.0009 190315+ 110448 0.285+0.004 1.0448 +0.0016 34.71+0.57 34.71+0.58
SW 130° L1D-10,2 130.8 0.197 +0.001 1.4555+0.0149 168 + 2 0.374+0.003 1.0812+0.0017 51.57 +0.41 46.14 + 0.45"
SW 115 L1D-13,0 133.6  0.340+0.002 0.0301+0.0011 9937 + 382 0.287 +0.003 1.0529 +0.0017 34.76 +0.47 34.69 +0.49
SW 1317 L1D-17,1 137.7 0.236 +0.001 1.0287 +0.0105 276 +3 0.374+0.002 1.0713+0.0018 49.81+0.34  46.62+0.35"
SW 1327 L1D-18,3 138.9 0.227 +0.001 0.0506 + 0.0009 4789 + 86 0.349 +0.003 1.0719+0.0017 4299+0.40 42.83+0.41
SW 116 L1D-23,7 144.3 0.378+0.002 n.d. n.d. 0.300 £0.003 1.0770+0.0018  35.55+0.41 35.55+0.41
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Table A.5: Activity ratios and 2°Th/U-ages for section L1E. Uncertainties are given as 2o range. Ages marked with a T were corrected with a detrital 2Th/>3U weight
ratio of 0.30 + 0.24. Ages marked with a ¥ were corrected with a detrital 2> Th/? U weight ratio of 0.11+ 0.09. All other ages corrected with a detrital *>2Th/>3 U weight

ratio of 0.14 + 0.11. Samples marked with a™ are not used for the age model (more details in sections 5.3.1 and 5.4.1).

Lab.No. SampleID  dft 238y 22Th (B'Th/22Th)  (**°Th/?38U) (**U/38U)  Age (uncorr)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)

SW 125 L1E-1,2 146.2 0.289+0.002 0.0164 +0.0005 18345+ 560  0.348 +0.002 1.0953+0.0016  41.61+0.34 41.57 +0.33
SW 133 L1E-5,9 1509 0.202+0.001 0.0091+0.0004 23611+1084 0.347+0.002 1.0952+0.0016 41.36 +0.34 41.33+0.33
SW 134 L1E-10,9 155.9 0.296 +0.002 0.0316 +£0.0006 10140 + 200 0.354+0.003 1.0778 +0.0018 43.34 +0.45 43.26 +0.46
SW 126 L1E-11,9 156.9 0.327 +0.002 0.0350 +0.0007 10026 + 194  0.354 +0.003 1.0778 £0.0018 43.36 +0.45 43.29 +0.46
sw 1271 L1E-14,0 159 0.336 £0.002 0.4433 +0.0060 829 +12 0.355+0.003 1.0793+0.0017 43.83+0.43 4339 +0.417
SW 124 L1E-19,2 164.2 0.335+0.002 0.0776 +£0.0013 4608 + 77 0.350+£0.003 1.0720 +0.0017 43.17 +£0.40 43.01+0.41
Sw 135t L1Eb-0,7 166.8 0.323+0.002 0.4264 +0.0058 829 +12 0.356 +0.003 1.0793+0.0017 43.84 +0.42 43.40 + 0.43%
SW 117* L1Eb-2,2 168.3 0.333+0.002 0.0479 +£0.0015 7102 + 240 0.333+0.005 1.0709 +£0.0016 40.64 +0.69 40.54 +0.69
SW 121 L1Eb-4,1 170.2 0.288 +0.002 0.2222 +0.0026 1437 + 19 0.359+0.003 1.0719+0.0016 44.86 +0.42 44.30 £ 0.43"
Sw 150" L1Eb-8.2 174.3 0.295+0.002 0.9855 +.0099 333+4 0.357+£0.003 1.0672 +0.0060 45.41+0.58 44.27 +0.59%
SW122% L1 Eb-10,1 176.2 0.249+0.001 1.8454+0.0189 168 +2 0.365+0.003 1.0825+0.0017 51.65+0.40  44.68 + 0.48%
SW 123% L1Eb11,1 177.2  0.239+0.001 1.0377 +£0.0106 276 +3 0.368 £0.002 1.0719+0.0018  49.80+0.34  45.73 + 0.36%
SW 151 L1Eb-125 178.6 0.248+0.001 0.1712+0.0023 1719 + 26 0.386 +£0.004 1.0696 +0.0023  49.09 +0.61 48.59 + 0.60
SW 118 L1Eb-15,2 181.3 0.282+0.002 0.1937 +0.0027 1643 + 28 0.367 +£0.004 1.0700+0.0016  46.07 +0.64 45.57 +0.65
SW 119 L1Eb-20,7 186.8 0.308 +0.002 n.d. n.d. 0.369 +0.004 1.0724+0.0017  45.87 £0.65 45.87 +0.65
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A.3 Supplementary figures to section 5.3.2 (Proxy analysis)
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Stable isotope records of PR-LA-1 with 8'80 values in red and 8'*C values in black.
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Figure A.3: Element to calcium ratios of L1A (15 to 25ka). Grey lines: Raw data (25um resolution),

colored lines: 25p running mean.
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Figure A.4: Element to calcium ratios of L1B (25 to 29.5ka). Grey lines: Raw data (25pm resolution),

colored lines: 25p running mean.
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Figure A.6: Element to calcium ratios of L1D (33.8 to 35.8 ka). Grey lines: Raw data (25pum resolution),

colored lines: 25p running mean.
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Figure A.7: Element to calcium ratios of L1E (40.8 to 46 ka). Grey lines: Raw data (25pm resolution),

colored lines: 25p running mean.
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et al. (2012) calculated with the corresponding partition coefficients. The dotted lines show the same for the case of calcite recrystallization (Sinclair et al., 2012)

| 1oded o031 [euidjew Auejuswajddng v



36

35

34

33

47

46

45

43

42

a0

40

L1D

L1E

In(Sr/Ca)

In(Sr/Ca)

0 1 2
In(Mg/Ca)

In(Ba/Ca)

In(Ba/Ca)

6 6
5 / 5+ i
+ +
34 3
= {
= i
2 . P i ’
m/ a " Vil
14 - 14 i
04 ’ 04
-1 -1 4 ,
-2 T T T T 1 -2 T T T d
-1 0 1 2 3 4 -6 -3 2 1 0
In(Mg/Ca) In(Sr/Ca)
6 y 6
’// |
54 57 i
//' I;" L 1]
4 = 4 =
/ i
3 3
14 5] :
2 /m ‘ s 27 im y
(=) i g
I = 2 £ [ - w
1 N s | -
/‘ -
.-~ L] P
0 Ly 04
.
L
-1 4 -14
-
T T T T 1 -2 T T T 1
-1 0 1 2 3 4 -6 3 2 1 0
In(Mg/Ca) In(Sr/Ca)

Figure A.9: Cross plots of element to calcium ratios in speleothem calcite of section L1D (upper panels) and L1E (bottom panels) shown as In(Sr/Ca) vs. In(Mg/Ca)
(left), In(Ba/Ca) vs. In(Mg/Ca) (middle) and [n(Ba/Ca) vs. In(Sr/Ca) (right). The red lines indicate the theoretically expected slopes for PCP and/or ICD after Sinclair
et al. (2012) calculated with the corresponding partition coefficients. The dotted lines show the same for the case of calcite recrystallization (Sinclair et al., 2012)

7°€°G uo1309s 03 saunsiy Arejusws|ddng ¢y



881

6000 =M 2500 - Ee—al )
2500 4
5500 A ! = i
7 2000 2000 4
5000 - — -
2 4500 = a
= 1000 | 1000
4000 - 500
3500 4 500 1 + &
[ [
3000 1 0
T T T T T T T T -500 T T T T
HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4
10 -
20
350 - o8
16 =
300 - . 6 |
— 1 ©
B 250 A > /{ @ 4 ]
0.8 - /{
200 A ¥ 0.2 4
04
E—
150 4 0.0 1 .
T T T T 0.0 T T T T T T T T
HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4
e =l —
0.05
05 4 030
0.04
041 021 0003
o 5.o] Y 020 ] o ] o
: 0.02
s ] 0.15 4
% 010 1 0.01
0.1 1 0.00 |
T T T T 0.05 T T T T T T T T
HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4
®—Th 05 - #— Cd
0.020 - 08 |
04 |
0.015 -
= 06 kel
= 00104 > U 03 |
0.005 1 ﬁ—{ \f 04
02
0.000 -
T T T T 0.2 T T T T T T T T
HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4 HR1 HR2 HR3 HR4

Figure A.10: Mean element to calcium ratios (in mmol/mol) of the four host rock samples: HR1 (base weatherstation), HR2 (weatherstation), HR3 (Cueva Larga
entrance) and HR4 (Cueva Larga SW1).
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Santo Tomas Cave

B.1 Analytical details

Stalagmite CM was cut in two halves along its main growth axis. A slab was prepared from
one half, which was subsequently cut into two further halves along the main growth axis.
One half was used for 2°Th/U-dating, the opposite half for stable isotope and trace element
measurements.

Samples for 2*°Th/U-dating were cut along the growth axis using a band saw and a drill.
Mass spectrometric analyses of U and Th isotopes was performed using two methods, ther-
mal ionization mass spectrometry (TIMS, performed at the Heidelberg Academy of Sciences)
and multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS, performed
at the Max Planck Institute for Chemistry (MPIC) in Mainz). Chemical preparation of the
samples at the MPIC is described in detail in Yang et al. (2015). The analytical methods are
described by Obert et al. (2016). Details of the procedures applied in Heidelberg are given in
Scholz et al. (2004) for the TIMS method. 23°Th/U TIMS ages which were already published
by Fensterer et al. (2013) are shown in Table B.1. The new TIMS samples were measured by
adding a Th solution (Fohlmeister et al., 2012) due to the low U and Th content of the samples.
The results are shown in Table B.2. Table B.3 shows the results of the MC-ICPMS analyses.

All TIMS and MC-ICPMS ages and activity ratios were calculated using the half-lives re-
ported by Cheng et al. (2000). We decided to use these half-lives instead of the more recent
half-lives of Cheng et al. (2013) in order to preserve comparability with previous publica-
tions. Similar to Fensterer et al. (2010) and Fensterer et al. (2012), a 2?Th/?33U weight ratio of
0.8 + 0.5 was found to be appropriate for correction of detrital contamination assuming 2*°Th,
234U and 238U in secular equilibrium. Age uncertainties are quoted at the 2o-level and do not
include half-life uncertainties.

Stable carbon and oxygen isotope analysis was performed at the University of Innsbruck.
The samples were micro-milled at a resolution of 0.10-0.33 mm along the growth axis of CM,
CMa and CMb. The carbonate powder was analyzed using an on-line, automated carbon-
ate preparation system (Gasbench Il) linked to a triple collector gas source ThermoFisher
DeltaplusXL mass spectrometer. Raw data were calibrated against NBS19, and 4-values are
reported relative to Vienna Pee Dee Belemnite (VPDB) standard. Long-term precision of the

813C and 880 values, estimated as the 1o-standard deviation of replicate analyses, is 0.06
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and 0.08 %o, respectively (Spotl, 2011; Spotl and Vennemann, 2003).

Concentrations of the elements Mg, Al, P, Sr, Y, Ba, Th and U were measured along the
growth axis CM by laser ablation ICPMS at the MPIC. The analytical procedure followed
Jochum et al. (2012) and Yang et al. (2015), using the high-resolution sector-field ICPMS
Thermo Element2, combined with the UP-213 Nd:YAG laser ablation system from New Wave.
The analyzed isotopes were measured at low mass resolution (m/Am ~300) and are reported
to be interference-free (Jochum et al., 2012). Trace element line scans were performed along
the growth axis of CM using a spot size of 110 pm and a scan speed of 10 um/s, resulting in
a spatial resolution of 7 um per data point (scan time 0.7s). Warm up and wash out times
are 23 and 30s, respectively. To avoid potential surface contamination, the scan path was
pre-ablated with a scan speed of 80 pm/s. In order to account for matrix effects, data reduc-
tion was carried out by calculating the blank corrected count rates of the analyzed isotopes
relative to the simultaneously measured internal standard **Ca. The silicate reference glass
NIST SRM 612 was used for external calibration of the trace element analyses (Jochum et al.,

2011, 2012). Element to calcium ratios are given as molar ratios.
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B.2 Supplementary data to section 6.3.1

B.2 Supplementary data to section 6.3.1 (**°Th/U dating)
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Figure B.1: ’°Th/U-ages measured along the growth axes CM, CMa (green triangles) and CMb (violet
dots). Grey diamonds inidicate all measured TIMS data from CM, blue squares indicate the TIMS data
which are used for constructing the age model. Red dots show the MC-ICPMS data from CM.
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Table B.1: Activity ratios and >’ Th/U-ages for growth axis CM obtained with TIMS. Uncertainties are given as 2c range. Ages were corrected with a detrital > Th/?8U

weight ratio of 0.38 + 0.30. Samples marked with a™ are not used for the age model (more details in section 6.3.1)

Lab.No. SampleID dft 38y 232Th (3°Th/22Th)  (B°Th/?8U)  (3*U/?8U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
4743 CM-0,25 0.25 0.0911+£0.0001 0.014 +0.001 1975+ 214 0.099+£0.011  1.508 £0.013 7.44 +0.81 7.41+0.82
4597" CM-1 1.0  0.1092+0.0001 0.241+0.006 189 + 30 0.132+0.021 1.486+0.010 10.52+1.73 10.10 + 1.64
4744 CM-1,3 1.3  0.1028 £0.0001 0.067 +£0.001 497 + 28 0.105 £ 0.006 1.445 +0.008 8.32 +0.47 8.19 +0.46
4649 CM-2 2.0 0.0857 +£0.0001 0.172+0.001 191+5 0.121+0.003 1.475+0.005 9.68 +0.24 9.29 +0.23
4650" CM-3 3.0 0.0977 £0.0002 0.063 +0.001 966 + 43 0.203+0.009 1.427+0.018 16.72 £ 0.81 16.59 £ 0.79
4651" CM-5,5 5.5 0.1580 +£0.0002 0.271+0.002 377+ 14 0.209 £ 0.008 1.404 + 0.009 17.77 £0.73 17.42 £0.70
4807" CM-8 8.0 0.2149+0.0004 0.512+0.002 421+6 0.324+£0.004 1.437+0.006 27.99+0.44  27.52+0.43
4808 CM-13,5 13.5 0.1815+0.0004 0.268 +0.002 834 +17 0.400 £ 0.008 1.455 +0.008 34.82 + 0.81 34.54 +0.79
4745" CM-14,5 14.5 0.2408 +£0.0001 0.449 +0.004 709 + 11 0.430+£0.006 1.534+0.006 35.51+0.56  35.17 £0.55
4598" CM-21 21.0 0.0983 £0.0002 0.503+0.003 305+5 0.505+0.007 1.391+0.013 49.12+1.04 48.10+1.04
4746 CM-46 46.0 0.0905+0.0001 0.355+0.002 592+9 0.758 £0.011 1.486+0.008 75.12+1.62 74.41+1.62
4747 CM-47,7 47.7 0.2652 +£0.0002 0.364 +0.002 1757 £ 21 0.788 +0.008 1.491+0.004 78.30+1.15 78.05+1.14
4863 CM-52 52.0 0.2722+£0.0001 1.090 + 0.003 635+7 0.830 £0.008 1.519+£0.003 82.39+1.24  81.69 + 1.21
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Table B.2: Activity ratios and >’ Th/U-ages for growth axis CM obtained with TIMS. Uncertainties are given as 26 range. Ages were corrected with a detrital >3 Th/?3U
weight ratio of 0.38+ 0.30. Samples are analyzed after Fohlmeister et al. (2012) (see section B.1 for more details). Samples marked with a * are not used for the age

model (more details in section 6.3.1)

Lab.No. Sample ID  dft 238y 232Th (3°Th/32Th)  (B°Th/28U)  (3*U/>8U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
5639 CM-6,3 6.3 0.3919+0.0008 1.765+0.032 160 + 4 0.227 £0.003  1.457 £ 0.005 19.21+£0.28 18.33+0.28
5638" CM-9,7 9.7  0.0939+£0.0002 0.230+0.025 444 + 49 0.352+0.007 1.426+0.007 30.95+0.69 30.47+0.70
5580" CM-11,2 11.2  0.1586 +0.0003 0.360 +0.030 522 +45 0.384 +0.005 1.435+0.008 33.86+0.57 33.41+0.56
5637 CM-15,9 15.9 0.1171+£0.0002 0.080+0.019 1910 £ 452 0.428 +0.004 1.424 +£0.005 38.43+0.48 38.30+0.47
5656 CM-17,1 17.1  0.1029 +0.0002 0.166 +0.032 896 + 176 0.470+0.011 1.389+0.006 44.56+1.27 44.23+1.27
5579° CM-18,3 18.3 0.0635+0.0001 0.100+0.032 1053 + 336 0.540 £0.009 1.436+0.011 50.46+1.15 50.16 +1.13
5636 CM-22.7 22.7 0.0790£0.0002 0.145+0.026 870 + 155 0.522+0.006 1.428+0.008 48.77+0.82  48.42+0.81
5581" CM-23,8 23.8 0.0993+£0.0002 0.450+£0.036 422 + 34 0.623+0.013 1.425+0.015 61.58+1.83 60.71+1.82
5657 CM-25,3 25.3 0.1552+0.0003 0.129 +£0.032 2202 + 550 0.599 +0.007 1.392+0.005 59.79+0.93  59.62+0.92
5562 CM-27,1 27.1  0.1698 £0.0003 0.037 +£0.035 8166 + 7812 0.581+0.018 1.362+0.005 59.05+2.33  59.00+2.30
5635 CM-30,1 30.1  0.1587 £0.0003 0.060+0.018 4842 + 1451 0.601+0.006 1.370+0.005 61.21+£0.84 61.14+0.84
5658 CM-31,4 314 0.1401+£0.0003 0.076 +0.039 3457 £ 1752 0.615+0.009 1.366+0.006 63.45+1.32 63.34+1.31
5563 CM-33,2 33.2 0.1143+£0.0002 0.178 £0.026 1179 £ 175 0.600+0.015 1.352+0.006 62.51+2.10 62.20+2.08
5659" CM-34,3 34.3 0.0983 +0.0002 n.d. n.d. 0.767 +0.027 1.365+0.007 8590+4.45 85.98 +4.45
5578" CM-35,3 35.3 0.1040 +£0.0002 0.046 +£0.031 4387 + 2959 0.640 +0.007 1.363+0.010 67.13+1.22 67.04+1.21
5577 CM-36,7 36.7 0.1056 +£0.0002 0.053 +0.027 4234 + 2175 0.689+0.006 1.391+0.010 7192+1.18 71.82+1.16
5634 CM-40,3 40.3 0.1007 £0.0002 0.072+0.038 2958 + 1556 0.696+£0.019 1.419+£0.010 70.92+2.70 70.78+2.70
5633" CM-421 42.1  0.1427 £0.0003 0.019+£0.025 16149 +£20586 0.721+0.009 1.437+0.007 72.88+1.39 72.85+ 1.41
5660" CM-449 449 0.0864 +0.0002 0.081+0.038 2374 +1109 0.726+0.015 1.405+0.007 76.24+224 76.06+2.18
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Table B.3: Activity ratios and ?*° Th/U-ages for growth axis CM obtained with MC-ICPMS. Uncertainties are given as 26 range. Ages were corrected with a detrital

232Th/?38U weight ratio of 0.38 + 0.30.

Lab.No. SampleID  dft 38y B2Th (3°Th/®2Th)  (B°Th/38U)  (B4U/*8U)  Age (uncorr)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW 73 CM-2,6 2.6 0.086 +0.001 n.d. n.d. 0.166 +£0.002 1.465 +0.006 13.00 £ 0.16 13.00 +0.16
SW 89 CM-39 3.9 0.178 +0.001 0.139 £ 0.002 714+ 20 0.182+0.005 1.434 +0.002 14.71+£0.42 14.55 +0.42
SW 142 CM-4.8 480 0.197+£0.001 0.186 +0.003 1447 + 34 0.852+0.013 1.421+0.002 16.08 +2.12 15.89 +2.13
SW 97 CM-6,1 6.1 0.194 +0.001 0.695 + 0.007 177 +2 0.207 +£0.002 1.419 +0.005 17.11+£0.16 16.39 +0.17
SW 60 CM-6,9 6.9 0.442 +0.003 3.057 £0.032 117 £ 1 0.265+0.002 1.475+0.002 21.44+0.16  20.11+0.19
SW 74 CM-7,6 7.6 0.324 +0.002 0.767 +£0.009 387 +4 0.299 +0.002 1.457+0.006 24.79+0.20 24.34 +0.21
SW 86 CM-9,0 9 0.163+0.001 0.153 £0.002 1028 + 17 0.315+0.003 1.429+0.003 26.80+0.30 26.62+0.30
SW 87 CM-10,5 10.5 0.135+£0.001 0.214+0.003 662+ 11 0.343+0.003 1.435+0.003 29.42+0.33 29.11+0.33
SW 90 CM-12,1 12.1  0.212+0.001 0.270 +£0.004 867 £ 16 0.360 +0.005 1.446+0.002 30.80+0.50 30.55+0.50
SW 143 CM-13.1 13.10 0.111+£0.001 0.090 +0.002 612+ 11 0.189 £0.002 1.369+0.002  34.22+0.22 34.07 £0.22
SW 98 CM-14,0 14 0.263 +0.002 0.221+0.004 1551+ 27 0.426 +0.004 1.515+0.006  35.35+0.41 35.20 £ 0.41
SW 99 CM-14,6 14.6  0.069 +£0.001 0.133+0.002 667 £ 12 0.423+0.007 1.427+0.017 37.67+0.94 37.29+0.94
SW 100 CM-15,3 15.3 0.100+£0.001 0.024 +£0.001 5489 + 130 0.426 +0.005 1.414+0.005 38.38+0.59 38.34+0.57
SW 37 CM-16,5 16.5 0.138+0.001 0.923+0.012 198 +3 0.431+0.006 1.413+0.002 39.07+0.59 37.75+0.62
SW 85 CM-16,9 16.9 0.113+£0.001 0.677 £0.007 234+ 3 0.459 +£0.003 1.441+0.004 41.07+0.38 39.91+0.43
SW 38 CM-17,8 17.8  0.122+0.001 0.458 £ 0.005 378 +4 0.466 +0.002 1.401+0.002 43.21+0.28 42.46+0.30
SW 61 CM-19,0 19 0.129+0.001 0.401 £ 0.006 477+ 8 0.486 +0.005 1.422+0.002 44.64+0.53 44.03+0.54
SW 75 CM-20,4 20.4  0.062+0.001 n.d. n.d. 0.489 +£0.005 1.410+£0.007 45.44+0.65 45.44+0.65
SW 91 CM-21,7 21.7  0.103+£0.001 0.653+0.007 251+5 0.518 +£0.009 1.437+0.003 47.66+1.02 46.44+1.03
SW 101 CM-22,8 22.8 0.085+0.001 0.218 £0.004 635+ 15 0.532+0.008 1.414+0.006 50.21+1.03 49.71+1.03

continued on next page
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continued from previous page

Lab.No. SampleID dft 28y 232Th (3Th/B2Th)  (B°Th/8U)  (3*U/*8U)  Age (uncorr)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW 62 CM-234 234 0.086+0.001 0.200+0.003 704 + 12 0.536 +0.005 1.389+0.003 51.83+0.59 51.37+0.61
SW 39 CM-24,4 244 0.136 £0.001 2.286+0.023 105+ 1 0.577 £0.003 1.416+0.003 55.76+0.40 52.45+0.86
SW 76 CM-249 249 0.115+0.001 n.d. n.d. 0.573+0.005 1.381+0.007 56.87 +0.71 56.87 £0.71
SW 92 CM-26,3 26.3 0.162+0.001 0.103+0.001 2945 + 47 0.613+0.007 1.397+£0.002 61.07+0.87 60.94+0.86
SW 57 CM-28,3 28.3 0.116 £0.001 0.093+0.002 2258 +48 0.592+0.007 1.352+0.002 61.13+0.90 60.97 £0.90
SW 93 CM-30,7 30.7 0.185+0.001 0.178 +£0.004 1859 + 49 0.585+0.009 1.378+0.002 58.60+1.19  58.40+1.22
SW 84 CM-32,2 32.2  0.096+0.001 0.093+0.002 1947 + 48 0.616 £0.007 1.367 £0.003 63.36+099 63.16£0.95
SW 58 CM-34,9 349 0.105+0.001 0.068 +0.001 2948 + 64 0.623+0.006 1.373+0.003 63.96+0.87 63.84+0.87
SW 78 CM.35,6 35.6 0.089 +0.001 n.d. n.d. 0.617 £0.007 1.374+0.009 63.02+1.09 63.02+1.09
SW 77 CM-36,8 36.8 0.120+0.001 0.208 +£0.004 1145 £ 22 0.650 +£0.005 1.408 +£0.008 65.29+0.83 64.96+0.82
SW 59 CM-39,3 39.3 0.109+£0.001 0.072+0.001 3055+ 60 0.662+£0.006 1.410+£0.002 66.71+£0.85 66.59 +0.85
SW 79 CM-40,8 40.8 0.114+0.001 n.d. n.d. 0.665+0.010 1.419+0.010 66.57 +1.52  66.57 £ 1.52
SW 81 CM-415 41.5 0.162+0.001 0.465+0.005 760 £ 8 0.712+0.004 1.455+0.004 70.49+0.59 69.96 +£0.62
SW 63 CM-43,4 43.4 0.191+£0.001 0.455+0.006 933+ 14 0.725+0.006 1.449 +0.003  72.56 +0.81 72.11+0.83
SW 94 CM-44,0 44 0.135+0.001 0.655+0.010 460 + 8 0.727 £0.008 1.426+0.003 74.66+1.17 73.74+1.21
SW 83 CM-46,2 46.2 0.086+0.001 0.863+0.009 229 +2 0.752+0.004 1.455+0.003 76.02+0.64 74.16+0.99
SW 82 CM-47,3 47.3 0.167 £0.001 0.476 +0.009 836+ 17 0.779£0.008 1.500+£0.003 76.17+1.09  75.67 £ 1.12
SW 95 CM-49,6 49.6 0.186+0.001 0.133+0.004 3414+ 114 0.797 £0.015 1.494+£0.003  79.11+2.05 78.98 +2.04
SW 71 CM-51,0 51 0.233+0.001 0.168 +0.005 3421+ 101 0.807 +0.008 1.493+0.002 80.54+1.14 80.41+1.15
SW 102 CM-52,7 52,7 2.818+0.030 1.596+0.016 4257 + 38 0.789 +£0.008 1.491+0.013 78.17+1.49  78.07 £ 1.49
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Table B.4: Activity ratios and ?°Th/U-ages for growth axis CMa obtained with MC-ICPMS. Uncertainties are given as 26 range. Ages were corrected with a detrital

232Th/?381 weight ratio of 0.38+ 0.3.

Lab.No. Sample ID  dft 238y 232Th (BTh/B2Th)  (B°Th/38U)  (BU/28U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW137 CMa-1.2 1.2 0.203+0.001 1.580+0.016 277 +£3 0.705+0.004 1.431+£0.002 71.27+0.59 69.79+0.79
SW138 CMa-5.4 54 0.139+0.001 0.011+£0.000 28218+ 1054 0.753+0.007 1.443+0.002 76.85+0.99 76.84+1.00
SW139b CMa-9.7 9.7 0.191+0.001 1.677 +0.017 267 +3 0.767 £0.004 1.481+0.002 76.01+0.60 74.41+0.90

Table B.5: Activity ratios and ?°Th/U-ages for growth axis CMb obtained with MC-ICPMS. Uncertainties are given as 26 range. Ages were corrected with a detrital

232Th/?38U weight ratio of 0.38 + 0.3.

Lab.No. Sample ID dft 238y 22T (3OTh/B2Th)  (BOTh/28U)  (3*U/*8U)  Age (uncorr.)  Age (corr.)
(cm) (ng/g) (ng/g) Act. ratio Act.ratio Act.ratio (ka) (ka)
SW140 CMb-0.3 0.3 1.171+£0.009 3.083 +0.031 1017 £9 0.876 £+ 0.006 1.462+0.007 93.77+1.17 93.30+1.18
SW141 CMb-1.5 1.5 0.138+0.001 0.248 +0.005 1447 + 34 0.852+0.013 1.421+0.002 94.27+2.12 93.93+2.13
SW103 CMb-3.4 34 0.135+0.001 0.030+0.001 11793 +£229 0.850+0.008 1.396+0.010 96.56+1.86 96.52+1.90
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B.3 Supplementary data to section 6.3.3

B.3 Supplementary data to section 6.3.3 (Proxy variability)
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Figure B.2: Stable isotope records 8'3 C (black) and '8 O (red) for growth axis CM (0 - 520 mm dft, upper
panel), CMa (0 - 100 mm dft, bottom left) and CMb (0 - 40 mm dft, bottom right).
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Figure B.3: Element to calcium ratios measured along CM (0 - 520 mm dft). Outlier corrected raw data (10 pum resolution, grey lines), 5p running median (colored lines).
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Figure B.4: From top to bottom: Element to calcium ratios of Al/Ca, P/Ca, U/Ca, Ba/Ca, Sr/Ca and Mg/Ca in comparison with stable isotope values '8 0 (red) and
813C (black) measured along growth axis CM (0 - 520 mm dft). The elemental ratios are shown as outlier corrected raw data (grey lines) and 5p running median (colored

lines). The grey vertical bars indicate the positon of potential hiatuses or sections with low growth rates indicated also in the age model (Figure 6.2).

€°€°9 Uo1329s 0} ejep Asejuswa|ddng ¢'g



00¢

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

S = N W

P R T TR SO

§

P/Ca
(mmol/mol)

WW%NYJMMWWWW VL Pt

i

7.5

5.0

k==

o

....I....I..MuMl\ﬂ%. | PRI RS S BTSN A A A ..-.I..-.I....I.-..I.

2.5

Ba/Ca
(umol/mol)

>

LJEwf :
gé22-_l||||||l|||ll|||||||||||||||||||l||||||tll|||||||||||||||||l||||||l||||n||||||||l|l||;

" e —:
§ (5): WMWMJ/\MWW%WM MW :

-10

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Age (ka)

Figure B.5: Element to calcium ratios and 8'3C (black) and 8'80 (red) values measured along CM (7 - 82 ka). Elemental ratios: Outlier corrected raw data (10pm

resolution, grey lines), 5p running median (colored lines).

2.0
15
1.0
0.5
0.0

0.3
0.2
0.1
0.0

0.06
0.04
0.02

Al/Ca
(mmol/mol)

Sr/Ca U/Ca
(umol/mol)

(mmol/mol)

3'80 (%o0)

|| 1oded 03 Jelivrew Arejuswsjddng g



L0oc

-2.0 4 2.5 25 4

d ka
oL 10,0
2.0 4 . 20 ‘
225 g 9.5
. o ’
15 15 4 90
_3.0 -
= - — 8.5
S S N
< S 10 S 10
1) @ @ 80
£ c = 3
-3.5 A - = i
p
05 - 05 g i3
.
X 7.0
-4.0 o L
; 0.0 004 .
- Slope 0.24 +0.01 Slope 0.48 +0.01 . Slope 1.48 £0.02 6.5
Pearson's r 0.63 Pearson's r 0.72 Pearson's r 0.84
45 ; . T . 05 : . T 05 : ; . . | 60
20 25 3.0 35 4.0 2,0 25 3.0 35 40 4.5 -4.0 =35 -30 25 20
In(Mg/Ca) In(Mg/Ca) In(Sr/Ca)
-
-2.01 25 - 25 ka
. 17
j K
.
254 L 21 o 27 Ll 16
3 .
. 15 4 v 15 - 15
3.0 ! -
© © . ) 14
o U o . A U
= = 104 . v = 10
N -354 £ = 1 13
® 05 4 0.5
. 12
4.0 ™ P ’
o 0.0 004 ,’ -
-’ Slope 0.64+0.01 Slope 0.94+00 ‘ Slope 1.51£0.01
Pearson's r 0.74 Pearson's r 0.68 1 Pearson’ 0.95
-4.5 T T T ) -0.5 T . . . -0.5 T T T T ) 10
2.0 2.5 3.0 35 4.0 2.0 2.5 3.0 3.5 4.0 -4.5 -4.0 -35 -30 -2.5 -2.0
In(Mg/Ca) In(Mg/Ca) In(Sr/Ca)
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the theoretically expected slopes for PCP and/or ICD after Sinclair et al. (2012) calculated with the corresponding partition coefficients. The dashed lines show the same
for the case of calcite recrystallization (Sinclair et al., 2012). The dotted lines show the fitted slope of the data points.
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Figure B.7: Cross plots of element to calcium ratios in speleothem calcite of CM shown as In(Sr/Ca) vs. [n(Mg/Ca) (left), [n(Ba/Ca) vs. [n(Mg/Ca) (middle) and
[n(Ba/Ca) vs. In(Sr/Ca) (right) for different time slices MIS 2 (29- 17 ka, upper panel) and MIS 3 (57 -29 ka, bottom panel). The red lines indicate the theoretically
expected slopes for PCP and/or ICD after Sinclair et al. (2012) calculated with the corresponding partition coefficients. The dashed lines show the same for the case of
calcite recrystallization (Sinclair et al., 2012). The dotted lines show the fitted slope of the data points.
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Closani Cave

C.1 Analytical details

Sample preparation and #*°Th/U-dating were performed at the Institute of Environmental
Physics, Heidelberg. Samples were cut with a band-saw close to the growth axis. The meth-
ods of sample preparation and mass spectrometric analysis follow the procedure of Douville
et al. (2010) and Matos et al. (2015). Activity ratios were analysed with a Thermo Fisher Nep-
tune MC-ICP-MS in Heidelberg. The calibration of the used 233U, 22U and **Th spikes is
described in Hoffmann et al. (2007). Replicated measurements of the HU-1 standard yield
a reproducibility of the activity ratios of (34U/?*U) of 0.9997 +0.0003 and for (*3°Th/?38U)
1.0002 + 0.0005 (weighted mean and 2¢ standard deviation of 113 measurements between
June 2015 and July 2016). Blanks are smaller than 0.4 +0.1fg for 2*U and 0.04 + 0.03 fg for
230Th (16 standard deviation). Ages were calculated using the half-lives of Cheng et al. (2000).
We decided to use these half-lives instead of the more recent half-lives of Cheng et al. (2013)
in order to preserve comparability with previous publications. Correction for detrital con-
tamination assumes a 2*>Th/?*¥U weight ratio of 3.8 + 1.9 and ?**Th, **U and **®U in secular
equilibrium. Age uncertainties are quoted at the 2c-level and do not include half-life uncer-
tainties.

Samples for radiocarbon dating were obtained with a micro-mill at a spatial resolution of
0.4 mm. Subsamples yielded approximately 6 to 7 mg of CaCO3. The CaCO; powder was
acidified (HCI) under vacuum, and the resulting CO, was combusted with H, to C on a Fe
catalyst at 575 °C. The detailed sample preparation is described in (Fohlmeister et al., 2011).
The samples were measured with the MICADAS (Synal et al., 2007) operated at the Klaus-
Tschira-Facility (Mannheim, Germany). Typically, the precision of modern samples is at the
2 %0 level.

Stable carbon and oxygen isotope analysis was performed at the University of Innsbruck.
The samples were micromilled at a spatial resolution of 250 pm. The carbonate powder was
measured using an on-line, automated carbonate preparation system (Gasbench II) linked to
a triple collector gas source ThermoFisher DeltaplusXL mass spectrometer. Raw data were
calibrated against NBS19, and d values are reported relative to Vienna Pee Dee Belemnite
(VPDB) standard. Long-term precision of the 8'3C and 8'30 values, estimated as the 1c-

standard deviation of replicate analyses, is 0.06 and 0.08 %o, respectively (Spotl and Venne-
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mann, 2003; Spotl, 2011).

For trace element analyses, thin slabs (about 4 cm long and approx. 0.5 cm wide) had to
be cut along the growth axis, which were mounted with epoxy resin onto glass plates and
polished (Figure 7.2 C). If possible, these slabs were taken from pieces of the sample which
had already been broken apart in order to keep the sample loss at the transition of the laser
ablation tracks at a minimum. If necessary, the slabs were cut with a band saw, which implies
a sample loss of Tmm, which was taken into account in the composite record. Elements were
measured parallel to the growth axis, and the continuous profile is located at less than 2mm
distance from the stable isotope track.

Trace element concentrations were measured by Laser Ablation ICP-MS at Goethe Uni-
versity Frankfurt, Germany, using a Resolution M-50 (Resonetics) 193 nm ArF Excimer laser
(CompexPro 102, Coherent) equipped with a two-volume ablation cell (Laurin Technic, Aus-
tralia, Mueller et al. (2009)) coupled to a Thermo Scientific Element 2 sector field ICP-MS
(Gerdes and Zeh, 2006). The signal was tuned for maximum sensitivity for Ce and U while
maintaining oxide production, monitored as 2*U'0/?3U, below 0.5 %. Element data were
continuously acquired using a rectangular, 100 x 20 pm wide ablation slit and a scan speed of
10 pm/s. The method yields a spatial resolution of 12.5 pm. A continuous sample scan has a
maximum length of 4 cm. Background counts were measured with the laser in off mode and
subtracted from the raw data. Trace element data were normalized to the Ca content of the
speleothem and standardized against the NIST SRM 612 glass standard using the concen-
trations published by Pearce et al. (1997). Measured Sr, Ba, and Mg concentrations are well
above the detection limits of 0.03 ppm (Sr), 0.02 ppm (Ba) and 0.2 ppm (Mg), respectively. Ele-
ment to Ca ratios are given as molar ratios. The uppermost 1 mm of the trace element record
is missing, because it was lost during sample preparation. The bottom 30 mm of C09-2 could

not be analyzed and are missing in the trace element record.

C.2 Supplementary material to section 7.3.4 (Correlation

analysis)

Correlation analysis (section 7.3.4) for the speleothem proxies was performed with a test
statistic based on Pearson’s product moment correlation coefficient r (x,y) and follows a t
distribution with length (x)-2 degrees of freedom. Asymptotic confidence intervals are given
based on Fisher’s Z transform. Table C.1 shows the relevant information concerning the
statistics of the correlation analysis between the different speleothem proxies. For the cal-
culation of the correlation coefficients between stalagmite proxies and instrumental data,
the software PearsonT3 was used in order to account for autocorrelation (Olafsdéttir and

Mudelsee, 2014). Table C.2 shows the results for the computed cross-correlations.
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C.2 Supplementary material to section 7.3.4

Table C.1: Summary of statistical results for the correlation coefficients presented in section 7.3.4.

Ix/y estimate 95% conf. int.  df tvalue pvalue timeframe reference
upper lower (yrs BP) resolution

rS/Ba 0.96 0.96 0.96 34175 664.26 <10E-5 3600 - 27 trace elements
I'Mg/Sr -0.45 -0.46 -0.44 34113 -92.72 <10E-5 3600 - 27 trace elements
I'Mg/Ba -0.46 -0.47 -0.45 34112 -96.47 <10E-5 3600 - 27 trace elements
rSy/Ba 0.95 0.94 0.97 212 46.73 <10E-5 241 - 26 trace elements
I'Mg/Sr -0.23 -0.35 -0.10 212 -3.42 7.40E-04 241-26 trace elements
I'Mg/Ba -0.32 -0.43 -0.19 212 -4.91 <10E-5 241 - 26 trace elements
Fgr/Sr 0.57 0.47 0.65 212 9.98 <10E-5 241 - 26 annual

Fgr/Mg -0.67 -0.74  -0.59 212 -13.13  <10E-5 241 - 26 annual

Fgr/Ba 0.62 0.53 0.69 212 11.39 <10E-5 241 - 26 annual
rsucssiso  ~0.31 -0.35 -0.27 1830  -14.12  <10E-5 3800- 19 stable isotopes
rsi3c/sy 0.33 0.29 0.38 1707 14.68 <10E-5 3600 - 19 stable isotopes
rs13C/Mg 0.01 -0.04  0.06 1707  0.49 0.62 3600 - 19 stable isotopes
rsiscga 0-33 0.29 0.37 1707 1437  <10E-5 3600 - 19 stable isotopes
rsi80/5r -0.29 -0.33  -0.25 1707 -12.58 <10E-5 3600 - 19 stable isotopes
r§180/Mg 0.13 0.08 0.17 1707 5.28 <10E-5 3600 - 19 stable isotopes
r§i80/Ba -0.32 -0.36  -0.27 1707  -13.82  <10E-5 3600 - 19 stable isotopes
rersiso 015 -0.29 0.00 180 -1.99 0.05 241 - 26 stable isotopes
For/513C 0.31 0.17 043 180 4.31 2.68E-05 241-26 stable isotopes
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Table C.2: Summary of results obtained by PearsonT3 (Olafsdéttir and Mudelsee, 2014) for the correla-
tion analysis between stalagmite proxies and instrumental data and the 5-point linear weighted running
means of temperature and precipitation with the bootstrap confidence intervals and the persistence times

T, respectively.

Iy/x estimate 95% conf. int. Ty Ty Time period n
rMg/P_lin  -0.583 -0.848 -0.084 6.401 2529 1922-1973 51
rsyp lin - 0.095 -0.409 0.555 2216 2529 1922-1973 51
Fgr/p lin  0.369 0.011 0.642 4963 2529 1922-1973 51
rMg/T lin  0.368 -0.136 0.72 3.354 2607 1905-1973 63
rsyT lin - -0.276 -0.69  0.273 2554 2.607 1905-1973 63
FgrT lin  -0.437 -0.793 0.142 4714 2607 1905-1973 63
FMg/P -0.424 -0.614 -0.189 6.762 0.427 1918-1973 55
rsy/p 0.033 -0.278 0.338 2369 0.427 1918-1973 55
Fgr/P 0.306 -0.003 0.561 5.114 0.427 1918-1973 55
MMg/T 0.181 -0.076  0.416  3.599 0.567 1901-1973 69
rsyT -0.232 -0.484 0.055 5.694 0.542 1901-1973 69
Fr/T -0.258 -0.518 0.047 5.052 0.542 1901-1973 69
0.50 | | | | | | 1 | |
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Figure C.1: Probability distribution chosen for the shift of the reference point for the Monte Carlo sim-
ulation of the correlation coefficients in section 7.3.4 (open symbols). The red line indicates a normal
distribution (mean = 0, sd = 1).
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Monitoring of Cueva Larga, Puerto Rico — a First
Step to Decode Speleothem Climate Records

Rolf Vieten, Sophie Winterhalder, Amos Winter, Denis Scholz, Thomas
Miller, Christoph Sp6tl and Andrea Schroder-Ritzrau

Abstract

This study presents results of an ongoing cave monitoring study at Cueva Larga,
Puerto Rico. The monitoring includes monthly analysis of stable isotope ratios of rain and
drip water, trace element ratios of drip water and cave air parameters. Drip sites are above
growing speleothems offering the unique chance to calibrate geochemical variations in
speleothems in order to reconstruct past climate conditions.

Seasonal rainfall patterns above Cueva Larga show characteristic stable isotope
values. The wet season is characterized by more negative §'®0 and 8D values and a
maritime deuterium excess (+10%o). The dry season has more positive !0 and 8D values
and elevated deuterium excess (>15%). The seasonal variations in the §'*0 and 8D values
are smoothed by the soil and karst system which acts as a low-pass filter, indicating that
climate proxies derived from speleothems growing in Cueva Larga may only show multi-
annual changes. The seepage water reservoir appears to be well-mixed. The transmission
time of atmospheric signals into the drip water is site specific ranging most likely from
several months to years.
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1.0. INTRODUCTION

Here we present results from a cave monitoring program at Cueva Larga. The goal
of monitoring the Cueva Larga (CL) cave system is to understand and quantify the
processes controlling the geochemical composition of cave drip waters which is ultimately
recorded in speleothems. Calibrating the speleothems’ geochemical composition to climate
variables is the key to correctly interpret the proxy record encoded in speleothems in terms
of past climate variability.

Speleothems have successfully been used as paleoclimate records (e.g., Fairchild
and Baker, 2012; Fairchild et al., 2006a; Lachniet, 2009). Stable oxygen isotopes and trace
element ratios have proven to be reliable paleoclimate proxies in many settings (e.g. Winter
et al., 2011; Lachniet, 2004; Wang et al., 2001; Spotl and Mangini, 2002; Fairchild and
Treble, 2009; Cruz et al., 2009). However, interpretation of these proxies is not always
straight forward. Cave and drip site monitoring play a key role prior to paleo-climate
reconstruction based on speleothems (James et al., 2015; Lachniet, 2009; Riechelmann et
al., 2013, 2011).

Speleothem geochemical composition and growth are affected by the seepage water
flow systematics through the soil and karst as well as the cave environment (Fairchild and
Baker, 2012). Seasonal variations in the cave environment can bias the recorded signal and
might lead to aliasing if not resolved at a sufficiently high resolution (Banner et al., 2007;
James et al., 2015; Weedon, 2003). Moreover, processes such as evaporation, temperature
variations, prior calcite precipitation (PCP), and changes in drip rate and pCO2 can
potentially alter the geochemical composition of speleothems, including trace elements and
stable isotopes (Deininger et al., 2012; Fairchild and Baker, 2012; Mickler et al., 2006).
Cave monitoring results, as presented here, are important to understand the transmission of
climate signals from the surface through the vegetation cover, soil and karst into the cave
(Fairchild and Baker, 2012, Fairchild et al., 2007).

In the tropics, the speleothem §'30 value is commonly used to reconstruct variations
in local rainfall amount over time (Lachniet, 2009). Variations in §'*0 and 8D values of
rainfall in the tropics are inversely correlated with the monthly rainfall amount, which is
referred to as the “amount effect” (section 2.1; Dansgaard, 1964). The “amount effect” is
variable and other processes such as temperature, seasonality and moisture source can
modulate the “amount effect” and result in a more complex §'*0 signal (Dansgaard, 1964;
Rozanski et al., 1993). Trace element ratios of Sr/Ca and Mg/Ca show high potential as a
complementary recorder of rainfall changes (Fairchild and Treble, 2009; Fairchild et al.,
2000; Stoll et al., 2012).

Adjustments of rainfall patterns to future climate change scenarios are still uncertain
and changes in the hydrological cycle will affect freshwater supplies (Intergovernmental
Panel on Climate Change, 2014; Winter et al., 2015). Multiproxy paleo-rainfall records
offer a unique opportunity to evaluate climate models (Braconnot et al., 2012) and
speleothem records can elucidate important climate forcings on regional rainfall (e.g.
Asmerom et al., 2007; Cruz et al., 2005).

Our study investigates the transmission of the atmospheric signal into cave drip
water feeding growing speleothems in Cueva Larga, Puerto Rico. The focus lies on tracing
variations in the water cycle, expressed by changes in local precipitation. One part is to



investigate the “amount effect” to ensure that variations recorded by speleothem isotopes
can be linked to changes in past rainfall amount. Rainfall samples are collected above the
cave site in the northern karst region of Puerto Rico and in Mayaguez at the western coast
of the island to detect the stable isotope signal of precipitation. Another part is to
characterize the cave environment and record changes in drip water chemistry to study if
there is a connection to atmospheric rainfall anomalies.

Cueva Larga appears ideal for paleoclimate studies due to its remote location, the
lack of an active water stream and its small entrance limiting cave ventilation. In addition,
the cave is unknown to the public restricting the risk of measurement disturbances. The
monitoring results are documenting the natural undisturbed conditions in Cueva Larga and
provide important insight into the climate signal transmission into the cave.

2.0. BACKGROUND
2.1. Isotopic “Amount Effect”

Rainwater §'0 values depend on complex interactions in the hydrological cycle
(Dansgaard, 1964; Lachniet, 2009; Rozanski et al., 1993). In the tropics the “amount
effect”, first described by Dansgaard (1964), usually outweighs other stable isotope effects.
The “amount effect” describes a negative correlation between the monthly rainfall amount
and its $'80 values. Deep vertical convection systems, including tropical storms and
hurricanes, have more negative §'0 values than most other tropical rain events
(Dansgaard, 1964; Lawrence and Gedzelman, 1996). In tropical cyclonic systems,
atmospheric water ascends to high altitudes and Rayleigh distillation in the deep convection
leads to an enrichment in light isotopes during the system’s evolution (Lachniet, 2009).
Furthermore, the extent of sub-cloud raindrop evaporation has also been related to rainfall
amount and intensity (Dansgaard, 1964; Lachniet, 2009).

In Puerto Rico, easterly waves and low pressure systems during the rainy season
have higher cloud altitudes and lower condensation temperatures than trade wind
orographic rainfall of high-pressure systems during the dry season. More recent results
obtained in Puerto Rico have shown a stronger correlation between §'%0 values of
precipitation and maximal cloud heights (Scholl et al., 2009). This implies that
condensation temperature of precipitation also plays a role in the “amount effect”.
Speleothem 8'%0 values record variations in the stable isotope composition of rainfall over
time allowing to reconstruct changes in rainfall amount and weather patterns in the tropics
(Fairchild and Baker, 2012; Lachniet, 2009).

2.2. Global Meteoric Water Line (GMWL) and Deuterium Excess (d-excess)

The global meteoric water line (GMWL) was defined Craig (1961) as the
relationship between the 8D and §'%0 values of monthly rainfall water samples around the
globe (equation 1). It results from the proportional fractionation difference during phase
changes between 8D and §'80 and kinetic isotope fractionation during evaporation at
relative humidity below 100% creating ad-excess. The d-excess (equation 2) is caused by
the higher diffusivity for the lighter deuterium carrying molecule 2H'H'®O than for the
heavier 'H'H'8O. The d-excess of 10%o in the GMWL represents an average relative
humidity of 85% at the water source region (Clark and Fritz, 1997; Merlivat and Jouzel,
1979).



SD=8*3'30+10%o (1)
d= §D-8*3!50 )

During condensation the d-excess does not change and it is an indicator of the water vapor
source region (Merlivat and Jouzel, 1979).

2.3. Speleothem Trace Element Ratios (Sr/Ca and Mg/Ca)

Trace element ratios of Sr/Ca and Mg/Ca in cave drip water and speleothem may
be used as hydrological proxies in (Fairchild and Baker, 2012). In certain cave settings
(Fairchild et al., 2006a, 2000) it has been shown that seepage water during drier conditions
exhibits higher ratios due to increased prior calcite precipitation (PCP) and selective
leaching due to longer water residence times. PCP occurs upstream from the drip site and
preferentially incorporates Ca in the crystal’s lattice increasing the trace element ratio
downstream. This may also be the case in Cueva Larga.

3.0. SITE DESCRIPTION

Puerto Rico is the most eastern island of the Greater Antilles located in the
northeastern Caribbean between the island of Hispaniola and the Virgin Islands (Fig. 1).
From east to west, the northern karst region stretches along the north coast reaching heights
of more than 400 m. Cueva Larga (CL), also known as Cueva Coroso (Fig. 1), is located in
the north-central karst region (N 18°19; W 66°48) at a height of 350 msl. The area is a
developed holokarst characterized by sinkholes and mogotes. A thick tropical forest covers
the surface above the cave. The cave is dominantly vadose with some phreatic features. It
developed in the Oligocene Lares Limestone (Monroe, 1980). The entrance of CL is
located along the flank of a sinkhole at the lower edge of a small hill. A narrow vertical pit
forms the entrance, followed by two U-shaped depressions along the cave ceiling (Fig. 1).
The main passage is nearly horizontal, strikes west-east, and forms a tube with ceiling
heights of up to 30 m. The cave ends in the Collapse Room, a chamber whose roof
collapsed, which is separated from the main chamber by a rise in the cave passage floor.
The Collapse Room splits up in a small lower and a large upper level passage which
reconnect at the end of the cave (Fig. 1). The horizontal extent of CL is about1440 m
(Miller, 2010). Here we discuss the drip water data of drip site SW-2, located in the main
passage, and site C-2, located in the Collapse Room (Fig. 1). Both sites were chosen
because they feed actively growing speleothems and their drip rate is fast enough to allow
instantaneous drip water sampling during each cave visit. Site SW-2 is in close proximity
to a fallen speleothem which grew during the last 35 to 17 ka.
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Monthly rain water samples were collected both above the cave site and at the
University of Puerto Rico in Mayaguez (N 18°12; W 66°08, 10 msl).

Most of the Caribbean shows a dry (Dec—Mar/Apr) and wet (Apr/May—Nov)
season. The hurricane season starts at beginning of June and ends in November. During the
wet season precipitation declines during the summer months, which is referred to as the
mid-summer drought (Chen and Taylor, 2002; Magaiia et al., 1999). This rainfall pattern is
also visible at Mayaguez and the Arecibo Observatory (Fig. 2). At the Arecibo Observatory
the annual rainfall amount is larger with 2137 mm per year compared to 1510 mm per year
in Mayaguez. The mid-summer drought is very pronounced at the mountainous Arecibo
Observatory site with highest monthly rainfall amounts occurring during May. In
Mayaguez, the mid-summer drought is marked by a slight rainfall decrease in June, and the
rainfall maximum is reached in September. Trade winds are the dominant control (85%) of
air flow over Puerto Rico (Jury and Chiao, 2013). In Mayaguez, the diurnal land and sea
breeze are pronounced (Bennett et al., 1998), and the topography of Puerto Rico weakens
the trade wind flow creating a wake to the west of the islands, which promotes the formation
of high convective afternoon thunderstorms (Jury and Chiao, 2013).
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Fig. 2. Monthly climate normal 1981-2010 for Mayaguez (left) and Arecibo Observatory (right). The
data were downloaded from the data-query tool xmACIS (http://xmacis.rcc-acis.org/)
developed and maintained by NOAA’s Northeast Regional Climate Center.

Different weather patterns cause rain events throughout the year. Low pressure systems
embedded in easterly waves, tropical storms and occasional cold fronts from the north are
the main contributors of Caribbean rainfall. During the rainy season, easterly waves and
low pressure systems with cloud altitudes reaching up to 8000 m deliver the majority of
rainfall, while during the dry season trade wind orographic rainfall of high-pressure systems
with significantly lower cloud heights occurs (Scholl et al., 2009).

4.0. METHODS
4.1. Sampling Procedure

Cueva Larga was visited every month in 2013 and 2014 and about every two months
in 2015. The monitored drip site SW-2 is located in the middle section of CL about 425 m
inside the cave and site C-2 is located in the Collapse Room on top of a boulder field at the
end of the cave about 790 m inside (Fig. 1). During each cave visit, pCOz, temperature (T)
and relative humidity (RH) measurements were recorded at each site. An Amprobe CO»-
100 handheld carbon dioxide meter (precision of £30 ppm, £5% of the reading for pCO2
between 0 and 5000 ppm; £0.6 °C for T and +5% for RH above 90%) was used from
January 2013 to July 2013, whereas from July 2013 to January 2015, a handheld Vaisala
GM 70 with a 2000 ppm COz2 probe (accuracy £30 ppm + 2% of reading for pCO2 between
0 and 2000 ppm) and a HM70 humidity and temperature probe (precision £0.2 °C for T
and +1.7% for RH above 90%) were used. During two cave visits, both devices were used
and the measurements agreed within uncertainty.

Outside atmospheric temperature data for Cueva Larga were taken from the Arecibo
Observatory weather station, located at 323 msl (about 7 m lower than the entrance of CL)
about 10 km north of the cave site. (data source: http://xmacis.rcc-acis.org/). Rain water
samples were collected according to the GNIP (Global Network of Isotopes in
Precipitation) station operation manual (IAEA, 2012). At the beginning of each sampling
period the collection bucket was filled with paraffin oil that covered the buckets surface
area by a height of at least 0.5 cm to prevent evaporation of the rainwater stored inside the



bucket over the sampling period. After a settling period of about one week, to allow the oil
to separate completely from the rainwater, the monthly rain water sample was transferred
via syphoning into transportation vials. For the Cueva Larga site, the weighted average
rainfall $D and §'30 value (Fig. 4) was calculated. At the cave site, rainfall samples were
collected during each cave visit. In Mayaguez, rainwater samples were taken in close
temporal relation to the cave site visitation in 2013. Starting in 2014, the rainwater samples
in Mayaguez were taken at the beginning of each month.

Cave drip water samples were collected during each field trip. Depending on the
drip rate the collection of enough water took up to 1.5 hours. Drip rates were determined
via counting the number of drips within 1 min. For cation analyses, pre-acidified 15 ml
Falcon tubes were used.

4.2. Analytical Methods

Monthly rain water samples from Mayaguez were measured in the Isotope
Hydrology Laboratory of the IAEA (International Atomic Energy Agency) in Vienna.
Hydrogen and oxygen isotope analyses were conducted by off-axis integrated cavity output
laser spectroscopy and/or dual-inlet isotope-ratio mass spectrometry.

Stable isotope ratios of rain and drip water from the CL site were analyzed at the
University of Innsbruck, Austria. A first set of samples was analyzed for §'%0 using the
CO: equilibration method (Thermo Scientific Delta® XL with Gasbench II) and for 8D
using a Thermo Scientific Thermal Combustion/Elemental Analyzer (TC/EA) and a Delta
V Advantage mass spectrometer. The uncertainty was 0.15%o for 8'%0 and 1%o for SD.
Later samples were analyzed on a Picarro L2140-i CRDS. The uncertainty is 0.08%o for
5'%0 and 0.5%o for 8D. All results are reported relative to VSMOW.

The analyses of the cation concentrations of drip waters were performed at
Heidelberg University with a VISTA MXP ICP-OES (Varian) with an internal 16-standard
deviation of <1% for Ca?*, Mg?" and Sr**.An external standards, the SPS SW2 with a long-
term 1sigma-reproducibility of 2.2% for Ca>* (conc. 10mg/1), 3.4% for Mg>" (conc. 2mg/1)
and 3.6% for Sr** (conc. 250ug/1) were used.

5.0. RESULTS

At both sites, Mayaguez and Cueva Larga, the rain water §'0 values more negative
with increasing amount of rainfall (Fig.3). The sample period has not always been exactly
one month. For Cueva Larga the rain water sampling period varied between 16 and 58 days
and for Mayaguez the sampling period started to be monthly in the year 2014 but varied
between 15 and 48 days in 2013. To account for different sampling durations the average
daily rainfall amount over the sampling period has been calculated and was multiplied by
30.4 days (the length of an average month) to express the average rainfall intensity over the
sampling period in terms of monthly rainfall amount. In Figure 3, the raw results (rainfall
amounts over initial variable sampling periods) and normalized monthly results
(normalized to 30.4 days) are shown together with data from San Juan between the years
1968 and 1973 by the GNIP. The monthly rainfall §'30 values show a wide scatter, but in
general, lower values are observed during periods of higher rainfall amount. The linear
trend indicates that a decrease of 1%o in 8'30 roughly corresponds to a rainfall increase of
about 220 mm/month in Mayaguez and 250 mm/month at Cueva Larga.



All data from Mayaguez plot close to the GMWL (Fig. 4). The rainfall
measurements from Cueva Larga split up into two groups. One group is located near the
GMWL, while the other group plots above the GMWL with elevated d-excess values
between 15 and 20%o (blue box in Fig. 4). Some of the cave drip water samples from drip
sites SW-2 and C-2 were analyzed for both 8D and §'%0. These results are also shown in
Figure 4. Only one result falls on the GMWL. The other drip water samples plot between
the GMWL and the elevated d-excess. These have been sampled between April and August
2014. All drip water values show lower stable isotope values than the weighted mean of
rainfall §'%0 and 8D (§'*0=-2.04%o and §D=-5.24 %o).
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Fig. 3. 8'%0 values of rainfall collected at Cueva Larga (left) and in Mayaguez (right). Crosses show
the measured values for each sampling period (raw data). Filled circles show the rainfall 5'%0
value relative to the normalized to rainfal amounts occuring over one month (30.4 day
sampling period). Open circles show GNIP rainfall data from San Juan between 1968 and 1973
(downloaded from GNIP’s WISER data-platform https://nucleus.iaea.org/wiser IAEA/WMO,
2015). The solid and dashed line shows the linear trends of the normalized data from our
measurments and the GNIP data from San Juan, respectively.
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The d-excess values have been plotted against time to investigate the temporal
distribution of both rainfall groups at Cueva Larga in Figure 5. The rainfall measurements
with an elevated deuterium excess (d-excess > 15%o) were taken during the end of the dry
season and early wet season (February to May; Fig. 5). While Fig. 4 and 5 point out that
there is a seasonality of the deuterium excess, yet insufficient data are available to establish
seasonal meteoric water lines for the Cueva Larga mountain site.

Figure 6 shows the results of cave monitoring compared to the temperature and
rainfall outside the cave. The rainfall pattern shows the dry season in the winter and wet
season in the summer period. Extreme daily rainfall events are related to tropical
depressions and hurricanes. The highest daily rainfall amount (193 mm) was measured
during hurricane Bertha (3 August 2014). Tropical depressions delivered large rainfall
amounts of 178 mm (27 October 2014) and 142 mm (16 May 2015). The monthly rainfall
anomaly is the difference between the observed monthly rainfall to the rainfall normals
from 1981 to 2010. Figure 6 shows that monthly rainfall anomaly was negative during
summer 2013 and early 2014. This trend is interrupted by the strong positive anomaly in
August 2014 when hurricane Bertha passed by Puerto Rico. The following month showed
normal rainfall amounts and some positive and negative anomalies at the end of 2015.

Inside Cueva Larga, the variations in drip rate are site-specific. The monthly
observations at drip site C-2 show constant trends exceeding the annual period. Drip rate
increased from November 2013 to May 2014 and then continuously decreased until
October 2015. In contrast, drip site SW-2 shows variations on a shorter time scale. Rapid
increases of drip rate were observed in November 2013, February 2014, July 2014 and July
2015. Followed by drip rate decreases occuring over time frames of several months (Fig.
6). Assuming a drip volume of 0.23 ml/drip (Collister and Mattey, 2008) we calculated the
drip rate in L/sec and were able to classify both drips after Fairchild et al.(2006b) as
dominated by seepage flow.

Rainfall §'30 values show a seasonal signal. More negative values (down to -4.7%o)
are recorded during the wet season and vice versa. In 2013, one negative peak in May (-
3.28%o) 1s observed followed by a second negative peak (below -3%o). At the end of the
rainfall season (September to December). In 2014 the negative §'%0 values of the summer
season do not show the bimodal signal observed in 2013. More negative values are
measured from July to December/January. The most negative values are up to 1.4%o more
negative than in 2013 and occur during October and November. The drip water §'%0
composition of drip sites C-2 and SW-2 inside Cueva Larga do not reflect the surface
pattern between dry and wet season. The drip water of drip site C-2 shows no significant
variations and has an average 880 value of -2.59+0.12%o. Similar 8'%0 values were
measured in drip water at site SW-2 (-2.69+0.23%o). Except for April and May 2014, when
drip water 8'30 values were more negative.
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Temperatures in Cueva Larga are nearly constant over time compared to the annual
cycle outside the cave. In the main cave passage at site SW-2, the average temperature is
22.51+0.18°C. This is similar to the avarage annual temperature outside the cave
22.5£0.1°C (calculated for two years from 4 November 2012 to 3 November 2013 and 4
November 2013 to 3 November 2013). At site C-2 in the collapsed room near the end of
Cueva Larga, the average temperature is almost 1°C higher (23.43+0.19°C). At the
transition from summer to winter (September and October), a short-lived temperature
maximum was observed where temperatures increase by +0.5°C. This is probably related
to a change in cave air circulation.

Cave pCOz values follow the seasonal temperature cycle at the surface. Summer
maxima reach up to 1880 ppm at drip site SW-2 and up to 2220 ppm at drip site C-2. Winter
minima are as low as 550 ppm at srip site SW-2 and 850 ppm at drip site C-2. In contrast
to temperature, the annual pCOz pattern is asymmetrical showing a gradual rise from May
to August and a relative rapid decrease in September.

The trace element to Ca ratios are nearly-constant over the monitoring period. At
drip site C-2 the average Sr/Ca ratio is 1.293x107+0.029x107 and thus higher than at drip
site SW-2 with an average of 9.25 x10+0.38x10™*. The Mg/Ca ratio is similar at both sites
with an average of 2.55x102 £0.26x107 at site SW-2 and 2.681x102+0.077x107 at site C-
2. The Ca concentration is generally higher at drip site SW-2.

6.0 DISCUSSION

Rainfall and temperature outside Cueva Larga show a seasonal cycle with increased
rainfall during the summer season (Fig. 6). Plotting the §'*0 values of rainfall against
rainfall amount (Fig. 3) reveals that periods of increased rainfall amount correspond to
more negative 8'°0 values. The linear trend at both sites shows a rainfall “amount effect”
of about 4.5x107 to 4.0x1073%o/mm monthly rainfall. This “amount effect” is in agreement
with the trend observed in rainfall collected in San Juan between 1968 and 1973 (Fig. 3).
Unfortunately the rainfall data (Fig. 3) show a large scatter, which makes quantification of
absolute rainfall amounts from the rainfall’s isotopic composition difficult. Nonetheless the
rainfall results document the general isotopic “amount effect”, suggesting that §'*0 values
recorded in speleothems from Cueva Larga reflect primarily variations in rainfall amount
similar to other speleothem records from tropical regions (e.g. Lachniet, 2004; Winter et
al., 2015).

The differences in rainfall 3'30 values between 2013 and 2014 above Cueva Larga
appear to be related to different weather patterns reaching the site. In 2014, maximum daily
rainfall amounts are larger than in 2013 due to large convective rainfall systems including
hurricane Bertha. Large tropical convective systems may have §'0 values lower than -6%o
(Lawrence and Gedzelman, 1996). The contribution of these systems seems to be
responsible for the lower §'0 values in 2014. The observed bimodal summer in the §'*O
values of 2013 may be related to the lack of large convective rainfall systems allowing the
mid-summer drought to appear in the rainfall 8'%0 data. In the summer of 2014, the
sampling interval was larger than in 2013 which may also have prohibited the detection of
a bimodal 8'0 rainfall signal.

The currently available two years of observations from Cueva Larga indicate inter-
annual variations in rainfall §'*0 values. Extending the observations to several years might



resolve inter-annual isotopic rainfall variations, which are likely to be recorded in
speleothems. Detailed rainfall stable isotope studies in Puerto Rico revealed that the §'%0
value of rainfall is complex (Scholl et al., 2009; Scholl and Murphy, 2014). The correlation
between maximum cloud height and rainfall 'O values is larger than the correlation to
rainfall amount (Scholl et al., 2009) indicating that condensation temperature plays an
important role. The evolution of rainfall downstream of Puerto Rico leads to characteristic
rainfall $'30 values distinguishing trade-wind orographic showers, low pressure systems
and convective systems (Scholl and Murphy, 2014). Thus, changes in weather patterns over
multi-annual timespans seem to have an influence on the isotopic signal of drip water in
Cueva Larga, highlighting the potential for speleothem §'*O time series from this site for
revealing changes in paleo-climate and rainfall amounts. However, the complexity of the
process occurring in the soil and karst above the cave as well as inside the cave during
precipitation of speleothem calcite may make the interpretation of speleothem &'%0 values
on inter-annual time-scales difficult (Mischel et al., 2015).

In Mayaguez, §'0 and 8D values of the rainwater plot close to the GMWL (Fig.
4). These samples seem to be primarily controlled by different degrees of Rayleigh-
fractionation during rainout (Rozanski et al., 1993). At the location of Cueva Larga, the
rainwater samples appear to form two groups, one group plotting on the GMWL and the
other group plotting above the GMWL with d-excess values between +15%o and +20%eo.
Currently we do not have enough data to establish a seasonal Local Meteoric Water Line
(LMWL) but it appears that the season of elevated d-excess agrees well to a LMWL
(8D=8.2*%3'80+14) established for the mountainous Eastern Puerto Rico by Scholl and
Murphy (2014). Elevated d-excess values occur between the middle and end of the dry
season and have been measured in April 2013 and from February to end of May 2014
(Fig.5). The seasonality might be related to a greater fraction of recycled rainwater via the
process of evaporation from surface and forest-canopy (Lee et al., 2009; Victoria et al.,
1991) among other processes.

Since elevated d-excess values have not been observed at Mayaguez (Fig. 5),
rainwater recycling seems to be negligible during both seasons. Mayaguez lies on the west
coast of Puerto Rico in the trade wind wake zone of the island. At this location, winds
typically come from the west (Jury and Chiao, 2013) bringing marine moisture with a d-
excess of about 10%o. Similar observations have been made at the south coast of Puerto
Rico where the primary moisture source is also maritime (Govender et al., 2013).

Inside Cueva Larga drip water 8'%0 and 8D results indicate that the wet season
rainfall contributes proportionally more to the drip water than the rainfall during the dry
season because all drip water measurements are more negative than the amount weighted
average isotopic composition of the rainfall (Fig. 4). This seems plausible because during
the dry season a greater fraction of the rainfall will be lost to evapo-transpiration than
during the wet season. Currently, only three drip water samples at each site have been
analyzed for 6D. These results are insufficient to reveal drip water seasonality. More
frequent cave drip water '30 and 8D values could be used to investigate the transmission
of seasonal atmospheric signals into the cave drip water in addition to the §'30 drip water
time series at this site. An indication of the transmission of d-excess seasonality into Cueva
Larga is the observation that during the wet season in September 2013 the drip water at site
SW-2 falls near the GMWL, having similar d-excess values than the rainwater at that time
(Fig. 5). The rest of the few drip water d-excess observations have been made during the
end of the dry season (April and May 2014) and show elevated d-excess values similar to



the rainfall at that time. Additional drip water 6D data with monthly sampling resolution
are required for more meaningful interpretations concerning the transmission of the
seasonal d-excess signal from the rainwater into the cave drip water.

Cave atmosphere pCOz shows an annual cycle. It reaches a minimum during winter
and a maximum during summer season. Comparing the buoyancy of cave air to the outside
atmosphere reveals that the combination of the seasonal temperature cycle outside the cave
and the cave geometry of Cueva Larga are the main driver of alternation between a well-
ventilated winter mode and a near-stagnant summer mode (Vieten et al., under review).
Especially during winter nights, the buoyancy of the cold outside air drops markedly below
the cave atmosphere’s buoyancy, leading to maximal cave ventilation. During the summer
mode cave ventilation is at a minimum because most of the time the buoyancy of the cave
air is lower than outside leading to stagnant ventilation conditions. Similar observations in
the seasonality and magnitude of pCO2 have been documented in temperate regions (Frisia
et al., 2011; Spotl et al., 2005). Other caves show similar seasonal ventilation systematics,
but different pCO2 amplitudes, such as in Austria (Boch and Spoétl, 2008), Ireland (Baldini
et al., 2008), France (Bourges et al., 2006), Arizona, USA (Buecher, 1999), Texas, USA
(Cowan et al., 2013) and Germany (Meisner et al., 2010).

The documented cave atmosphere seasonality probably leads to seasonal variations
in carbonate precipitation (e.g.: Kaufmann and Dreybrodt, 2004; Fairchild et al., 2006;
Baldini et al., 2008) because cave pCO:z is directly linked to the growth rate of speleothems
where lower pCOz2 values result in higher supersaturation with respect to calcite and
increasing carbonate precipitation rates (Baker et al., 2014; Dreybrodt, 2012). Variations
in growth rate might cause a bias towards the fast growing season in climate records
deduced from speleothems and also affect the incorporation of trace elements into the
crystal lattice (Fairchild et al., 2006a; Gabitov and Watson, 2006). Assuming all other
factors being equal, seasonal ventilation appears to cause increased growth rates during the
low pCO2 winter season even though it rains more in the summer. In the most extreme case,
speleothems in Cueva Larga would only grow during winter when the cave pCO: falls
below a threshold value allowing carbonate precipitation. Carbonate precipitation
seasonality is especially important for drip sites which feed from seepage water with short
transition times and negligible water mixing along the seepage path from the surface to the
cave. Such sites usually exhibit seasonal variations in the drip water geochemistry linked
to the seasonality above the cave. The drip water stable isotope and trace element data from
Cueva Larga do not show seasonal patterns (Fig. 6). Thus, the soil and karst above the cave
appears to act as a low pass filter.

A seasonal signal similar to the rainfall §'0 seasonality is not clearly detectable in
the drip water data. Drip site SW-2 appears to show a slight response to rainfall seasonality
in early 2014. More negative 8'30 values are recorded at site SW-2 (Fig. 6.). This could be
the signal transmitted of 2013 summer rainfall. Delay times of similar length have been
observed at other cave sites (e.g. Riechelmann et al., 2011). In 2015, a corresponding signal
is not visible in the drip water of site SW-2. This might be related to the relatively dry year
in 2014 with most months showing a negative rainfall amount anomaly (Fig. 6). A lack of
recharge during 2014 is also indicated by the decreasing drip rates at both drip sites starting
in summer 2014. At site SW-2, drip rates decrease by about 45% from 11 drips/min in
September 2015 to 6 drips/min in April 2015. Thus, less recharge of more negative summer
rainfall during the drier summer 2014 might be the reason for the missing negative peak in
drip water §'%0 values at drip site SW-2 in 2015. At drip site C-2, drip rates decrease by



about 40% from 69 drips/min in July 2014 to 48 drips/min in July 2015 and remain low,
while drip site SW-2 shows an increase in drip rate in July 2015. The increase in drip rate
at drip site SW-2 seems to be related to a large rainfall event in May 2015 (140 mm rain on
May 16" 2015). During 2013/2014, drip site SW-2 also shows higher drip rate variability
than drip site C-2 indicating that drip site SW-2 responds more directly to rainfall and
recharge events above the cave.

Trace element ratios indicate that the residence time and/or the host rock
composition is different above both drip sites. St/Ca are higher at drip site C-2 (Fig. 6)
indicating longer residence times above drip site C-2 than above drip site SW-2 (Verheyden
et al., 2000). This is in agreement with the slower responding drip rates and the lack of any
seasonality at drip site C-2.

Sr/Ca and Mg/Ca show no seasonal variation. We do not find evidence for varying
degrees in PCP. Figure 7 shows a comparison of the drip water results from both drip sites
at Cueva Larga to drip water data from Brown’s Folly Mine, UK (Fairchild et al., 2006b).
The varible drip water composition in Brown’s Folley Mine is represented by the outlined
area in figure 7 and has been interpreted to be the result of varying degrees of PDP. In
Cueva Larga there is no evidence for such variable degrees of PCP above the cave on the
annual time scale.

The water reservoir above Cueva Larga seems to be large enough to buffer seasonal
rainfall variations causing no detectable changes in PCP over the monitored period.
However, trace element variability in speleothems from Cueva Larga may be related to
long-term changes in climate above the cave.
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Fig. 7. Geochemical relationships of trace element ratios (Sr/Ca left and Mg/Ca right) to Ca-
concentration for drip sites SW-2 and C-2 in Cueva Larga. The outlined area in each plot
shows similar evaluation in Brown’s Folly Mine, UK (Fairchild et al., 2006). The arrow labeled
with PCP (Prior Calcite Precipitation) show the direction in which higher degrees of PCP
along the seepage water flow path would shift the results.



7.0. CONCLUSIONS

Two years of cave monitoring in Cueva Larga, Puerto Rico, represent a first step to
investigate the response of cave drip water to climate fluctuations above the cave. The drip
water geochemistry provides insight into seepage water flow and mixing processes
resulting in important implications for speleothem climate records. The isotopic rainfall
“amount effect” has been detected in rainfall above the cave and in Mayaguez. This is an
important prerequisite for speleothem 8'%0 values to reflect changes in the rainfall amount
over Puerto Rico. Rainfall deuterium excess shows elevated values during the dry season
only at Cueva Larga, whereas Mayaguez seems to be dominated by maritime water vapor
sources. Drip water d-excess may enable to estimate seepage water transition time.

Seasonality in cave ventilation results in low cave air pCOz in the winter season
which might cause accelerated speleothem growth rates and bias speleothem climate
records towards the winter season. Drip water trace element ratios lack variations implying
PCP along the seepage flow path does not have a significant effect over the monitored
period.

Both drip sites seem to be fed by well-mixed sources. The lack of clear seasonality
makes estimations of residence and transmission time difficult. Drip site SW-2 appears to
show a response to annual rainfall changes indicating a transmission time of several
months, while the transmission time for drip site C-2 appears to be larger. The well-mixed
and slowly responding drip sites monitored here favor speleothems to record multi-annual
paleo-climate changes because the seepage water system acts as a low-pass filter.

This study shows that monitoring of drip sites is useful to decipher the effects
influencing the climate signal recorded in speleothems. Environmental observations will
improve speleothem paleo-climate interpretations and may even enable to calibrate the
speleothem proxy record to absolute changes above the cave. Some of the here presented
results are preliminary and need to be verified by continuation of the cave monitoring
program in Cueva Larga.
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