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Abstract

The aim of this thesis is to perform a palaeoclimate reconstruction for Niedźwiedzia Cave, southern Poland using stable isotopes, and to examine factors which may influence these results. Stable isotope analyses of three stalagmite samples from Niedźwiedzia Cave yielded a palaeoclimate record for the last 16,000 years for this region. Uranium series dating provided a chronology that was used to investigate oxygen and carbon stable isotope variations through the record, which reveal the effects of some notable palaeoclimate events such as the Younger Dryas Event, the Bølling-Allerød and Bond Events.  The identification of shorter, non-cyclic events (e.g. the 8.2 ka event) was hampered by large errors in the uranium series dating due to the low uranium content of the stalagmites from the site.
Oxygen isotopes in meteoric precipitation (δ18Op) were examined to determine the main controls that affect isotope ratios such as the temperature and continental effects. An investigation was also carried out to determine whether a relationship is observed between precipitation results and dominant European circulation patterns, i.e. the North Atlantic Oscillation (NAO) and the Quasi-Biennial Oscillation (QBO). Understanding these controls has wider implications for interpreting the palaeoclimate record, as recognizing how they alter the isotopic signature of a speleothem at the time of deposition can then be used to calibrate the record. The investigation was carried out by examining anomaly data from a multitude of datasets, including drip-water data from Niedźwiedzia Cave and Global Network of Isotopes in Precipitation (GNIP) data from multiple sites in Germany and Poland. Identification of anomalous data was accomplished by using linear regression analysis of δ18Op data. Back trajectory analyses were then carried out for these data points to determine the air mass’s source zone, and to provide further information on the factors which may have affected the δ18Op, such as the potential magnitude of the rainout effect, temperature effect and the amount effect.
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Chapter 1:	Thesis Introduction
The purpose of this thesis is to reconstruct palaeoclimate from southern Poland using stalagmites from Niedźwiedzia Cave, coupled with modern day environmental monitoring data.
Palaeoclimate reconstructions are vital in order to understand natural and anthropogenic climate variability in the past, and for current and future climate models. Reconstructions use a number of proxies such as tree rings, glacial ice cores, corals, ocean and lake sediment cores and speleothems. These data can be interpreted in the context of vegetation, hydrology, sea-level change, solar-forcing, atmospheric circulation changes, and anthropogenic effects (McDermott 2004, 2005, Richards 2003, Watanabe et al. 2010). 
This study uses stable isotope data from three stalagmite samples (Nied08-02, Nied08-04 and Nied08-05, Figure 3.3) from Niedźwiedzia Cave, southern Poland (Figure 3.1) in order to create a palaeoclimate reconstruction. 
Calcite stalagmites are formed by the slow degassing of CO2 from calcite supersaturated drip-water. The oxygen and carbon stable isotope values of speleothem samples provide information on the temperature, meteoric precipitation, composition, and vegetation at the time of deposition, and may be used to determine the timing and duration of major O-isotope defined climate events (Winograd et al. 1992, Wang et al. 2001, McDermott 2004, Baldini 2010). Stalagmites and other forms of speleothem, such as flowstones or stalactites, are desirable as palaeoclimate proxies as they can be precisely dated using uranium series dating methods.
Uranium series dating was carried out in order to provide a chronology for the isotope results, allowing for any possible climate events to be observed within the Niedźwiedzia Cave record. The results of the stable isotope and uranium series analysis constructed a record for the cave site from approximately 16,000 to present (section 3.4). 
Niedźwiedzia Cave has the potential to extend palaeoclimate reconstruction in Poland back to the post Last Glacial Maximum (LGM). This is important as Polish palaeoclimate proxy data does not typically extend further back than 1,500 AD (Majorowicz et al. 2004, Przybylak et al. 2005). A map by Ehlers and Gibbards (2004) examining the extent of the LGM in the Northern Hemisphere, reveals that southern Poland and indeed Niedźwiedzia Cave, was not covered by glaciers, as was the case for much of continental Europe during the LGM (Figure 3.12). Stalagmite growth rates are inhibited during glacial conditions, and as such there is a dearth of palaeoclimate speleothem information for Europe during this period.  The Niedźwiedzia Cave data is then particularly pertinent as it has been recognised that there is a strong agreement between Polish and European temperature values from models and reconstructions (Luterbacher et al. 2008). If this is true, then Niedźwiedzia stalagmite samples may provide palaeoclimate information for Poland and Europe for a period that lacks much proxy information. 
One facet of palaeoclimate studies that is gaining appeal is the undertaking of monitoring studies at the site where palaeoclimate reconstructions have been carried out (Mattey et al. 2010, 2008, Miorandi et al. 2010, Hu et al. 2008, Huang et al. 2001). In order to use stable isotopes for a palaeoclimate reconstruction it is important to understand the factors which may influence the results. A secondary aim of this thesis was to elucidate the controls on the oxygen isotope ratios of meteoric precipitation (δ18Op). This was carried out by analysing cave drip-water and meteoric precipitation data, along with reported meteoric precipitation values from a number of sites in Poland and Germany, to determine the dominant controls on isotopic composition.








Chapter 2: Identifying the controls on oxygen isotope ratios in meteoric precipitation in Poland and Germany.

Abstract
This chapter examines the controls on oxygen isotope ratios in meteoric precipitation (δ18Op) from sites in Poland and Germany, with a particular focus on investigating the relationship between these precipitation values and dominant atmospheric circulation patterns in Europe. The importance of this study is due to the prevalence of use of stable isotopes in palaeoclimate reconstructions, and understanding the factors which may influence isotopic composition is increasingly being recognized as a necessity when carrying out palaeoclimate studies. Isotopic composition data of monthly drip-water and rainwater data collected over a one year period from Niedźwiedzia cave, southern Poland was used to form a comparison between cave-drip and local meteoric precipitation data. Statistical analysis of meteoric precipitation data from event data and GNIP stations in central Europe revealed the dependence on temperature of oxygen isotopic composition values. Back trajectory analysis indicated the influence of air moisture source origin on isotopic values, with air moisture sourced from the Mediterranean typically having more enriched values than those sourced from Scandinavia or the North Atlantic which were isotopically depleted. This may be due to a combination of effects such as the temperature effect, the amount effect and the continental effect. An oscillating pattern between the δ18O record and strongly positive and negative phases of the NAO index is observed, as is a 25-month cycle pattern which may be linked to the QBO. The influence of a mixture of factors such as air source trajectory, atmospheric circulation patterns and a combination of common effects, particularly temperature, amount and rainout effects are recognized as the predominant factors which alter the oxygen isotopic composition of meteoric precipitation in central Europe.
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2.1	Introduction

This chapter examines the climatic controls on oxygen isotopes in meteoric precipitation using i) monthly data from GNIP (Global Network of Isotopes in Precipitation) sites in Poland (Krakow) and Germany (Koblenz, Regensburg, Wasserkuppe Rhoen and Bad Salzuflen), ii) event data (Wrocław, Poland; Górka et al. 2008) and iii) drip-water data from Niedźwiedzia cave, Poland (Figure 2.2). A further purpose was to examine the effect of the North Atlantic Oscillation (NAO) on the oxygen isotope values as atmospheric circulation patterns such as the NAO have been attributed to changes in proxy δ18O through the alteration of precipitation values as they may affect the air mass through variations in source, orographic lifting and sea surface temperatures (Baldini et al. 2010, Sweeney 1985, Diefendorf and Patterson 2005). Furthermore, Baldini et al. (2010) observed the strongest positive correlations between precipitation δ18O and the North Atlantic Oscillation (NAO) in Germany and Poland.
Palaeoclimate reconstruction through the use of stable isotopes is based on the well-established influence of precipitation amount and air temperature on the oxygen isotope composition of meteoric precipitation (δ18Op) (Baldini et al. 2010, Bar-Matthews et al. 1996, McDermott 2004, Rozanski et al. 1992). These stable isotope values are sourced in terrestrial archives such as speleothems, ice-cores, and tree-rings are commonly used as Palaeoclimate. As these values may be affected by a number of influences, it is important to understand the processes which may occur (Figure 2.1). As such, most palaeoclimate studies include an examination of the modern climate and precipitation system in order to understand these effects and how they alter modern results, and then utilize this when interpreting palaeorecords (Baldini et al. 2010, Fleitmann et al. 2003, 2007, Wang et al. 2005, 2008, Yancheva et al. 2007, Zhang et al. 2008). For instance, long-term (>1 year) modern-day monitoring of in- and above- cave processes (e.g. drip-rate, rainfall, cave air pressure and carbon dioxide, and temperature) should accompany any stalagmite- based palaeoclimate study (Baker et al. 2007). Drip-waters may provide a long-term average of the oxygen isotopic composition of precipitation which may yield information on a seasonal scale (Pape et al. 2010, Williams and Fowler 2002). It is important to determine whether cave drip-water is a true reflection of the oxygen isotope composition of meteoric precipitation, or whether cave processes and residence times have affected the preservation of the precipitation signal (Mühlinghaus et al. 20007, Miorandi et al. 2010). In order to use δ18O as a palaeoclimate proxy it is necessary to understand potential factors which may alter it.
2.1.1.	Processes which affect δ18Op
δ18O is the ratio of isotopically light 16O atoms to the heavier 18O, the natural ratio is 1:400 (Ruddiman 2001). A negative δ18O value means that there is a higher number of 16O atoms than average (defined by using a standard), while a positive δ18O indicates that a higher than average amount of 18O atoms are present. The oxygen isotope ratios of meteoric precipitation are affected by a multitude of processes including Rayleigh distillation, the altitude effect, the amount effect, continental effect, temperature and the source of the water vapour (Baldini et al. 2010, Dansgaard 1964, Fleitmann et al. 2004, Lachniet 2009, McDermott et al. 1999, 2005, McDermott 2003, Pape et al. 2010, Rozanski et al. 1993, Benjamin 2004, Clark and Fritz 1997). The mean annual δ18O of precipitation decreases systematically across Europe away from the North Atlantic Ocean as a consequence of these so-called effects as discussed below.
[image: ]
Figure 2.1: Diagram showing the processes which affect δ18Op (From Fairchild et al. 2006).
i) Rayleigh distillation
Rayleigh distillation is a fractionation process whereby lighter isotopes evaporate faster than heavier ones. It is a predominantly temperature dependent process which causes the removal of moisture from an air mass. When a vapour mass moves to a colder region, it causes the mass to condense and equilibrium fractionation to occur removing heavy isotopes (18O and 2H from the rain water). The amount of moisture condensed is proportional to the decrease in temperature. Vapour masses may cool through orographic lifting, advection, convection, convergence and frontal lifting (Dansgaard, 1964, Rozanski et al. 1993, Lachniet 2009, Baldini et al. 2010). Rayleigh distillation may also occur as a result of the continental or rainout effect as fractionation increases with distance from source.


ii) The Temperature Effect
The temperature effect is the observed positive correlation between mean annual temperature at a site and the mean annual δ18O value of precipitation (dδ18Op/dT), though seasonal effects on δ18Op may be apparent.  δ18Op values are typically lower in winter as they have undergone enhanced depletion of 18O and 2H, due to increased Rayleigh distillation of the vapour mass and increased isotopic fractionation at colder temperatures. Values in summer are typically higher, again due to temperature-dependent fractionation (Fleitmann et al. 2004, McDermott 2003, Pape et al. 2010, Ingraham 1998).
iii) The Amount Effect
The amount effect is the observed decrease in δ18Op values with increased rainfall amount (dδ18Op/dδ) (Dansgaard, 1964, Rozanski et al. 1993, Lachniet 2009). The amount effect is predominantly observed in monsoonal and tropical regions. The amount effect results in precipitation that is depleted in 18O and 2H, with increasing monthly, seasonal or annual precipitation. It is due to the preferential loss of heavier isotopes (18O) or due to isotopic exchange occurring in the rainfall as it precipitates. Higher intensity rainfall, as seen in monsoonal conditions typically have raindrops that are larger in size, these drops take longer to reach isotopic equilibrium with the surrounding ambient layer i.e. atmospheric water vapour, leading to values depleted in δ18O. These drops which take longer to equilibrate may also be affected by re-evaporation (Fleitmann et al. 2004, McDermott 2003, McDermott et al. 1999, Pape et al. 2010).
iv) The Altitude Effect
The altitude effect is the observed decrease in δ18Op values with an increase in altitude. This effect leads to depleted values of δ18Op is associated with the decrease in temperature of condensation and to the progressive Rayleigh distillation as the air mass is lifted over an orographic barrier, leading to the increased rainout and fractionation factors that result from cooler average temperatures at higher elevations (Lachniet 2009, Pape et al. 2010). 

v) The Rainout Effect
The rainout or continental effect is the decrease in δ18Op values with distance from the ocean, whereby an air mass cools in temperature when reaching land leading to rainout. 18O is heavier and preferentially rains out first, leading to coastal regions typically having higher δ18O values in precipitation compared to inland regions, which typically have lower δ18Op values. However, the continental effect may be altered when the air mass moves over a large body of water, leading to the incorporation of high δ18O continental moisture (Fleitmann et al. 2004, Benjamin 2004).
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Figure 2.2: (a) Map of Europe showing inset box of site locations, (b) GNIP, Górka event and Niedźwiedzia cave sampling locations. GNIP: Bad Salzuflen (N52° 6.00’, E8° 43.48’), Koblenz (N50° 21.00’, E7° 34.48’), Wasserkuppe Rhoen (N50° 30.00’, E9° 57.00’), Regensburg (N49° 1.48’, E12° 6.36’) (Germany), Krakow (N50° 3.36’, E19 50.24’)(Poland); Górka: Wrocław (N51° 6.00’, E16° 53.00’)(Poland); Niedźwiedzia cave (N50˚17.823’, E16˚52.385’) (Poland), area above Germany and Poland filled by dots indicates North Sea and Barents Sea.


2.1.2 The North Atlantic Oscillation
A secondary purpose of this chapter was to investigate the relationship between δ18Op and the North Atlantic Oscillation (NAO) (Figure 2.3). The NAO (Figure 2.3) is one of the leading controls on atmospheric variability in the Northern Hemisphere (Hurrell 1995) and is closely linked with δ18Op in central Europe, as observed by a significant correlation between rainwater δ18O and the NAO index (Baldini et al. 2008, 2010). 
The NAO, which is associated with changes in the surface westerlies across the Atlantic onto Europe, refers to a “meridional oscillation in atmospheric mass with centers of action near the Icelandic low and the Azores high” (Cook 2003, Hurrell et al. 1997). Although it is evident throughout the year, it is most distinct during boreal winter months (winter months of the Northern Hemisphere: December, January, February and March (DJFM)) when the atmosphere is most dynamically active and accounts for more than one-third of the total variation of the sea level pressure (SLP) field over the North. Oscillations in the NAO cause changes in wind speed and direction over the Atlantic (Figure 2.3 a), affecting the transportation of heat and moisture. As the signature of the NAO is strongly regional, a simple index of the NAO can be defined as the difference between the normalized mean winter (December–March) SLP anomalies at Lisbon, Portugal and Stykkisholmur, Iceland (Figure 2.3 b; Hurrell, 1995, 2003, Cook 2003, Jones et al. 1997).  Positive NAO index (NAOI) winters are typically warmer and wetter in northern Europe due to the enhanced westerly flow across the North Atlantic. Storm tracks during boreal winter connect the North Pacific and North Atlantic basins; positive NAO winters are associated with a northeastward shift in Atlantic activity, with more intense and frequent storms around Iceland and the Norwegian Sea (Hurrell 1997). Conversely, negative NAOI winters are cooler and dryer in northern Europe, due to a repression of the westerly flow (Hurrell 1995, Baldini et al. 2008). Gillet et al. (2003) have found that there is a trend in recent decades towards an increase of the boreal winter NAO index which corresponds to lower SLP values over the Arctic and increased SLP values over the subtropical Atlantic. Alterations in the NAOI may be due to a number of responses, including natural variability, internal forcing from greenhouse gases or increased levels of CO2 (Graf et al. (1995), or potentially external forcing; such as the influence of other circulation teleconnections such as the Quasi-Biennial Oscillation (QBO), Atlantic Meridional Overturning Circulation (AMOC), Pacific El Nino Southern Oscillation (ENSO) (Marshall et al. 2001). Palmer (1999) postulated that an increase in greenhouse gases may be a contributor to the observed upward trend in boreal winter NAOI (Gillet et al. 2003).
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Figure 2.3: (a) Positive and negative phase of the North Atlantic Oscillation (http://www.nc-climate.ncsu.edu/edu/k12/.NAO), (b) The NAOI updated to winter 2010/2011 (Jones et al. 1997).
  2.2	Methods
The investigation of isotopic controls was carried out by measuring the stable isotopes ratios of drip-water and rainwater data from Niedźwiedzia cave, and by examining recorded precipitation data from a number of GNIP sites and from event data (Górka et al. 2008) (Figure 2.2). The Niedźwiedzia Cave samples are utilized to investigate whether the drip-water samples are representative of meteoric precipitation above the cave, or whether they were affected by karst hydrology. Due to the abundance of data from a wide assortment of sources utilized within this study (including GNIP, MET, drip-water etc.), it was decided to focus the analysis of the GNIP section on “anomaly data”, which were statistically determined. Back trajectory analyses were then carried out on the Górka and anomaly data to determine the air mass source and determine whether this factored into any anomalous behavior.

2.2.1	Data sites: Niedźwiedzia Cave, GNIP sites and Wrocław 
2.2.1.1	Niedźwiedzia Cave	

Precipitation samples were collected over a one year period (May 2009-August 2010) on a monthly basis from Niedźwiedzia Cave, southern Poland. Samples were collected using a purpose built precipitation sampling station (Figure 2.4). The precipitation station consisted of a 5L Nalgene high-density polyethylene (HDPE) carboy with spigot equipped with a 19.7cm diameter funnel to collect monthly precipitation. In accordance with GNIP precipitation collection guidelines, a thick layer (0.5cm) of medicinal liquid paraffin was placed in the monthly collection vessel (5L in size) to minimize evaporation. At the end of each month, prior to the collection of samples, the monthly water container was gently agitated to mix the contents without incorporating the paraffin; samples were then transferred into 8ml Nalgene bottles. The 5L collection bottles were then emptied, cleaned, and refilled with paraffin when necessary, to be used again the following month. 
Samples were kept refrigerated prior to analysis on a Los Gatos Liquid Water Isotope Analyzer (LWIA) instrument at Durham University. Isotopes were measured relative to Vienna Standard Mean Ocean Water (VSMOW) in units of per mil (‰). The instrument precision of the LWIA is >0.5‰ for δD and >0.1‰ for δ18O. 
In addition to precipitation collection, automated drip counters were also used at the cave site (Figure 2.4). “Stalagmates” were emplaced under the active drip sites where stalagmites Nied08-02, Nied08-04 and Nied08-05 were taken. The Stalagmate monitors are activated every time a drop hits the detection lid, once this “impulse” is recognised the data is then immediately recorded on connected Gemini data loggers. “Pluvimates” rain gauges were also used at the cave. Pluvimates are more sensitive than conventionally used tipping bucket rain gauges, as they can measure instantaneous rain events rather than recording rain data at fixed volume increments. Automated monitors are preferred as they are very high resolution, measuring up to 5 drops per second and can be pre-programmed to the user’s desired settings i.e. time resolution (Collister and Mattey 2008). 

Due to the difficulty in reaching the Nied08-02 sample location, it was decided that after the initial site visit, only three months of monitoring would be carried out for this site. Niedźwiedzia cave is discussed in detail in Chapter 3 “Palaeoclimate reconstruction in southern Poland using low-uranium stalagmites from Niedźwiedzia (Bear) cave, Poland”.(b)
(a)

[image: I:\Precip.png]
Figure 2.4: (a) Rainwater collection apparatus and (b) Precipitation sampling site and automated drip monitors for Nied08-04 and Nied08-05, Niedźwiedzia cave, southern Poland (put in place by L. and J. Baldini in May 2009). Figure from L. Baldini personal communication.
2.2.1.2	GNIP data
Monthly precipitation data are available from a multitude of published database sources including the Global Network of Isotopes in Precipitation (GNIP), the National Climate Data Center (NCDC), the National Oceanic and Atmospheric Administration (NOAA) and many online sources such as www.wunderground.com. The main source of precipitation data in this study is GNIP data. The GNIP network which is jointly operated by the International Energy Agency (IAEA) and the World Meteorological Organization (WMO) report temporal and spatial information for δ18O, δD and tritium concentrations (Araguas-Araguas et al. 2000). GNIP stations measure the isotopic composition of precipitation globally, measurements are taken monthly with the midpoint being given as the 15th. The GNIP sampling stations of interest within this study are Krakow in Poland and Regensburg, Koblenz, Wasserkuppe Rhoen and Bad Salzuflen in Germany (Figure 2.2). These sites were selected as they typically have GNIP data for a period longer than ten years and are within relatively close geographical proximity to the Polish cave site. Only δ18O and δD have been utilised within this study.

2.2.1.3	Wrocław data
Górka et al. (2008) investigated the isotopic composition of sulphates from meteoric precipitation as an indicator of pollutant origin in Wrocław, Poland. As part of their study they collected event data over a one year period from May 2004 to May 2005. The obtained data were normalized using international IAEA standards (VSMOW, VCDT, NBS 127, NBS 18 and NBS 19) (Górka et al. 2008). This data set (Table 2.1) will be used within this study as event data and is referred to as Górka event data. Events are simply defined as separate occasions of rainfall incidence over the study period.




	Date
	δ18OH2O
	δDH2O
	Date
	δ18OH2O
	δDH2O

	 
	(‰)
	(‰)
	 
	(‰)
	(‰)

	25.05.2004
	−8.8
	−58.1
	08.11.2004
	−10.6
	−66.8

	02.06.2004
	−0.8
	−8.3
	17.11.2004
	−10.5
	−62.2

	15.06.2004
	−3.1
	−26.9
	06.12.2004
	−11.0
	−71

	05.07.2004
	−4.0
	−24.9
	31.12.2004
	−15.1
	−105

	16.07.2004
	−3.8
	−24
	04.01.2005
	−8.0
	−46.2

	22.07.2004
	−4.6
	−28
	07.01.2005
	−9.8
	−59.4

	23.07.2004
	−7.7
	−51.1
	27.01.2005
	−9.8
	−61.7

	16.08.2004
	−11.7
	−77.7
	01.03.2005
	−16.3
	−115.3

	23.08.2004
	−3.4
	−22.8
	10.03.2005
	−14.8
	−104.5

	14.09.2004
	−4.0
	−22.5
	14.03.2005
	−14.7
	−90.7

	28.09.2004
	−2.3
	−12.8
	23.03.2005
	−9.3
	−62.5

	30.09.2004
	−5.6
	−37.1
	11.04.2005
	−9.9
	−69.6

	08.10.2004
	−6.8
	−39.3
	04.05.2005
	−5.1
	−26.1

	11.10.2004
	−6.2
	−32.7
	11.05.2005
	−9.1
	−63.4

	18.10.2004
	−12.3
	−78.4
	20.05.2005
	−9.4
	−62.3

	28.10.2004
	−6.6
	−40
	25.05.2005
	−7.3
	−42.9



Table 2.1: Górka event data from Wrocław, Poland (Górka et al. 2008).








2.2.2	Statistical analyses 
Linear regression analysis provides statistical information on the relationship between a dependent variable and one or more independent variables. In this study regression analysis was performed for a number of purposes. The two main goals were:
1): to determine the relationship between δ18O and other variables (including temperature, δD, precipitation) in order to produce p-values and r2 values for all data using Excel which would determine the dominance of these variable on the δ18O values. Niedźwiedzia (Table 2.2), GNIP (Table 2.5), Górka events (Table 2.1) (Górka et al. 2008).
2): to isolate the anomalous GNIP data.  This was carried out by linear regression analysis for GNIP δ18O and δD against temperature data. Outliers were identified by assuming a normal distribution; two standard deviations were used to identify the limits between where 95% of the data should lie, and records outside of these limits were labelled as ‘anomalies’. These outliers were then used in the back trajectory analysis.
Additional statistical analysis included a comparison of δ18O GNIP anomalies and monthly NAO index (NAOI) values, in order to determine whether a relationship between the datasets could be found. Monthly NAO index values (Table 2.10 for the most anomalous NAOI data: Table 2.11: for a complete list of NAOI data 1975-2010) were taken from Hurrell (1995), Jones et al. (1997), Osborn (2004) and Osborn (2006). 
 Spectral analyses (PAST, Hammer et al. 2001) were carried out on the monthly GNIP anomaly data and NAOI data.  Spectral analysis determines whether any time related patterns can be observed within the dataset.  The online program PAST was utilized for the spectral analysis; this uses the Lomb periodogram algorithm for unevenly sampled data (Press et al.1992). 
A local meteoric waterline (LMWL) for Gόrka event data was produced and compared to the global meteoric waterline (GMWL) (Figure 2.13). The GMWL provides a benchmark against which regional or local waters can be compared and their isotopic composition interpreted (Craig 1961, Leng & Marshall 2004). The GMWL is an equation defined by Craig (1961) is:
δD=8.0*(δ18O) + 10 per mille
which states that the average relationship between hydrogen (δD) and oxygen isotope (δ18O) ratios in natural terrestrial waters, expressed as a worldwide average.
A local meteoric water line (LMWL) can be calculated for a given area using stable isotope data. The factors which affect the slope and intercept of this line are; differential fractionation of δD and δ18O as a function of humidity during primary evaporation of water vapour from the ocean and as a function of secondary evaporation as rain falls from cloud; isotopic fractionation of δD and δ18O during rainfall or snowfall sublimation, resulting in disproportionate enrichment of δ18O  relative to δD, which leads to a lower slope for the LMWL (Benjamin 2004).
Variation of a LMWL from the GMWL can be quantified by a parameter known as the “deuterium excess” (DE). As expressed by:
			DE (‰) = δD (‰)-8* δ18O (‰).
The deuterium excess depends on relative humidity. If the air mass was transferred to the atmosphere under low-humidity conditions, the air mass will have a larger DE than air masses from colder areas (e.g. Alaska 1.2), while warmer areas (e.g. Israel 23.2) will have a higher DE value (DE values taken from Rozanski et al. 1993;). DE values of less than 10% may indicate the presence of secondary evaporation at a site, as may occur when the amount effect occurs in tropical or monsoonal conditions (Araguas-Araguas et al. 2000).

2.2.3	Back Trajectory Analysis
Back trajectory analyses were made for the anomalous GNIP data and for a number Górka event data. Those discussed within this study typically have abnormally low and high δ18O and δD values. Back trajectory analysis uses the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model provided by the National Oceanographic and Atmospheric Administration Air Resources Laboratory (NOAA ARL; Draxler and Rolph 2003). Back trajectory analyses works by using meteorological data that has either been modeled or measured to estimate the history of an air mass to determine the most probable route over a geographical region over a specified period of time, typically in hourly steps. Back trajectories were computed for each site going back 30 days in time from the specified date of interest, using the Reanalysis data set within HYSPLIT. Back trajectory analyses in HYSPLIT provided the air mass history of each site for a specified period of time. HYSPLIT computes trajectories using synoptic scale, wind field data made from the global data assimilation system (GDAS) analysis model (Baldini et al. 2010). The HYSPLIT model used for this thesis computed backward directed trajectories, for the previous 120 hours (5 days) from the selected dates, using the Model Vertical Velocity calculation method, height was measured above mean seal level and trajectories were computed every hour to reduce computation error.














2.3	Results and Discussion
2.3.1 	Niedźwiedzia Cave monitoring Data
Rainfall and drip-water monitors collected data at 15 minute intervals from Niedźwiedzia cave site from February-June 2008 (Nied08-02, Figure 2.5) and February 2008-August 2010 (Nied08-04 and Nied08-05, Figures 2.6 and 2.7). Peak rainfall during the monitoring interval (February 2008- August 2010) measured at over 1800 drops per hour in July 2009, generally spring months typically being wetter than winter months (1 drop is equal to 6 micrometres of rainfall). However, due to a lapse in recording from July 2008 to April 2009 and to the relatively short time of monitoring it is difficult to discuss seasonality in detail. Peak drip-water values were >70 drips per hour (1 drip is equal to 0.14mls, Genty and Deflandre, 1998). The baseline value of drip-water per drip site was 3.5ml for Nied08-02 and 1.4ml for Nied08-04 and Nied08-05. The similarity in drip-rate for Nied08-04 and Nied08-05 is expected as field surveys of the cave revealed that these sites were fed by a common fracture. 
Comparison of the drip-water and rainfall data indicated that Nied08-04 and Nied08-05 responded quickly to meteoric precipitation events. This relationship can be seen in Figures 2.6 and 2.7, when a peak in rainfall data shows a corresponding asymptotic peak in the drip-water data; this is particularly evident in May 2008 for both Nied08-04 and Nied08-05. The rapid response to rainfall events for these sites indicates that there is a relatively minor storage component. However, at times at these sites, a peak in drip-water data does not correspond to rainfall data; in these instances the increase in drip-rate may be a response to other events such as snow melt. Nied08-05 drip-water data shows some suspected erroneously high data values; therefore it is better to focus an examination of the data for the period of February-June 2008 which displays the rapid response to rain events. Nied08-02 does not display a quick response to rainfall events (Figure 2.5). The drip-water data for Nied08-02 has a baseline value of ~25 drips/ hour with a maximum drip-rate of 70 drips/ hour. This reduced variability as compared to the other sites (~10 to >70 drips/ hour) and the lack of rapid response to rain events indicates that there is a larger storage component at this site. This longer storage capacity may provide low frequency variability data.

Figure 2.5: Monthly drip-water (Stalagmate) and rainfall (Pluvimate) data for Nied08-02 from February to June 2008

Figure 2.6: Monthly drip-water and rainfall data for Nied08-04. Upper panel: February 2008-August 2010, the entire span of monitoring. Lower panel: February-June 2008, the same period of monitoring time as Nied08-02, this section clearly shows the drips rapid response to rainfall.


Figure 2.7: Monthly precipitation and rainfall data for Nied08-05. Upper panel: for February 2008-August 2010 for the entire span of monitoring. Lower panel: February-June 2008 same time span as Nied08-02, this clearly shows the drips rapid response to rainfall.


2.3.2	Niedźwiedzia Cave meteoric precipitation and drip-water samples
Monthly meteoric precipitation (Table 2.2) and drip-water (Table 2.3) samples were collected from above and within Niedźwiedzia cave, respectively. They were then analysed for δ18Op and δD on a LWIA instrument at Durham University. Data were measured relative to Vienna Standard Mean Ocean Water (VSMOW) in units of per mil (‰).

2.3.2.1	Meteoric precipitation data
The 11 sampled precipitation δ18O results collected from May 2009 to August 2010 ranged in value from 10.73 to -3.23‰. Unfortunately information from November and December was not available, so it is difficult to evaluate the data in terms of seasonality. Generally the δ18O values decrease in colder months or when spring snow melt may have occurred. It must be noted that the meteoric precipitation results are cumulative over a one-month period so particularly influential events may have overwritten any smaller ones. The meteoric precipitation, δ18Op, data were plotted against temperature data taken from Krakow (Figure 2.8). Plotted points and temperature data were taken from the midpoint date of the collection period. On a visual basis, there does appear to be some correlation of the δ18Op and temperature data and an r2 of 0.1984 (Figure 2.9 (b)) which would indicate that the δ18Op values are somewhat dependent on temperature. The δ18Op values were also plotted against precipitation (mm) data from Krakow (Figure 2.9 (a)). There was a very weak correlation (r2=0.0647) between the data which would suggest that the precipitation amount is not an important factor affecting δ18Op values above Niedźwiedzia Cave.





	Bottle Label
	δ18O
	δD
	Start Date
	Finish Data

	LB6
	-8.7
	ND
	10.05.2009
	30.05.2009

	LB7
	-6.1
	ND
	30.05.2009
	30.06.2009

	LB8
	-6.2
	ND
	30.06.2009
	24.07.2009

	LB11
	-10.08
	-70.12
	24.07.2009
	30.08.2009

	LB14
	-9.79
	-70.11
	31.08.2009
	30.09.2009

	LB17
	-9.16
	-70.57
	01.10.2009
	31.10.2009

	LB20
	ND
	ND
	01.11.2009
	30.11.2009

	LB23
	ND
	ND
	01.12.2009
	31.12.2009

	LB30
	-10.73
	-74.03
	01.03.2010
	31.03.2010

	LB33
	-7.20
	-56.27
	01.04.2010
	02.05.2010

	LB36
	-3.23
	-26.69
	05.08.2010
	05.08.2010



Table 2.2: Meteoric precipitation data for Niedźwiedzia Cave, southern Poland. May 2009 to August 2010. ND= No Data.

Figure 2.8: Monthly δ18Op (‰ VSMOW) values from Niedźwiedzia Cave, with temperature data (°C) from Krakow. Plotted points are located at the midpoint of each collection interval.
(b)
(a)

Figure 2.9: Monthly δ18Op (‰ VSMOW) values from Niedźwiedzia Cave, (a) for precipitation data (mm), (b) air temperature data (°C) from Krakow.

2.3.2.2	Niedźwiedzia drip-water data
The 23 drip-water samples from Niedźwiedzia cave (May 2009-August 2010) show δ18O values that range from -10.58 to -11.41‰, with a standard deviation of 0.23‰, and a mean of -11.02‰. δD values range from -70.3 to -79.88‰, with a standard deviation of 2.53‰ with a mean of -73.39‰ (Table 2.3). Linear regression analysis for δ18O versus δD shows no correlation for the Niedźwiedzia data, with an r2 of 0.0522. The δ18O drip-water values from Niedźwiedzia Cave (Figure 2.10) appear quite consistent throughout the year. This lack of large seasonal variability would imply that the cave drip-water is quite averaged over time.
	Bottle Label
	Sample ID
	Results
	Results
	Start Date
	Finish Data

	
	
	δ18O
	δD
	
	

	LB1
	Nied08-04
	-11.1
	ND
	10.05.2009
	30.05.2009

	LB2
	Nied08-04
	-10.9
	ND
	30.05.2009
	30.06.2009

	LB3
	Nied08-05
	-10.9
	ND
	30.05.2009
	30.06.2009

	LB4
	Nied08-04
	-10.9
	ND
	30.06.2009
	24.07.2009

	LB5
	Nied08-05
	-10.8
	ND
	30.06.2009
	24.07.2009

	LB9
	Nied08-04
	-11.26
	-72.8
	24.07.2009
	30.08.2009

	LB10
	Nied08-05
	-10.76
	-72.8
	24.07.2009
	30.08.2009

	LB12
	Nied08-04
	-10.69
	-73.0
	31.08.2009
	30.09.2009

	LB13
	Nied08-05
	-10.58
	-72.7
	31.08.2009
	30.09.2009

	LB15
	Nied08-04
	-11.17
	-70.7
	01.10.2009
	31.10.2009

	LB16
	Nied08-05
	-11.13
	-71.0
	01.10.2009
	31.10.2009

	LB18
	Nied08-04
	-10.81
	-71.7
	01.11.2009
	30.11.2009

	LB19
	Nied08-05
	-10.82
	-72.1
	01.11.2009
	30.11.2009

	LB21
	Nied08-04
	-10.93
	-72.9
	01.12.2009
	31.12.2009

	LB22
	Nied08-05
	-11.41
	-72.0
	01.12.2009
	31.12.2009

	LB24
	Nied08-04
	-11.17
	-70.3
	01.01.2010
	31.01.2010

	LB25
	Nied08-05
	-11.16
	-73.0
	01.01.2010
	31.01.2010

	LB27
	Nied08-05
	-10.87
	-71.09
	01.02.2010
	28.02.2010

	LB28
	Nied08-04
	-11.13
	-73.41
	01.03.2010
	31.03.2010

	LB29
	Nied08-05
	-11.07
	-74.61
	01.03.2010
	31.03.2010

	LB31
	Nied08-04
	-11.05
	-76.13
	01.04.2010
	02.05.2010

	LB32
	Nied08-05
	-11.33
	-77.80
	01.04.2010
	02.05.2010

	LB34
	Nied08-04
	-10.90
	-76.48
	03.05.2010
	05.08.2010

	LB35
	Nied08-05
	-11.25
	-79.88
	03.05.2010
	05.08.2010



Table 2.3:  Monthly drip-water isotope data from Niedźwiedzia Cave, southern Poland (ND= No Data).

Figure 2.10: δ18O for Niedźwiedzia Cave drip-water samples, from May 2009-2010.

The δ18O values of rainfall and drip-water data plotted close to each other in a LMWL for Niedźwiedzia Cave data (Table, 2.4, Figure 2.11). Values of δ18O and δD for rainfall are slightly more positive in comparison to drip-water results, which may be due to evaporation effects on the rainwater. The values between drip-water and meteoric precipitation are reasonably similar, if one ignores the two points which plot above and to the right of the GMWL. Assuming that the values are generally alike then it can be implied that the drip-water samples do reflect the oxygen isotopic composition of meteoric precipitation at the site. The most anomalous of the rainwater samples has δ18O and δD values of -3.23 and -26.69‰ respectively (sample LB36, Table 2.2), these values seem erroneously positive so it may assumed that there samples were affected by evaporation in the collection bottle prior to analysis. If these anomalous values were not the result of evaporation of the sample after collection, the positive value may be indicative of a seasonal effect, with summer values having more positive values. A close correlation between the meteoric precipitation and drip-water is expected for Niedźwiedzia Cave due to the rapid response of the drip-water data to rain events, as there is less time for cave hydrology to affect the isotopic composition of the drip-water. 
	Site
	LMWL
	r2

	Nied08-04
	1.3840*(δ180) + 57.992
	 0.2783

	Nied08-05
	2.0070*(δ180) + 52.407
	 0.3471

	Niedźwiedzia Rainwater
	6.3970*(δ180) + 7.7890
	 0.9773



Table 2.4: LMWL for Niedźwiedzia Cave drip-water and rainwater samples


Figure 2.11: LMWL for Niedźwiedzia Cave. The dashed line is the GMWL.



2.3.3	δ18O and δD GNIP and Górka data
2.3.3.1	Górka event data
Górka event (Table 2.1) δ18Op and δDp values are understandably quite variable in comparison to Niedźwiedzia data as they are for event data rather than cumulative monthly data. δ18Op values range from -16.3 to 0.8‰, with a standard deviation of 4.0‰, and a mean of -8.3‰. Event δDp values range from -115.3 to -8.3‰, with a standard deviation of 27.5‰, and a weighted mean of -53.1‰ over the period of May 2004 to May 2005. The δ18Op of the Górka data (April 2004 to May 2005) appear to show a seasonal response, with summer months typically having more positive δ18Op values (Figure 2.12).

Figure 2.12: δ18O for Górka event
A local meteoric waterline (LMWL) for Gόrka event data was produced from stable isotope data and compared to the global meteoric waterline (GMWL) (Figure 2.13). The LMWL for Górka data is expressed by the following equation 
δD= 6.835*( δ18O)+ 3.109 
(r2=0.9761, p=1.01E-16, n=32). There is not much variability along the LMWL compared to the GMWL (Figure 2.13), which indicates that not much fractionation has occurred for Górka meteoric precipitation. If values had plotted further to the right of the GMWL then this would indicate evaporation (Gat 1995), while colder areas would plot farther to the left.
The deuterium excess for Górka had a mean value of 13‰, there was some variability over the Górka event record with a maximum of 27‰, and a minimum was -2‰. This variability may be a reflection of seasonal conditions at the cave with higher DE values indicating warmer conditions and lower DE values reflecting colder conditions.


Figure 2.13: Local Meteoric Water Line (LMWL) for Górka event data with the Global Meteoric Water Line (GMWL). The Górka LMWL and the GMWL are similar.




2.3.3.2	GNIP data
Meteoric precipitation data were obtained from the raw monthly datasets from GNIP. These are quite extensive datasets with values of Krakow from 1975 to 2002, Koblenz 1974-2007, Bad Salzuflen 1978-2006, Regensburg 1978-2007 and Wasserkuppe Rhoen 1978-2007. To standardize the analysis, only data within the most complete interval of 1978-2002 was analysed. The average δ18O and δD values from all GNIP sites from 1978-2002 were -9.87‰ and -70.4‰, with a standard deviation of 3% and 25% respectively (Figure 2.15). All GNIP sites seem quite variable and show a positive correlation between δ18O and δD data (Table 2.9).
The Krakow δ18Op values are also variable, ranging from -19.56 to -4.56‰, with a standard deviation of 3‰ and a weighted average of -9.9‰. Krakow δDp values range from -148.7 to -30.5‰, with a standard deviation of 24.9‰, and an amounted- weighted mean of 70‰. An examination of the δ18Op values over time shows a seasonal response, with winter months typically having more negative isotopic values and summer having more positive results (Figure 2.14).
δ18Op and δDp data from 1999 were not included for Krakow as this data set was not averaged mid-month as all other GNIP datasets were. GNIP data could not be obtained for Wrocław so it is not included. The mean δ18O and δD for each GNIP site is listed in Table 2.9.
	Name
	Average
	Std
	Highest
	Lowest

	                                                                        δ18Op (‰)

	Krakow
	-9.9
	3
	-19.56
	-4.56

	Koblenz
	-7
	2.6
	-21.19
	-1.06

	Regensburg
	-9.3
	3.12
	-21.21
	-1.72

	Wasserkuppe Rhoen
	-9.3
	2.05
	-19.1
	-4.55

	Bad Salzuflen
	-7.8
	1.94
	-18.22
	-2.67

	                                                                          δDp (‰)

	Krakow
	-70
	24.9
	-148.7
	-30.5

	Koblenz
	-43.37
	19.7
	-161.2
	-9.7

	Regensburg
	-69.3
	25.35
	-169.3
	-9.3

	Wasserkuppe Rhoen
	-63.64
	16.19
	-143.4
	-26.7

	Bad Salzuflen
	-54.45
	15.12
	-143.3
	-19.1


Table 2.5: Collated mean δ18Op and δDp values for GNIP sites of interest (1978-2002).

Figure 2.14: Monthly Krakow δ180 1978-2002. Some seasonality is apparent with more negative results occurring in winter months, with more positive results in summer months.











LMWL were also made for the GNIP sites (Table 2.6, Figure 2.15). Similar to the Górka data there does not appear to be much variability between the GMWL and LMWL for GNIP sites.
GMWL

Figure 2.15: Collated δ18O and δD data for GNIP sites Bad Salzuflen, Regensburg, Wasserkuppe Rhoen, Germany and Krakow, Poland (1978-2002). The thick black line represents the GMWL, while the variously coloured lines represent the LMWL for each of the GNIP sites.
	Site
	LMWL
	r2 

	Krakow
	7.7815*(δ180) + 6.4151
	 0.9907

	Bad Salzuflen
	7.7332*(δ180) + 5.8649
	 0.9761

	Regensburg
	8.1036*(δ180) + 6.6490
	 0.9760

	Wasserkuppe Rhoen
	7.8348*(δ180) + 9.1353
	 0.9821

	Koblenz
	7.6714*(δ180) + 2.4788
	 0.9751



Table 2.6: The equations which define the LMWL for the GNIP sites.

2.3.4	Linear regression
Linear regression analysis performed on the raw GNIP data and on Górka event data indicates that δ18O varies linearly with air temperature (Krakow r2=0.5796, p=1.9032E-209, n=333, Górka events r2=0.5524, p=1.01E-16, n=32) (Table 2.7, Figures 2.16) and δD (r2=0.5898, p=4.6E-200, n=333). Precipitaiton and temperature data from GNIP sites indicated that the δ18O in precipitation is predominantly controlled by temperature in Central Europe as seen by the correlation of data (e.g. typically r2 > 0.5) (Rozanski et al. 1993, Baldini et al. 2008). This is also observed in the correlation of monthly averaged air temperature and precipitation for Krakow (Figure 2.17).
Based on both δ18O and δD records; a correlation between δ18O and δD GNIP records confirm reports from other studies which state that the δD record responds to temperature in a similar manner to δ18O (Rozanski et al. 1993).
	GNIP Site
	Precipitation
	Temperature
	δD

	
	r2
	P-value
	r2
	P-value
	r2
	P-value

	Krakow
	0.1013
	7.90E-118
	0.5796
	1.90E-209
	0.9907
	8.10E-17

	Bad Salzuflen
	0.0724
	3.11E-86
	0.2459
	1.31E-14
	0.9761
	1.47E-14

	Regensburg
	0.0088
	1.85E-82
	0.5001
	8.60E-72
	0.9760
	1.56E-13

	Wasserkuppe Rhoen
	0.0430
	4.51E-98
	0.3341
	5.20E-135
	0.9821
	6.35E-30

	Koblenz
	0.0021
	3.51E-63
	N/A
	N/A
	0.9751
	0.000224



Table 2.7: Summary of linear regression results between δ18O and precipitation, temperature and δD for the GNIP sites. Data was collected from 1978-2002. No temperature data was available for Koblenz.

(b)
(a)
R2=0.5524

Figure 2.16: δ18O vs. Air Temperature for (a) Krakow (1975-2002) and (b) Górka events (May-October 2004). Temperature appears to be an important control on oxygen isotope values with r2 values of 0.5796 and 0.552 respectively.

(b)
(a)

Figure 2.17: Monthly averaged Krakow δ18O plotted against (a) monthly averaged precipitation and (b) monthly averaged temperature. The datasets extend from 1975-2002.
(b)
(a)

Figure 2.18: GNIP precipitation (a) and air temperature (b) data for Bad Salzuflen, Regensburg and Wasserkuppe Rhoen (Germany) and Krakow (Poland) versus monthly δ18O data (1978-2002). There is a stronger correlation between δ18O and temperature (r2= 0.4423) than precipitation and δ18O (r2= 0.0048), which would indicate that temperature is a more dominant control on isotope values.
2.3.5	Back Trajectory analysis results
Back trajectory analyses were carried out for Krakow (GNIP dataset), Wrocław (Górka event data), Poland and, and Bad Salzuflen, Koblenz, Regensburg and Wasserkuppe Rhoen (GNIP datasets), Germany. 
Back trajectories were carried out for all Górka event data, however for brevity only the most anomalously positive and negative isotopic events and some examples of more “normal” or months with more average values are discussed (Table 2.8).
Back trajectory analyses for the GNIP sites were carried out using on the δ18O and δD anomalies as determined by linear regression (Table 2.9). 
	Date
	δ18O(‰)
	δD (‰)

	                                                             Most “negative” anomalies

	01.03.2005
	−16.3
	−115.3

	31.12.2004
	-15.1
	-105

	                                                             Most "positive" anomalies

	02.06.2004
	−0.8
	−8.3

	28.09.2004
	-2.3
	-12.8

	
	"Normal"
	

	23.07.2004
	-7.7
	-51.1

	25.05.2004
	-8.8
	-58.1

	04.01.2005
	-8
	-46.2

	11.05.2005
	-9.1
	-63.4


Table 2.8: Górka event data used in back trajectory analysis
	Site
	Date
	δ18O(‰)
	δD (‰)
	Date
	δ18O (‰)
	δD (‰)

	
	Most “negative” anomalies
	Most "positive" anomalies

	Krakow
	15/02/1978
	-19.56
	-148.7
	15/03/1989
	-5.47
	-36.9

	Bad Salzuflen
	15/10/1990
	-17.37
	-127.2
	15/10/1978
	-2.67
	-21.1

	Koblenz
	15/02/1986
	-21.19
	-161.2
	15/07/2003
	-1.06
	-12.6

	Regensburg
	15/02/2005
	-21.21
	-169.3
	15/06/2000
	-1.72
	-9.3

	Wasserkuppe Rhoen
	15/01/1985
	-13.43
	-95.8
	15/06/2003
	-4.55
	-26.7


Table 2.9: The most anomalously positive and negative values of δ18O and δD for GNIP sites of interest as determined by linear regression analysis.
Back trajectory analysis of the Górka event data revealed that the months having noticeably negative isotope values typically have a moisture source origin from the Atlantic and Scandinavia. Back trajectories were carried out for the 30 days preceding the Górka event. This is the case for the two most negative isotope events 01/03/05 which had a source from the North Atlantic, and 31/12/04 which had a Scandinavian moisture origin (Figure 2.19 (c) and (d)). Isotopes sourced from the North Atlantic and from Scandinavia typically have depleted oxygen isotope values, but these more anomalous depletions may have been exacerbated by the continental and temperature effects; or potentially by the type of precipitation with snow having more depleted oxygen isotope values than rain. Weather information for 01/03/05 revealed that the average temperature on that date was -6°C and that snow fell, which could partially explain this month’s negative isotopic values of -16.3‰ (δ18O) and -115‰ (δD). The more positive months typically had a moisture source from the Mediterranean (28/09/04) or from an easterly source (02/06/04). These positive values are also partially a response to seasonal conditions with summer months having more positive values as compared to negative winter values as a response to Rayleigh distillation or the temperature effect, or as a response to continental or rainout effects as the air mass has less land to travel over to reach Wrocław providing less opportunity for the heavier isotopes to rain out of the air mass (Figure 2.19 (a) and (b)). Mediterranean sourced air masses are commonly enriched in isotopes as compared to the Baltic Sea (Figure 2.22). The “normal” Górka event months, which are months that had isotope values near the mean of the Górka data set, typically had a source trajectory from the North Atlantic as evidenced from the back trajectory analysis. The mean δ18O and δD values for Górka were -8.3‰ and -53.1‰ respectively. These values are likely a response to continental effects due the geographical location of the site being inland, and away from any large bodies of water which may allow for re-evaporation of the air mass before reaching Wrocław (Figure 2.20). 
From the GNIP back trajectory analyses, anomaly data that had particularly high δ18O and δD values, similar to the Górka event data tended to have an air trajectory originating from the south (Figure 2.21 (a)). This may be due to a Mediterranean sourced air mass having initially higher δ18O values than those typically westerly sourced from the North Atlantic Ocean (Figure 2.22). Another factor could be the reduced travel time from the Mediterranean compared to air masses sourced from the Atlantic, which meant that the air mass was less influenced by the rainout effect, which resulted in Krakow precipitation having higher levels of 18O meaning a less negative δ18O.
Anomaly data with abnormally low values of δ18O were most likely the result of a number of factors such as amount, latitude and rainout effects. The sites of interest in this study typically have quite low values of δ18O compared to typical European meteoric precipitation which may arise as a result of enhanced continental or rainout effects due to their inland location as opposed to sites located near the Atlantic; this is observed on comparison of the study by Baldini et al. (2010) which reported their most negative values of -13.9‰ (δ18Op) and -107.9‰ (δDp) for Irish event data with the mean of the most negative GNIP values in this study with values of -19.86‰ (δ18Op) and -153.18‰ (δDp). In months with particularly negative δ18O values, rainout and the amount effect are apparent causes for the irregularities. In these cases, MET data indicated that there was a high amount of rainfall in a short period of time which may have caused an amount effect, with a further reduction of δ18O caused by latitude and altitude effects (Figure 2.21 (b)). 
One point of note when examining the back trajectory plots for the GNIP anomaly and Górka event data is that many of the months which are abnormally negative show trajectories sourced from a southerly direction, while some positive months appear to have a North Atlantic source; while this appears to be contradictory to above explanations it must be highlighted that trajectories are for the 30 days preceding either the date in question (for Górka events) or are taken from the midpoint of the month (GNIP data sets). Hence, the summaries provided for these analyses are the results of an entire 30 days of trajectories rather than one specific date. However, it is very possible that a negative anomaly month may have a Mediterranean source while a positive month may have an Atlantic sourced air mass, in these cases then the temperature effect is the dominant influence on the precipitation values.
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Figure 2.19: Górka trajectories for the most anomalous data. (a) 02/06/04 and (b) 28/09/04 are examples of the most “positive” Górka data, while (c) 31/12/04 and (d) 01/03/05 are examples of the most “negative” Górka event data. While the trajectories for some of the positive (b) and negative (c) months appear to be from the same source region, i.e. the North Atlantic, when this occurs the source region is less important than the temperature effect, as these abnormally negative or positive results are most likely a response to seasonal variations.
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Figure 2.20: Back trajectories for the most “normal” Górka events. (a) 04/01/05, (b) 23/07/04, (c) 11/05/05 and (d) 25/05/04
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Figure 2.21: Anomaly back trajectories from GNIP data (a) displays the more isotopically positive GNIP months, while (b) displays trajectories for the more isotopically negative GNIP months. 
[image: ]
Figure 2.22: Map showing the relative δ18O (‰ VSMOW) values and variations in world oceans and seas (Schmidt et al. 1999). The Mediterranean is generally very positive, whereas the Baltic Sea is quite negative in δ18O.






2.3.6	Isotope data and the NAO and QBO
The anomaly GNIP data and Górka data were compared on a monthly basis to the NAO index (NAOI) (Tables 2.10 and 2.11) by using a running correlation to see whether any particularly negative or positive monthly dated could be related to the monthly NAOI (Figure 2.23). A correlation is apparent when peaks are above the zero line, while troughs below the zero line indicate an anti-correlation between the datasets of δ18O and NAOI values. A comparison of anomalously negative or positive NAOI months with the anomalous GNIP or Górka months revealed that they correlate approximately 50% of the time. To further investigate this, the entire monthly isotope record for Krakow was compared to the monthly NAOI for the same time interval (1978-2002) (Figure 2.23). Results showed an oscillation of variable lengths alternating between a positive and negative correlation (Figure 2.24). 
Spectral analysis of the monthly Krakow δ18O correlation data with monthly NAOI was carried out to see if any temporal patterns could be distinguished. The analysis identified a number of significant peaks .The strongest, peak 3 (Figure 2.24) has a frequency value of approximately 0.04 which in terms of the data correlates to a cycle roughly two years in length (1/0.04= 25 months). This two year cycle is mostly likely related to the Quasi-Biennial Oscillation (QBO) which typically runs for 28 months. Spectral analysis for the other GNIP sites (Appendices 2.5-2.8) revealed cycles which correspond from 25 months to 33 months, so it is likely that the QBO is also a strong influence at these sites. Figure 2.25 plots the Krakow δ18O-NAOI correlation with QBO data to see whether there is any correlation between these data. This showed an oscillation between the NAO and QBO correlating positively and negatively. This suggests that the relationship between the NAO and the QBO is variable through time and that other yet unidentified factors control the polarity of the relationship between the two. This unidentified forcing mechanism(s) may involve teleconnections with other large scale circulation systems such as the East Asian Monsoon, Scandinavian pattern, or the Pacific Decadal Oscillation. 
The QBO is an oscillation, lasting approximately 2 years in length, of zonal wind which dominates variability in the stratosphere above the equator (Figure 2.26). It is characterised by the downward propagating easterly and westerly mean wind regimes of the zonal mean winds in the equatorial stratosphere (Alexander and Holton 1997). The westerly phase is generally shorter and faster than the easterly phase. The cycle length typically has a mean period of 28 to 29 months (Baldwin et al. 2001). The QBO is largely a tropical phenomenon as equatorial waves are generated in the troposphere and propagate upwards through the tropical stratosphere; however it alters the pole to pole stratospheric flow through the adjustment of extratropical waves (Baldwin et al. 2001, Holton and Lindzen 1972).

	Year
	Month
	+ NAO
	Year
	Month
	-NAO

	1976
	August
	1.92
	1978
	February
	-2.2

	1978
	October
	1.93
	1980
	August
	-2.24

	1986
	November
	2.29
	1987
	June
	-1.82

	1989
	March
	1.85
	1993
	July
	-3.18

	1989
	September
	2.05
	1998
	June
	-2.72

	1992
	April
	1.86
	2002
	October
	-2.28

	1992
	May
	2.63
	2005
	March
	-1.83

	1993
	November
	2.56
	2006
	October
	-2.24

	1994
	December
	2.02
	2009
	July
	-2.15

	
	
	
	2009
	December
	-1.93

	
	
	
	2010
	February
	-1.98

	
	
	
	
	
	



Table 2.10: A list of the most anomalously “negative” and “positive” NAO index values from 1975 to 2010 (Hurrell 1995, Jones et al. 1997, Osborn 2004).




	Year
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sept
	Oct
	Nov
	Dec

	1975
	0.58
	-0.62
	-0.61
	-1.6
	-0.52
	-0.84
	1.55
	-0.26
	1.56
	-0.54
	0.41
	0

	1976
	-0.25
	0.93
	0.75
	0.26
	0.96
	0.8
	-0.32
	1.92
	-1.29
	-0.08
	0.17
	-1.6

	1977
	-1.04
	-0.49
	-0.81
	0.65
	-0.86
	-0.57
	-0.45
	-0.28
	0.37
	0.52
	-0.07
	-1

	1978
	0.66
	-2.2
	0.7
	-1.17
	1.08
	1.38
	-1.14
	0.64
	0.46
	1.93
	3.04
	-1.57

	1979
	-1.38
	-0.67
	0.78
	-1.71
	-1.03
	1.6
	0.83
	0.96
	1.01
	-0.3
	0.53
	1

	1980
	-0.75
	0.05
	-0.31
	1.29
	-1.5
	-0.37
	-0.42
	-2.24
	0.66
	-1.77
	-0.37
	0.78

	1981
	0.37
	0.92
	-1.19
	0.36
	0.2
	-0.45
	0.05
	0.39
	-1.45
	-1.35
	-0.38
	-0.02

	1982
	-0.89
	1.15
	1.15
	0.1
	-0.53
	-1.63
	1.15
	0.26
	1.76
	-0.74
	1.6
	1.78

	1983
	1.59
	-0.53
	0.95
	-0.85
	-0.07
	0.99
	1.19
	1.61
	-1.12
	0.65
	-0.98
	0.29

	1984
	1.66
	0.72
	-0.37
	-0.28
	0.54
	-0.42
	-0.07
	1.15
	0.17
	-0.07
	-0.06
	0

	1985
	-1.61
	-0.49
	0.2
	0.32
	-0.49
	-0.8
	1.22
	-0.48
	-0.52
	0.9
	-0.67
	0.22

	1986
	1.11
	-1
	1.71
	-0.59
	0.85
	1.22
	0.12
	-1.09
	-1.12
	1.55
	2.29
	0.99

	1987
	-1.15
	-0.73
	0.14
	2
	0.98
	-1.82
	0.52
	-0.83
	-1.22
	0.14
	0.18
	0.32

	1988
	1.02
	0.76
	-0.17
	-1.17
	0.63
	0.88
	-0.35
	0.04
	-0.99
	-1.08
	-0.34
	0.61

	1989
	1.17
	2
	1.85
	0.28
	1.38
	-0.27
	0.97
	0.01
	2.05
	-0.03
	0.16
	-1.15

	1990
	1.04
	1.41
	1.46
	2
	-1.53
	-0.02
	0.53
	0.97
	1.06
	0.23
	-0.24
	0.22

	1991
	0.86
	1.04
	-0.2
	0.29
	0.08
	-0.82
	-0.49
	1.23
	0.48
	-0.19
	0.48
	0.46

	1992
	-0.13
	1.07
	0.87
	1.86
	2.63
	0.2
	0.16
	0.85
	-0.44
	-1.76
	1.19
	0.47

	1993
	1.6
	0.5
	0.67
	0.97
	-0.78
	-0.59
	-3.18
	0.12
	-0.57
	-0.71
	2.56
	1.56

	1994
	1.04
	0.46
	1.26
	1.14
	-0.57
	1.52
	1.31
	0.38
	-1.32
	-0.97
	0.64
	2.02

	1995
	0.93
	1.14
	1.25
	-0.85
	-1.49
	0.13
	-0.22
	0.69
	0.31
	0.19
	-1.38
	-1.67

	1996
	-0.12
	-0.07
	-0.24
	-0.17
	-1.06
	0.56
	0.67
	1.02
	-0.86
	-0.33
	-0.56
	-1.41

	1997
	-0.49
	1.7
	1.46
	-1.02
	-0.28
	-1.47
	0.34
	0.83
	0.61
	-1.7
	-0.9
	-0.96

	1998
	0.39
	-0.11
	0.87
	-0.68
	-1.32
	-2.72
	-0.48
	-0.02
	-2
	-0.29
	-0.28
	0.87

	1999
	0.77
	0.29
	0.23
	-0.95
	0.92
	1.12
	-0.9
	0.39
	0.36
	0.2
	0.65
	1.61

	2000
	0.6
	1.7
	0.77
	-0.03
	1.58
	-0.03
	-1.03
	-0.29
	-0.21
	0.92
	-0.92
	-0.58

	2001
	0.25
	0.45
	-1.26
	0
	-0.02
	-0.2
	-0.25
	-0.07
	-0.65
	-0.24
	0.63
	-0.83

	2002
	0.44
	1.1
	0.69
	1.18
	-0.22
	0.38
	0.62
	0.38
	-0.7
	-2.28
	-0.18
	-0.94

	2003
	0.16
	0.62
	0.32
	-0.18
	0.01
	-0.07
	0.13
	-0.07
	0.01
	-1.26
	0.86
	0.64

	2004
	-0.29
	-0.14
	1.02
	1.15
	0.19
	-0.89
	1.13
	-0.48
	0.38
	-1.1
	0.73
	1.21

	2005
	1.52
	-0.06
	-1.83
	-0.3
	-1.25
	-0.05
	-0.51
	0.37
	0.63
	-0.98
	-0.31
	-0.44

	2006
	1.27
	-0.51
	-1.28
	1.24
	-1.14
	0.84
	0.9
	-1.73
	-1.62
	-2.24
	0.44
	1.34

	2007
	0.22
	-0.47
	1.44
	0.17
	0.66
	-1.31
	-0.58
	-0.14
	0.72
	0.45
	0.58
	0.34

	2008
	0.89
	0.73
	0.08
	-1.07
	-1.73
	-1.39
	-1.27
	-1.16
	1.02
	-0.04
	-0.32
	-0.28

	2009
	-0.01
	0.06
	0.57
	-0.2
	1.68
	-1.21
	-2.15
	-0.19
	1.51
	-1.03
	-0.02
	-1.93

	2010
	-1.11
	-1.98
	-0.88
	-0.72
	-1.49
	-0.82
	-0.42
	 
	 
	 
	 
	 


Table 2.11: NAOI values from January 1975- August 2010 (data was compiled at this date). Values highlighted in blue represent more “positive” NAOI values, whilst red indicates more NAOI “negative” values. (Hurrell 1995, Jones et al. 1997, Osborn 2004).

Figure 2.23: The thirteen point moving correlation between δ18O and NAO Index data for Krakow. Peaks with a correlation value above zero indicate a positive correlation, while those below the zero line indicate a negative correlation.
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Figure 2.24: Spectral analysis of the 13-point correlation in months between the δ18O Krakow record and the NAO index, four peaks above the significance level (red lines) are identified. Peak 3 has a frequency of 0.04 which correlates with an approximate two year (25-month) cycle most likely associated with the QBO. The frequency axis is equal to 1/month (PAST, Hammer et al. 2001).


Figure 2.25: Krakow δ18O-NAOI correlation with the QBO record, the comparison displays an oscillation between positive and negative correlation.
[image: http://ugamp.nerc.ac.uk/hot/ajh/qboland.gif]
Figure 2.26: An example of the QBO (between 10mb and 100mb in height extent) The monthly zonal mean wind (m/s) against pressure (mb) from the UKMO dataset at 1.25° north of the equator. Easterlies are coloured yellow to blue; westerlies are orange to red.. (From Swinbank and O’Neill 1994).
2.4.	Conclusions
The values of oxygen isotopes in meteoric precipitation may be affected by a number of processes such as Rayleigh distillation and the amount effect. This study examines precipitation samples collected from Niedźwiedzia Cave and GNIP stations in Germany and Poland. The purpose of this is to determine the factors which were most dominant at the site, which may have implications for the second part of this study (Chapter 3) in reconstructing palaeoclimate from speleothems at Niedźwiedzia Cave.  This is important as oxygen isotopes are commonly used in palaeoclimate studies, so understanding the factors which affect this geochemical climate proxy is vital. 
The potential controls on isotope values were evaluated by examining meteoric precipitation data for the sites of interest (Niedźwiedzia Cave, GNIP and Górka sites). The precipitation datasets were then examined using linear regression to determine values that were normal and those that were anomalous. Once these types were recognized, back trajectories were carried out to determine source history.
An examination of monthly rainwater and cave drip-water samples revealed that the cave samples were generally representative of meteoric precipitation above the cave. This was concluded after comparing the cave results with above ground records, i.e. precipitation and air temperature. Analysis of the Pluvimate and Stalagmate recorders also generally corroborate this conclusion as there is a close match between the recorders and meteoric precipitation events. The only exception to this is Nied08-02, where a time lapse is observed between the occurrence of a rainfall event and the cave data recorders recognising said event. This lag is most likely due to a change to a larger storage component for the Nied08-02 site. 
The oxygen isotopic values for Niedźwiedzia Cave drip-waters did not show much variability over time; however this is most likely a consequence of the relatively short period of time monitoring cave precipitation. To further investigate this, a recommendation to continue monitoring the cave is suggested, with the addition of monthly temperature data. 
The regression analysis revealed that the dominant control on isotopic values for the study sites in Poland and Germany appeared to be the temperature effect, supporting studies by Rozanski et al. (1993) and Baldini et al. (2010). Further statistical analysis of the isotope data revealed the influence of dominant European circulation patterns, the North Atlantic Oscillation (NAO) and the Quasi-Biennial Oscillation (QBO). Spectral analysis revealed a 25-month cycle in the correlation between δ18Op and NAOI data. This relatively rapid oscillation may be the result of the influence of the Quasi-Biennial Oscillation (QBO)
 Back trajectories analysis of anomaly and event data revealed the importance of moisture source to the resulting isotopic composition values. Air masses with a North Atlantic or Scandinavian source were typically isotopically depleted, while Mediterranean sourced air masses were generally enriched. This is due to the combination of a number of effects such as the temperature effect, rainout effect and amount effect.













Chapter 3: Palaeoclimate reconstruction in southern Poland using low-uranium stalagmites from Niedźwiedzia (Bear) cave, Poland.


Abstract
Carbon and oxygen stable isotope profiles from three stalagmite samples from Niedźwiedzia Cave provide palaeoclimate information for southern Poland from the Last Glacial Maximum onwards. Oxygen and carbon stable isotopes results indicate some correlation with the GISP2 record, with the potential to record many climate events including the Younger Dryas Event and the Bølling-Allerød. Isotope cycles of approximately 2,000 years may reflect late Dansgaard-Oeschger and Heinrich events and their Holocene equivalent Bond events from the last glacial into the Holocene. However, low uranium content of the samples limits the accuracy and precision of the uranium series results. Dating results over the three stalagmites yield ages from 1,222-16,145 yrs BP, suggesting that calcite deposition only initiated after local climatic amelioration after the Last Glacial Maximum. 


3.1	Introduction
Speleothems are now commonly acknowledged as important sources of palaeoclimate data (McDermott 2004, 2005, Richards 2003, Watanabe et al. 2010). They contain pertinent data for a number of disciplines as they can provide information on vegetation, hydrology, sea level change, water-rock interaction, solar forcing, insolation, annual temperature, rainfall variability, atmospheric circulation changes and human activity using a variety of geochemical proxies such as stable isotope ratios (e.g. δD, δ18O, δ13C), organic acid contents and pollen grains (Fairchild and Treble 2009, Blythe et al. 2008, Borsato et al. 2007, Genty et al. 2003, McDermott 2003, Richards and Dorale 2003, Goede et al. 1998, Dorale et al. 1992). 
Speleothems are chiefly composed of macro-crystalline calcite, formed in caves through the slow degassing of CO2 from calcite super saturated drip-water. Degassing occurs by thermodynamic equilibration as a consequence of the difference between pCO2 of the soil and that of the cave air, typically 0.1-3.5% and 0.06-0.6% respectively (McDermott 2003). Other minerals may also occasionally precipitate in caves; aragonite may form when drip-waters have elevated Mg/Ca ratios, and is typically associated with high-Mg calcite or where the cave is developed within dolomitic host rocks. Gypsum may also be present, typically near cave entrances where evaporative effects are present. The predominant forms of speleothems are stalagmites, stalactites and flowstones, the less commonly occurring forms include rimstone pools, “rafts,” mammillary calcite wall-coatings, “dog-tooth” spar. Speleothem composition and morphology is a function of fluid flow within the cave system (Hendy 1971, Wiedner et al. 2007, Fairchild et al. 2006, Mattey 2010, McDermott 2003, Hill and Forti 1997).
The speleothem samples in this study were collected from Niedźwiedzia Cave, Poland, by Lisa and James Baldini in 2008. These samples are of relevance to palaeoclimate studies, as Poland has been recognised as a reasonable indicator of mean European values at interannual and interdecadal timescales (Luterbacher et al. 2008). This is observed from the close correlation of data between Poland and Europe, which may be due to the commonly dominant NAO circulation system (Baldini et al. 2008). Niedźwiedzia Cave speleothem samples are capable of preserving post-Last Glacial Maximum (LGM) climate as the LGM ice sheet did not extend as far as the cave (Ehlers and Gibbard 2004). The majority of proxy reconstructions carried out in Poland (Lorenc 2000, Przybylak et al. 2005 and Majorowicz et al. 2004) only extend back to 1500 AD, whereas this study has the potential to go back to over 16,000 BP. Stable isotope analysis has been carried out using a gas source mass spectrometer. Uranium series dating utilised a Neptune multi collector inductively coupled mass spectrometer (MC-ICPMS).



3.1.1	Stable Isotopes
Stable isotope studies in speleothems now typically focus on providing estimates for the timing and extent of major O-isotope-defined climatic events, such as Dansgaard-Oeschger (DO) Events or  glacial/interglacial periods, characterised by high signal to noise ratios, rather than the original focus of providing palaeotemperature reconstructions (Winograd et al. 1992, Wang et al. 2001, McDermott 2004, Baldini 2010). Oxygen isotope values reflect atmospheric and hydrological processes, whereas carbon isotope values are related to the terrestrial C cycle and provide information about soil, vegetation and water availability (Spötl and Mattey 2006, Dorale et al. 2002, Johnson et al. 2006 and McDermott 2004). The ratio of 18O to 16O, or the δ18O, forms the cornerstone to the majority of palaeoclimate studies. δ18O measured from stalagmite carbonate reflects the chemistry of the rainwater and the environment at the time of deposition (Baldini 2010). From the inception of the use of speleothems as palaeoclimate indicators an important requirement has been that the isotopic equilibrium is maintained between the cave drip-water and the deposited calcite, and that kinetic fractionation has not occurred. Criteria are used to ensure that this is the case (Hendy 1971):
1:	δ18O remains constant along the single growth layer while δ13C varies irregularly
2:	no correlation occurs between δ18O and δ13C along that growth layer.
Hendy postulated that kinetic effects would lead to the progressive enrichment in 18O and 13C as the fluid moved over a stalagmite surface from the point of contact of the drip and argued testing for an absence of covariance of the isotopes along laminae or over time as a test for equilibrium deposition (Scholz and Hoffmann 2008). Dreybrodt and Scholz (2011) also specified that in order for the drip-water to impart a climatic signal on the speleothem calcite it had to have had a drip rate of less than 3000/s, otherwise the carbon and oxygen composition of the cave water may have be altered by CO2- exchange with cave air. Speleothems formed in isotopic disequilibrium are usually formed if CO2 degassing occurs rapidly, or if the precipitation is the result of evaporation indicated by a progressive enrichment of δ18O and δ13C values along individual growth layers (Wiedner et al. 2008, Polag et al. 2010).
Conditions of isotopic equilibrium may however be quite uncommon; Mickler et al. (2006) interpreted 165 speleothem isotope records and concluded that over 55% of samples had a positive correlation between δ18O and δ13C. There is support however for the use of speleothems formed under disequilibrium conditions, as these samples may still provide important climatic information for the time of precipitation. For instance, Mühlinghaus et al. (2007) investigated temperature and precipitation records for speleothems formed during disequilibrium conditions the results of which demonstrated the relationship between kinetic enrichment of δ13C related to drip rate (Wiedner et al. 2007).

3.1.2 	Uranium series dating of speleothems
The predominant method of dating speleothems is uranium-series analysis (Richards and Dorale 2003). Other less commonly used methods include the measurement of visible bands, fluorescent annual bands using spectrofluorometer microscopy (Kurisaki and Yoshimura 2008), radiocarbon dating, and Electron Spin Resonance (ESR) (Muhammed et al. 2002). Uranium series dating of speleothems is based on the extreme fractionation of the parent U isotopes (238U, 235U and 234U) from their long-lived daughters 231Pa and 230Th in the hydrosphere (Bourdon et al. 2003). The two most precise analytical techniques for the determination of U and Th isotope ratios are multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) and thermal ionisation mass spectrometry (TIMS), with precisions between per mill and percent, depending on the U content and the age of the sample (Shen et al. 2001, Richards and Dorale 2003). ICP-MS is advantageous over TIMS as it has greater precision which requires smaller sample sizes which leads to faster sampling. It also allows for the use of an external standard bracketing procedure for corrections of instrumental biases (Hoffmann et al. 2007). 
In order to use 230Th /U dating on speleothems a number of criteria must be met. The most desirable being that no 230Th was precipitated during the formation of the speleothem; however, if present a correction may be applied (Richards and Dorale 2003, Fensterer et al. 2010). Detrital contamination must be estimated so that this correction value can be applied; this value is based on the 230Th /232Th activity ratio.
For young samples with low uranium content, the MC-ICP-MS technique enables both a higher precision of 230Th/U-dating and the use of smaller sample sizes (Bourdon et al. 2003, Fensterer et al. 2010). 

3.1.3	Trace element analysis  
Trace elements have also been recognised for their use as palaeoclimate proxies, as they provide information regarding bioproductivity and particularly palaeohydrological conditions (Baldini, 2010). Recent high resolution studies at seasonal to annual scale, have found evidence for annual cycles in minor and trace elements (Sr, Mg, F, P, Na, Fe, Z, Si) (Fairchild et al. 2001, Treble et al. 2003, Johnson et al. 2006, Fleitmann et al. 2001, Verheyden 2005, Huang et al. 2001, Kuczumow et al. 2003). Verheyden (2005) and Smith et al. (2009) supported the idea that trace element cycles could be used to determine speleothem growth rate by cycle counting in the absence of visible laminae.
Typically speleothem trace element variations occur as a response to hydrochemical processes in the undersaturated zone overlying the cave and the partitioning at the water-calcite interface (Treble et al. 2003, 2005). Fairchild and Treble (2009) discussed the five predominant influences on trace element and indeed speleothem geochemistry, these are:
1. Atmospheric input
2. Vegetation/soil
3. Karstic aquifer
4. Primary speleothem crystal growth 
5. Secondary alteration
Different elements may have different environmental controls (Johnson et al. 2006). These influences may affect the trace element geochemistry directly by atmospheric and bedrock interaction, through recycling while passing through the soil zone or by response to leaching. Phosphorous (P) concentrations in samples frequently show cyclical variations which have been attributed to annual flushing events from the overlying soil and vegetation (Baldini 2010), similarly decreases in P values may indicate a reduction of overlying soil and vegetation. Strontium (Sr) and barium (Ba) tend to correlate positively with increasing calcite growth rates. Their abundances appear to be weakly dependent on the crystal growth rate and on the drip-water chemistry (Johnson et al. 2006, Lea et al. 1994, Morse et al. 1990).
Magnesium (Mg) partitioning between water and calcite appears to be temperature dependent. Some studies have suggested that the annual Mg/Ca oscillations may be caused by seasonal temperature changes (Fairchild et al. 2006, Sinclair et al. 1998, Rosenheim et al. 2004, Gascoyne 1992). Increasingly studies suggest that Mg/Ca variations are thought to reflect hydrological changes. Mg/Ca and Sr/Ca tend to increase during drier periods when residence times are longer; this may be due to enhanced prior calcite precipitation or selective leaching of Sr and Mg during weathering (Baldini 2010, Genty 1996, Fairchild et al. 2001, Treble et al. 2003). Prior calcite precipitation (PCP) has also been recognized as a potential cause of trace element cycles for some elements (e.g. Sr, Ba etc.) and in δ13C. Cyclicity in the latter, resulting from the preferential inclusion of 12C into degassed CO2 during the process of prior calcite precipitation (Johnson et al. 2006). PCP-related enrichments in Sr and Mg have been modelled to calculate seasonal and long term variation trends for use as a palaeoaridity proxy (McMillan et al. 2005). Prior calcite precipitation occurs when the calcite-saturated drip-waters encounter a gas phase with a lower pCO2 than that which they have previously equilibrated with (Fairchild and Treble 2009). The more calcite precipitated from solution prior to speleothem formation, the lower the Ca concentration and the higher the Mg/Ca in the resulting speleothem. This process is typically seen in summer months as a response to seasonal drying in the aquifer, the reduction of water volume and longer residence times in the karst system, leads to enhanced degassing which may occur due to low partition coefficients in the calcite of Mg and Ca (Treble et al. 2008, Fairchild and McMillan 2006). 





3.2	Study area, environmental setting of the cave and sample description
3.2.1	Niedźwiedzia Cave
Niedźwiedzia (Bear) Cave (Figure 3.1 and 3.2) is located 5km south of Stronie Slaskie (Seitenberg) in the Kletno Quarry, in the Klesnica Valley of the Śnieżnik metamorphic Massif in the Sudetes Mountains, SW Poland (N50˚17.823’, E16˚52.385’). The cave is approximately 2,230m long with 147 metres of vertical extent, with a mean annual internal temperature of 6˚C. It was discovered in October 1966 during mining of the newly established Kletno III quarry. Initially, only 200 m were known, until exploration in 1982 revealed a total length of over 2 km which was developed on three main levels. The cave began to be developed for tourism in 1975 and was opened to the public in 1983. Climatological investigations conducted in the cave after its discovery in 1966 and later in the 1990s have revealed three climatic zones (Piasecki 1996): (1) the static zone includes most passages and halls in the lower and intermediate levels, (2) dynamic zones near the two entrances, and (3) transition zones between them.  This study focuses on samples taken from climatic zone 1; the lower and intermediate levels.


[image: F:\Nied2.png]
Figure 3.1: Plan of Niedźwiedzia Cave Poland (N50˚17.823’, E16˚52.385’) from Materiały 41. Sympozjum Speleologicznego (Speleological Symposium 41) 2007. Inset box (a) shows Niedźwiedzia’s geographical position. The red box (b) shows the location of Figure 3.2 in relation to the rest of Niedźwiedzia’s Cave plan.
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Figure 3.2: Location of speleothem samples Nied08-02, Nied08-04 and Nied08-05 from Niedźwiedzia Cave. Location in relation to the rest of the cave system, shown in Figure 3.1.
3.2.2	Speleothem samples

Stalagmite samples (Figure 3.3) were collected in 2008 from the lower level of the cave (Figure 3.2) by Lisa and James Baldini. High resolution drip rate monitoring equipment (Stalagmate©, Collister and Mattey 2008) were emplaced above each stalagmite. Stalagmate and drip- and rain-water data are discussed further in Chapter 2 of this thesis. Samples were collected if they met the following criteria:

1. In-situ, active deposition
2. Cylindrical morphology
3. Corresponding soda straw stalactite
4. White, dense calcite of low detrital content

The three stalagmite samples (Nied08-02 is in two parts; Figure 3.3) range in length from 12 to 18cm in length. The central growth axis of each stalagmite is generally vertical, with some minor switching of direction (Appendix 3.1). The samples are quite well laminated, but do not appear to display visual annual banding. The laminated bands visible within the samples range from translucent, to white opaque and finally to darker tan coloured bands which most likely contain some detrital material. 
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Figure 3.3: Scans of Niedźwiedzia speleothem sample slices from left to right Nied08-02 Top, Nied08-02 Bottom, Nied08-04 and Nied08-05.
3.3	Methods
3.3.1	Microdrilling

Niedźwiedzia speleothem samples Nied08-02, Nied08-04 and Nied08-05 (Figure 3.3), (Nied08-02 was broken in two so in reference to the figures the younger section is Nied08-02 Top and the older section is referred to as Nied08-02 Bottom) were microdrilled using a Proxxon Microdrill at Durham University. Powders used for carbon and oxygen stable isotope analysis were drilled at 2mm intervals with a standard drill bit of 0.3mm in diameter, to a vertical depth of approximately 2mm giving sample weights of approximately 250μg. The powders were then collected using a small scalpel, weighed and transferred into auto sampler exetainer vials. When weighing of a sample revealed the weight to be too low to be accurately measured, a duplicate sample was taken alongside the primary sample location. The drill bit, sample surface and scalpel were cleaned after each drilling using compressed air in order to prevent cross-contamination of samples. Due to the low uranium content of the stalagmites, 1g samples were obtained for uranium series dates. This process was the same as that of the stable isotope work, except a larger drill bit of 0.5mm was used in order to expedite sampling time. This microdrilling provided data at reasonable spatial resolution and at reasonably high accuracy and precision, but at a relatively slow sample throughput (Spötl and Mattey 2006, Fairchild et al. 2006, McDermott 2004, Frappier et al. 2002). 

3.3.2	Isotope analysis
The number of samples for oxygen stable isotope analysis for Nied08-02, Nied08-04 and Nied08-05 were 74, 83 and 64 respectively (Please refer to Appendix 3.2 for a full list of weights, distance from Stalagmite top and measurement results). The bottom half of Nied08-02 was not drilled for stable isotope analysis due to time constraints. Samples were digested in a phosphoric acid solution and analysed in the Stable Isotope Laboratory at Durham University, using a Thermo Scientific MAT 253 Stable Isotope Mass Spectrometer System. Isotopic measurements were calibrated to NBS18 (carbonatite), NBS19 (limestone) and Durham laboratory standards LS VEC and DCS01.  
3.3.3	Uranium series
The stalagmites used in this study have extremely low 230Th concentrations, thus the effect of potential contamination with initial 230Th is significantly large. An age model using uncorrected 230Th /238U activity ratios and 234U /238U activity ratios is derived from samples with low 232Th concentration measured with high precision MC-ICP-MS. Then the dating results of the samples with elevated 232Th concentration are compared with the age model to estimate the 238U /232Th activity ratio of the contaminating phase. This enables the derivation of a sample specific 230Th /232Th activity ratio for the correction (Richards and Dorale 2003).
Due to the low uranium content of the samples, approximately 1g was drilled and used for analysis. Ages were derived from a formula by Dickin (2005). Ages were initially calculated based on uncorrected 230Th /238U activity ratios and 234U /238U activity ratios and corrected ratios, using a bulk earth 238U /232Th activity ratio of 0.8 where decay products of detrital 238U are assumed to be in secular equilibrium. 
Ten samples were drilled for uranium series dating for both Nied08-02 and Nied08-04 and 9 for Nied08-05 (Table 3.1, Figure 3.4). Uranium series analyses were performed in the School of Geological Sciences, University College Dublin on a ThermoFinnigan Neptune MC-ICP-MS and a Nu Instruments MC-ICP-MS at the Open University Uranium-Series Facility (OUUSF). Chemical preparation of the samples followed the method described in Hoffman et al. (2007) and Hoffmann (2008). 
Chronologies were then derived using a best-fit spline for Nied08-02 (using the signal analysis program Autosignal) and standard best-fit linear chronologies (using Microsoft Excel) for Nied08-04 and Nied08-05 (Figures 3.5, 3.6 and 3.7).
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Figure 3.4: Location of uranium-series drill locations. Filled dark areas indicate initial attempts at dating, while unfilled shapes represent a second round of sampling larger amounts of material.
	Nied08-02
	Nied08-04
	Nied08-05

	Sample
	Distance from Top
	Sample
	Distance from Top
	Sample
	Distance from Top

	 
	(mm)
	 
	(mm)
	 
	(mm)

	ND2-D
	31.2
	ND4-E
	8.0
	ND5-E
	11.0

	ND2-BR
	84.0
	ND4-D
	33.1
	ND5-D
	29.2

	ND2-B
	84.0
	ND4-DR
	33.1
	ND5-DR
	29.2

	ND2-BB
	96.3
	ND4-BB
	60.6
	ND5-BB
	45.0

	ND2-C
	118.0
	ND4-B
	66.5
	ND5-C
	45.0

	ND2-E
	170.0
	RD4-R10
	77.0
	ND5-B
	46.1

	ND2-F
	210.0
	RD4-R8
	110.0
	ND5-R8
	70.0

	ND2-R13
	240.0
	ND4-C
	111.5
	ND5-R9
	107.0

	ND2-R14
	270.0
	RD4- R9
	145.0
	ND5-AA
	109.1

	ND2-A
	284.5
	ND4-A
	162.0
	 
	 


Table 3.1: Uranium series sample locations (distance from top of stalagmite in mm), see Figure 4 for the position of each sample.


3.3.4	Trace element analysis

Trace element analyses were then carried out on the remaining speleothem powder samples from stable isotope analysis. The number of samples run for trace element analysis was 50, 70 and 60 for Nied08-02, Nied08-04 and Nied08-05 respectively (Appendix 3.3). Samples for trace element analysis were digested in a dilute solution of nitric acid, before being analysed on a Thermo X-Series2 ICP-MS at Durham University. 

















3.4.	Results and discussion

3.4.1	Chronology
A chronology based on the uranium series dates (Table 3.2, Figures 3.5, 3.6 and 3.7) was used as a reference point to the stable isotope and trace element data (Appendices 3.3-3.6). However, as mentioned previously, due to the extremely low uranium content of these samples the accuracy of the chronology is somewhat uncertain. The errors range from ±95 to ±3111. Uranium series dates that displayed as clear outliers (e.g. ND2-B which gave a date of 40,627 yrs BP) were removed from the data set to improve the chronology (removed samples are shown in red in Table 3.2). Another issue with the Niedźwiedzia samples that was revealed through the uranium series dating, was the high (compared to Th produced in situ) detrital contamination of the samples as revealed by the high 232Th content. 
		[image: ]
Figure 3.5: Autosignal best spline fit chronology for Nied08-02 (x-axis is distance from top of stalagmite, y-axis is yrs BP).



Figure 3.6: Excel linear plot chronology for Nied08-04



Figure 3.7: Excel linear plot chronology for Nied08-05

	Name
	Distance 
	±
	234U/238U
	Error
	230Th/234U
	Error
	230Th/232Th
	Error
	Age (corr.)
	± (2s)

	
	mm
	mm
	
	
	
	
	
	
	yrs BP
	yrs

	ND2-D
	31.2
	2.5
	1.1606
	0.0071
	0.0175
	0.0004
	38.866
	1.9434
	1927
	95

	ND2-BR
	84
	3
	1.155
	0.0047
	0.02299
	0.0005
	17.8468
	0.838
	2539
	104

	ND2-B
	84
	1.5
	1.159
	0.0056
	0.31304
	0.0048
	66.1785
	2.8699
	40627
	1458

	ND2-BB
	96.3
	2.5
	1.1416
	0.0066
	0.02896
	0.0012
	10.3335
	0.6491
	3206
	279

	ND2-C
	118
	3
	1.137
	0.0081
	0.02077
	0.0011
	4.6408
	0.3164
	2291
	233

	ND2-E
	170
	2.5
	
	
	
	
	9.2785
	0.0504
	3111
	299

	ND2-F
	210
	3
	
	
	
	
	19.5641
	0.1654
	3749
	166

	ND2-R13
	240
	3
	
	
	
	
	
	
	3829
	

	ND2-R14
	270
	3
	
	
	
	
	
	
	5303
	

	ND2-A
	284.5
	1.5
	1.1011
	0.0058
	0.04822
	0.0007
	7.2986
	0.3115
	5391
	156

	
	
	
	
	
	
	
	
	
	
	

	ND4-E
	8
	1.5
	
	
	
	
	12.6352
	0.1656
	4545
	325

	ND4-D
	33.06
	2.5
	1.1562
	0.0055
	0.06641
	0.0134
	15.9545
	2.7902
	7492
	3111

	ND4-DR
	33.06
	2.5
	1.1654
	0.0107
	0.90919
	0.0031
	28.8915
	1.6341
	10298
	727

	ND4-BB
	60.6
	1.5
	1.1074
	0.0329
	0.30349
	0.0051
	47.0969
	2.0713
	39243
	1424

	ND4-B
	66.5
	1.5
	1.2489
	0.0041
	0.01427
	0.0003
	8.7153
	0.4053
	
	NC

	RD4-R10
	77
	2.5
	
	
	
	
	
	
	6914
	

	RD4-R8
	110
	3
	
	
	
	
	
	
	7153
	

	ND4-C
	111.45
	1.5
	1.1874
	0.0066
	0.05536
	0.001
	4.3284
	0.1939
	6207
	222

	RD4- R9
	145
	3
	
	
	
	
	
	
	7602
	

	ND4-A
	162
	1.5
	1.2493
	0.0066
	0.13806
	0.0022
	5.4609
	0.2435
	16145
	599

	
	
	
	
	
	
	
	
	
	
	

	ND5-E
	11
	1.5
	
	
	
	
	6.3433
	0.1813
	1222
	191

	ND5-D
	29.2
	2.5
	1.2032
	0.0076
	0.03621
	0.0057
	4.7697
	0.6732
	4022
	1273

	ND5-DR
	29.2
	2.5
	1.2277
	0.0144
	0.02527
	0.0028
	12.4912
	1.3657
	2793
	614

	ND5-BB
	45
	1.5
	1.1671
	0.0102
	0.07247
	0.0037
	9.4347
	0.6475
	8201
	867

	ND5-C
	45
	1.5
	
	
	
	
	
	
	3924
	

	ND5-B
	46.1
	1.5
	1.1469
	0.0052
	0.07457
	0.0016
	4.3992
	0.2074
	8449
	367

	ND5-R8
	70
	2.5
	
	
	
	
	
	
	7669
	

	ND5-R9
	107
	2.5
	
	
	
	
	
	
	8358
	

	ND5-AA
	109.1
	1.5
	1.1747
	0.0053
	0.0823
	0.0014
	51.3049
	2.2821
	9360
	323

	ND5-A
	112.9
	1.5
	1.262
	0.0075
	-0.00127
	-0.02
	1.6936
	0.0754
	
	



Table 3.2: Uranium series results for Niedźwiedzia Cave speleothem samples. Samples in red, considered erroneous outliers, were removed from the data set used to compile chronologies. While samples in green (ND2-BB and ND2-C) were averaged to make ND2-BB-C (2,749 yrs BP) used in the chronology.

3.4.2	Stable isotopes
Stable isotope analysis revealed only a weak correlation between δ18O and δ13C for Niedźwiedzia samples Nied08-02 (R2= 0.07) and Nied08-05 (R2= 0.305) (Figure 3.10). However, Nied08-04 had a reasonably positive correlation with an R2 value of 0.6.  The lack of correlation between δ13C and δ18O for Nied08-02 and Nied08-05, suggests that kinetic effects only played a minor role during stalagmite growth. As kinetic effects are excluded as the primary cause of stable isotope variability in these samples, changes in the isotopic composition of the calcite most likely depend on variation in meteoric precipitation and temperature during calcite formation (Mangini et al. 2005). The variability observed within the speleothem record for Niedźwiedzia Cave may be a response due to the effects of the North Atlantic Oscillation (NAO). Luterbacher et al. (2008) recognized a close interaction between Polish climate and the NAO. Recognizing an NAO response in these samples is important as Luterbacher postulated that Polish palaeoclimate proxies should be reasonable indicators of European conditions. The variability of isotopic composition of these samples over the record may reflect the variability and strength of the NAO index (NAOI) through time. Low NAOI periods are characterised by colder and drier winters with reduced precipitation amounts, conversely high NAOI periods are connected with wetter, warmer winters. Kaiser et al. (2005) found that a positive NAOI accompanied by δ18O values gave values which were 1-2‰ heavier than average. Unfortunately sample resolution used within this study is too low to distinguish NAOI values. 
Examination of the stable isotope analysis revealed some cyclicity and peaks in the data that may be due to notable climatic events, please refer to section 3.4.3 for more detailed interpretation of these results.
Another observation made from the stable isotope data examination revealed a gradual warming from post Last Glacial Maximum towards the Holocene. A recommendation for future work would include higher resolution analysis to determine whether the NAO was in fact responsible for the variability of the record, and to see if the higher resolution analyses could be used to examine the extent of the post LGM warming and to observe whether there were any possible anthropogenic factors involved.
The range of δ18O values (Figure 3.8) was -11.18 to -5.44‰ for Nied08-02, -10.71 to -4.99‰ for Nied08-04 and -8.79 to -5.51‰ for Nied08-05. δ13C (Figure 3.9) results were -9.7 to -7.1‰ for Nied08-02, -8.97 to -7.34‰ for Nied08-04 and -11.09 to -7.05‰ for Nied08-05. Please refer to Appendices 3.4, 3.5 and 3.6 for a full list of stable isotope results for all samples. Nied-04 has higher isotope variability and a closer correlation between δ18O and δ13C than Nied08-02 and Nied08-05,existing drip logger data (Chapter 2) suggests that this could be a reflection of each individual drip’s recharge hydrology. 
















Figure 3.8: Combined oxygen isotope results for Niedźwiedzia samples. Oxygen results show clear cycles through time, which may be evidence of DO or Bond cycles.


Figure 3.9: Combined carbon isotope results for Niedźwiedzia samples. The carbon data lacks the clear cyclicity of the oxygen data (Figure 3.8), however a very gradual warming of data towards the present day may be observed.

Figure 3.10: δ13C vs. δ18O for Niedźwiedzia speleothem samples. Results show a lack of correlation between δ13C and δ18O.
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Figure 3.11: (a)-(c) Stable isotope data displaying possible climate events (B1 through B8 represent Bond Events 1 to 8) for Niedźwiedzia Cave, Poland (a): Nied08-02, (b): Nied08-04 and (c): Nied08-05.
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Figure 3.11: (a)-(c): Stable isotope data displaying possible climate events (B1 through B8 represent Bond Events 1 to 8) for Niedźwiedzia Cave, Poland (a): Nied08-02, (b): Nied08-04 and (c): Nied08-05.










3.4.3	Comparison with other proxy records and notable climate events
Examination of the stable isotope data revealed some cyclicity (Figure 3.11). This is particularly noticeable for Nied08-04 (Figure 3.11-b) where oscillating cycles occurred approximately every ~2,000 years, which may be evidence of Bond events (Figure 3.11). The cyclic nature of the isotope data, especially for the oxygen isotopes, displays an oscillation between warmer and colder conditions which is expected if these cycles are in fact representative of Bond events.
 When all three stalagmite isotope results are plotted together (Figure 3.8 and 3.9), they cover the time period of present day to 16,145 yrs BP. The oldest data points postdate the Last Glacial Maximum (LGM) (25,000-19,000 yrs BP) by a few thousand years, so it is conceivable that permafrost conditions were still very much present in this area. Ehlers and Gibbard (2004) displayed the extent of the LGM in the Northern Hemisphere (Figure 3.12); according to this map Niedźwiedzia Cave was not covered by glaciers. 
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Figure 3.12: From Ehlers and Gibbard (2004); the maximum extent of the Northern Hemisphere Last Glacial Maximum (LGM) ice sheets (areas in white).



The Niedźwiedzia data covers many important climatic events (e.g. the Younger Dryas, Bølling-Allerød, Little Ice Age and Medieval Warm Period; Figure 3.13), and though the chronology is not completely trust worthy, some of the events do appear to be apparent in the data set. Figure 3.13 displays isotope data from the Greenland Ice core project (GRIP), Northern Greenland Ice core project (NGRIP) and Greenland Ice sheet project 2 (GISP2) with prominent palaeoclimate events (Rasmussen et al. 2006).
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Figure 3.13: GRIP, NGRIP and GISP2 oxygen isotope records showing the Bølling-Allerød (warm conditions), Younger Dryas Event (return to almost glacial conditions), Little Ice Age and the Medieval Warm Period and Bond events (B1-8) climate events (Data from Rasmussen et al. 2006). 



3.4.3.1 Dansgaard-Oeschger, Bond and Heinrich Events 
Dansgaard-Oeschger (DO; Figure 3.14) events are rapid climate events that occurred in the last glacial from 110,000 to 15,000 years BP, they occurred 25 times during this period, with a quasi-periodical rate of 1,470 years. DO events are thought to be the result of changes in thermohaline circulation of the North Atlantic Ocean, to solar forcing or “binge-purge” cycles of ice sheets (Maslin et al. 2001). Evidence for DO events are typically seen in the Greenland ice cores (from Greenland Ice Core Project GRIP), which date back to the Eemian interglacial (the last interglacial) and have been corroborated by the appearance these events in the Green Ice Sheet Project 2 (GISP2) isotope record (Grootes et al. 1993, Grootes and Stuiver 1997). DO events are recognised as rapid warming episodes, generally lasting a number of decades, followed by a gradual cooling period which may last a few hundred years. Heinrich events, which are seen in Ice Rafted Debris (IRD), contain six distinct events H1-H6. They have been documented to occur prior to some DO events. Heinrich events are notable for the release of fresh water flow into oceans, which resulted in the decrease of δ18O preserved in Northern European and Asian speleothem samples, suggesting a decrease in global temperature or rising ice volume (Bar-Matthews et al. 1997). It is most likely that only DO 1 (Figure 3.11a, Figure 3.14) is recorded within the Niedźwiedzia dataset, as the remainder of DO events are older than the Niedźwiedzia Cave samples.
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Figure 3.14: Modified from Grootes et al. (1993). The δ18O record from the GISP2 ice core in Greeland, showing 20 of the observed Dansgaard-Oeschger events during the last glacial period (80,000 yrs BP to present).
Bond et al. (1997, 2001) postulated a Holocene continuation of Dansgaard-Oeschger cycles. These Holocene equivalents typically present as “1500-year” cycles (Wanner at al. 2008). A number of global studies have shown the existence of Bond events, however, their temporal structure and spatial representation are not uniform (Wanner et al. 2008, Andrews et al. 2006, Debret et al. 2007). The causes for these cycles have been attributed to many factors, including enhanced meridional circulation (Greenland; O’Brien et al. 1995); deep-water flow intensified (reduced) during warm (cold) periods i.e. MWP (LIA) (south Iceland basin; deMenocal et al. 2000); variations in North Atlantic drift ice which may have influenced the Indian Ocean Monsoon indirectly, by way of a monsoon-Eurasian snow-cover link during the Early Holocene (southern Oman; Fleitmann et al. 2003); increases in temperature and moisture corresponded to intervals of elevated solar output and reduced NA ice-bearing waters and vice versa (western Alaska; Hu et al. 2003). A correlation has been shown between Bond Cycles and Scandinavian glacial advance and retreat (Matthews et al. 2005) and the European Alps (Wanner et al. 2000, 2008). Eight Bond events (Figure 3.13) have been recognised, some of which correspond to other climate events e.g. Bond event 3= 4,200 yr BP event, Bond event 5= 8,200 yr BP event, Bond event 8= coincident with the end of the Younger Dryas. Bond events display cycles of warm and cold conditions and are seen within the Niedźwiedzia record, particularly for Nied08-04 and Nied08-05 samples (Figures 3.11 b and 3.11c).
3.4.3.2.	Bølling-Allerød Event 
The Bølling-Allerød interstadial (Figure 3.13) event occurred from 14,700 to 12,700 yrs BP.  It was characterised by warm, moist conditions gradually becoming cooler towards the Younger Dryas. It may be subdivided through the inclusion of the Older Dryas which occurs between the Bølling oscillation (14,650-14,000 yrs BP) and the Allerød oscillation (14,100- 12,900 yrs BP) (Yu et al. 2001). Nied08-04 data does display some cyclicity during the Bølling-Allerød interval which may show all three subdivisions of the Bølling-Allerød (Figures 3.11 and 3.13).
3.4.3.3.	Younger Dryas Event
The Younger Dryas Event (Figure 3.13) took place from 12,800-11,500 yrs BP and was a relatively short climatic event lasting 1,300±70 years. The Younger Dryas displayed an abrupt return to near glacial conditions after the Bølling-Allerød that punctuated the transition from glacial to interglacial climates. Nied08-04 displays a cooling in oxygen isotope values at the Bølling-Allerød-Younger Dryas transition (Figure 3.11).
3.4.3.4. The 8,200 ky BP event
The 8,200 ky BP event (Bond et al. 1997) marked a sudden decrease in global temperatures, which lasted from two to four centuries. It was less extreme in negative, colder values than the Younger Dryas. Evidence of this can potentially be seen in Nied08-04 and Nied08-05 (Figure 3.11). However, resolution is too low to confidently confirm the appearance of such a distinctive climate event decrease in temperature.
3.4.3.5. Little Ice Age and the Medieval Warm Period
The Little Ice Age (LIA) occurred from AD 1350 or 1450 to AD 1900 depending on measurement type and follows the Medieval Warm Period (MWP) which is thought to have taken place AD 950-1250. Evidence for these events are found in the GISP2 record through a number of parameters (e.g. CO2, stable isotopes etc.). Resolution for this time period is unfortunately too low in the Niedźwiedzia record to observe either the LIA or the MWP.
3.4.4	Trace elements
Initially the trace elements analysed were Mg, P, Ca, Sr, Y, Ba, Pb, Th and U. However, due to extremely low concentrations of P, Th, Y, Pb and U isotopes these data were excluded, as values were too low to be measured on the X-Series2. Hence only Mg, Ca, and Sr will be discussed here.
Speleothem trace element results for Mg/Ca and Sr/Ca for NIed08-04 and Nied08-05 were plotted against the δ13C results and the uranium series dating results to see if any cycles through time were apparent (Figure 3.15). Some cycles are evident, particularly in relation to the Mg data. The Mg/Ca and Sr/Ca data seem to correlate quite well with δ13C, suggesting that PCP has occurred above the drip sites to some extent, as this is most likely a reflection of hydrological conditions. Peaks of higher δ13C values may be a reflection of higher levels of bio-productivity above the cave, this may be due to increased vegetation above the cave or “spring-flush” from snow melt or high rain levels which flush dissolved organic matter from the soil zone into the cave system, which may be due to the organic input of variables above the cave becoming more important than precipitation during these peaks. The periods which display PCP conditions may be correlated with climate events, for instance a positive correlation of Mg/Ca with δ13C for Nied08-04 (Figure 3.15) at approximately 12,000 yrs BP may be a response to the Bølling-Allerød warming event. However, as trace element analysis resolution is very low this cannot be confirmed.
[image: I:\trace elements.png]
Figure 3.15: Trace elements; Mg/Ca and Sr/Ca versus δ13C for Niedźwiedzia Nied08-04 and Nied08-05 speleothem samples. A correlation between the samples indicates prior calcite precipitation (PCP) conditions, whereas anti-correlations indicate the influence of bio-productivity above the karst system.

3.5.	Conclusion
Three stalagmite samples from Niedźwiedzia Cave in southern Poland provide a continuous 16,000 year record of stable isotope variability, which can be interpreted in terms of palaeoclimate change. However, due to the low uranium and high detrital content (relative to the amount of secondary 230Th) of the samples these correlations should be considered as preliminary. Further calibrations of the Niedźwiedzia data with radiocarbon dating or carbon bomb spike data would be recommended to add confidence to the chronologies determined from uranium series dating. However, the data contained within this thesis, while not completely precise, are of relevance as palaeoclimate data in Poland is quite limited. The majority of studies typically only extend to ca. 1500 AD (Majorowicz et al. 2004, Przybylak et al. 2005). The stable isotope data for Niedźwiedzia Cave dates from post LGM. This data is of importance as Polish data may be a good representation of average European climate signals. As much of Europe was covered by glaciers and permafrost conditions post Last Glacial Maximum (LGM), which limited the growth of speleothems and thus palaeoclimate indicators, this Niedźwiedzia Cave data may provide a key insight into European conditions during this period. The data covers a time period which contains many significant climate events. The most clearly recognised events within the record are: cycles which may represent Bond events, and signature warming and cooling associated with the Bølling-Allerød and the Younger Dryas Event. The data does cover other key events such as the 8,200ka event, the Little Ice Age and the Medieval Warm Period; however data resolution is insufficient to properly display them within the Niedźwiedzia Cave record. 
Overall, stable isotope analyses show a colder period of time following the LGM, with oscillations between warmer and colder periods of time, with a gradual warming towards present. Trace element analysis indicated periods of prior calcite precipitation which may correlate with warmer periods of time, such as the Bølling-Allerød.



Chapter	4:	Thesis Conclusions
This thesis examined stable isotope values from stalagmite samples from Niedźwiedzia Cave, southern Poland to provide a palaeoclimate reconstruction and precipitation data from this cave and recorded precipitation data from Germany and Poland to examine the factors which may alter these isotope results. The purpose of the modern cave climate monitoring and precipitation data is to understand the potential elements which may alter isotope results, by understanding the attributing factors one can then calibrate the reconstructed palaeoclimate record, and have a better understanding the processes and resulting values.
The results of the stable isotope analysis yielded a palaeoclimate reconstruction for the last 16,000 years for Niedźwiedzia cave, Poland. Uranium series dating provided a chronology for this data, however the precision of this data is questionable due to the low uranium and high detrital content of the samples, factors which increase dating errors.  Analysis of the oxygen and carbon isotope data revealed cycles within the data which may correspond to Bond events. As the Niedźwiedzia record dates from after the Last Glacial Maximum to present, a number of other notable climate events such as the Younger Dryas Event and Bølling- Allerød may also be recorded. For instance, the Nied08-04 isotope record displays a cooling during the transition between the Bølling-Allerød and the Younger Dryas Event which has been recognised in other records such as GRIP and GISP. 
The uncertainty associated with the uranium series dates is indeed problematic in confidently attributing peaks observed within the record to particular and recognizable events which are seen in other records. However, observed cyclicities and peaks are still evidence of climate events. It is recommended to further investigate the chronology to positively associate the stable isotope results with these notable events.
Trace element analysis of the speleothem samples suggest that prior calcite precipitation (PCP) may have occurred at the drip-sites, this is observed through the correlation of Ma/Ca and Sr/Ca date with carbon isotope values. PCP typically occurs during drier periods of time, or when the cave drip-water has longer residence times. As such, when a positive correlation between trace elements and carbon isotopes is observed within the Niedźwiedzia record, suggesting PCP conditions this may indicate drier, warmer intervals in the record.
Examination of the precipitation data concluded that temperature, rainout and the amount effects were found to exert the greatest control on precipitation falling at Polish and German sites. The origin of the moisture air mass as revealed through back trajectory analysis was also a major influence on precipitation oxygen isotope ratios. Precipitation results with a moisture mass which originated from the Mediterranean typically had quite low δ18O values, while those originating from a Scandinavian source had much more negative δ18O values.
The monitoring data from Niedźwiedzia cave provides further information which can be used to calibrate the palaeoclimate reconstruction for recent stalagmite growth in the cave. The variability of isotopic composition of the Niedźwiedzia drip-water samples over the record may reflect the variability and strength of the NAO index (NAOI) through time. Low NAOI periods are characterised by colder and drier winters with reduced precipitation amounts, conversely high NAOI periods are connected with wetter, warmer winters. Trace element cycles which reflect PCP conditions at the time of stalagmite precipitation, may be compared to the NAOI to determine whether drier periods of time are visible in both accounts. Unfortunately the resolution of trace element analysis here is too low to determine annual scale cycles. Spectral analysis of the precipitation data showed a cycle of approximately two years in length, this is most likely the result of the Quasi-Biennial Oscillation (QBO) which is one of the dominant circulation patterns in Europe. A strong oscillating correlation with the NAOI was also observed from analysis of the precipitation data. 
Higher resolution drilling of the speleothem samples is also recommend with the aim of determining whether the NAOI can be recognised within the stalagmites as well as the precipitation data. 
4.1	Recommendations for further work
Further work which is suggested for use with regard to the Niedźwiedzia speleothem samples includes:
· Luminescence banding: If annual luminescent cycles are present this would provide further high resolution dating information for the samples that may be then correlated with short-term climate event (Baker et al. 2008, Baker et al. 2003, McGarry and Baker 2000, Shopov et al. 1994).
· Petrography: petrographic analysis of the speleothems would provide information on systematic textural variation that may be related to drip-water variability over time, and potentially the degree of saturation identified by crystal structure, as posited by McDermott (1999).
· Laser ablation: laser ablation of the speleothems may provide trace element cycle information at much higher resolution than the trace element analysis by microdrill carried out within this study, with the possibility of identifying annual scale bands (Fleitmann et al. 2003). 
· X-Ray mapping: x-ray fluorescence mapping would also provide higher resolution data of speleothem trace elements, which may be correlated with the isotope data to define high resolution temporal variability within the samples (Baker et al. 2008). 
· Carbon bomb spike: the speleothem samples from Niedźwiedzia were collected under actively dripping drip-sites. However, chronologies suggest that there may have been some growth hiatuses. In order to confirm that the stalagmite samples were actively growing when collected, the identification of the radiocarbon bomb spike and calibration the results to the Niedźwiedzia data set would be recommended, especially as the precision of the uranium series chronologies are questionable.
· Radiocarbon dating: although the radiocarbon dating of stalagmites is rarely done, in this case it may have advantages over the more conventional uranium series approach. The dead carbon correction is believed to be essentially constant over time periods similar to those of this study; the correction could be gleaned by obtaining radiocarbon dates at the same horizons as low error uranium series dates.
· If higher resolution trace element cycles (annual or even seasonal scale) are found within the dataset, then a comparison of these cycles with drip-water stable isotope variations and the NAOI is recommended to see if a correlation between the NAOI and the cave stalagmite samples can be made. 
· A comparison between the higher resolution trace element data with automated drip-rate is recommended, to see if the trace element analyses that indicate PCP conditions are recognised in the monthly precipitation data i.e. whether drier conditions are reflected within the Stalagmate data.
· Continued monitoring of Niedźwiedzia Cave, with the inclusion of temperature monitoring, and the expansion of monitoring to neighbouring caves is recommend to further examine the relationship between cave drip-water and meteoric precipitation about the cave site(s).
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Appendices:
  Appendix 2.1: Thirteen point correlation for Bad Salzuflen











Appendix 2.2: Thirteen point correlation for Koblenz













Appendix 2.3: Thirteen point correlation for Regensburg













Appendix 2.4: Thirteen point correlation for Wasserkuppe Rhoen












Appendix 2.5: Koblenz spectral analysis
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Appendix 2.6: Wasserkuppe Rhoen spectral analysis
[image: ]Peak at 0.035= 28 month cycle









Appendix 2.7: Bad Salzuflen spectral analysis
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Appendix 2.8: Regensburg spectral analysis
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Appendix 3.1: Niedźwiedzia speleothem samples with growth axes
[image: F:\Stals Growth Axes.png]
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Appendix 3.2: List of stable isotope samples 
	Nied08-02 Top
	Nied08-04
	Nied08-05

	Sample
	Distance from top
	Sample
	Distance from top
	Sample
	Distance from top

	
	(mm)
	
	(mm)
	
	(mm)

	N2T-1
	0.0
	N4-1
	0.0
	N5-1
	0.0

	N2T-2
	3.0
	N4-2
	2.0
	N5-2
	3.0

	N2T-3
	5.0
	N4-3
	4.0
	N5-3
	5.0

	N2T-4
	7.5
	N4-4
	6.0
	N5-4
	7.0

	N2T-5
	10.0
	N4-5
	9.5
	N5-5
	9.0

	N2T-6
	12.0
	N4-6
	11.5
	N5-6
	11.5

	N2T-7
	12.5
	N4-7
	14.0
	N5-7
	13.5

	N2T-8
	15.5
	N4-8
	16.0
	N5-8
	15.5

	N2T-9
	17.0
	N4-10
	20.0
	N5-9
	17.5

	N2T-10
	17.0
	N4-12
	24.0
	N5-10
	19.0

	N2T-11
	19.0
	N4-14
	27.5
	N5-11
	21.5

	N2T-12
	23.0
	N4-16
	32.0
	N5-12
	22.5

	N2T-13
	25.0
	N4-18
	35.5
	N5-13
	24.5

	N2T-14
	27.0
	N4-20
	40.0
	N5-14
	26.5

	N2T-15
	28.0
	N4-22
	44.0
	N5-15
	28.5

	N2T-17
	30.5
	N4-24
	47.0
	N5-16
	30.5

	N2T-18
	32.0
	N4-26
	52.0
	N5-17
	33.0

	N2T-19
	35.0
	N4-28
	56.0
	N5-18
	33.0

	N2T-20
	37.0
	N4-30
	60.0
	N5-19
	35.0

	N2T-21
	38.5
	N4-32
	64.0
	N5-20
	36.0

	N2T-22
	40.5
	N4-33
	66.0
	N5-21
	38.0

	N2T-23
	42.5
	N4-34
	69.0
	N5-22
	42.0

	N2T-24
	47.0
	N4-35
	72.0
	N5-23
	45.0

	N2T-25
	49.5
	N4-36
	73.5
	N5-24
	47.0

	N2T-26
	51.0
	N4-37
	75.0
	N5-25
	49.0

	N2T-27
	53.0
	N4-38
	77.0
	N5-26
	51.0

	N2T-28
	54.5
	N4-39
	79.0
	N5-27
	53.0

	N2T-29
	57.0
	N4-40
	80.5
	N5-28
	55.0

	N2T-30
	59.0
	N4-41
	82.5
	N5-29
	57.0

	N2T-31
	60.5
	N4-42
	84.0
	N5-30
	59.0

	N2T-32
	63.0
	N4-43
	86.0
	N5-31
	61.0

	N2T-33
	65.0
	N4-44
	88.0
	N5-32
	63.0

	N2T-34
	67.0
	N4-45
	90.0
	N5-33
	65.0

	N2T-35
	69.0
	N4-46
	92.0
	N5-34
	67.0

	N2T-36
	71.0
	N4-47
	94.0
	N5-35
	69.0

	N2T-37
	73.0
	N4-48
	95.5
	N5-36
	71.0

	N2T-38
	75.0
	N4-49
	97.0
	N5-37
	73.0

	N2T-39
	77.0
	N4-50
	99.0
	N5-38
	75.0

	N2T-40
	79.0
	N4-51
	101.0
	N5-39
	77.0

	N2T-41
	82.0
	N4-52
	103.0
	N5-40
	79.0

	Nied08-02 Top
	Nied08-04
	Nied08-05

	Sample
	Distance from top
	Sample
	Distance from top
	Sample
	Distance from top

	
	(mm)
	
	(mm)
	
	(mm)

	N2T-42
	83.0
	N4-53
	104.5
	N5-41
	81.5

	N2T-43
	85.0
	N4-54
	107.0
	N5-42
	83.5

	N2T-44
	87.0
	N4-55
	108.5
	N5-43
	85.0

	N2T-45
	89.0
	N4-56
	111.0
	N5-44
	87.5

	N2T-46
	91.0
	N4-57
	113.0
	N5-45
	89.0

	N2T-47
	92.5
	N4-58
	114.5
	N5-46
	91.5

	N2T-48
	94.5
	N4-59
	116.0
	N5-47
	93.5

	N2T-49
	95.0
	N4-60
	118.0
	N5-48
	95.0

	N2T-50
	98.0
	N4-61
	120.0
	N5-49
	97.0

	N2T-51
	101.0
	N4-62
	122.0
	N5-50
	99.0

	N2T-52
	104.0
	N4-63
	124.0
	N5-51
	100.0

	N2T-53
	107.0
	N4-64
	127.0
	N5-52
	102.0

	N2T-54
	109.0
	N4-65
	129.0
	N5-53
	103.0

	N2T-55
	110.0
	N4-66
	131.0
	N5-54
	105.0

	N2T-56
	113.0
	N4-67
	133.0
	N5-55
	107.0

	N2T-57
	114.5
	N4-68
	135.0
	N5-56
	109.0

	N2T-58
	115.0
	N4-69
	137.0
	N5-57
	111.0

	N2T-59
	116.0
	N4-70
	139.5
	N5-58
	113.0

	N2T-60
	118.0
	N4-71
	141.5
	N5-59
	115.0

	N2T-61
	120.0
	N4-72
	143.5
	N5-60
	117.0

	N2T-62
	122.0
	N4-73
	145.0
	N5-61
	119.0

	N2T-64
	124.0
	N4-74
	147.0
	N5-62
	122.0

	N2T-65
	126.5
	N4-75
	149.0
	N5-63
	125.0

	N2T-66
	128.5
	N4-76
	151.0
	N5-64
	127.0

	N2T-67
	130.0
	N4-77
	153.0
	
	

	N2T-68
	132.0
	N4-78
	155.0
	
	

	N2T-69
	134.0
	N4-79
	157.0
	
	

	N2T-70
	136.0
	N4-80
	159.5
	
	

	N2T-71
	138.5
	N4-81
	161.0
	
	

	N2T-72
	141.0
	N4-82
	163.0
	
	

	N2T-73
	142.5
	N4-83
	165.0
	
	

	N2T-74
	145.0
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Appendix 3.3: List of Trace element samples
	Nied08-02 Top
	Nied08-04
	Nied08-05

	Sample
	Distance from Top
	Sample
	Distance from Top
	Sample
	Distance from Top

	
	(mm)
	
	(mm)
	
	(mm)

	N2T-1
	0.0
	N4-1
	0.0
	N5-2
	3.0

	N2T-2
	3.0
	N4-2
	2.0
	N5-3
	5.0

	N2T-4
	7.5
	N4-3
	4.0
	N5-4
	7.0

	N2T-5
	10.0
	N4-5
	9.5
	N5-5
	9.0

	N2T-6
	12.0
	N4-6
	11.5
	N5-7
	13.5

	N2T-10
	17.0
	N4-7
	14.0
	N5-8
	15.5

	N2T-11
	19.0
	N4-8
	16.0
	N5-9
	17.5

	N2T-12
	23.0
	N4-10
	20.0
	N5-10
	19.0

	N2T-13
	25.0
	N4-12
	24.0
	N5-11
	21.5

	N2T-14
	27.0
	N4-14
	27.5
	N5-12
	22.5

	N2T-15
	28.0
	N4-16
	32.0
	N5-13
	24.5

	N2T-17
	30.5
	N4-18
	35.5
	N5-14
	26.5

	N2T-18
	32.0
	N4-20
	40.0
	N5-15
	28.5

	N2T-19
	35.0
	N4-22
	44.0
	N5-16
	30.5

	N2T-20
	37.0
	N4-24
	47.0
	N5-17
	33.0

	N2T-21
	38.5
	N4-26
	52.0
	N5-18
	33.0

	N2T-22
	40.5
	N4-28
	56.0
	N5-19
	35.0

	N2T-26
	51.0
	N4-30
	60.0
	N5-20
	36.0

	N2T-27
	53.0
	N4-32
	64.0
	N5-21
	38.0

	N2T-28
	54.5
	N4-33
	66.0
	N5-22
	42.0

	N2T-30
	59.0
	N4-34
	69.0
	N5-23
	45.0

	N2T-31
	60.5
	N4-35
	72.0
	N5-24
	47.0

	N2T-33
	65.0
	N4-36
	73.5
	N5-25
	49.0

	N2T-34
	67.0
	N4-37
	75.0
	N5-26
	51.0

	N2T-35
	69.0
	N4-38
	77.0
	N5-27
	53.0

	N2T-36
	71.0
	N4-39
	79.0
	N5-28
	55.0

	N2T-39
	77.0
	N4-40
	80.5
	N5-29
	57.0

	N2T-40
	79.0
	N4-41
	82.5
	N5-30
	59.0

	N2T-41
	82.0
	N4-42
	84.0
	N5-31
	61.0

	N2T-43
	85.0
	N4-43
	86.0
	N5-32
	63.0

	N2T-46
	91.0
	N4-44
	88.0
	N5-33
	65.0

	N2T-47
	92.5
	N4-45
	90.0
	N5-34
	67.0

	N2T-51
	101.0
	N4-46
	92.0
	N5-35
	69.0

	N2T-53
	107.0
	N4-47
	94.0
	N5-36
	71.0

	N2T-54
	109.0
	N4-48
	95.5
	N5-37
	73.0

	N2T-55
	110.0
	N4-49
	97.0
	N5-38
	75.0

	N2T-58
	115.0
	N4-50
	99.0
	N5-39
	77.0

	N2T-59
	116.0
	N4-51
	101.0
	N5-40
	79.0

	N2T-60
	118.0
	N4-52
	103.0
	N5-41
	81.5

	N2T-61
	120.0
	N4-53
	104.5
	N5-42
	83.5

	Nied08-02 Top
	Nied08-04
	Nied08-05

	Sample
	Distance from Top
	Sample
	Distance from Top
	Sample
	Distance from Top

	
	(mm)
	
	(mm)
	
	(mm)

	N2T-62
	122.0
	N4-54
	107.0
	N5-43
	85.0

	N2T-65
	126.5
	N4-55
	108.5
	N5-44
	87.5

	N2T-66
	128.5
	N4-56
	111.0
	N5-45
	89.0

	N2T-67
	130.0
	N4-57
	113.0
	N5-46
	91.5

	N2T-68
	132.0
	N4-58
	114.5
	N5-47
	93.5

	N2T-69
	134.0
	N4-59
	116.0
	N5-48
	95.0

	N2T-70
	136.0
	N4-60
	118.0
	N5-49
	97.0

	N2T-72
	141.0
	N4-61
	120.0
	N5-50
	99.0

	N2T-73
	142.5
	N4-62
	122.0
	N5-52
	102.0

	N2T-74
	145.0
	N4-63
	124.0
	N5-53
	103.0

	
	
	N4-64
	127.0
	N5-54
	105.0

	
	
	N4-65
	129.0
	N5-55
	107.0

	
	
	N4-66
	131.0
	N5-56
	109.0

	
	
	N4-67
	133.0
	N5-57
	111.0

	
	
	N4-68
	135.0
	N5-58
	113.0

	
	
	N4-69
	137.0
	N5-59
	115.0

	
	
	N4-70
	139.5
	N5-60
	117.0

	
	
	N4-71
	141.5
	N5-62
	122.0

	
	
	N4-72
	143.5
	N5-63
	125.0

	
	
	N4-73
	145.0
	N5-64
	127.0

	
	
	N4-74
	147.0
	
	

	
	
	N4-75
	149.0
	
	

	
	
	N4-76
	151.0
	
	

	
	
	N4-77
	153.0
	
	

	
	
	N4-78
	155.0
	
	

	
	
	N4-79
	157.0
	
	

	
	
	N4-80
	159.5
	
	

	
	
	N4-81
	161.0
	
	

	
	
	N4-82
	163.0
	
	

	
	
	N4-83
	165.0
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Appendix 3.4: Stable isotope results Nied08-04
	Name
	Weight
	Distance
	δ13C
	δ18O
	Name
	Weight
	Distance
	δ13C
	δ18O

	
	(mg)
	(mm)
	v-pdb
	v-pdb
	
	(mg)
	(mm)
	v-pdb
	v-pdb

	N4-1
	242
	0.0
	-6.67636
	-7.10047
	N4-49
	245
	97.0
	-8.86975
	-7.41795

	N4-2
	254
	2.0
	-5.44239
	-7.32853
	N4-50
	254
	99.0
	-9.63
	-9.10

	N4-3
	270
	4.0
	-5.51567
	-7.56563
	N4-51
	249
	101.0
	-10.4095
	-9.42328

	N4-4
	238
	6.0
	-5.56452
	-7.17984
	N4-52
	252
	103.0
	-10.72
	-9.56

	N4-5
	264
	9.5
	-8.6001
	-8.29101
	N4-53
	256
	104.5
	-11.1804
	-9.15704

	N4-6
	264
	11.5
	-9.67676
	-8.32416
	N4-54
	264
	107.0
	-9.15
	-8.28

	N4-7
	237
	14.0
	-8.81602
	-7.58975
	N4-55
	273
	108.5
	-6.3178
	-7.15271

	N4-8
	254
	16.0
	-9.48234
	-8.81846
	N4-56
	263
	111.0
	-6.80
	-7.33

	N4-10
	244
	20.0
	-9.51946
	-8.76722
	N4-57
	250
	113.0
	-6.87274
	-7.45914

	N4-12
	247
	24.0
	-9.64159
	-8.77526
	N4-58
	243
	114.5
	-7.09
	-7.58

	N4-14
	263
	27.5
	-8.45941
	-7.37776
	N4-59
	257
	116.0
	-7.64653
	-7.69725

	N4-16
	265
	32.0
	-7.67389
	-7.76958
	N4-60
	242
	118.0
	-9.36
	-8.29

	N4-18
	236
	35.5
	-9.33188
	-8.72503
	N4-61
	242
	120.0
	-10.3392
	-8.58437

	N4-20
	249
	40.0
	-6.69199
	-8.16944
	N4-62
	274
	122.0
	-10.36
	-8.19

	N4-22
	247
	44.0
	-6.83952
	-8.00367
	N4-63
	247
	124.0
	-10.7837
	-8.06395

	N4-24
	247
	47.0
	-6.60015
	-7.40388
	N4-64
	254
	127.0
	-8.61
	-8.00

	N4-26
	275
	52.0
	-7.14239
	-8.08304
	N4-65
	235
	129.0
	-6.59038
	-7.58874

	N4-28
	241
	56.0
	-7.62504
	-7.43
	N4-66
	237
	131.0
	-6.85
	-7.23

	N4-30
	255
	60.0
	-5.89573
	-7.91124
	N4-67
	250
	133.0
	-8.88636
	-8.0308

	N4-32
	241
	64.0
	-5.88791
	-7.32451
	N4-68
	245
	135.0
	-9.90
	-8.30

	N4-33
	267
	66.0
	-6.13607
	-7.82383
	N4-69
	261
	137.0
	-10.1057
	-8.45176

	N4-34
	271
	69.0
	-7.43
	-8.22
	N4-70
	266
	139.5
	-8.03
	-8.12

	N4-35
	235
	72.0
	-8.52389
	-8.55222
	N4-71
	247
	141.5
	-7.15314
	-7.82785

	N4-36
	243
	73.5
	-8.63
	-8.77
	N4-72
	235
	143.5
	-8.64
	-8.23

	N4-37
	258
	75.0
	-10.3783
	-8.47888
	N4-73
	250
	145.0
	-9.98648
	-9.13895

	N4-38
	274
	77.0
	-10.25
	-8.50
	N4-74
	239
	147.0
	-9.98
	-8.44

	N4-39
	239
	79.0
	-10.4144
	-8.22972
	N4-75
	237
	149.0
	-10.7007
	-8.77727

	N4-40
	243
	80.5
	-9.62
	-8.81
	N4-76
	261
	151.0
	-6.22
	-7.47

	N4-41
	246
	82.5
	-9.90929
	-8.95912
	N4-77
	275
	153.0
	-6.394
	-7.59376

	N4-42
	267
	84.0
	-10.08
	-9.07
	N4-78
	239
	155.0
	-6.49
	-7.39

	N4-43
	258
	86.0
	-10.2385
	-9.79903
	N4-79
	247
	157.0
	-6.11067
	-7.25921

	N4-44
	241
	88.0
	-10.32
	-8.05
	N4-80
	261
	159.5
	-5.91
	-7.40

	N4-45
	242
	90.0
	-8.37929
	-8.50902
	N4-81
	240
	161.0
	-6.67831
	-7.36168

	N4-46
	246
	92.0
	-6.53
	-7.15
	N4-82
	248
	163.0
	-7.51
	-7.95

	N4-47
	240
	94.0
	-8.16826
	-7.68921
	N4-83
	261
	165.0
	-6.20935
	-7.43904

	N4-48
	265
	95.5
	-7.35
	-7.23
	
	
	
	
	





Appendix 3.5: Stable isotope results for Nied08-02
	Name
	Weight
	Distance
	δ13C
	δ18O
	Name
	Weight
	Distance
	δ13C
	δ18O

	
	(mg)
	(mm)
	v-pdb
	v-pdb
	
	(mg)
	(mm)
	v-pdb
	v-pdb

	N2-2
	263
	3.0
	-8.60
	-8.31
	N2-39
	273
	77
	-9.64
	-8.51

	N2-3
	167
	5.0
	
	
	N2-40
	262
	79
	-8.11
	-8.22

	N2-4
	267
	7.5
	-9.28
	-8.48
	N2-41
	247
	82
	-9.78
	-8.23

	N2-5
	243
	10.0
	
	
	N2-42
	249
	83
	-9.46
	-7.87

	N2-6
	268
	12.0
	-9.24
	-7.74
	N2-43
	237
	85
	-8.98
	-8.13

	N2-7
	257
	12.5
	
	
	N2-44
	240
	87
	-9.02
	-8.55

	N2-8
	252
	15.5
	-9.51
	-8.11
	N2-45
	258
	89
	-8.58
	-8.16

	N2-9
	256
	17.0
	
	
	N2-46
	268
	91
	-8.16
	-8.05

	N2-10
	262
	17.0
	-9.40
	-8.13
	N2-47
	246
	93
	-9.78
	-8.49

	N2-11
	240
	19.0
	-9.29
	-8.33
	N2-48
	248
	95
	-8.68
	-8.10

	N2-12
	240
	23.0
	-9.19
	-8.17
	N2-49
	210
	95
	-9.21
	-7.91

	N2-13
	271
	25.0
	-9.66
	-8.79
	N2-50
	275
	98
	-9.15
	-7.85

	N2-14
	242
	27.0
	-8.80
	-8.05
	N2-51
	251
	101
	-9.03
	-8.13

	N2-15
	235
	28.0
	-8.69
	-8.04
	N2-52
	217
	104
	-8.30
	-7.94

	N2-17
	267
	30.5
	-8.59
	-8.03
	N2-53
	240
	107
	-8.45
	-7.87

	N2-18
	263
	32.0
	-8.78
	-8.43
	N2-54
	238
	109
	-8.69
	-7.83

	N2-19
	263
	35.0
	-9.36
	-8.50
	N2-55
	235
	110
	-8.79
	-8.23

	N2-20
	250
	37.0
	-8.99
	-8.22
	N2-56
	259
	113
	-8.16
	-8.05

	N2-21
	238
	38.5
	-9.01
	-8.37
	N2-57
	235
	115
	-7.81
	-8.40

	N2-22
	259
	40.5
	-8.87
	-8.30
	N2-58
	245
	115
	-7.06
	-5.51

	N2-23
	275
	42.5
	-8.76
	-8.42
	N2-59
	266
	116
	-8.77
	-8.29

	N2-24
	273
	47.0
	-8.54
	-8.06
	N2-60
	240
	118
	-8.18
	-7.96

	N2-25
	259
	49.5
	-8.77
	-8.03
	N2-61
	237
	120
	-9.06
	-7.67

	N2-26
	240
	51.0
	-11.10
	-7.75
	N2-62
	247
	122
	-8.43
	-8.38

	N2-27
	247
	53.0
	-9.56
	-8.02
	N2-64
	258
	124
	-8.14
	-8.04

	N2-28
	272
	54.5
	-8.94
	-8.15
	N2-65
	237
	127
	-7.69
	-8.00

	N2-29
	236
	57.0
	-8.23
	-8.01
	N2-66
	257
	129
	-9.58
	-8.60

	N2-30
	270
	59.0
	-10.34
	-7.99
	N2-67
	271
	130
	-8.00
	-8.04

	N2-31
	243
	60.5
	-9.19
	-8.07
	N2-68
	264
	132
	-8.50
	-7.67

	N2-32
	245
	63.0
	-8.73
	-8.16
	N2-69
	248
	134
	-8.92
	-7.77

	N2-33
	248
	65.0
	-8.73
	-8.16
	N2-70
	267
	136
	-8.51
	-7.76

	N2-34
	263
	67.0
	-8.86
	-8.26
	N2-71
	247
	139
	-8.88
	-8.01

	N2-35
	246
	69.0
	-8.15
	-7.89
	N2-72
	235
	141
	-8.92
	-7.25

	N2-36
	247
	71.0
	-10.17
	-7.93
	N2-73
	241
	143
	-8.45
	-7.43

	N2-37
	240
	73.0
	-9.31
	-8.00
	N2-74
	235
	145
	-9.44
	-6.67

	N2-38
	239
	75.0
	-9.26
	-8.23
	
	
	
	
	





Appendix 3.6: Stable isotope results for Nied08-05
	Name
	Weight
	Distance
	δ13C
	δ18O
	Name
	Weight
	Distance
	δ13C
	δ18O

	
	(mg)
	(mm)
	v-pdb
	v-pdb
	
	(mg)
	(mm)
	v-pdb
	v-pdb

	N5-1
	237
	0.0
	-7.38
	-8.34
	N5-33
	260
	65.0
	-8.09
	-8.97

	N5-2
	242
	3.0
	-8.01487
	-7.87
	N5-34
	266
	67.0
	-9.12
	-8.76

	N5-3
	253
	5.0
	-8.32
	-8.55
	N5-35
	268
	69.0
	-5.94
	-7.68

	N5-4
	207
	7.0
	-6.42
	-7.90
	N5-36
	237
	71.0
	-6.91
	-7.67

	N5-5
	256
	9.0
	-7.57
	-8.04
	N5-37
	245
	73.0
	-6.42
	-7.64

	N5-6
	260
	11.5
	-6.60
	-7.93
	N5-38
	265
	75.0
	-7.79
	-7.63

	N5-7
	254
	13.5
	-6.98
	-7.81
	N5-39
	266
	77.0
	-7.37
	-7.44

	N5-8
	242
	15.5
	-8.51
	-7.61
	N5-40
	247
	79.0
	-6.93
	-7.59

	N5-9
	245
	17.5
	-8.46
	-8.01
	N5-41
	271
	81.5
	-7.86
	-7.36

	N5-10
	257
	19.0
	-9.66
	-8.32
	N5-42
	245
	83.5
	-6.80
	-7.53

	N5-11
	236
	21.5
	-10.71
	-8.34
	N5-43
	262
	85.0
	-6.20
	-7.61

	N5-12
	269
	22.5
	-7.66
	-7.95
	N5-44
	261
	87.5
	-6.67
	-7.71

	N5-13
	256
	24.5
	-9.42
	-8.20
	N5-45
	239
	89.0
	-5.80
	-7.56

	N5-14
	266
	26.5
	-7.46
	-7.67
	N5-46
	246
	91.5
	-5.68
	-7.40

	N5-15
	237
	28.5
	-9.37
	-8.21
	N5-47
	275
	93.5
	-7.44
	-7.78

	N5-16
	276
	30.5
	-7.38
	-7.54
	N5-48
	265
	95.0
	-7.74
	-7.56

	N5-17
	275
	33.0
	-7.96
	-8.40
	N5-49
	256
	97.0
	-8.09
	-7.78

	N5-18
	255
	33.0
	-9.46
	-8.40
	N5-50
	254
	99.0
	-8.99
	-7.79

	N5-19
	256
	35.0
	-10.27
	-8.42
	N5-51
	227
	100.0
	-8.40
	-8.15

	N5-20
	235
	36.0
	-7.12
	-7.68
	N5-52
	252
	102.0
	-9.01
	-8.37

	N5-21
	245
	38.0
	-6.45
	-7.65
	N5-53
	237
	103.0
	-7.90
	-7.68

	N5-22
	248
	42.0
	-6.79
	-8.14
	N5-54
	264
	105.0
	-6.31
	-7.93

	N5-23
	240
	45.0
	-8.14
	-8.31
	N5-55
	261
	107.0
	-6.73
	-7.87

	N5-24
	265
	47.0
	-8.42
	-8.01
	N5-56
	263
	109.0
	-7.37
	-8.21

	N5-25
	252
	49.0
	-5.90
	-7.94
	N5-57
	265
	111.0
	-7.31
	-8.46

	N5-26
	235
	51.0
	-7.08
	-8.49
	N5-58
	243
	113.0
	-6.79
	-7.50

	N5-27
	235
	53.0
	-4.99
	-7.58
	N5-59
	254
	115.0
	-6.78
	-7.67

	N5-28
	240
	55.0
	-6.49
	-7.68
	N5-60
	242
	117.0
	-6.90
	-7.34

	N5-29
	275
	57.0
	-6.94
	-7.52
	N5-61
	241
	119.0
	-6.39
	-7.72

	N5-30
	245
	59.0
	-6.62
	-8.21
	N5-62
	274
	122.0
	-8.55
	-7.89

	N5-31
	239
	61.0
	-5.91
	-7.48
	N5-63
	241
	125.0
	-8.24
	-7.64

	N5-32
	263
	63.0
	-6.11
	-7.45
	N5-64
	254
	127.0
	-7.91
	-7.85
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Drip-water (drips/hr)
Rainfall (drops/hr)


Nied08-04
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Drip-water (drips/hr)
Rainfall (dropps/hr)
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Drip-water (drips/hr)

Rainfall (drops/hr)



Nied08-05
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Drip-water (drips/hr)
Rainfall (drops/hr)
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Drip-water (drips/hr)

Rainwater (drips/hr)



Meteoric precipitation Niedźwiedzia Cave
d18O	39948	39979	40006	40043	40071	40101	40252	40313	40395	0	-8.7000000000000011	-6.1	-6.2	-10.082000000000004	-9.7879999999999985	-9.1580000000000013	-10.726000000000001	-7.2039999999999997	-3.234	Temperature	39948	39979	40006	40043	40071	40101	40252	40313	40395	11	20	15	19	16	2	0	10	16	Date

δ18Op (‰VSMOW)
Temperature (°C)
0.70000000000000062	0	6	0	0	0	0.2	0.70000000000000062	0	-8.7000000000000011	-6.1	-6.2	-10.082000000000004	-9.7879999999999985	-9.1580000000000013	-10.726000000000001	-7.2039999999999997	-3.234	Precipitation (mm)
δ18O (‰ VSMOW)

Temperature	11	20	15	19	16	2	0	10	16	-8.7000000000000011	-6.1	-6.2	-10.082000000000004	-9.7879999999999985	-9.1580000000000013	-10.726000000000001	-7.2039999999999997	-3.234	Air temperature (°C)
δ18O (‰ VSMOW)

δ18O for Niedźwiedzia Cave
Nied08-05	39979	40006	40043	40071	40101	40132	40162	40193	40223	40252	40284	40360	-10.9	-10.8	-10.76	-10.58	-11.129999999999999	-10.82	-11.41	-11.16	-10.870000000000006	-11.07	-11.33	-11.25	Nied08-04	40006	40043	40071	40101	40132	40162	40193	40252	40284	40360	-10.9	-11.26	-10.69	-11.17	-10.81	-10.93	-11.17	-11.129999999999999	-11.05	-10.9	Date

δ18O (‰ VSMOW)
Niedzwiedzia Cave drip-water and rainwater
-8.8000000000000007	-0.8	-3.1	-4	-3.8	-4.5999999999999996	-7.7	-11.7	-3.4	-4	-2.2999999999999998	-5.6	-6.8	-6.2	-12.3	-6.6	-10.6	-10.5	-11	-15.1	-8	-9.8000000000000007	-9.8000000000000007	-16.3	-14.8	-14.7	-9.3000000000000007	-9.9	-5.0999999999999996	-9.1	-9.4	-7.3	-60.400000000000006	3.5999999999999988	-14.8	-22	-20.399999999999999	-26.799999999999986	-51.6	-83.6	-17.2	-22	-8.4000000000000021	-34.800000000000004	-44.4	-39.6	-88.4	-42.8	-74.8	-74	-78	-110.8	-54	-68.400000000000006	-68.400000000000006	-120.4	-108.4	-107.6	-64.400000000000006	-69.2	-30.799999999999986	-62.8	-65.2	-48.4	Nied08-05	-10.11	-9.9600000000000026	-9.52	-8.89	-8.65	-10.89	-10.867000000000004	-11.069000000000004	-11.331	-11.25	-70.2	-70.781000000000006	-71.394999999999996	-71.959000000000003	-71.183999999999983	-70.923000000000002	-71.09	-74.61	-77.8	-79.88	Nied08-04	-10.16	-10.08	-9.5400000000000009	-8.9	-8.2900000000000009	-10.79	-10.450000000000006	-11.132	-11.052000000000024	-10.904	-70.069000000000003	-70.882999999999981	-71.60499999999999	-71.248000000000005	-70.022999999999982	-69.381999999999991	-70.92	-73.410000000000025	-76.13	-76.48	Rainwater	-10.082000000000004	-9.7879999999999985	-9.1580000000000013	-10.726000000000001	-7.2039999999999997	-3.234	-70.122999999999948	-70.113	-70.566999999999993	-74.03	-56.27	-26.69	δ18O (‰ VSMOW)

δD (‰ VSMOW)
Gόrka event δ18O
38132	38140	38153	38173	38184	38190	38191	38215	38222	38244	38258	38260	38268	38271	38278	38288	38299	38308	38327	38352	38356	38359	38379	38412	38421	38425	38434	38453	38476	38483	38492	38497	-8.8000000000000007	-0.8	-3.1	-4	-3.8	-4.5999999999999996	-7.7	-11.7	-3.4	-4	-2.2999999999999998	-5.6	-6.8	-6.2	-12.3	-6.6	-10.6	-10.5	-11	-15.1	-8	-9.8000000000000007	-9.8000000000000007	-16.3	-14.8	-14.7	-9.3000000000000007	-9.9	-5.0999999999999996	-9.1	-9.4	-7.3	Date

δ18O (‰VSMOW)

δ18O vs. δD
-8.8000000000000007	-0.8	-3.1	-4	-3.8	-4.5999999999999996	-7.7	-11.7	-3.4	-4	-2.2999999999999998	-5.6	-6.8	-6.2	-12.3	-6.6	-10.6	-10.5	-11	-15.1	-8	-9.8000000000000007	-9.8000000000000007	-16.3	-14.8	-14.7	-9.3000000000000007	-9.9	-5.0999999999999996	-9.1	-9.4	-7.3	-58.1	-8.3000000000000007	-26.9	-24.9	-24	-28	-51.1	-77.7	-22.8	-22.5	-12.8	-37.1	-39.300000000000004	-32.700000000000003	-78.400000000000006	-40	-66.8	-62.2	-71	-105	-46.2	-59.4	-61.7	-115.3	-104.5	-90.7	-62.5	-69.599999999999994	-26.1	-63.4	-62.3	-42.9	-8.8000000000000007	-0.8	-3.1	-4	-3.8	-4.5999999999999996	-7.7	-11.7	-3.4	-4	-2.2999999999999998	-5.6	-6.8	-6.2	-12.3	-6.6	-10.6	-10.5	-11	-15.1	-8	-9.8000000000000007	-9.8000000000000007	-16.3	-14.8	-14.7	-9.3000000000000007	-9.9	-5.0999999999999996	-9.1	-9.4	-7.3	-60.400000000000006	3.5999999999999988	-14.8	-22	-20.399999999999999	-26.799999999999986	-51.6	-83.6	-17.2	-22	-8.4000000000000021	-34.800000000000004	-44.4	-39.6	-88.4	-42.8	-74.8	-74	-78	-110.8	-54	-68.400000000000006	-68.400000000000006	-120.4	-108.4	-107.6	-64.400000000000006	-69.2	-30.799999999999986	-62.8	-65.2	-48.4	δ18O(‰)
δD (‰)
δ18O Krakow 1978-2002
28505	28536	28564	28595	28625	28656	28686	28717	28748	28778	28809	28839	28870	28901	28929	28960	28990	29021	29051	29082	29113	29143	29174	29204	29235	29266	29295	29326	29356	29387	29417	29448	29479	29509	29540	29570	29601	29632	29660	29691	29721	29752	29782	29813	29844	29874	29905	29935	29966	29997	30025	30056	30086	30117	30147	30178	30209	30239	30270	30300	30331	30362	30390	30421	30451	30482	30512	30543	30574	30604	30635	30665	30696	30727	30756	30787	30817	30848	30878	30909	30940	30970	31001	31031	31062	31093	31121	31152	31182	31213	31243	31274	31305	31335	31366	31396	31427	31458	31486	31517	31547	31578	31608	31639	31670	31700	31731	31761	31792	31823	31851	31882	31912	31943	31973	32004	32035	32065	32096	32126	32157	32188	32217	32248	32278	32309	32339	32370	32401	32431	32462	32492	32523	32554	32582	32613	32643	32674	32704	32735	32766	32796	32827	32857	32888	32919	32947	32978	33008	33039	33069	33100	33131	33161	33192	33222	33253	33284	33312	33343	33373	33404	33434	33465	33496	33526	33557	33587	33618	33649	33678	33709	33739	33770	33800	33831	33862	33892	33923	33953	33984	34015	34043	34074	34104	34135	34165	34196	34227	34257	34288	34318	34349	34380	34408	34439	34469	34500	34530	34561	34592	34622	34653	34683	34714	34745	34773	34804	34834	34865	34895	34926	34957	34987	35018	35048	35079	35110	35139	35170	35200	35231	35261	35292	35323	35353	35384	35414	35445	35476	35504	35535	35565	35596	35626	35657	35688	35718	35749	35779	35810	35841	35869	35900	35930	35961	35991	36022	36053	36083	36114	36144	36161	36192	36220	36251	36281	36312	36342	36373	36404	36434	36465	36495	36540	36571	36600	36631	36661	36692	36722	36753	36784	36814	36845	36875	36906	36937	36965	36996	37026	37057	37087	37118	37149	37179	37210	37240	37271	37302	37330	37361	37391	37422	37452	37483	37514	37544	37575	37605	-9.8700000000000028	-19.559999999999999	-11.8	-10.08	-7.8599999999999985	-9.5	-8.4600000000000026	-8.57	-7.3	-6.3	-16.52	-11.66	-17.55	-11.17	-12.8	-15.209999999999999	-9.2800000000000011	-6.45	-7.52	-6.87	-6.09	-9.76	-10.81	-13.39	-10.69	-12.99	-10.09	-13.33	-10.450000000000006	-7.8	-9.2900000000000009	-6.81	-8.3500000000000068	-12.49	-15.729999999999999	-12.57	-12.84	-14.58	-10.850000000000026	-12.08	-9.49	-7.07	-7.37	-7.78	-11.25	-11.18	-15.11	-17.690000000000001	-14.229999999999999	-18.88	-8.8600000000000048	-9.6	-7.03	-5.4300000000000024	-7.54	-5.58	-6.1	-10.1	-15.229999999999999	-12.33	-8.0500000000000007	-15.05	-12.850000000000026	-9.0400000000000009	-9.9600000000000026	-7.9700000000000024	-7.3	-6.9	-6.25	-7.05	-12.03	-6.8	-18.45	-14.31	-11.89	-9.25	-7.84	-6.96	-7.31	-5.18	-9.7900000000000009	-8.16	-9.48	-18.649999999999999	-15.29	-9.42	-12.629999999999999	-11.53	-8.06	-7.58	-6.98	-8.02	-6.68	-6.87	-12.03	-8.69	-12.89	-12.5	-9.69	-7.44	-7.03	-5.8199999999999985	-7.91	-5.99	-6.31	-8.7399999999999984	-9.76	-14.3	-13.18	-12.93	-12.38	-13.3	-8.65	-9.06	-6.76	-7.44	-7.39	-10.33	-9.8800000000000008	-8.17	-12.870000000000006	-12.6	-13.950000000000006	-8.17	-7.88	-7.58	-6.25	-5.1899999999999995	-7.55	-9	-10.450000000000006	-8.06	-8.89	-9.56	-5.4700000000000024	-5.85	-5.1099999999999985	-7.1099999999999985	-7.17	-9.5	-8.0300000000000011	-9.3700000000000028	-8.76	-9.5500000000000007	-10.25	-14.11	-7.46	-10.719999999999999	-5.34	-5.52	-5.6499999999999995	-7.1	-9.7200000000000006	-15.19	-11.12	-11.29	-10.91	-18.459999999999987	-8.7399999999999984	-10.6	-9.07	-6.57	-6.08	-6.14	-6.17	-7.51	-9.58	-11.209999999999999	-11.58	-9.98	-11.51	-8.68	-8.51	-7.17	-9.3600000000000048	-6.52	-9.129999999999999	-13.55	-11.18	-14.75	-9.7800000000000011	-16.690000000000001	-12.39	-12.17	-5.29	-7.1499999999999995	-5.96	-9.1	-8.8700000000000028	-6.06	-14.370000000000006	-12.219999999999999	-12.44	-14.98	-7.91	-10.53	-8.68	-5.76	-6.73	-5.9	-6.4	-12.729999999999999	-8.43	-8.8000000000000007	-13.3	-11.59	-12.870000000000006	-10.4	-10.639999999999999	-8.32	-4.99	-9.42	-7.98	-7.31	-14.129999999999999	-19.53	-17.010000000000005	-14.239999999999998	-13.18	-14.209999999999999	-8.17	-5.56	-7.7700000000000014	-6.74	-12.8	-9.6399999999999988	-11.450000000000006	-16.21	-14.8	-12.82	-8.89	-9.84	-8.5400000000000009	-8.06	-9.98	-9.9600000000000026	-7.38	-9.0400000000000009	-13.88	-13.26	-9.17	-7.74	-9.25	-9.66	-8.98	-6.5	-5.63	-6.02	-11.78	-10.59	-16.279999999999987	-14.27	-13.47	-13.76	-11.53	-8.16	-7.13	-6.72	-6.1099999999999985	-5.6499999999999995	-5.3	-7.84	-18.59	-11.88	-10.19	-10.28	-11.59	-7.34	-8.8500000000000068	-4.5599999999999996	-10.200000000000001	-4.9300000000000024	-10.51	-6.22	-9.8500000000000068	-14.8	-12.65	-10.46	-12.229999999999999	-10.6	-6.22	-7.1599999999999975	-6.78	-6.06	-8.51	-6.67	-13.82	-16.170000000000005	-10.629999999999999	-10.51	-10.66	-7.92	-6.92	-6.28	-5.83	-8.2299999999999986	-10.41	-10.120000000000001	-11.62	-13.6	Date

δ18O (‰ VSMOW)

LMWL GNIP Sites
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δD (‰ VSMOW)

Krakow
Delta18O	4.2	7.6	13.8	15.8	19	17.5	15.1	8	1.3	0.30000000000000032	-1.1000000000000001	-3.6	-0.60000000000000064	7.6	12.2	15.6	18	14.1	12.2	8	4.2	-1	-1.8	1.1000000000000001	6	6.8	12.9	17	16.399999999999999	16	11	8.7000000000000011	4.9000000000000004	-1.6	-0.8	-2.7	3.9	6.1	11.5	15.4	15.6	15.1	11.7	8.6	3.3	-2.6	-4.9000000000000004	-4	3.4	6.6	13.6	18.3	15.8	16.5	13.2	5.6	3.2	3.2	-7	0.2	1	5.8	9.9	15.4	16.600000000000001	16.3	13	8.3000000000000007	2	-0.4	-3.5	-0.8	5.4	6.4	13.8	18.399999999999999	17.7	16.7	13.3	8.5	3.4	-3.2	-5.3	-2.1	3.8	5.5	13.9	16.8	18.7	18.5	15.4	8.6	3.6	1.2	2.7	-2.4	4.4000000000000004	10.8	15.6	17.100000000000001	19.600000000000001	17.8	14	8.7000000000000011	2.1	-0.9	0	-1.3	1.3	8.5	13.4	15	15.9	17.100000000000001	13.2	10.200000000000001	2.2999999999999998	-1.7000000000000008	-8.7000000000000011	-7.3	2.8	8.7000000000000011	14.8	14.5	18	17.399999999999999	13	7.8	0.4	2.2999999999999998	-1.3	-8	2.1	10.3	15.2	16.3	16.899999999999999	17.2	10.7	8.3000000000000007	4	-0.4	-10.4	-1.8	-2.2000000000000002	8.1	11.9	16.8	19.2	15.3	14.2	8.6	4.5999999999999996	0.4	1.8	1.3	1.5	7.5	15.3	16.399999999999999	19.2	17.5	13.8	7.8	-0.30000000000000032	1.3	0.70000000000000062	3.7	5.7	9.7000000000000011	13.6	15	18.100000000000001	17.3	14	10.200000000000001	2	1.1000000000000001	0.8	4.0999999999999996	6.6	8.1	13.9	16.3	16.3	17	11.5	8.2000000000000011	5.4	-0.2	-0.1	-4.3	5.0999999999999996	7.3	10.7	16	19.600000000000001	17.5	13.7	7.6	3.9	-2	-1.2	0.9	3.5	8.3000000000000007	13.3	18.7	19.899999999999999	21.9	12.7	6.6	3.9	-2.8	0.1	-1.5	1.3	8.5	16	15.9	17	17.2	12.8	9.1	-1.2	2	2.8	-1.4	5	8.9	13.3	16.7	21.1	18.399999999999999	15	6.7	3.9	0.8	-1.4	3.3	3.1	8	12.8	16.8	20.6	17.7	12.6	9.7000000000000011	-0.60000000000000064	-4.5	-6.1	-5.7	-2.1	7.3	14.9	17.3	16.7	17.5	10.3	9.1	5.6	-6.1	-6.5	1.1000000000000001	2.8	5.2	14.6	17.399999999999999	17.600000000000001	18.100000000000001	13	6.4	3.4	0.4	-0.1	3.2	2.2999999999999998	10.5	14.2	18.399999999999999	18.600000000000001	17.600000000000001	13.5	8	-0.30000000000000032	-2.7	-2.1	2.2999999999999998	4	12	15.6	17.600000000000001	17.100000000000001	19	12.2	12.2	6.9	1.2	-1.1000000000000001	0.1	3.3	8.2000000000000011	15.1	15.4	20.100000000000001	19.600000000000001	12.1	11.5	2.1	-4.4000000000000004	-1.3	3.6	5	9	17	18.100000000000001	20.6	19.899999999999999	12.7	7.4	5.3	-5.5	-9.43	-9.65	-5.0599999999999996	-5.46	-7.8199999999999985	-7.1	-8.58	-11.860000000000024	-13.57	-15.350000000000026	-10.52	-14.8	-13.370000000000006	-9.48	-9.2000000000000011	-7.84	-7.34	-9.9700000000000006	-6.24	-8.3000000000000007	-10.88	-16.75	-13.97	-14.71	-9.75	-8.16	-7.29	-6.6099999999999985	-5.9700000000000024	-5.96	-8.41	-5.72	-10.69	-13.2	-9.8700000000000028	-19.559999999999999	-11.8	-10.08	-7.8599999999999985	-9.5	-8.4600000000000026	-8.57	-7.3	-6.3	-16.52	-11.66	-17.55	-11.17	-12.8	-15.21	-9.2800000000000011	-6.45	-7.52	-6.87	-6.09	-9.76	-10.81	-13.39	-10.69	-12.99	-10.09	-13.33	-10.450000000000006	-7.8	-9.2900000000000009	-6.81	-8.3500000000000068	-12.49	-15.73	-12.57	-12.84	-14.58	-10.850000000000026	-12.08	-9.49	-7.07	-7.37	-7.78	-11.25	-11.18	-15.11	-17.690000000000001	-14.23	-18.88	-8.8600000000000048	-9.6	-7.03	-5.4300000000000024	-7.54	-5.58	-6.1	-10.1	-15.23	-12.33	-8.0500000000000007	-15.05	-12.850000000000026	-9.0400000000000009	-9.9600000000000026	-7.9700000000000024	-7.3	-6.9	-6.25	-7.05	-12.03	-6.8	-18.45	-14.31	-11.89	-9.25	-7.84	-6.96	-7.31	-5.18	-9.7900000000000009	-8.16	-9.48	-18.649999999999999	-15.29	-9.42	-12.63	-11.53	-8.06	-7.58	-6.98	-8.02	-6.68	-6.87	-12.03	-8.69	-12.89	-12.5	-9.69	-7.44	-7.03	-5.8199999999999985	-7.91	-5.99	-6.31	-8.74	-9.76	-14.3	-13.18	-12.93	-12.38	-13.3	-8.65	-9.06	-6.76	-7.44	-7.39	-10.33	-9.8800000000000008	-8.17	-12.870000000000006	-12.6	-13.950000000000006	-8.17	-7.88	-7.58	-6.25	-5.1899999999999995	-7.55	-9	-10.450000000000006	-8.06	-8.89	-9.56	-5.4700000000000024	-5.85	-5.1099999999999985	-7.1099999999999985	-7.17	-9.5	-8.0300000000000011	-9.3700000000000028	-8.76	-9.5500000000000007	-10.25	-14.11	-7.46	-10.72	-5.34	-5.52	-5.6499999999999995	-7.1	-9.7200000000000024	-15.19	-11.12	-11.29	-10.91	-18.459999999999987	-8.74	-10.6	-9.07	-6.57	-6.08	-6.14	-6.17	-7.51	-9.58	-11.21	-11.58	-9.98	-11.51	-8.68	-8.51	-7.17	-9.3600000000000048	-6.52	-9.1300000000000008	-13.55	-11.18	-14.75	-9.7800000000000011	-16.690000000000001	-12.39	-12.17	-5.29	-7.1499999999999995	-5.96	-9.1	-8.8700000000000028	-6.06	-14.370000000000006	-12.22	-12.44	-14.98	-7.91	-10.53	-8.68	-5.76	-6.73	-5.9	-6.4	-12.73	-8.43	-8.8000000000000007	-13.3	-11.59	-12.870000000000006	-10.4	-10.64	-8.32	-4.99	-9.42	-7.98	-7.31	-14.13	-19.53	-17.010000000000005	-14.24	-13.18	-14.21	-8.17	-5.56	-7.7700000000000014	-6.74	-12.8	-9.64	-11.450000000000006	-16.21	-14.8	-12.82	-8.89	-9.84	-8.5400000000000009	-8.06	-9.98	-9.9600000000000026	-7.38	-9.0400000000000009	-13.88	-13.26	-9.17	-7.74	-9.25	-9.66	-8.98	-6.5	-5.63	-6.02	-11.78	-10.59	-16.279999999999987	-14.27	-10.19	-10.28	-11.59	-7.34	-8.8500000000000068	-4.5599999999999996	-10.200000000000001	-4.9300000000000024	-10.51	-6.22	-9.8500000000000068	-14.8	-12.65	-10.46	-12.23	-10.6	-6.22	-7.1599999999999975	-6.78	-6.06	-8.51	-6.67	-13.82	-16.170000000000005	-10.63	-10.51	-10.66	-7.92	-6.92	-6.28	-5.83	-8.23	-10.41	-10.120000000000001	-11.62	-13.6	Air Temperature (°C)
δ18O (‰ VMOW)

Gόrka Events
7.07517	10.52045	14.263400000000004	13.1022	13.861800000000002	18.5776	17.061199999999989	14.7066	9.8697000000000248	12.909400000000026	8.9647000000000006	14.6348	10.896600000000022	2.0775999999999999	5.2391000000000014	12.8573	2.23	1.6500000000000001	0.29000000000000031	0.504	4.1584999999999965	3.5537999999999998	-6.2012000000000134	-8.8664000000001248	-7.1593	-2.8779999999999997	1.6395999999999658	3.4966999999999167	14.168700000000001	4.7065000000000001	4.4931999999999999	9.7846000000000011	-8.8000000000000007	-0.8	-3.1	-4	-3.8	-4.5999999999999996	-7.7	-11.7	-3.4	-4	-2.2999999999999998	-5.6	-6.8	-6.2	-12.3	-6.6	-10.6	-10.5	-11	-15.1	-8	-9.8000000000000007	-9.8000000000000007	-16.3	-14.8	-14.7	-9.3000000000000007	-9.9	-5.0999999999999996	-9.1	-9.4	-7.3	Air Temperature (°C)
 δ18O (‰ VMOW )

Precipitation	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	35.384615384615344	28.615384615384631	35.925925925926563	49.888888888888886	72.703703703703709	84.222222222222229	83.407407407407405	80.962962962962962	60.259259259259245	44.148148148151179	37.740740740740762	36.814814814814795	δ18O	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	-12.384615384615387	-13.266153846153843	-10.832962962962966	-10.179259259259426	-7.977777777777777	-6.9203703703703692	-7.2574074074073955	-7.1474074074073846	-8.2955555555555556	-9.2540740740740688	-12.097777777777768	-13.084074074074071	
Average Monthly Precipitation (mm)
Average Monthly δ18O (‰ VSMOW)

Air Temperature	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	-2.1461538461538465	-0.84615384615389233	3.0592592592592567	8.0481481481481119	13.807407407407426	16.607407407407631	18.144444444444495	17.470370370368773	12.959259259260074	8.4592592592595768	2.9370370370370402	-0.95555555555555571	δ18O	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	-12.384615384615387	-13.266153846153843	-10.832962962962966	-10.179259259259426	-7.977777777777777	-6.9203703703703692	-7.2574074074073955	-7.1474074074073846	-8.2955555555555556	-9.2540740740740688	-12.097777777777768	-13.084074074074071	
Average Monthly Temperature(°C)
Average Monthly δ18O (‰ VSMOW)

Precipitation
Bad Salzuflen	-9.8700000000000028	-13.34	-7.53	-8.2199999999999989	-8	-6.1599999999999975	-6.23	-6.92	-7.71	-2.67	-9.9600000000000026	-11.7	-12.8	-11.54	-8.49	-9.48	-5.53	-6.51	-9.8700000000000028	-5.87	-8.7800000000000011	-10.130000000000001	-9.15	-11.18	-11.629999999999999	-7.71	-8.5300000000000011	-8.89	-8.620000000000001	-4.75	-8.3800000000000008	-5	-6.53	-9.4600000000000026	-9.4	-11.17	-9.25	-8.8800000000000008	-5.56	-7.55	-7.45	-6.87	-5.84	-5.94	-8.44	-11.31	-13.03	-8.4700000000000006	-6.4300000000000024	-6.95	-5.17	-6.8599999999999985	-6.51	-3.56	-5.21	-2.9699999999999998	-12.11	-8.0300000000000011	-8.5400000000000009	-5.0599999999999996	-9.25	-8.3500000000000068	-9.129999999999999	-7.22	-6.73	-3.09	-4.1399999999999997	-4.8199999999999985	-4.4700000000000024	-10.17	-7.95	-10.06	-10.76	-10.49	-14	-11.4	-6.88	-5.51	-6.9300000000000024	-9.15	-7.41	-7.48	-9.83	-11.84	-3.22	-5.39	-8.6399999999999988	-6.1499999999999995	-7.31	-4.24	-5.3199999999999985	-4.74	-4.22	-9.76	-7.64	-8.56	-13	-7.84	-12.18	-6.3	-10.39	-6.54	-7.56	-7.99	-8.91	-6.8599999999999985	-9.76	-11.03	-10.11	-10	-5.3199999999999985	-7.56	-7.9300000000000024	-7.08	-5.1099999999999985	-5.74	-8.99	-11.129999999999999	-6.14	-9.44	-11.02	-8.99	-10.15	-4.3199999999999985	-6.56	-7.84	-6.81	-7.6199999999999966	-7.08	-8.39	-8.52	-7.1199999999999966	-7.72	-7.4300000000000024	-9.17	-6.03	-6.1599999999999975	-5.94	-9.629999999999999	-6.41	-5.81	-11.41	-9.34	-10.050000000000002	-6.31	-6.44	-5.3599999999999985	-5.14	-6.01	-6.29	-5.85	-17.37	-8.09	-12.129999999999999	-7.99	-12.8	-8.7800000000000011	-7.2	-8.2399999999999984	-6.7700000000000014	-6.88	-6.3199999999999985	-9.120000000000001	-6.3	-9.52	-6.9300000000000024	-6.25	-6.1199999999999966	-8.8000000000000007	-6.73	-6.14	-7.73	-5.96	-7.8	-4.8199999999999985	-10.56	-9.89	-8.6399999999999988	-8.7299999999999986	-6.6599999999999975	-3.18	-7.1	-6.46	-5.88	-7.06	-6.21	-7.3599999999999985	-10.16	-10.91	-10.030000000000001	-7.83	-8.66	-5.83	-9.8600000000000048	-7.2700000000000014	-5.99	-3.98	-5.94	-10.34	-7.72	-8.32	-8.19	-8.31	-7.85	-5.39	-6.5	-6.87	-4.33	-7.52	-11.850000000000012	-18.22	-10.96	-7.57	-4.72	-7.29	-4.79	-8.9600000000000026	-8.9600000000000026	-5.8	-7.03	-10.96	-10.7	-7.9	-7.7	-4.76	-5.38	-6.76	-6.84	-7.06	-6.74	-5.57	-6.24	-8.98	-9.08	-9.17	-5.55	-5.79	-10.26	-6.23	-5.9300000000000024	-4.6199999999999966	-7.34	-10.52	-13	-9.41	-8.6	-8.18	-8.7399999999999984	-4.51	-4.5999999999999996	-6.33	-5.8599999999999985	-7.96	-5.44	-8.9700000000000006	-10.44	-6.59	-8.57	-5.9700000000000024	-8.27	-5.9700000000000024	-3.9699999999999998	-7.28	-6.05	-5.9300000000000024	-7.52	-9.77	-12.54	-9.5500000000000007	-9.84	-9.91	-8.129999999999999	-6.6199999999999966	-7.3199999999999985	-6.29	-4.7699999999999996	-6.39	-6.3	-8.01	-9.5500000000000007	-7.72	-6.75	-7.5	-6.8199999999999985	-6.75	-5.56	-5.6499999999999995	-7.26	-8.25	-7.39	-12.88	-13.99	-9.2100000000000009	-9.5	-7.22	-7.3	-5.23	-5.24	-4.74	-4.3	-7.1899999999999995	-9.15	-8.09	-9.5400000000000009	-9.65	-9.2900000000000009	-6.1499999999999995	-8.25	-10.43	-5.88	-6.58	-7.25	-5.49	-9.4700000000000006	-9.5300000000000011	-8.76	-7.6199999999999966	-9.98	-8	-6.6899999999999995	-6.38	-6.24	-6.25	-6.98	-5.59	-6.92	-10.02	-8.42	39	40	102	18	137	82	75	67	100	20	20	132	42	58	80	51	101	81	102	133	47	34	56	97	37	57	38	99	33	172	136	56	66	40	72	67	98	38	134	53	84	168	43	95	64	88	92	70	78	12	65	43	72	106	17	85	23	96	50	80	105	57	76	116	118	42	34	28	51	38	65	65	114	58	27	36	219	54	87	40	99	100	44	39	78	10	57	58	31	121	84	73	66	18	56	91	115	14	90	58	55	68	57	56	49	85	38	171	95	50	92	30	66	99	57	70	158	56	103	59	85	102	108	18	17	62	103	51	112	50	68	97	16	59	80	65	8	73	61	69	74	25	84	53	109	45	35	15	100	26	64	93	43	116	91	75	28	33	24	20	89	66	69	53	47	131	83	44	31	106	68	27	49	60	113	46	78	86	57	153	38	10	64	69	43	123	43	130	97	30	178	115	22	120	68	71	56	33	104	108	86	73	92	126	76	74	56	72	48	53	37	98	12	28	39	12	54	11	5	58	34	63	129	44	100	89	42	7	114	45	37	70	105	90	40	24	53	40	86	67	16	97	118	55	149	74	91	134	187	65	63	64	77	66	63	57	58	70	118	77	51	54	115	87	84	101	35	35	35	118	68	64	36	30	57	52	86	70	93	45	110	42	46	140	40	80	86	54	121	42	71	60	72	184	86	43	101	96	71	102	18	30	48	49	68	51	27	75	73	34	69	116	80	52	38	74	62	126	120	58	59	107	43	73	56	42	30	71	52	94	106	66	47	63	78	23	60	74	101	103	73	81	126	11	52	81	63	Wasserkuppe Rhoen	-8.91	-10.850000000000012	-9.8700000000000028	-10.7	-11.18	-8.7199999999999989	-7.74	-8.3500000000000068	-7.04	-8.17	-10.48	-11.65	-15.05	-13.29	-11.99	-12.42	-8.9600000000000026	-7.4	-6.81	-9.2299999999999986	-7.13	-12.209999999999999	-10.01	-10.46	-11.02	-11.129999999999999	-10.01	-9.8700000000000028	-15.28	-9.08	-10.52	-8.0300000000000011	-6.22	-8.34	-11.77	-9.91	-10.68	-9.01	-9.39	-9.9700000000000006	-12.26	-9.08	-7.6199999999999966	-7.85	-8.66	-11.88	-9.81	-14.03	-10.77	-11.229999999999999	-9.9	-9.25	-11.07	-7.3599999999999985	-5.75	-7.2	-6.6	-16.439999999999987	-12.17	-11.53	-8.2800000000000011	-10.53	-9.6	-12.18	-8.4600000000000026	-7.76	-6.68	-7.88	-6.18	-6.54	-10.220000000000001	-10.38	-10.91	-11.27	-12.42	-16.73	-11.860000000000012	-10.34	-9.5500000000000007	-6.9300000000000024	-9.2100000000000009	-8.3600000000000048	-9.7000000000000011	-13.16	-13.43	-11	-12.27	-10.050000000000002	-9.15	-10.48	-6.5	-6.68	-6.35	-5.29	-12.08	-8.129999999999999	-9.51	-19.100000000000001	-11	-12.56	-8.77	-11.94	-6.95	-5.96	-11.139999999999999	-8.39	-8.7299999999999986	-10.18	-11.02	-11.02	-11.81	-9.620000000000001	-11.54	-8.3500000000000068	-8.41	-7.1199999999999966	-6.13	-9.1399999999999988	-12	-8.56	-12.07	-10.83	-11.92	-10.239999999999998	-7.1	-9.2399999999999984	-9.629999999999999	-7.01	-8.2000000000000011	-8.08	-8.42	-8.8500000000000068	-10.51	-9.91	-8.75	-10.65	-6.7700000000000014	-9.32	-7.4	-7.54	-7.25	-8.58	-8.89	-11.33	-12.12	-10.229999999999999	-7.03	-9.8500000000000068	-7.05	-7.3599999999999985	-5.8	-7.14	-7.92	-13.860000000000012	-11.18	-11.49	-9.2000000000000011	-14.69	-10.91	-12.68	-9.7900000000000009	-9.89	-10.120000000000001	-5.01	-8.68	-6.94	-11.52	-9.6	-8.1399999999999988	-9.3000000000000007	-10.739999999999998	-11.51	-8.2399999999999984	-10.17	-8.4500000000000028	-7.23	-8.59	-10.93	-10.93	-10.55	-8.9600000000000026	-8.44	-6.68	-8.3700000000000028	-8.4	-6.45	-6.9300000000000024	-6.89	-9.7800000000000011	-13.209999999999999	-13.79	-11.450000000000006	-9.19	-11.53	-8.16	-11.360000000000012	-9.129999999999999	-8.06	-5.2700000000000014	-7.02	-9.76	-10.18	-9.18	-9.42	-10.89	-10.1	-10.19	-8.129999999999999	-11.67	-8.11	-5.58	-7.1599999999999975	-9.92	-5.79	-11.16	-12	-13.360000000000012	-10.59	-7.9300000000000024	-9.1399999999999988	-7.1599999999999975	-9.8500000000000068	-9.52	-10.83	-9.11	-6.14	-12.219999999999999	-12.78	-10.11	-6.92	-8.26	-8.9	-10.48	-9.56	-12.61	-6.05	-8.3000000000000007	-13.94	-10.6	-12.33	-9.2100000000000009	-8.7000000000000011	-11.56	-9.52	-6.4	-8.3800000000000008	-8.1399999999999988	-11.34	-12.1	-10.58	-10.16	-10.67	-8.3000000000000007	-9.57	-9.7100000000000009	-6.13	-8	-8.25	-7.96	-9.02	-7.24	-11.61	-10.51	-7.64	-10	-7.17	-8.9600000000000026	-8.4700000000000006	-6.83	-9.2800000000000011	-5.83	-8.2399999999999984	-9.620000000000001	-11.46	-12.28	-12.8	-9.57	-10.59	-8.76	-7.92	-8.5400000000000009	-9.2800000000000011	-6.34	-8.7000000000000011	-7.87	-11.6	-12.49	-9.7800000000000011	-9.8000000000000007	-9.66	-8.08	-9.15	-7.2700000000000014	-7.64	-7.79	-10	-9.2100000000000009	-12.17	-12.09	-10.9	-10.98	-12.54	-8.3000000000000007	-6.84	-4.55	-6.1899999999999995	-7.84	-7.57	-9.52	-12.97	-10.31	-14.11	-10.29	-8.7800000000000011	-10.450000000000006	-14.25	-5.96	-6.57	-8.31	-6.31	-11.850000000000012	-10.200000000000001	-10.09	-8.120000000000001	-13.33	-8.32	-8.3600000000000048	-7.79	-6.7	-7.3	-9.01	-6.68	-7.3599999999999985	-11.450000000000006	-9.31	39	29	93	20	85	122	92	36	82	23	151	108	58	57	144	88	63	84	131	94	58	23	99	160	64	77	62	110	58	148	257	132	87	75	81	106	87	38	145	76	103	146	136	213	60	130	130	122	78	10	45	80	64	89	81	29	26	158	48	90	112	39	92	162	188	41	69	63	114	91	80	60	155	97	34	28	228	109	157	62	191	114	70	48	65	22	67	86	107	139	135	82	88	28	102	87	158	12	140	60	71	126	81	125	87	119	44	155	96	90	126	34	134	169	119	110	115	75	103	124	105	133	199	79	39	78	157	37	112	55	135	172	56	66	75	103	61	74	85	87	95	127	80	145	57	101	62	64	19	133	57	62	113	52	127	105	91	42	47	49	40	105	41	23	60	61	91	100	51	52	127	70	37	178	159	136	78	105	139	79	172	39	38	72	79	104	139	97	102	83	40	236	97	46	130	115	89	81	87	96	111	79	88	115	184	91	101	91	109	71	145	77	160	20	70	80	5	79	38	32	104	72	149	143	65	152	101	33	19	103	105	57	62	106	144	17	22	119	72	106	63	30	80	64	89	90	159	80	226	245	120	76	115	118	93	76	63	92	96	97	47	68	84	144	92	129	157	37	51	36	207	77	157	95	69	69	82	84	133	88	45	132	77	69	209	68	138	125	97	247	86	66	100	78	104	73	59	199	135	122	139	42	36	54	128	55	63	42	58	81	56	84	127	67	43	59	135	65	152	128	124	40	125	65	103	124	55	102	110	63	122	104	136	48	82	98	33	114	146	109	205	40	200	120	31	109	89	67	150	87	81	1.9000000000000001	213	101	128	87	203	19	173	87	Krakow	-9.43	-9.65	-5.0599999999999996	-5.46	-7.8199999999999985	-7.1	-8.58	-11.860000000000012	-13.57	-15.350000000000012	-10.52	-14.8	-13.370000000000006	-9.48	-9.2000000000000011	-7.84	-7.34	-9.9700000000000006	-6.24	-8.3000000000000007	-10.88	-16.75	-13.97	-14.709999999999999	-9.75	-8.16	-7.29	-6.6099999999999985	-5.9700000000000024	-5.96	-8.41	-5.72	-10.69	-13.2	-9.8700000000000028	-19.559999999999999	-11.8	-10.08	-7.8599999999999985	-9.5	-8.4600000000000026	-8.57	-7.3	-6.3	-16.52	-11.66	-17.55	-11.17	-12.8	-15.209999999999999	-9.2800000000000011	-6.45	-7.52	-6.87	-6.09	-9.76	-10.81	-13.39	-10.69	-12.99	-10.09	-13.33	-10.450000000000006	-7.8	-9.2900000000000009	-6.81	-8.3500000000000068	-12.49	-15.729999999999999	-12.57	-12.84	-14.58	-10.850000000000012	-12.08	-9.49	-7.07	-7.37	-7.78	-11.25	-11.18	-15.11	-17.690000000000001	-14.229999999999999	-18.88	-8.8600000000000048	-9.6	-7.03	-5.4300000000000024	-7.54	-5.58	-6.1	-10.1	-15.229999999999999	-12.33	-8.0500000000000007	-15.05	-12.850000000000012	-9.0400000000000009	-9.9600000000000026	-7.9700000000000024	-7.3	-6.9	-6.25	-7.05	-12.03	-6.8	-18.45	-14.31	-11.89	-9.25	-7.84	-6.96	-7.31	-5.18	-9.7900000000000009	-8.16	-9.48	-18.649999999999999	-15.29	-9.42	-12.629999999999999	-11.53	-8.06	-7.58	-6.98	-8.02	-6.68	-6.87	-12.03	-8.69	-12.89	-12.5	-9.69	-7.44	-7.03	-5.8199999999999985	-7.91	-5.99	-6.31	-8.7399999999999984	-9.76	-14.3	-13.18	-12.93	-12.38	-13.3	-8.65	-9.06	-6.76	-7.44	-7.39	-10.33	-9.8800000000000008	-8.17	-12.870000000000006	-12.6	-13.950000000000006	-8.17	-7.88	-7.58	-6.25	-5.1899999999999995	-7.55	-9	-10.450000000000006	-8.06	-8.89	-9.56	-5.4700000000000024	-5.85	-5.1099999999999985	-7.1099999999999985	-7.17	-9.5	-8.0300000000000011	-9.3700000000000028	-8.76	-9.5500000000000007	-10.25	-14.11	-7.46	-10.719999999999999	-5.34	-5.52	-5.6499999999999995	-7.1	-9.7199999999999989	-15.19	-11.12	-11.29	-10.91	-18.459999999999987	-8.7399999999999984	-10.6	-9.07	-6.57	-6.08	-6.14	-6.17	-7.51	-9.58	-11.209999999999999	-11.58	-9.98	-11.51	-8.68	-8.51	-7.17	-9.3600000000000048	-6.52	-9.129999999999999	-13.55	-11.18	-14.75	-9.7800000000000011	-16.690000000000001	-12.39	-12.17	-5.29	-7.1499999999999995	-5.96	-9.1	-8.8700000000000028	-6.06	-14.370000000000006	-12.219999999999999	-12.44	-14.98	-7.91	-10.53	-8.68	-5.76	-6.73	-5.9	-6.4	-12.729999999999999	-8.43	-8.8000000000000007	-13.3	-11.59	-12.870000000000006	-10.4	-10.639999999999999	-8.32	-4.99	-9.42	-7.98	-7.31	-14.129999999999999	-19.53	-17.010000000000005	-14.239999999999998	-13.18	-14.209999999999999	-8.17	-5.56	-7.7700000000000014	-6.74	-12.8	-9.6399999999999988	-11.450000000000006	-16.21	-14.8	-12.82	-8.89	-9.84	-8.5400000000000009	-8.06	-9.98	-9.9600000000000026	-7.38	-9.0400000000000009	-13.88	-13.26	-9.17	-7.74	-9.25	-9.66	-8.98	-6.5	-5.63	-6.02	-11.78	-10.59	-16.279999999999987	-14.27	-10.19	-10.28	-11.59	-7.34	-8.8500000000000068	-4.5599999999999996	-10.200000000000001	-4.9300000000000024	-10.51	-6.22	-9.8500000000000068	-14.8	-12.65	-10.46	-12.229999999999999	-10.6	-6.22	-7.1599999999999975	-6.78	-6.06	-8.51	-6.67	-13.82	-16.170000000000005	-10.629999999999999	-10.51	-10.66	-7.92	-6.92	-6.28	-5.83	-8.2299999999999986	-10.41	-10.120000000000001	-11.62	-13.6	59	36	78	146	80	57	29	75	14	26	91	2	26	28	76	43	60	52	98	45	62	24	41	100	52	52	38	41	98	114	58	9	48	27	11	15	19	51	112	83	60	104	96	44	37	35	64	25	39	71	81	65	50	90	31	46	34	52	15	25	15	56	45	77	78	81	34	82	41	26	27	21	50	23	70	67	91	87	58	71	53	53	30	9	5	21	38	68	74	44	35	23	29	82	54	33	63	19	35	65	45	45	30	45	18	11	31	17	23	21	103	75	70	20	83	21	25	19	26	44	29	60	82	124	95	183	24	27	47	49	48	20	18	24	85	168	68	104	33	23	8	80	60	14	33	39	89	106	64	66	82	42	36	44	12	41	49	30	78	57	56	75	46	18	33	56	11	14	17	98	59	205	44	68	37	33	34	18	16	33	28	72	57	53	46	152	106	16	72	15	12	26	18	55	94	50	51	103	41	65	48	41	35	27	39	44	53	29	119	18	53	84	40	52	28	30	35	26	49	57	81	34	37	29	34	31	63	6	80	89	77	46	51	77	88	72	30	37	33	32	38	61	80	111	40	81	105	18	23	38	27	18	24	58	147	57	70	160	102	23	49	13	17	50	21	36	65	91	285	49	53	68	54	35	46	44	36	82	48	113	58	66	52	98	38	28	39	37	78	28	89	100	177	42	33	13	36	50	46	19	50	128	65	79	103	122	111	18	50	32	37	42	26	39	70	98	138	92	72	84	26	20	Regensburg	-16.670000000000005	-17.489999999999966	-12.39	-12.07	-13.229999999999999	-9.41	-7.35	-8.69	-7.67	-9.7399999999999984	-12.01	-17.03	-12.17	-13.48	-15.06	-9.5300000000000011	-6.84	-5.8	-8.1399999999999988	-11.79	-10.17	-10.8	-11.05	-13.239999999999998	-13.41	-12.94	-13.05	-12.26	-8.67	-8.2800000000000011	-8.11	-4.91	-12.61	-11.360000000000012	-10.81	-11.41	-17.579999999999988	-12	-10.89	-8.83	-6.58	-9.3700000000000028	-5.3599999999999985	-7.95	-12.88	-11.77	-16.05	-10.739999999999998	-13.33	-7.81	-6.6	-7.02	-6.9	-6.2	-6	-6.83	-16.25	-14.7	-12.26	-10.47	-14.729999999999999	-11.44	-11.99	-11.17	-6.2700000000000014	-7.72	-6.39	-6.95	-4.6199999999999966	-11.49	-9.16	-12.09	-16.130000000000024	-12.129999999999999	-15.76	-10.9	-9.32	-6.07	-5.89	-7.45	-10.55	-11.06	-15.3	-14.719999999999999	-12.42	-15.729999999999999	-9.4700000000000006	-11.360000000000012	-8.7399999999999984	-6.4	-8.06	-5.1499999999999995	-11.75	-11.44	-9.81	-11.06	-11.49	-9.44	-10.62	-8.83	-9.66	-6.99	-6.74	-5.0199999999999996	-8.8700000000000028	-11.3	-11.17	-10.360000000000012	-12.31	-12.709999999999999	-7.06	-9.11	-8.7199999999999989	-7.13	-5.9300000000000024	-6.98	-9.0400000000000009	-11.05	-7.72	-10.31	-13.52	-12.29	-10.25	-9.15	-8.91	-6.88	-5.56	-7.18	-8.39	-11.239999999999998	-12.38	-10.030000000000001	-9.89	-6.99	-13.5	-4.38	-4.8899999999999997	-6.54	-6.4	-7.85	-8.66	-11.98	-12.860000000000012	-10.210000000000001	-10.26	-10.450000000000006	-9.26	-4.33	-8.2299999999999986	-5.9	-5.56	-7.45	-10.51	-10.81	-11.709999999999999	-13.729999999999999	-13.49	-10.15	-7.46	-6.07	-8.1	-7.81	-6.28	-6.85	-8.11	-13.62	-9.65	-9.9600000000000026	-12.61	-11.239999999999998	-9.6399999999999988	-6.1199999999999966	-7.55	-6.6	-6.05	-5.1199999999999966	-11.3	-9.18	-11.82	-7.02	-11.99	-6.1499999999999995	-7.1199999999999966	-6.21	-6.99	-6.21	-6.4300000000000024	-7.52	-8.2199999999999989	-12.34	-10.89	-9.43	-12.08	-6.2	-16.66	-10.67	-10.629999999999999	-10.229999999999999	-9.91	-6.38	-10.629999999999999	-7.85	-9.84	-14.81	-9.7299999999999986	-9.31	-8.68	-10.82	-10.7	-10.8	-10.370000000000006	-8.98	-6.53	-12.16	-13.860000000000012	-14.950000000000006	-11.03	-10.4	-10.94	-6.1599999999999975	-6.04	-7.88	-8.67	-8.58	-8.19	-11.49	-13.56	-16.39	-9.2900000000000009	-6.22	-8.3800000000000008	-5.31	-7.85	-6.9700000000000024	-7.85	-4.87	-8.65	-10.99	-12.04	-12.219999999999999	-8.7000000000000011	-5.8199999999999985	-9.2800000000000011	-8.93	-6.49	-3.7	-4.6499999999999995	-9.01	-6.91	-11.46	-7.6899999999999995	-13.209999999999999	-9.6	-10.639999999999999	-9.0400000000000009	-6.31	-6.1599999999999975	-7.78	-4.9400000000000004	-7.75	-7.09	-13.3	-12.28	-6.8599999999999985	-7.67	-6.45	-12.629999999999999	-6.95	-1.72	-6.88	-5.67	-8.2100000000000009	-12.52	-8.65	-10.38	-10.34	-7.52	-7.96	-5.76	-4.33	-7.9700000000000024	-8.52	-10.18	-8.3800000000000008	-10.92	-7.95	-6.38	-7.14	-8.2800000000000011	-5.4300000000000024	-5.4	-7.1099999999999985	-11.6	-8.94	-12.62	-11.19	-9.2100000000000009	-11.62	-7.18	-8.39	-4.38	-3.19	-4.45	-4.22	-8.1	-12.46	-14.15	-10.55	-14.91	-11.1	-9.98	-8.99	-11.69	-4.75	-4.9300000000000024	-7.41	-6.02	-9.02	-9.0300000000000011	-13.26	-8.0300000000000011	-21.21	-5.21	-10.450000000000006	-6.84	-4.72	-7.38	-7.35	-5.9700000000000024	-8.0300000000000011	-8.7000000000000011	-7.55	37	28	49	11	106	125	68	86	68	8	52	39	28	79	47	41	96	42	43	84	10	64	73	46	45	51	92	59	59	97	26	28	54	23	41	63	25	49	21	48	26	16	60	42	149	57	66	50	8	11	17	28	81	70	91	22	56	29	82	63	41	24	56	84	52	25	73	53	21	44	26	62	52	3	28	100	70	39	74	104	17	30	24	53	29	32	34	68	71	98	88	39	8	80	27	69	9	54	21	115	78	82	85	52	75	28	63	37	39	56	31	85	75	116	56	53	92	52	63	38	37	135	22	28	30	79	79	38	53	47	100	19	22	22	108	36	56	130	42	65	34	40	58	18	111	14	52	24	101	35	41	82	54	71	44	27	21	24	12	55	127	89	62	46	12	37	55	19	24	69	42	18	72	60	65	41	73	91	47	44	22	9	23	26	135	128	64	51	56	30	127	41	26	44	54	62	71	72	77	57	49	46	59	63	30	61	40	82	94	69	106	72	17	59	44	15	23	14	23	63	83	89	90	16	61	54	38	6	53	48	35	15	96	95	24	28	54	23	48	33	22	39	18	35	97	53	28	123	153	64	19	48	47	34	52	96	53	79	25	45	26	40	80	37	48	79	33	61	18	116	61	56	64	34	40	71	42	121	62	40	77	58	61	18	38	74	59	26	76	89	30	57	95	138	93	62	100	114	69	68	17	15	13	50	58	43	31	24	60	27	44	97	49	35	32	65	58	71	67	55	42	48	37	69	49	35	70	57	63	99	128	14	32	34	54	21	56	78	73	79	76	88	94	10	19	23	32	83	52	40	19	93	86	99	53	84	15	77	40	Precipitation	-9.43	-9.65	-5.0599999999999996	-5.46	-7.8199999999999985	-7.1	-8.58	-11.860000000000012	-13.57	-15.350000000000012	-10.52	-14.8	-13.370000000000006	-9.48	-9.2000000000000011	-7.84	-7.34	-9.9700000000000006	-6.24	-8.3000000000000007	-10.88	-16.75	-13.97	-14.709999999999999	-9.75	-8.16	-7.29	-6.6099999999999985	-5.9700000000000024	-5.96	-8.41	-5.72	-10.69	-13.2	-9.8700000000000028	-19.559999999999999	-11.8	-10.08	-7.8599999999999985	-9.5	-8.4600000000000026	-8.57	-7.3	-6.3	-16.52	-11.66	-17.55	-11.17	-12.8	-15.209999999999999	-9.2800000000000011	-6.45	-7.52	-6.87	-6.09	-9.76	-10.81	-13.39	-10.69	-12.99	-10.09	-13.33	-10.450000000000006	-7.8	-9.2900000000000009	-6.81	-8.3500000000000068	-12.49	-15.729999999999999	-12.57	-12.84	-14.58	-10.850000000000012	-12.08	-9.49	-7.07	-7.37	-7.78	-11.25	-11.18	-15.11	-17.690000000000001	-14.229999999999999	-18.88	-8.8600000000000048	-9.6	-7.03	-5.4300000000000024	-7.54	-5.58	-6.1	-10.1	-15.229999999999999	-12.33	-8.0500000000000007	-15.05	-12.850000000000012	-9.0400000000000009	-9.9600000000000026	-7.9700000000000024	-7.3	-6.9	-6.25	-7.05	-12.03	-6.8	-18.45	-14.31	-11.89	-9.25	-7.84	-6.96	-7.31	-5.18	-9.7900000000000009	-8.16	-9.48	-18.649999999999999	-15.29	-9.42	-12.629999999999999	-11.53	-8.06	-7.58	-6.98	-8.02	-6.68	-6.87	-12.03	-8.69	-12.89	-12.5	-9.69	-7.44	-7.03	-5.8199999999999985	-7.91	-5.99	-6.31	-8.7399999999999984	-9.76	-14.3	-13.18	-12.93	-12.38	-13.3	-8.65	-9.06	-6.76	-7.44	-7.39	-10.33	-9.8800000000000008	-8.17	-12.870000000000006	-12.6	-13.950000000000006	-8.17	-7.88	-7.58	-6.25	-5.1899999999999995	-7.55	-9	-10.450000000000006	-8.06	-8.89	-9.56	-5.4700000000000024	-5.85	-5.1099999999999985	-7.1099999999999985	-7.17	-9.5	-8.0300000000000011	-9.3700000000000028	-8.76	-9.5500000000000007	-10.25	-14.11	-7.46	-10.719999999999999	-5.34	-5.52	-5.6499999999999995	-7.1	-9.7199999999999989	-15.19	-11.12	-11.29	-10.91	-18.459999999999987	-8.7399999999999984	-10.6	-9.07	-6.57	-6.08	-6.14	-6.17	-7.51	-9.58	-11.209999999999999	-11.58	-9.98	-11.51	-8.68	-8.51	-7.17	-9.3600000000000048	-6.52	-9.129999999999999	-13.55	-11.18	-14.75	-9.7800000000000011	-16.690000000000001	-12.39	-12.17	-5.29	-7.1499999999999995	-5.96	-9.1	-8.8700000000000028	-6.06	-14.370000000000006	-12.219999999999999	-12.44	-14.98	-7.91	-10.53	-8.68	-5.76	-6.73	-5.9	-6.4	-12.729999999999999	-8.43	-8.8000000000000007	-13.3	-11.59	-12.870000000000006	-10.4	-10.639999999999999	-8.32	-4.99	-9.42	-7.98	-7.31	-14.129999999999999	-19.53	-17.010000000000005	-14.239999999999998	-13.18	-14.209999999999999	-8.17	-5.56	-7.7700000000000014	-6.74	-12.8	-9.6399999999999988	-11.450000000000006	-16.21	-14.8	-12.82	-8.89	-9.84	-8.5400000000000009	-8.06	-9.98	-9.9600000000000026	-7.38	-9.0400000000000009	-13.88	-13.26	-9.17	-7.74	-9.25	-9.66	-8.98	-6.5	-5.63	-6.02	-11.78	-10.59	-16.279999999999987	-14.27	-10.19	-10.28	-11.59	-7.34	-8.8500000000000068	-4.5599999999999996	-10.200000000000001	-4.9300000000000024	-10.51	-6.22	-9.8500000000000068	-14.8	-12.65	-10.46	-12.229999999999999	-10.6	-6.22	-7.1599999999999975	-6.78	-6.06	-8.51	-6.67	-13.82	-16.170000000000005	-10.629999999999999	-10.51	-10.66	-7.92	-6.92	-6.28	-5.83	-8.2299999999999986	-10.41	-10.120000000000001	-11.62	-13.6	-8.91	-10.850000000000012	-9.8700000000000028	-10.7	-11.18	-8.7199999999999989	-7.74	-8.3500000000000068	-7.04	-8.17	-10.48	-11.65	-15.05	-13.29	-11.99	-12.42	-8.9600000000000026	-7.4	-6.81	-9.2299999999999986	-7.13	-12.209999999999999	-10.01	-10.46	-11.02	-11.129999999999999	-10.01	-9.8700000000000028	-15.28	-9.08	-10.52	-8.0300000000000011	-6.22	-8.34	-11.77	-9.91	-10.68	-9.01	-9.39	-9.9700000000000006	-12.26	-9.08	-7.6199999999999966	-7.85	-8.66	-11.88	-9.81	-14.03	-10.77	-11.229999999999999	-9.9	-9.25	-11.07	-7.3599999999999985	-5.75	-7.2	-6.6	-16.439999999999987	-12.17	-11.53	-8.2800000000000011	-10.53	-9.6	-12.18	-8.4600000000000026	-7.76	-6.68	-7.88	-6.18	-6.54	-10.220000000000001	-10.38	-10.91	-11.27	-12.42	-16.73	-11.860000000000012	-10.34	-9.5500000000000007	-6.9300000000000024	-9.2100000000000009	-8.3600000000000048	-9.7000000000000011	-13.16	-13.43	-11	-12.27	-10.050000000000002	-9.15	-10.48	-6.5	-6.68	-6.35	-5.29	-12.08	-8.129999999999999	-9.51	-19.100000000000001	-11	-12.56	-8.77	-11.94	-6.95	-5.96	-11.139999999999999	-8.39	-8.7299999999999986	-10.18	-11.02	-11.02	-11.81	-9.620000000000001	-11.54	-8.3500000000000068	-8.41	-7.1199999999999966	-6.13	-9.1399999999999988	-12	-8.56	-12.07	-10.83	-11.92	-10.239999999999998	-7.1	-9.2399999999999984	-9.629999999999999	-7.01	-8.2000000000000011	-8.08	-8.42	-8.8500000000000068	-10.51	-9.91	-8.75	-10.65	-6.7700000000000014	-9.32	-7.4	-7.54	-7.25	-8.58	-8.89	-11.33	-12.12	-10.229999999999999	-7.03	-9.8500000000000068	-7.05	-7.3599999999999985	-5.8	-7.14	-7.92	-13.860000000000012	-11.18	-11.49	-9.2000000000000011	-14.69	-10.91	-12.68	-9.7900000000000009	-9.89	-10.120000000000001	-5.01	-8.68	-6.94	-11.52	-9.6	-8.1399999999999988	-9.3000000000000007	-10.739999999999998	-11.51	-8.2399999999999984	-10.17	-8.4500000000000028	-7.23	-8.59	-10.93	-10.93	-10.55	-8.9600000000000026	-8.44	-6.68	-8.3700000000000028	-8.4	-6.45	-6.9300000000000024	-6.89	-9.7800000000000011	-13.209999999999999	-13.79	-11.450000000000006	-9.19	-11.53	-8.16	-11.360000000000012	-9.129999999999999	-8.06	-5.2700000000000014	-7.02	-9.76	-10.18	-9.18	-9.42	-10.89	-10.1	-10.19	-8.129999999999999	-11.67	-8.11	-5.58	-7.1599999999999975	-9.92	-5.79	-11.16	-12	-13.360000000000012	-10.59	-7.9300000000000024	-9.1399999999999988	-7.1599999999999975	-9.8500000000000068	-9.52	-10.83	-9.11	-6.14	-12.219999999999999	-12.78	-10.11	-6.92	-8.26	-8.9	-10.48	-9.56	-12.61	-6.05	-8.3000000000000007	-13.94	-10.6	-12.33	-9.2100000000000009	-8.7000000000000011	-11.56	-9.52	-6.4	-8.3800000000000008	-8.1399999999999988	-11.34	-12.1	-10.58	-10.16	-10.67	-8.3000000000000007	-9.57	-9.7100000000000009	-6.13	-8	-8.25	-7.96	-9.02	-7.24	-11.61	-10.51	-7.64	-10	-7.17	-8.9600000000000026	-8.4700000000000006	-6.83	-9.2800000000000011	-5.83	-8.2399999999999984	-9.620000000000001	-11.46	-12.28	-12.8	-9.57	-10.59	-8.76	-7.92	-8.5400000000000009	-9.2800000000000011	-6.34	-8.7000000000000011	-7.87	-11.6	-12.49	-9.7800000000000011	-9.8000000000000007	-9.66	-8.08	-9.15	-7.2700000000000014	-7.64	-7.79	-10	-9.2100000000000009	-12.17	-12.09	-10.9	-10.98	-12.54	-8.3000000000000007	-6.84	-4.55	-6.1899999999999995	-7.84	-7.57	-9.52	-12.97	-10.31	-14.11	-10.29	-8.7800000000000011	-10.450000000000006	-14.25	-5.96	-6.57	-8.31	-6.31	-11.850000000000012	-10.200000000000001	-10.09	-8.120000000000001	-13.33	-8.32	-8.3600000000000048	-7.79	-6.7	-7.3	-9.01	-6.68	-7.3599999999999985	-11.450000000000006	-9.31	-16.670000000000005	-17.489999999999966	-12.39	-12.07	-13.229999999999999	-9.41	-7.35	-8.69	-7.67	-9.7399999999999984	-12.01	-17.03	-12.17	-13.48	-15.06	-9.5300000000000011	-6.84	-5.8	-8.1399999999999988	-11.79	-10.17	-10.8	-11.05	-13.239999999999998	-13.41	-12.94	-13.05	-12.26	-8.67	-8.2800000000000011	-8.11	-4.91	-12.61	-11.360000000000012	-10.81	-11.41	-17.579999999999988	-12	-10.89	-8.83	-6.58	-9.3700000000000028	-5.3599999999999985	-7.95	-12.88	-11.77	-16.05	-10.739999999999998	-13.33	-7.81	-6.6	-7.02	-6.9	-6.2	-6	-6.83	-16.25	-14.7	-12.26	-10.47	-14.729999999999999	-11.44	-11.99	-11.17	-6.2700000000000014	-7.72	-6.39	-6.95	-4.6199999999999966	-11.49	-9.16	-12.09	-16.130000000000024	-12.129999999999999	-15.76	-10.9	-9.32	-6.07	-5.89	-7.45	-10.55	-11.06	-15.3	-14.719999999999999	-12.42	-15.729999999999999	-9.4700000000000006	-11.360000000000012	-8.7399999999999984	-6.4	-8.06	-5.1499999999999995	-11.75	-11.44	-9.81	-11.06	-11.49	-9.44	-10.62	-8.83	-9.66	-6.99	-6.74	-5.0199999999999996	-8.8700000000000028	-11.3	-11.17	-10.360000000000012	-12.31	-12.709999999999999	-7.06	-9.11	-8.7199999999999989	-7.13	-5.9300000000000024	-6.98	-9.0400000000000009	-11.05	-7.72	-10.31	-13.52	-12.29	-10.25	-9.15	-8.91	-6.88	-5.56	-7.18	-8.39	-11.239999999999998	-12.38	-10.030000000000001	-9.89	-6.99	-13.5	-4.38	-4.8899999999999997	-6.54	-6.4	-7.85	-8.66	-11.98	-12.860000000000012	-10.210000000000001	-10.26	-10.450000000000006	-9.26	-4.33	-8.2299999999999986	-5.9	-5.56	-7.45	-10.51	-10.81	-11.709999999999999	-13.729999999999999	-13.49	-10.15	-7.46	-6.07	-8.1	-7.81	-6.28	-6.85	-8.11	-13.62	-9.65	-9.9600000000000026	-12.61	-11.239999999999998	-9.6399999999999988	-6.1199999999999966	-7.55	-6.6	-6.05	-5.1199999999999966	-11.3	-9.18	-11.82	-7.02	-11.99	-6.1499999999999995	-7.1199999999999966	-6.21	-6.99	-6.21	-6.4300000000000024	-7.52	-8.2199999999999989	-12.34	-10.89	-9.43	-12.08	-6.2	-16.66	-10.67	-10.629999999999999	-10.229999999999999	-9.91	-6.38	-10.629999999999999	-7.85	-9.84	-14.81	-9.7299999999999986	-9.31	-8.68	-10.82	-10.7	-10.8	-10.370000000000006	-8.98	-6.53	-12.16	-13.860000000000012	-14.950000000000006	-11.03	-10.4	-10.94	-6.1599999999999975	-6.04	-7.88	-8.67	-8.58	-8.19	-11.49	-13.56	-16.39	-9.2900000000000009	-6.22	-8.3800000000000008	-5.31	-7.85	-6.9700000000000024	-7.85	-4.87	-8.65	-10.99	-12.04	-12.219999999999999	-8.7000000000000011	-5.8199999999999985	-9.2800000000000011	-8.93	-6.49	-3.7	-4.6499999999999995	-9.01	-6.91	-11.46	-7.6899999999999995	-13.209999999999999	-9.6	-10.639999999999999	-9.0400000000000009	-6.31	-6.1599999999999975	-7.78	-4.9400000000000004	-7.75	-7.09	-13.3	-12.28	-6.8599999999999985	-7.67	-6.45	-12.629999999999999	-6.95	-1.72	-6.88	-5.67	-8.2100000000000009	-12.52	-8.65	-10.38	-10.34	-7.52	-7.96	-5.76	-4.33	-7.9700000000000024	-8.52	-10.18	-8.3800000000000008	-10.92	-7.95	-6.38	-7.14	-8.2800000000000011	-5.4300000000000024	-5.4	-7.1099999999999985	-11.6	-8.94	-12.62	-11.19	-9.2100000000000009	-11.62	-7.18	-8.39	-4.38	-3.19	-4.45	-4.22	-8.1	-12.46	-14.15	-10.55	-14.91	-11.1	-9.98	-8.99	-11.69	-4.75	-4.9300000000000024	-7.41	-6.02	-9.02	-9.0300000000000011	-13.26	-8.0300000000000011	-21.21	-5.21	-10.450000000000006	-6.84	-4.72	-7.38	-7.35	-5.9700000000000024	-8.0300000000000011	-8.7000000000000011	-7.55	-9.8700000000000028	-13.34	-7.53	-8.2199999999999989	-8	-6.1599999999999975	-6.23	-6.92	-7.71	-2.67	-9.9600000000000026	-11.7	-12.8	-11.54	-8.49	-9.48	-5.53	-6.51	-9.8700000000000028	-5.87	-8.7800000000000011	-10.130000000000001	-9.15	-11.18	-11.629999999999999	-7.71	-8.5300000000000011	-8.89	-8.620000000000001	-4.75	-8.3800000000000008	-5	-6.53	-9.4600000000000026	-9.4	-11.17	-9.25	-8.8800000000000008	-5.56	-7.55	-7.45	-6.87	-5.84	-5.94	-8.44	-11.31	-13.03	-8.4700000000000006	-6.4300000000000024	-6.95	-5.17	-6.8599999999999985	-6.51	-3.56	-5.21	-2.9699999999999998	-12.11	-8.0300000000000011	-8.5400000000000009	-5.0599999999999996	-9.25	-8.3500000000000068	-9.129999999999999	-7.22	-6.73	-3.09	-4.1399999999999997	-4.8199999999999985	-4.4700000000000024	-10.17	-7.95	-10.06	-10.76	-10.49	-14	-11.4	-6.88	-5.51	-6.9300000000000024	-9.15	-7.41	-7.48	-9.83	-11.84	-3.22	-5.39	-8.6399999999999988	-6.1499999999999995	-7.31	-4.24	-5.3199999999999985	-4.74	-4.22	-9.76	-7.64	-8.56	-13	-7.84	-12.18	-6.3	-10.39	-6.54	-7.56	-7.99	-8.91	-6.8599999999999985	-9.76	-11.03	-10.11	-10	-5.3199999999999985	-7.56	-7.9300000000000024	-7.08	-5.1099999999999985	-5.74	-8.99	-11.129999999999999	-6.14	-9.44	-11.02	-8.99	-10.15	-4.3199999999999985	-6.56	-7.84	-6.81	-7.6199999999999966	-7.08	-8.39	-8.52	-7.1199999999999966	-7.72	-7.4300000000000024	-9.17	-6.03	-6.1599999999999975	-5.94	-9.629999999999999	-6.41	-5.81	-11.41	-9.34	-10.050000000000002	-6.31	-6.44	-5.3599999999999985	-5.14	-6.01	-6.29	-5.85	-17.37	-8.09	-12.129999999999999	-7.99	-12.8	-8.7800000000000011	-7.2	-8.2399999999999984	-6.7700000000000014	-6.88	-6.3199999999999985	-9.120000000000001	-6.3	-9.52	-6.9300000000000024	-6.25	-6.1199999999999966	-8.8000000000000007	-6.73	-6.14	-7.73	-5.96	-7.8	-4.8199999999999985	-10.56	-9.89	-8.6399999999999988	-8.7299999999999986	-6.6599999999999975	-3.18	-7.1	-6.46	-5.88	-7.06	-6.21	-7.3599999999999985	-10.16	-10.91	-10.030000000000001	-7.83	-8.66	-5.83	-9.8600000000000048	-7.2700000000000014	-5.99	-3.98	-5.94	-10.34	-7.72	-8.32	-8.19	-8.31	-7.85	-5.39	-6.5	-6.87	-4.33	-7.52	-11.850000000000012	-18.22	-10.96	-7.57	-4.72	-7.29	-4.79	-8.9600000000000026	-8.9600000000000026	-5.8	-7.03	-10.96	-10.7	-7.9	-7.7	-4.76	-5.38	-6.76	-6.84	-7.06	-6.74	-5.57	-6.24	-8.98	-9.08	-9.17	-5.55	-5.79	-10.26	-6.23	-5.9300000000000024	-4.6199999999999966	-7.34	-10.52	-13	-9.41	-8.6	-8.18	-8.7399999999999984	-4.51	-4.5999999999999996	-6.33	-5.8599999999999985	-7.96	-5.44	-8.9700000000000006	-10.44	-6.59	-8.57	-5.9700000000000024	-8.27	-5.9700000000000024	-3.9699999999999998	-7.28	-6.05	-5.9300000000000024	-7.52	-9.77	-12.54	-9.5500000000000007	-9.84	-9.91	-8.129999999999999	-6.6199999999999966	-7.3199999999999985	-6.29	-4.7699999999999996	-6.39	-6.3	-8.01	-9.5500000000000007	-7.72	-6.75	-7.5	-6.8199999999999985	-6.75	-5.56	-5.6499999999999995	-7.26	-8.25	-7.39	-12.88	-13.99	-9.2100000000000009	-9.5	-7.22	-7.3	-5.23	-5.24	-4.74	-4.3	-7.1899999999999995	-9.15	-8.09	-9.5400000000000009	-9.65	-9.2900000000000009	-6.1499999999999995	-8.25	-10.43	-5.88	-6.58	-7.25	-5.49	-9.4700000000000006	-9.5300000000000011	-8.76	-7.6199999999999966	-9.98	-8	-6.6899999999999995	-6.38	-6.24	-6.25	-6.98	-5.59	-6.92	-10.02	-8.42	59	36	78	146	80	57	29	75	14	26	91	2	26	28	76	43	60	52	98	45	62	24	41	100	52	52	38	41	98	114	58	9	48	27	11	15	19	51	112	83	60	104	96	44	37	35	64	25	39	71	81	65	50	90	31	46	34	52	15	25	15	56	45	77	78	81	34	82	41	26	27	21	50	23	70	67	91	87	58	71	53	53	30	9	5	21	38	68	74	44	35	23	29	82	54	33	63	19	35	65	45	45	30	45	18	11	31	17	23	21	103	75	70	20	83	21	25	19	26	44	29	60	82	124	95	183	24	27	47	49	48	20	18	24	85	168	68	104	33	23	8	80	60	14	33	39	89	106	64	66	82	42	36	44	12	41	49	30	78	57	56	75	46	18	33	56	11	14	17	98	59	205	44	68	37	33	34	18	16	33	28	72	57	53	46	152	106	16	72	15	12	26	18	55	94	50	51	103	41	65	48	41	35	27	39	44	53	29	119	18	53	84	40	52	28	30	35	26	49	57	81	34	37	29	34	31	63	6	80	89	77	46	51	77	88	72	30	37	33	32	38	61	80	111	40	81	105	18	23	38	27	18	24	58	147	57	70	160	102	23	49	13	17	50	21	36	65	91	285	49	53	68	54	35	46	44	36	82	48	113	58	66	52	98	38	28	39	37	78	28	89	100	177	42	33	13	36	50	46	19	50	128	65	79	103	122	111	18	50	32	37	42	26	39	70	98	138	92	72	84	26	20	39	29	93	20	85	122	92	36	82	23	151	108	58	57	144	88	63	84	131	94	58	23	99	160	64	77	62	110	58	148	257	132	87	75	81	106	87	38	145	76	103	146	136	213	60	130	130	122	78	10	45	80	64	89	81	29	26	158	48	90	112	39	92	162	188	41	69	63	114	91	80	60	155	97	34	28	228	109	157	62	191	114	70	48	65	22	67	86	107	139	135	82	88	28	102	87	158	12	140	60	71	126	81	125	87	119	44	155	96	90	126	34	134	169	119	110	115	75	103	124	105	133	199	79	39	78	157	37	112	55	135	172	56	66	75	103	61	74	85	87	95	127	80	145	57	101	62	64	19	133	57	62	113	52	127	105	91	42	47	49	40	105	41	23	60	61	91	100	51	52	127	70	37	178	159	136	78	105	139	79	172	39	38	72	79	104	139	97	102	83	40	236	97	46	130	115	89	81	87	96	111	79	88	115	184	91	101	91	109	71	145	77	160	20	70	80	5	79	38	32	104	72	149	143	65	152	101	33	19	103	105	57	62	106	144	17	22	119	72	106	63	30	80	64	89	90	159	80	226	245	120	76	115	118	93	76	63	92	96	97	47	68	84	144	92	129	157	37	51	36	207	77	157	95	69	69	82	84	133	88	45	132	77	69	209	68	138	125	97	247	86	66	100	78	104	73	59	199	135	122	139	42	36	54	128	55	63	42	58	81	56	84	127	67	43	59	135	65	152	128	124	40	125	65	103	124	55	102	110	63	122	104	136	48	82	98	37	28	49	11	106	125	68	86	68	8	52	39	28	79	47	41	96	42	43	84	10	64	73	46	45	51	92	59	59	97	26	28	54	23	41	63	25	49	21	48	26	16	60	42	149	57	66	50	8	11	17	28	81	70	91	22	56	29	82	63	41	24	56	84	52	25	73	53	21	44	26	62	52	3	28	100	70	39	74	104	17	30	24	53	29	32	34	68	71	98	88	39	8	80	27	69	9	54	21	115	78	82	85	52	75	28	63	37	39	56	31	85	75	116	56	53	92	52	63	38	37	135	22	28	30	79	79	38	53	47	100	19	22	22	108	36	56	130	42	65	34	40	58	18	111	14	52	24	101	35	41	82	54	71	44	27	21	24	12	55	127	89	62	46	12	37	55	19	24	69	42	18	72	60	65	41	73	91	47	44	22	9	23	26	135	128	64	51	56	30	127	41	26	44	54	62	71	72	77	57	49	46	59	63	30	61	40	82	94	69	106	72	17	59	44	15	23	14	23	63	83	89	90	16	61	54	38	6	53	48	35	15	96	95	24	28	54	23	48	33	22	39	18	35	97	53	28	123	153	64	19	48	47	34	52	96	53	79	25	45	26	40	80	37	48	79	33	61	18	116	61	56	64	34	40	71	42	121	62	40	77	58	61	18	38	74	59	26	76	89	30	57	95	138	93	62	100	114	69	68	17	15	13	50	58	43	31	24	60	27	44	97	49	35	32	65	58	71	67	55	42	48	37	69	49	35	70	57	63	99	128	14	32	34	54	39	40	102	18	137	82	75	67	100	20	20	132	42	58	80	51	101	81	102	133	47	34	56	97	37	57	38	99	33	172	136	56	66	40	72	67	98	38	134	53	84	168	43	95	64	88	92	70	78	12	65	43	72	106	17	85	23	96	50	80	105	57	76	116	118	42	34	28	51	38	65	65	114	58	27	36	219	54	87	40	99	100	44	39	78	10	57	58	31	121	84	73	66	18	56	91	115	14	90	58	55	68	57	56	49	85	38	171	95	50	92	30	66	99	57	70	158	56	103	59	85	102	108	18	17	62	103	51	112	50	68	97	16	59	80	65	8	73	61	69	74	25	84	53	109	45	35	15	100	26	64	93	43	116	91	75	28	33	24	20	89	66	69	53	47	131	83	44	31	106	68	27	49	60	113	46	78	86	57	153	38	10	64	69	43	123	43	130	97	30	178	115	22	120	68	71	56	33	104	108	86	73	92	126	76	74	56	72	48	53	37	98	12	28	39	12	54	11	5	58	34	63	129	44	100	89	42	7	114	45	37	70	105	90	40	24	53	40	86	67	16	97	118	55	149	74	91	134	187	65	63	64	77	66	63	57	58	70	118	77	51	54	115	87	84	101	35	35	35	118	68	64	36	30	57	52	86	70	93	45	110	42	46	140	40	80	86	54	121	42	71	60	72	184	86	43	101	96	71	102	18	30	48	49	68	51	27	75	73	34	69	116	80	52	38	74	62	126	120	58	59	107	43	73	56	42	30	71	52	94	106	66	47	63	78	δ18O (‰ VSMOW)
Precipitation amount (mm)

Temperature
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NAO δ18O correlation

QBO (m/s)



Nied08-04
8	33.06	77	110	111.45	145	162	4545	7492	6914	7153	6207	7602	16145	Distance from Stalagmite Top (mm)
Yrs BP 
Nied08-05
11	29.2	29.2	45	45	46.1	70	107	109.1	1222	4022	2793	8201	3924	8449	7669	8358	9360	Distance from Stalagmite Top (mm)
Yrs BP 
δ18O
Nied08-02	1935.2250102850001	1966.7918282049998	1988.4253483059999	2004.9330700420001	2027.2900969969999	2050.009052029	2102.2559809310001	2131.834781947	2149.7317709170002	2173.736307099	2191.8256376920012	2222.0913730750408	2246.3669873639997	2264.5858815869997	2294.9270897799997	2319.1366623999998	2343.2493056259987	2367.2275617029777	2391.0339728790445	2414.6310814009998	2437.9814295159999	2461.0475594710001	2483.7920135140002	2517.2236134079999	2528.1660628499999	2549.720742638	2570.8039155010269	2591.3781236870022	2611.4059094429999	2626.0456258609997	2645.027039647	2649.6723826540001	2676.659286647	2702.0374804229987	2725.6805440679987	2747.462057666	2760.9007201259997	2767.3078012589999	2785.3861983209999	2793.8372893169999	2796.5745654729999	2801.9361221010022	2812.2382186549999	2822.037942536027	2831.4060732590001	2840.4133903370348	2851.2729706639998	2859.7272446409997	2865.9782548480002	2874.2501124910223	2882.5150540610002	2890.8438590720002	2901.4525014649998	2912.4097647149997	2919.2089690309754	2931.0115674260001	-8.778512800010148	-9.3599801618094567	-8.993196901775125	-9.0147470630705939	-8.8681286406551489	-8.7587645665625207	-8.5392089618042579	-8.7656299975033747	-11.098676762204001	-9.5639815383369768	-8.9380486921474311	-8.2252225048751981	-10.344328037653698	-9.1873636124400289	-8.727303748212849	-8.7273797394044479	-8.8612351144517056	-8.1526450920721505	-10.166081145821336	-9.308979817677578	-9.2610596342525149	-9.6404820545347807	-8.1137799161048818	-9.7797522250487567	-9.4590023152377682	-8.9764968049718181	-9.0168318487584251	-8.5832056896470252	-8.1590802311563362	-9.7836753284434987	-8.6829882226193291	-9.2128637845059629	-9.1517480044547579	-9.026516373254875	-8.2979355446830834	-8.4468778466791239	-8.691851327738048	-8.7930917212666699	-8.1571106522409274	-7.8123158725766562	-7.0561160386022355	-8.7734762042928729	-8.1807455992243465	-9.06182430380772	-8.4298973320065027	-8.136952678493099	-7.6853965020325861	-9.5767316243699767	-7.9965899706460215	-8.5018012942057624	-8.916383324079403	-8.5086667251465933	-8.8750221668586367	-8.9215733574450553	-8.4545170684474567	-9.4413845572507196	Nied08-04	4196.9102568780099	4281.573542853479	4367.8079286990423	4455.6134144147054	4613.0534734795729	4705.1794838379456	4822.5463559782875	4918.2073410443809	5114.2426107869924	5316.5622800100064	5498.7471620287515	5740.0548168969563	5933.2373980063776	6188.6849517055134	6422.4266183303571	6601.8570054580014	6908.7631500211992	7161.3580150871912	7420.2372796335658	7685.4009436603228	7820.3394254788454	8025.6929604631632	8234.5814701549789	8340.3513405163358	8447.0049545546208	8590.5844856586664	8735.7351166328081	8845.6291241531635	8993.5291798999715	9105.485255999829	9256.1347365194124	9408.3553169086954	9562.1469971685401	9717.5097772983008	9874.4436572981576	9993.1751015876616	10112.79028955437	10273.65191922936	10436.084648774658	10600.088478190033	10724.122384541159	10932.809436630801	11059.19999278706	11271.81479455205	11443.674123317804	11573.599654181877	11704.408928722873	11880.196007163879	12057.554185474963	12236.483463656168	12416.983841707457	12690.680221040817	12875.108348767342	13061.107576363964	13248.677903830681	13437.819331167402	13628.531858374512	13869.131876575446	14063.379378489963	14259.197980274685	14407.092965902986	14605.660992460262	14805.800118887841	15007.510345185428	15210.791671353094	15415.644097390972	15622.067623298561	15882.306389875865	16039.627974724723	16250.76480024289	16463.472725631123	-6.6763601532567094	-5.4423946360153241	-5.5156704980842894	-5.5645210727968699	-8.6000957854406117	-9.6767624521072797	-8.8160153256704969	-9.4823371647509607	-9.5194636015325589	-9.6415900383141739	-8.4594061302684143	-7.6738888888888868	-9.331877394636015	-6.6919923371647485	-6.8395210727969316	-6.6001532567049646	-7.1423946360152417	-7.6250383141762255	-5.8957279693486555	-5.8879118773945667	-6.1360727969349034	-7.4252884556683894	-8.5238888888888873	-8.6340489611524323	-10.37825670498084	-10.252959850227038	-10.414406130268341	-9.6249170753545439	-9.9092911877394609	-10.078448749516699	-10.238544061302678	-10.324933355039583	-8.3792911877394616	-6.5320282452534553	-8.1682567049808412	-7.3503571355894284	-8.8697509578544267	-9.627874890620868	-10.409521072796936	-10.721280600720368	-11.180383141762448	-9.1467369406402028	-6.3177969348658856	-6.8002034960624034	-6.8727394636015324	-7.0861256384688955	-7.6465325670497384	-9.3577277629677891	-10.339176245210728	-10.364370891923254	-10.783716475095783	-8.6143301927107139	-6.5903831417624508	-6.8534441708552745	-8.8863601532567014	-9.9049235872285859	-10.105670498084304	-8.0257249547221292	-7.1531417624521074	-8.6389786532629689	-9.9864750957854547	-9.9847845994181288	-10.700670498084294	-6.223429519138806	-6.3940038314176215	-6.4935766467918867	-6.1106704980842901	-5.9128589161799665	-6.6783141762451645	-7.5120510368124345	-6.2093486590038882	Nied08-05	301.93698673116899	550.38550016003057	716.01784244593546	881.65018473184045	1047.2825270177455	1254.3229548751258	1419.9552971610469	1585.5876394469367	1751.2199817328417	1875.4442384472704	2082.4846663046487	2165.3008374476044	2330.9331797335499	2496.5655220194162	2662.1978643053194	2827.8302065912649	3034.8706344486054	3034.8706344486054	3200.5029767345122	3283.319147877512	3448.9514901633679	3780.2161747351779	4028.6646881639872	4194.2970304499404	4359.9293727358445	4525.5617150217504	4691.1940573076563	4856.826399593614	5022.4587418794663	5188.091084165424	5353.7234264513581	5519.3557687371804	5684.9881110230863	5850.6204533089904	6016.2527955949054	6181.8851378808004	6347.5174801667063	6513.149822452664	6678.7821647385244	6844.4145070244185	7051.4549348818464	7217.0872771677114	7341.3115338821444	7548.3519617395768	7672.5762184540044	7879.6166463113859	8045.2489885972318	8169.4732453116585	8335.1055875975653	8500.7379298833621	8583.5541010264224	8749.1864433124247	8832.002614455263	8997.6349567411889	9163.267299026993	9328.8996413129989	9494.531983598883	9660.1643258848053	9825.7966681707148	9991.4290104566153	10157.061352742519	10405.509866171378	10653.958379600072	10819.590721886139	-7.38	-8.0148659003831089	-8.32	-6.4245609572453954	-7.57	-6.5980861195335869	-6.98	-8.5078488431248882	-8.4600000000000026	-9.6594249201278028	-10.709999999999999	-7.6550121080156845	-9.42	-7.4568384851753713	-9.3700000000000028	-7.379935288252172	-7.96	-9.4592794204432167	-10.27	-7.1157037911316534	-6.45	-6.7903441118414394	-8.1399999999999988	-8.4240440772471068	-5.9	-7.0772521926701488	-4.99	-6.4925907083697947	-6.94	-6.6227345800858144	-5.91	-6.1100466005982765	-8.09	-9.1171587879773419	-5.94	-6.9056989072261494	-6.42	-7.7871278565758919	-7.37	-6.9333051830448014	-7.8599999999999985	-6.8011894344844439	-6.2	-6.67005962434627	-5.8	-5.6791915101442809	-7.44	-7.7368449970493103	-8.09	-8.9929305467939766	-8.4	-9.0077196231253005	-7.9	-6.3072342850165866	-6.73	-7.3690899656091684	-7.31	-6.7893581734193971	-6.78	-6.9017551535377804	-6.39	-8.5482723184306089	-8.2399999999999984	-7.9054404672269616	Age (Yrs BP)
δ18O (‰ VPDB)
δ13C
Nied08-02	1935.2250102850001	1966.7918282049998	1988.4253483059999	2004.9330700420001	2027.2900969969999	2050.009052029	2102.2559809310001	2131.834781947	2149.7317709170002	2173.736307099	2191.8256376920012	2222.0913730750408	2246.3669873639997	2264.5858815869997	2294.9270897799997	2319.1366623999998	2343.2493056259987	2367.2275617029777	2391.0339728790445	2414.6310814009998	2437.9814295159999	2461.0475594710001	2483.7920135140002	2517.2236134079999	2528.1660628499999	2549.720742638	2570.8039155010269	2591.3781236870022	2611.4059094429999	2626.0456258609997	2645.027039647	2649.6723826540001	2676.659286647	2702.0374804229987	2725.6805440679987	2747.462057666	2760.9007201259997	2767.3078012589999	2785.3861983209999	2793.8372893169999	2796.5745654729999	2801.9361221010022	2812.2382186549999	2822.037942536027	2831.4060732590001	2840.4133903370348	2851.2729706639998	2859.7272446409997	2865.9782548480002	2874.2501124910223	2882.5150540610002	2890.8438590720002	2901.4525014649998	2912.4097647149997	2919.2089690309754	2931.0115674260001	-8.4265590264209767	-8.4962254387995486	-8.2249282245295419	-8.3731232723757127	-8.2958536322300489	-8.4191614809569639	-8.0607865667086163	-8.0348425223654996	-7.7477015527163955	-8.0228325549096571	-8.1489367162790707	-8.0068192649682768	-7.9949272595580245	-8.0748757472187389	-8.1631217978191639	-8.1619480112746636	-8.2553248278297797	-7.8917237435150334	-7.9321076127376324	-7.9998134506188823	-8.2340472055196372	-8.5142403899835184	-8.2158092435395158	-8.2260011710399112	-7.8743540664671743	-8.1289206007705239	-8.5491586597317379	-8.1629488418959948	-8.046601485168388	-8.4902204550715439	-8.0982757107786689	-7.9057353722136794	-7.8500367838270808	-8.1349255844986939	-7.9361604931777343	-7.8697054698456945	-7.8317988218469585	-8.2290036629039029	-8.0486279253883986	-8.396142376666468	-5.5135512101514745	-8.2900543308051606	-7.9645306562577538	-7.6745434986859795	-8.3829905616906348	-8.0378450142294948	-7.9989801399980696	-8.6043151459033389	-8.0425486047283705	-7.6685385149579233	-7.7730320554665724	-7.7576124402565396	-8.0050594606581136	-7.2531938071051965	-7.4305636582842824	-6.6667070630046714	Nied08-04	4196.9102568780099	4281.573542853479	4367.8079286990423	4455.6134144147054	4613.0534734795729	4705.1794838379456	4822.5463559782875	4918.2073410443809	5114.2426107869924	5316.5622800100064	5498.7471620287515	5740.0548168969563	5933.2373980063776	6188.6849517055134	6422.4266183303571	6601.8570054580014	6908.7631500211992	7161.3580150871912	7420.2372796335658	7685.4009436603228	7820.3394254788454	8025.6929604631632	8234.5814701549789	8340.3513405163358	8447.0049545546208	8590.5844856586664	8735.7351166328081	8845.6291241531635	8993.5291798999715	9105.485255999829	9256.1347365194124	9408.3553169086954	9562.1469971685401	9717.5097772983008	9874.4436572981576	9993.1751015876616	10112.79028955437	10273.65191922936	10436.084648774658	10600.088478190033	10724.122384541159	10932.809436630801	11059.19999278706	11271.81479455205	11443.674123317804	11573.599654181877	11704.408928722873	11880.196007163879	12057.554185474963	12236.483463656168	12416.983841707457	12690.680221040817	12875.108348767342	13061.107576363964	13248.677903830681	13437.819331167402	13628.531858374512	13869.131876575446	14063.379378489963	14259.197980274685	14407.092965902986	14605.660992460262	14805.800118887841	15007.510345185428	15210.791671353094	15415.644097390972	15622.067623298561	15882.306389875865	16039.627974724723	16250.76480024289	16463.472725631123	-7.1004688482462255	-7.3285300308920345	-7.5656332868585769	-7.1798381585062385	-8.2910085021460382	-8.3241627709888135	-7.5897454823806907	-8.8184627791902468	-8.7672243637059477	-8.7752617622132689	-7.3777590967494975	-7.769582273982337	-8.7250280215423999	-8.1694428497225768	-8.0036715055086223	-7.4038806418983505	-8.0830408157687579	-7.4300021870472124	-7.9112414226743013	-7.3245113316382939	-7.8238347139068765	-8.2155873980665568	-8.552223953634595	-8.7704836425143338	-8.4788826922551177	-8.4996053301063768	-8.2297233385275685	-8.8088917614377689	-8.9591172530688343	-9.0666304542141667	-9.799025397085753	-8.0508367826840548	-8.5090229366576526	-7.1543104278111445	-7.6892082889089384	-7.226072965799859	-7.4179460892861977	-9.1020063532227748	-9.4232770168675994	-9.5608823003616727	-9.1570381913119512	-8.2772425363385072	-7.1527119385439146	-7.3281577029387055	-7.4591377566363155	-7.5818534358283864	-7.6972456874162685	-8.2934143758853267	-8.5843735476639509	-8.1862759388880466	-8.063951994313669	-8.000299784100438	-7.5887408075671798	-7.228094445743201	-8.0307977254708689	-8.3015002956587267	-8.4517564722928391	-8.1205778407293838	-7.8278534131605495	-8.2337807175566216	-9.1389540446703919	-8.4369394518626528	-8.7772711118400419	-7.4696612989728131	-7.5937641816343318	-7.3948665410690255	-7.2592074687662294	-7.4009309808990764	-7.3616842997348177	-7.951784265460196	-7.4390442603679663	Nied08-05	301.93698673116899	550.38550016003057	716.01784244593546	881.65018473184045	1047.2825270177455	1254.3229548751258	1419.9552971610469	1585.5876394469367	1751.2199817328417	1875.4442384472704	2082.4846663046487	2165.3008374476044	2330.9331797335499	2496.5655220194162	2662.1978643053194	2827.8302065912649	3034.8706344486054	3034.8706344486054	3200.5029767345122	3283.319147877512	3448.9514901633679	3780.2161747351779	4028.6646881639872	4194.2970304499404	4359.9293727358445	4525.5617150217504	4691.1940573076563	4856.826399593614	5022.4587418794663	5188.091084165424	5353.7234264513581	5519.3557687371804	5684.9881110230863	5850.6204533089904	6016.2527955949054	6181.8851378808004	6347.5174801667063	6513.149822452664	6678.7821647385244	6844.4145070244185	7051.4549348818464	7217.0872771677114	7341.3115338821444	7548.3519617395768	7672.5762184540044	7879.6166463113859	8045.2489885972318	8169.4732453116585	8335.1055875975653	8500.7379298833621	8583.5541010264224	8749.1864433124247	8832.002614455263	8997.6349567411889	9163.267299026993	9328.8996413129989	9494.531983598883	9660.1643258848053	9825.7966681707148	9991.4290104566153	10157.061352742519	10405.509866171378	10653.958379600072	10819.590721886139	-8.34	-7.8660310560703746	-8.5500000000000007	-7.8951828270464857	-8.0400000000000009	-7.9255050261966709	-7.81	-7.6061111951484488	-8.01	-8.3207043551204247	-8.34	-7.9457198256301824	-8.2000000000000011	-7.6687770733920955	-8.2100000000000009	-7.5363701371030931	-8.4	-8.3965098529958748	-8.42	-7.6839381729671725	-7.6499999999999995	-8.1367496802761199	-8.31	-8.0124286637604989	-7.94	-8.4864657104745653	-7.58	-7.6849489129388466	-7.52	-8.2145766580948507	-7.48	-7.4464142796243067	-8.9700000000000006	-8.7593655028259505	-7.68	-7.6738307732504545	-7.64	-7.6253152546101655	-7.44	-7.5899393556016994	-7.3599999999999985	-7.5323271772164055	-7.6099999999999985	-7.7081959322872855	-7.56	-7.3958772810407165	-7.78	-7.5565849365364288	-7.78	-7.7910766099643833	-8.15	-8.3682091337889748	-7.68	-7.9255050261966709	-7.87	-8.2075014782931479	-8.4600000000000026	-7.4959405382361846	-7.67	-7.3382651026554324	-7.72	-7.8941720870749057	-7.64	-7.8547532281796855	Age (Yrs BP)
δ13C (‰ VPDB)
Nied08-02
18O/16O	-9.6551936922651258	-9.5767316243699767	-9.0168318487584251	-9.6404820545347807	-9.3599801618094567	-9.7836753284434987	-9.2827250023205359	-8.778512800010148	-8.7587645665625207	-7.8123158725766002	-8.4298973320065027	-9.0147470630705939	-9.2893643007037809	-8.6032202765506955	-8.8681286406551489	-8.7734762042928729	-8.8612351144517056	-9.2610596342525149	-8.7930917212666699	-9.7797522250487567	-8.993196901775125	-8.1137799161048818	-9.1931091616755189	-8.7273037482126963	-8.5832056896470252	-8.7273797394044479	-8.9380486921474311	-9.026516373254875	-8.9764968049718767	-9.4008997372370366	-9.5121809459500657	-8.6829882226193291	-9.1873636124400289	-8.5392089618042579	-8.1571106522409274	-8.1590802311564268	-8.7991933786205472	-7.9965899706460215	-8.6871679296081599	-8.136952678493099	-8.7656299975033747	-8.589090344739164	-9.5639815383369768	-8.2252225048751981	-8.8750221668586367	-9.308979817677578	-7.6853965020325861	-10.344328037653698	-8.1807455992243767	-8.2979355446830834	-10.166081145821336	-8.5282822421203903	-9.2128637845059629	-8.1526450920721505	-9.4590023152378553	-8.4468778466791239	-9.1517480044547579	-9.2893643007037809	-8.691851327738048	-8.916383324079403	-8.5086667251465933	-11.098676762204001	-9.2433334240149989	-9.06182430380772	-8.5018012942057624	-8.4545170684474567	-8.9215733574450553	-9.4413845572507196	-7.0561160386022355	-8.7894688108498222	-8.6043151459033389	-8.5491586597317379	-8.5142403899835184	-8.4962254387995486	-8.4902204550715439	-8.4792464721413268	-8.4265590264209767	-8.4191614809569639	-8.3961423766665266	-8.3829905616906348	-8.3731232723757127	-8.3290867250371043	-8.313078374100165	-8.2958536322300489	-8.2900543308051606	-8.2553248278297797	-8.2340472055196372	-8.2290036629039029	-8.2260011710399112	-8.2249282245295419	-8.2158092435395158	-8.1732539989192343	-8.1631217978191639	-8.1629488418959948	-8.1619480112746636	-8.1489367162790707	-8.1349255844986939	-8.1289206007703676	-8.1276590939689548	-8.1144872325388508	-8.0982757107786689	-8.0748757472187389	-8.0607865667087566	-8.0486279253883986	-8.046601485168388	-8.0455882650583828	-8.0425486047283705	-8.0418483367148159	-8.0378450142294948	-8.0348425223654996	-8.0278367080161779	-8.022832554909785	-8.0068192649682768	-8.0050594606581136	-7.9998134506188823	-7.9989801399980696	-7.9949272595580245	-7.9645306562576756	-7.9361604931777912	-7.9321076127376324	-7.9307561377469726	-7.9057353722136794	-7.8917237435150334	-7.8743540664671645	-7.8697054698456945	-7.8500367838270808	-7.8366780593417724	-7.8317988218469585	-7.7730320554665724	-7.7576124402565396	-7.7477015527163955	-7.7436486722763824	-7.6745434986859795	-7.6685385149578735	-7.4305636582842824	-7.2531938071051965	-6.6667070630046714	-5.5135512101514745	 δ18O (‰ VPDB)

δ13C (‰VDPB)

Nied08-04
18O/16O	-7.1004688482462255	-7.1527119385438755	-7.1543104278111445	-7.1798381585062385	-7.226072965799859	-7.228094445743201	-7.2592074687662294	-7.3245113316382202	-7.3281577029387055	-7.3285300308920345	-7.3616842997348177	-7.3777590967494975	-7.3948665410690255	-7.4009309808990764	-7.4038806418983505	-7.4179460892861977	-7.4300021870472124	-7.4390442603679663	-7.4591377566363155	-7.4696612989728752	-7.5656332868585769	-7.5818534358284024	-7.5887408075671798	-7.5897454823807458	-7.5937641816343939	-7.6892082889089384	-7.6972456874162685	-7.769582273982337	-7.8238347139068765	-7.8278534131605495	-7.9112414226743901	-7.951784265460196	-8.000299784100438	-8.0036715055086223	-8.0307977254708689	-8.0508367826840548	-8.063951994313669	-8.0830408157688574	-8.1205778407293838	-8.1694428497225768	-8.1862759388880466	-8.2155873980665568	-8.2297233385275685	-8.2337807175566216	-8.2772425363385072	-8.2910085021460382	-8.2934143758853267	-8.3015002956587267	-8.3241627709888135	-8.4369394518626528	-8.4517564722928391	-8.4788826922551177	-8.4996053301063768	-8.5090229366576526	-8.552223953634595	-8.5843735476639509	-8.7250280215423999	-8.7672243637059477	-8.7704836425143338	-8.7752617622132689	-8.7772711118400419	-8.8088917614377689	-8.8184627791902468	-8.9591172530689427	-9.0666304542141667	-9.1020063532227748	-9.1389540446703919	-9.1570381913119512	-9.4232770168675994	-9.5608823003616727	-9.799025397085753	-6.6763601532567094	-6.3177969348658856	-6.5320282452534553	-5.5645210727968655	-7.3503571355894284	-6.8534441708552745	-6.1106704980842901	-5.8879118773945072	-6.8002034960624034	-5.4423946360153241	-6.6783141762451645	-8.4594061302685493	-6.4935766467918867	-5.9128589161799665	-6.6001532567049646	-8.8697509578544267	-7.6250383141762255	-6.2093486590039024	-6.8727394636015324	-6.223429519138806	-5.5156704980842894	-7.0861256384688955	-6.5903831417624508	-8.8160153256704969	-6.3940038314176215	-8.1682567049808412	-7.646532567049686	-7.6738888888888868	-6.1360727969349034	-7.1531417624521074	-5.8957279693486555	-7.5120510368124345	-8.6143301927107139	-6.8395210727969316	-8.8863601532567014	-10.324933355039583	-10.783716475095783	-7.1423946360151795	-8.0257249547221292	-6.6919923371647485	-10.364370891923254	-7.4252884556683894	-10.414406130268436	-8.6389786532629689	-9.1467369406402028	-8.6000957854406117	-9.3577277629677891	-9.9049235872285859	-9.6767624521072797	-9.9847845994181768	-10.105670498084304	-10.37825670498084	-10.25295985022713	-8.3792911877394616	-8.5238888888888873	-10.339176245210728	-9.331877394636015	-9.5194636015325589	-8.6340489611523168	-9.6415900383141739	-10.700670498084294	-9.6249170753545439	-9.4823371647509607	-9.9092911877394609	-10.078448749516699	-9.627874890620868	-9.9864750957854547	-11.180383141762448	-10.409521072796936	-10.721280600720368	-10.238544061302678	 δ18O (‰ VPDB)
δ13C (‰ VPDB)
Nied08-05
18O/16O	-8.34	-8.42	-8.3207043551204247	-8.3965098529958748	-8.2000000000000011	-8.2100000000000009	-8.7593655028259505	-8.3682091337889748	-7.7910766099643833	-7.8941720870749057	-7.6061111951484488	-8.01	-8.0124286637604989	-8.15	-8.5500000000000007	-7.64	-8.31	-8.9700000000000006	-7.78	-7.8660310560703746	-8.4	-7.8547532281796855	-7.68	-7.3599999999999985	-7.6253152546101655	-7.5565849365363578	-7.9457198256301824	-8.0400000000000009	-7.6687770733920955	-7.78	-8.34	-7.5363701371030931	-7.44	-8.2075014782931479	-8.4600000000000026	-7.6839381729671725	-8.4864657104745653	-7.81	-7.52	-7.5899393556016994	-7.6738307732504545	-7.3382651026554324	-7.5323271772164055	-8.1367496802761199	-7.4959405382361846	-7.67	-7.87	-7.7081959322872855	-8.2145766580948507	-7.9255050261966655	-7.6849489129388466	-7.6499999999999995	-7.8951828270464022	-7.64	-7.72	-7.9255050261966655	-7.6099999999999985	-7.4464142796243067	-7.68	-7.48	-7.94	-7.56	-7.3958772810407165	-7.58	-10.709999999999999	-10.27	-9.6594249201278028	-9.4592794204432167	-9.42	-9.3700000000000028	-9.1171587879773419	-9.0077196231253005	-8.9929305467939766	-8.5482723184306089	-8.5078488431248882	-8.4600000000000026	-8.4240440772471068	-8.4	-8.32	-8.2399999999999984	-8.1399999999999988	-8.09	-8.09	-8.0148659003831089	-7.96	-7.9054404672269616	-7.9	-7.8599999999999985	-7.7871278565758439	-7.7368449970493103	-7.6550121080156845	-7.57	-7.4568384851754024	-7.44	-7.38	-7.379935288252172	-7.37	-7.3690899656091684	-7.31	-7.1157037911316534	-7.077252192670211	-6.98	-6.94	-6.9333051830448928	-6.9056989072261494	-6.9017551535377804	-6.8011894344844439	-6.7903441118414394	-6.7893581734194024	-6.78	-6.73	-6.67005962434627	-6.6227345800857425	-6.5980861195335869	-6.4925907083697947	-6.45	-6.4245609572453457	-6.42	-6.39	-6.3072342850165866	-6.2	-6.1100466005982765	-5.94	-5.91	-5.9	-5.8	-5.6791915101442809	-4.99	δ18O (‰ VPDB)
δ13C (‰ VDPB)
Nied08-02
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