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Abstract

The reliable prediction of the future climate change requires high-quality densely
distributed climate records that clarify natural climate variability and its recent
modulation by anthropogenic impacts. Stalagmites can meet those requirements;
however, conservation concerns require new non-destructive techniques to preserve
the natural environment of the caves. This thesis discusses two high-resolution
Holocene climate reconstructions built using i) geochemical analyses of a Bermudan
stalagmite and ii) novel and non-destructive Computed Tomography data from a
Spanish stalagmite, as well as iii) supporting cave monitoring data. Considered
together, these efforts provide a complementary view of diverse aspects of climate
change across the North Atlantic, and provide insights into how anthropogenic CO,

emissions may further affect climate.

Monitoring of environmental conditions took place at Leamington Cave (Bermuda)
and Conch Bar Caves (Turks and Caicos Islands). To our knowledge, these are the
first long-term monitoring efforts at coastal sites near sea level. The results of
continuous monitoring of these two near shore caves in the tropical western North
Atlantic are not dissimilar to previous results derived from inland caves. The
microclimate and ventilation dynamics of Leamington Cave and Conch Bar Caves
are controlled mainly by seasonal temperature differences between outside and cave
air, wind, and rainfall totals. However, because hydrological connections with the
sea, the microclimate of these near shore caves is also modulated by the seawater

temperature, and sea level fluctuations.
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Abstract

Following from the cave monitoring efforts, one stalagmite from Leamington Cave
was collected. The 8'°0 of stalagmite BER-SWI-13 provides an annually-resolved
rainfall record for the last 700 years. The record suggests that the tropical cyclone
activity in Bermuda following the Industrial Revolution has not exceeded its longer-
term natural variability. Higher tropical cyclone activity during Bermuda’s pre-
colonisation period is associated with more El Nifio events and positive NAO phase
and reflects the northeast-ward tropical cyclone tracks migration that coincides with

the low TC activity in the Caribbean Sea.

Finally, one stalagmite from southern Spain was used in a pilot study to assess the
applicability of CT scanning to speleothem-based climate reconstruction. Internal
density variability of stalagmite REF-07 (from Refugio Cave) was used to create a
time-series record of stalagmite density, which was then linked to climate.
The record reveals Holocene climate variability in southern Iberia, and suggests that
the current Mediterranean climate in southern Iberia was initially emplaced at
approximately 5.3 ka BP following gradual southward migration of the North

Atlantic Subtropical High.
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1.1. Thesis aims and overview

The study included in this thesis has been part of HURRICANE Project based at
Durham University funded by European Research Council that aims to develop high-
resolution Atlantic tropical cyclone activity records for at least 500 years using
speleothems, significantly lengthening existing datasets. The records will be used to
reconstruct TC trajectory shifts and to understand mechanisms controlling them.
This thesis contributes to this project by providing the high-resolution climate
reconstruction from Leamington Cave in Bermuda covering the last 700 years
supported by continuous cave monitoring that confirmed the site suitability for this
purpose. Also this thesis provides the results of the other near-shore cave monitoring
in Turks and Caicos Islands, and the results of using a novel technique in
paleoclimate reconstruction on the example of stalagmite from El Refugio Cave in
Spain. The aim of this thesis is to increase the spatial coverage of Holocene
palaeoclimate data from terrestrial archives in Caribbean and Mediterranean regions

and to develop a novel non-destructive technique of obtaining proxy data.

This thesis consists of six chapters described briefly below:
e Chapter 1 includes thesis rationale and gives general information about the
available proxy and mechanisms controlling the climate in the North Atlantic
Basin.
e Chapter 2 provides the general information about four cave sites located in
the North Atlantic basin that were studied in this thesis. The chapter also

describes the sites’ regional geology and present climate.
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e Chapter 3 shows the results of continuous cave monitoring of two near-
shore tropical caves: Conch Bar Caves in Turks and Caicos Islands, and
Leamington Cave in Bermuda.

e Chapter 4 reveals the results of CT scanning the un-sectioned stalagmite
from El Refugio Cave in Spain and uses the information about stalagmite
density to decipher climate changes in western Mediterranean during the
Holocene. The version of the chapter was published in a Special Issue of
Quaternary Science Reviews, “Novel approaches to and new insights from
speleothem-based climate reconstructions” edited by Corinne Wong and
Daniel Breecker.

e Chapter 5 presents the results of the longest available high-resolution
geochemical analysis of a stalagmite from Leamington Cave, Bermuda using
over 3000 data points that reveals the climate variability and related tropical
cyclone activity in the North Atlantic since AD 1312 spanning the period of
Little Ice Age and post-industrial period.

e Chapter 6 is a synthesis of the work presented in this thesis, its implications,
and a discussion of the future outlook and acts to draw together the

implications of the three studies.

1.2. Thesis rationale

The most recent Intergovernmental Panel on Climate Change (IPCC) fourth
assessment report states that human influence on the climate system is clear, and
recent anthropogenic emissions of greenhouse gases are the highest in history. The
report also says that recent climate changes, especially since the 1950s, have had

widespread impacts on human and natural systems. Anthropogenic greenhouse gas
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emissions have increased since the pre-industrial era, driven largely by economic and
population growth that has led to atmospheric concentrations of carbon dioxide
(CO,), methane (CHy) and nitrous oxide (N,O) that are unprecedented in at least the
last 800,000 years. Also since the 1950s, changes in many extreme weather and
climate events have been observed, e.g. an increase in warm temperature events, an
extreme in high sea levels, and an increase in the number of heavy precipitation

events in a number of regions (IPCC, 2014).

Many climate projections (e.g. [IPCC (2014), Knutson et al. (2010)), especially
focusing on the future intensity, frequency and geographical distribution of tropical
cyclones (TCs) are based on the instrumental data (e.g. the National Hurricane
Centre’s North Atlantic hurricane database known as HURDAT) collected since the
industrial era (since ca. 1850). To make better future climate predictions, it is
essential, though, to first understand the natural climate variability before the
industrial era. This can be achieved by using the proxy data from well-dated
archives, e.g. speleothems, corals, sediment cores, that can preserve the climate
signal. Recently, the number of TC reconstructions in the North Atlantic basin is
increasing; however mostly they are relatively low-resolution and based on sediment
cores (e.g. Donnelly and Woodruff (2007) and Liu and Fearn (2000)), tree rings (e.g.
Miller et al. (2006)) or corals (e.g. Hetzinger et al. (2008)). Thus, there is a need for
more high-resolution accurately dated speleothem-based TC reconstructions in the
North Atlantic basin that could extend instrumental and historical records; and aid in
understanding the impact of climate change on the large-scale circulation of the

North Atlantic.
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The oxygen and carbon stable isotopes of ancient speleothems commonly used in
climate reconstructions, are usually gleaned from a single plane cut through a sample
and typically attempt to follow the stalagmite’s growth axis in two dimensions.
However, this approach ignores possible growth axis shifts that could occur out of
this plane which in turn could dramatically affect climate interpretations, for
example through off-axis stable isotope kinetic enrichment (Mickler et al., 2004b,
Mickler et al., 2006). Hence, developing better techniques for extracting the climate

signal from speleothems are necessary.

This thesis focuses on climate reconstructions using speleothems from the North
Atlantic basin and developing a novel technique of extracting the climate signal

using Computed Tomography (CT) scanning.

1.3. Speleothems as climate archives

Speleothems are one of the paleoclimate archives that can provide long, continuous,
precisely U-series dated and high-resolution time series, unaffected by post-
depositional diagenetic alternation. They are crystalline deposits of calcium
carbonate (CaCOs) formed in karstic caves. Speleothem precipitation is induced by
degassing of CO, from percolating waters from overlying soil and bedrock surfaces.
The external seasons can affect the quantity and chemistry of dripping water and
may cause variation in CO; concentration of the cave atmosphere, sometimes
associated with differing patterns of air circulation. This leads to seasonal variations
in speleothem precipitation (Fairchild et al., 2006). The shape and diameter of
speleothem depends on many factors, including water flow rate, water

supersaturation, drop fall height (Fairchild et al., 2006). Those factors, that can be
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linked to exterior climate, also control stalagmite petrography (Frisia, 2015) and

density (more in Chapter 4).

Speleothems are widespread so their records have a direct relevance to regional
climates and environments, and may also contribute to archaeological investigations.
They contain several proxy parameters and many different techniques can be used to
extract the climate signal, including the analysis of stable isotopes (especially
oxygen and carbon), trace elements and petrography, making the speleothems a very
reliable source of information about the past climates. There are some weaknesses to
speleothem-based climate reconstructions that include insufficient understanding of
the meaning of proxy variables, and frequently relying on only one proxy without

presenting the data for others (Fairchild and Baker, 2012).

1.3.1. Stable isotope composition
The analyses of stable isotope composition are the most widely used in stalagmite-
based palaeoclimate reconstructions. Usually oxygen (e.g. Kennett et al. (2012)) and
carbon stable isotope ratios (e.g. Ridley et al. (2015a)) from stalagmites are
interpreted as a climate proxy, however, recently, analyses of other stable isotope
ratios are getting more recognition, e.g. calcium (Owen et al., 2016) and magnesium
(Galy et al., 2002). In this thesis both oxygen and carbon stable isotopes are used to

reconstruct past climate variability.

Speleothems made of CaCOs can isotopically exchange with water:

Eq. 1-1

1/,CaC'®0, + H;'*0 & 1/;CaC**0, + H,**0
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The oxygen stable isotope ratio (8'°0) is commonly measured in speleothems and
interpreted as a rainfall proxy (Fensterer, 2011, Winter et al., 2011). Under
equilibrium conditions, the 8'*0 values of speleothem carbonate is related to the
8'*0 value of drip water and the cave temperature through its control on equilibrium
fractionation between water and calcite (Hendy, 1971). Fractionation occurs during
the degassing of CO, in the cave air and speleothem precipitation. The §'°0 is
calculated from the ratio of heavy (‘°0) to light (*°0) oxygen isotopes of the sample
(Rsampie) relative to the standard (Rsandara), as follows:

Eq. 1-2

5180 = (R“—""’ - 1): 1000 %o
Rstandard

where the Ryndarq for speleothems is Vienna Pee Dee Belemnite (VPDB).

Speleothems are deposits formed by precipitation from seepage water entering the
roof or walls of the cave that ultimately reflects the 8'*0 of meteoric waters and
therefore can reflect the 3'°0 of precipitation. The 3'°O of the rainfall, and hence the
speleothem, varies due to fractionation occurring during phase change and diffusive
exchange of isotopes between rain and vapour. Because H,'*0O has lower saturation
vapor pressures than H,'°0, stable isotope ratios are lower in vapour than in the
parent water. This difference is expressed by a fractionation factor %sa, where

_ Rl:’quid
aeq = =—

Ruapor | where R is a isotope ratio. Under the conditions of isotopic
equilibrium at 25°C, the §'*0 values of the vapour phase are 10%o lower than that of
a liquid phase (Majzoub, 1971). Therefore during the condensation, heavy isotopes
are concentrated in the condensate, and isotope ratios in vapor are decreased. When

raindrops fall, their isotope ratio is not in equilibrium with the surrounding vapor,

7
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and diffusive isotope exchange takes place. Because heavy isotopes diffuse to the
condensate preferentially and falling raindrops encounter isotopically richer vapor
near the ground, the isotope ratio of rain increases as it falls and reaches the ground
with much higher isotope ratios then when it formed at the cloud base (Miyake et al.,
1968). This exchange process also lowers the isotope ratio of the ambient vapor near
the ground with time, which in turn leads to a temporal decrease of isotope ratios of

rain during a storm.

Dansgaard (1964) described general effects that appeared to result in gradual §'°0
decrease of meteoric precipitation: (1) towards higher latitudes (latitude effect), (2)
with increasing altitude related to the decrease in saturation vapour pressure with
altitude (altitude effect), (3) with increasing distance from the coast (continental
effect), (4) with increasing amount of rainfall (amount effect), and (5) with
temperature increase in the tropics (Vuille et al., 2003) and decrease in mid-latitudes
(temperature effect). Some studies suggested that in the tropics 8'°0O depends
significantly on the precipitation amount, whereas the isotope ratios of meteoric
waters only exhibit a weak correlation with surface air temperature (Vuille et al.,
2003). This relationship is based on monthly composite samples, such as those
recorded in the Global Network of Isotopes in Precipitation (GNIP). Despite of
strong negative correlation between monthly 3'°0 and precipitation, the role of
precipitation amount in daily-scale isotope variability in the tropical regions like
Central America is minor (Sanchez-Murillo et al., 2016). Moreover the shift from air
temperature to precipitation amount controlling oxygen stable isotopic ratios is

generally noted around 30°N/S (Bowen, 2008) which might affect the 8'°O signal in

regions like Bermuda (32°N).
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Many studies (Frappier et al., 2007, Haig et al., 2014, Malmquist, 1997) reveal
stalagmites are capable of recording TC precipitation. However, according to the
principles of stable isotope meteorology described above, a particular location might
not be sensitive to all tropical cyclones that passed the site. TCs are distinguished
from normal tropical weather not only by their strong winds and intense rainfall but
also by the anomalously low 8'®O contents of their rains that reach the surface, being
a result of the amount effect (Lawrence and Gedzelman, 1996). The TCs rainfall is
depleted in '*O by over 6%o relative to average monsoonal precipitation, owing to the
recycling of water within the system, high condensation efficiency and large size and

longevity of such cyclones as intense convective systems (Lawrence et al., 1998).

The 3'®0 during tropical cyclone event not only varies with time but also varies
spatially within the cyclone system. Stable isotope analysis of rain and water vapor
samples collected during flights in Hurricane Olivia (1994), Opal (1995), Marilyn
(1995) and Hortense (1995) revealed that at all flight levels over the sea (850-475
hPa) the lowest 8'°0 occurred in or near regions of stratiform (formed along the
fronts) rains between about 50 and 250 km from the eye. However, in the eyewall
isotope ratios increased, where evaporation and isotope equilibrium of sea spray

supplies the eyewall with up to 50% of its water vapor (Gedzelman et al., 2003).

The stable carbon isotope ratios (6"°C) are another measure commonly analysed in
speleothems along with the 8'°0 values, however they are often unreported due to
their ambiguity in interpretation. Factors affecting speleothem 8'"°C depends on the
sources of carbon that include: 1) atmospheric CO,, 2) the relative proportions of C;

and C4 vegetation above caves (Dorale, 1998), 3) the soil/vegetation productivity
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affected by temperature and precipitation (Genty et al., 2006), 4) carbon isotope
fractionation during decomposition of soil organic matter (Baker et al., 2011), 5) the
proportion of host rock carbon (Fairchild et al., 2006), 6) in-cave kinetic effects
(Mickler et al., 2004a, Mattey et al., 2010) and 7) cave air pCO, changes and thus
the ventilation efficiency (Boch et al., 2011, Mattey et al., 2010). Despite of this,
they tend to be interpreted as an archive of vegetation changes above the cave
(Dorale, 1998) because of small fractionation between HCO3™ and CaCO; during the
CaCO; precipitation. Thus the variability of §"°C comes from the fact that carbon
isotope compositions in speleothem are derived from CO, dissolved in the drip
water, and the fact that soil CO; is produced by plant respiration and organic matter
decomposition. The §"°C values are thus higher where C, vegetation dominates in
the soil. In the locations where the past vegetation is not affected by anthropogenic
activity and/or is not experiencing temporal shifts in vegetation type (e.g. from Cy to
C3), the 6"°C is sensitive to climate changes through alternating the ecosystem’s
carbon budget (Frappier et al., 2002, Ridley et al., 2015a). The density of vegetation
above the cave also controls the 6§"°C, as in the absence of soil cover, the dissolution
of limestone occurs by reaction with atmospheric CO,, leading to higher §'°C values
of DIC in recharge water compared to that produced under Cs- and Cs-based soils
(Frumkin et al., 2000). More information about formation of §"°C in speleothems in

open and closed system can be found in Dulinski and Rozanski (1990).

1.3.2. Stalagmite density
X-ray computed tomography (CT scanning) is a non-destructive technique
commonly applied in medicine, and recently also in geosciences (Carlson et al.,

2003, Ketcham and Carlson, 2001, Mees et al., 2003). CT images (termed slices) are

10
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created by directing a planar fan beam at an object from multiply angular
orientations. They correspond to what would be observed if the object were cut open
along the image plane. The greyscale in CT images correspond to relative X-ray
attenuation, which is a function of elemental composition and density. A series of
continuous slices for an object allows for a complete three-dimensional volume
projection (Mickler et al., 2004b). More information about different types of CT

scanners can be found in Ketcham and Carlson (2001).

The interpretation of the obtained CT images can be complicated by various artifacts
like beam hardening, ring artifacts, or streaks traversing the longest axes of the
object. Beam hardening is the most frequently encountered artefact which causes the
edges of an object to appear brighter than the centre. The simplest remedy for that
would be to use a high energetic X-ray beam to ensure that beam hardening is
negligible. However, most geological materials are attenuating enough that beam
hardening is noticeable, unless the sample is quite small (Ketcham and Carlson,

2001).

CT scanning, through internal three-dimensional density mapping of opaque objects,
is able to provide information about stalagmite growth axis shifts (Mickler et al.,
2004b) and internal porosity (Zisu et al., 2012). Moreover, CT scanning provides
rapidly acquired quantitative information about stalagmite density, a variable that
until now could be obtained at low spatial resolution only through calculations based
on the mass of cut stalagmite blocks (Zhang et al., 2010). Despite numerous studies

using CT scanning to derive quantitative density data from sediment cores (Tanaka

11
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et al., 2011, Wirth et al., 2013, Mees et al., 2003), the technique has not previously

been used to derive time-series data from stalagmites.

The relationship between stalagmite density and environmental factors such as
meteoric precipitation, temperature, soil, and vegetation above a cave, is complex.
These factors directly control water flow dynamics, and consequently drip-water
saturation state (with respect to calcium carbonate) that is the predominant
determinant of stalagmite density (Zhang et al., 2010, Dreybrodt, 2008, Frisia et al.,
2000). In addition, cave ventilation regimes also complicate it by affecting the
intensity of CO, degassing from drip-water entering a cave (Boch et al., 2011,
Mattey et al., 2010). However, because environmental change during stalagmite
growth drives calcite density variability, stalagmite calcite density is interpretable in
terms of climate (Zhang et al., 2010). In a study of the East Asian Monsoon, Zhang
et al. (2010) demonstrated that rainfall amounts (inferred from stalagmite 6'°0) and
calcite density variations (derived by conventional non-CT scanning methods) were
positively correlated, which is also consistent with studies of calcite textures (Frisia
et al., 2000, Frisia, 2015). By calculating stalagmite density from the measured mass
of stalagmite blocks cut every 5 mm, Zhang et al. (2010) achieved a resolution of 87
years. CT scanning therefore offers a novel means to produce comparable density
data quickly and non-destructively, and at a considerably higher spatiotemporal

resolution than is achievable using conventional density measurements.

1.3.3. Other proxies
Many other proxies are available from stalagmite archives including trace elements

(Boch et al. (2011), Ortega et al. (2005)) and petrography (e.g. Frisia (2015))

12
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analysis. Among these, trace elements are probably the most commonly used and
usually interpreted as climate proxy (Huang et al., 2001) and/or reflection of prior
calcite precipitation (PCP), that is a consequence of water degassing into air spaces
before the drip reaches the cave. Because the trace elements were not measured as a

part of this study, there are not discussed further here.

1.4. Climate controls in the North Atlantic Basin

The climate of the North Atlantic Basin is influenced by many atmospheric
processes including oscillations like the Atlantic Multidecadal Oscillation, the North
Atlantic Oscillation, the El Nifio—Southern Oscillation, and natural global wind
distributions e.g. the Intertropical Convergence Zone (ITCZ) where trade winds
converge near the Equator and Westerlies, prevailing winds from the west toward the
east in the mid-latitudes. The Atlantic Ocean has been suggested as an important
driver of climate variability both in western Europe and North America on
multidecadal timescales, probably related to thermohaline circulation (Sutton and

Hodson, 2005, Knight et al., 2006, Goldenberg et al., 2001).

The Atlantic Multidecadal Oscillation (AMO) index is defined as the average sea
surface temperature (SSTs) in the region from 0° to 60°N, 80°W to 0°, detrended to
isolate the natural variability. The index values calculated based on the observed data
since AD 1856 are provided by National Oceanic and Atmospheric Administration
(NOAA) (Bender et al., 2010). During the instrumental record, the AMO exhibits a
65-80 year cycle with a 0.4°C SSTs range. The warm phases of AMO occurred
during 1860-1880 and 1940-1960, and cool phases during 1905-1925 and 1970-1990

(Bender et al., 2010). A tree-ring based AMO reconstruction extends this record to
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AD 1567 (Gray et al.,, 2004). Studies show that the primary source of this
multidecadal AMO variability is the changes in the strength of the thermohaline
circulation. The correlations between temperature based indices during the period
1961-2010 and AMO suggest that temperature variability and, to a lesser extent,
precipitation extremes are related to the AMO signal of the North Atlantic SSTs

(Stephenson et al., 2014).

The North Atlantic Oscillation (NAO) is one of the most prominent and recurrent
patterns of seasonal and interdecadal atmospheric circulation variability associated
with changes in the surface westerlies across the North Atlantic to Europe
(McCloskey et al., 2013, Hurrell, 1995). The NAO phase is calculated based on the
surface pressure data between Iceland Low and North Atlantic Subtropical High
(NASH). The resulting index is a measure of the strength of the westerly flow and is
also an indicator for winter climate in Europe (Wanner et al., 2001). Positive NAO
phase (intensified NASH and deeper Iceland Low) is associated with strong
westerlies that lead to unsteady weather conditions over Western and Central
Europe, characterized by succession of low pressure centres and warmer and wetter
conditions over Northern Europe and dryer conditions over Southern Europe. During
the negative NAO phase (weak NASH and shallower Iceland Low) meridional
pressure gradient is reduced, hence weaker westerlies over the North Atlantic and
Western Europe lead to unsteady weather and wetter conditions in Southern Europe,
and dryer and colder conditions over Northern Europe, typically associated with a
blocking (stationary high) situation extending from Eastern to Western/Central
Europe (Pinto and Raible, 2012). Many studies show that NAO phase also affects

tropical cyclones track (Elsner et al., 2000) and vegetation activity in the following
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spring and summer seasons (Gouveia et al., 2008). The NOAA provides monthly
mean NAO index since January 1950. In general the decades between 1950 and 1970
were characterised by negative NAO index (weaker NASH) unlike the decades
between 1970 and 1994. Many NAO reconstructions exist extending the
instrumental record to mid-Holocene (e.g. Trouet et al. (2009), Baker et al. (2015),

Olsen et al. (2012), Ortega et al. (2005).

The EI Nifio—Southern Oscillation (ENSO) is one of the largest drivers of
interannual variability in a present-day global climate. It is a climate phenomenon on
the timescale of two to seven years (Collins et al., 2010), consisting of two, warm (El
Nifio) and cold (La Nifa), phases related to SSTs anomalies in the tropical Pacific.
The EI Nifio event is associated with positive SSTs anomalies in the central and east-
central equatorial Pacific that weakens the Walker circulation and shifts it eastward.
This leads to weaker trade winds that would normally push the warm water
westward, so consequently, waters in the central and eastern Pacific heat up and the
thermocline tilt diminishes preventing upwelling. This results in stronger upper-level
westerlies winds over the Caribbean. Many studies show that ENSO affects rainfall
in the Caribbean and North Atlantic region (Giannini et al., 2001, Jury et al., 2007,
Klotzbach, 2011b, Rodrigues and McPhaden, 2014) and seasonal levels of Atlantic
basic TC activity (Klotzbach, 2011b, Klotzbach, 2011a) but also the strength of the
monsoons in east Asia (e.g. Rodysill et al. (2013)) and coral mortality (Yu et al.,
2012). NOAA provides historical ENSO record only since AD 1950, but a variety of
proxies have been used to reconstruct ENSO variability during the Holocene (e.g. Li
et al. (2013), Cobb et al. (2003), Moy et al. (2002), McGregor et al. (2013))

indicating that the most intense ENSO activity during the last millennium occurred
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during the mid-seventeenth century. Despite considerable progress in understanding
the impact of climate change on many processes that contribute to ENSO activity,

the future ENSO variability is unclear (Collins et al., 2010).

Most of the instrumental records of the climate variables and oscillations mentioned
above that are incorporated in future climate projections, started less than two
centuries ago. Also since AD 1850, the concentrations of naturally occurring
greenhouse gasses (GHG) like carbon dioxide (CO;), methane (CHs) and nitrous
oxide (N>O) have increased substantially and are attributed to human activities since
the Industrial Revolution. The increased GHG are responsible for climate and ocean
warming, diminishing of amounts of snow and ice, and sea level rise (IPCC, 2014).
Understanding the past climate changes before the Industrial Revolution, that would
reflect natural climate variability, is essential in the future climate changes
predictions. The low-lying Caribbean area and North Atlantic islands are particularly
sensitive to observed global warming, according to the IPCC 2014 report, because it
increases not only air and sea surface temperature but also can change the
precipitation amount and increase the frequency of extreme events and result in sea
level rise (Table 1.1). This could pose a threat to the survival of mangroves in
Bermuda, as they are unable to tolerate increased water depth at the seaward margin

(Ellison, 1996).
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Table 1.1. Potential impacts of climate changes in the Caribbean area.

Potential climate change impact  Effects

Temperature increase e  Loss of terrestrial and marine species
e  Reduced fish stocks
e  Human health impacts including heat stress and increased vector

borne disease

Increased extreme events o Damage to physical infrastructure and natural assets such as coral

reefs and vegetation

Increased sea surface temperature e  Coral bleaching
e  Ocean acidification

e Movement of marine species away from traditional habitats

Sea level rise e  Erosion of coastal areas including beaches, wetlands and coastal
settlements

e  Saline intrusion

Changes in precipitation e  Freshwater shortages and drought
e  Changes in water quality

e Human health impacts increased vector borne disease

Source: Turks and Caicos Islands Climate Change Policy
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2.1. Introduction

This thesis presents research based on four different cave sites located within the
North Atlantic Basin: (1) El Refugio Cave, Spain, (2) Leamington Cave, Bermuda,
(3) Conch Bar Caves, Turks and Caicos Islands and (4) Yok Balum Cave, Belize.
The first site is located on the northeast side of the NASH system (also known as
Azores High or Bermuda High), where air subsidence produces stable conditions and
aridity. The latter three sites are situated on the western and southwestern flank of
the NASH, where air convergence and uplifting promotes instability. As a result
those regions experience different climates according to the Koppen-Geiger

classification (Peel et al., 2007) (Figure 2.1).
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Figure 2.1. The study sites location in the global context: (1) Refugio Cave, Spain; (2)
Leamington Cave, Bermuda, (3) Conch Bar Caves, Turks and Caicos Island and (4) Yok
Balum Cave, Belize. The distribution of the climate types characteristic to the studied sites
are based on the Kdppen-Geiger classification (Peel et al., 2007): orange — temperate climate
with dry and hot summer (Csa; Mediterranean); light green — temperate climate without dry
season with hot summer (Cfa); yellow — tropical savannah (Aw); dark green — tropical

rainforest (Af). July and January location of ITCZ marked as orange and blue stripes,
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respectively. Subtropical highs, including NASH marked as grey dashed ovals. Westerlies

marked as dark blue arrows.

All sites are influenced to certain extent by NASH intensity (as measured by NAO

index) and displacement. Refugio Cave and Leamington Cave sites are also sensitive

to westerlies migration, whereas Conch Bar Caves and Yok Balum cave are more

affected by the ITCZ position shifts (Figure 2.1).

All the study sites can be defined as relatively warm caves with mean air temperature

above 18°C. Leamington Cave and Conch Bar Caves are located near sea level and

formed in the relatively young and immature Pleistocene limestone, whereas

El Refugio Cave and Yok Balum Cave are situated at higher elevation and formed

in much older limestone of Mesozoic age (Table 2.1).

Table 2.1. The cave sites characteristics and the study summary.

El Refugio Cave,

Leamington Cave,

Conch Bar Caves,

Yok Balum Cave,

Spain Bermuda Turks and Caicos Belize
Location 36°35'N, 4°35'W 32°20"N, 64° 42’ W 21949'N, 71047 W 16°12'N, 89°4' W
Altitude (a.s.l) 690 m 18 m 13m 366 m
Bedrock Dolomitic marble  Eolianite  limestone  Oolitic limestone  Limestone
(Triassic) (Pleistocene) (Pleistocene) (Cretaceous)
Vegetation Shrubs Forest and shrubs scarse Tropical rainforest
Sea connection no yes yes no
Current climate! Mediterranean humid subtropical tropical savannah tropical  rainforest
(Csa) (Cfa) (Aw) (Af)
Tcave?Tair3 (°C) 18,53 2252 2462 2283
Mean total 534 1410 604 3000
precipitation (mm)?
Cave monitoring 2003 - 2006 12/ 03/ 2013 - 19/ 04/ 2011 - 2011 - present 4
period 10/ 12/ 2015 3/03/2013
(32 months) (23 months)
Collected stalagmites  REF-07 BER-SWI-13, TC-EMP-12 YOK-K,
BER-STO-13 YOK-L 5
Techniques used CT scanning CT scanning CT scanning CT scanning
U-series dating Stable isotope ~ Stable isotope  U-series dating
analysis analysis
U-series dating U-series dating
14C dating

Climate
reconstruction period

2.975-9.239 ka BP

0.500 ka BP - present

n/a

n/as

' climate type based on Kdppen-Geiger classification (Peel et al., 2007).
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2 based on the cave monitoring results discussed later in this thesis.

3 based on the data published from the nearest weather station discussed later in this thesis.

4 the cave monitoring results between April 2011 and June 2013 are published in Ridley et al. (2015b).

5 other stalagmites (YOK-G, YOK-I) were collected from Yok Balum cave and climate reconstructions based on them are
published in Ridley et al. (2015a) and Kennett et al. (2012) respectively.

6 the cave monitoring results published in Mudarra et al. (2009).

2.2. El Refugio Cave, Spain

El Refugio Cave is located near the western boundary of the Sierra de Mijas
mountain range, five km from the Mediterranean coast in Andalusia, Spain (Figure
2.2). El Refugio Cave was discovered in 1997 and surveyed in 2002 (Mainake,
2002) (Figure 2.3). The cave comprises approximately 65 m of passages with the
first nine meters separated from the cave interior by a three meter high flowstone
deposit that impedes air circulation to inner chambers (Figure 2.3). El Refugio Cave
monitoring between 2003 and 2006 reveals a small degree of seasonal cave air
exchange (mean seasonal cave air pCO, variance less than 1000 ppm) with increased

ventilation and low pCO, concentrations in the winter (Mudarra et al., 2009).
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Figure 2.2. Location of Refugio Cave in Europe (left) and in relation to Malaga Airport
(right).

2.2.1. Regional geology
The Sierra de Mijas are mainly built of a 300 m thick Triassic white dolomitic

marble unit (Andreo et al., 1998) and principally formed by ESE-WNW folds. The
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area lies close to the present-day convergence zone between the Eurasian and
African Plates that is characterised by moderate magnitude seismic activity (Gracia
et al.,, 2010). Most of the caves in the Sierra de Mijas are small cavities with

subvertical development (Andreo et al., 1998).

2.2.1. Regional climate
At present, the regional climate is Mediterranean-type (Csa) (Peel et al., 2007)
(Figure 2.1), and is strongly seasonal, with hot-dry summers and cool-wet winters
(October-April). At the meteorological station at Malaga Airport (5 m.a.s.l., 14 km
from El Refugio Cave) annual mean air temperature during the period 1981-2010
was 18.5°C, and winter (October-April) precipitation represented 90% of the mean
annual precipitation of 534 mm (Agencia Estatal de Meteorologia (AEMET)). The
isotopic content of rainwater and groundwater reflects a mixed Atlantic and

Mediterranean origin (Andreo et al., 2004).

The vegetation above the Refugio Cave comprises mainly Mediterranean shrubs

(Figure 2.4).
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Cueva El Refugio (AG-2)
Alhaurin el Grande (Malaga)
c :

01 23 48 67 8910 m So. E. MAINAKE / 2002
1 1 | 1 1 ]

Figure 2.3. El Refugio cave survey (Mainake, 2002).
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Figure 2.4. Typical vegetation cover in the Sierra de Mijas mountains, where El Refugio

Cave is located (photo: Lisa Baldini).

2.3. Leamington Cave, Bermuda

Leamington Cave (32°20°N, 64°42°W, entrance at 18 m a.s.l.), located in Hamilton
Parish, NE Bermuda (Figure 2.5), was chosen as a study site due to its abundance of
active speleothems (Figure 2.6 and Figure 2.7), limited access by a public and close
proximity to the Bermuda International Airport, where meteorological observations
are taken by the Bermuda Weather Service. The cave, formed in the oldest eolianite
limestone, the Walsingham Formation, was discovered in AD 1914 and was open to
the public until 1990s (personal communication, Gil Nolan). Since then the access to
the cave is gained only after obtaining a permit from the landlord. The cave is

connected with the ocean via Harrington Sound (Figure 2.7). The vegetation above
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the cave comprises mainly trees and bushes (Figure 2.8). There is also little

underground freshwater, so the residents depend on capturing rainfall on roofs for

their water supply.
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Figure 2.5. Number of caves by parish. Adapted from Illiffe (2003).

Figure 2.6. Stalagmite BER-SWI-13 (red arrow) in Leamington Cave before collection.
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Figure 2.7. An abundance of soda straws and stalactites hanging over the pool connecting

Leamington Cave with the sea.

Figure 2.8. The area near the Leamington Cave: (a) an outcrop of the Walsingham

formation and (b) vegetation cover.

2.3.1. Regional geology
Bermuda is a group of islands located at the western margin of the Sargasso Sea in
the North Atlantic Ocean covering an area of roughly 55 km® (Figure 2.9a). The
islands have a volcanic basalt core capped by alternating marine and eolian
limestones (eolianites) developed during late Quaternary sea level fluctuations

(Figure 2.10). Bermuda comprises six eolianite limestone formations (Figure 2.10).
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The oldest and most compact unit, the Walsingham Formation (Figure 2.8a), hosts
the highest number of discovered caves (Illiffe, 2009). Most of Bermuda caves began
forming during Pleistocene glacial periods, when the Bermuda platform was exposed
due to a lower sea level, allowing rainwater to percolate through the porous dunes
and marine limestone (Figure 2.10). With a warmer climate and associated sea level
rise, the platform was drowned (Figure 2.10b) allowing many sediment-producing
organisms to thrive resulting in marine limestone deposition. Existing caves were
drowned, but newer ones formed in the harder, cemented eolian limestone of the
former dunes.
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Figure 2.9. The location of a) Bermuda, b) Leamington Cave in Bermuda, and c) a

schematic illustrating the environment above the Leamington Cave.

In present day Bermuda the surface alignment of joints is either a NE/SW trend or a

NW/SE trend. Most caves in Bermuda show a similar trend in their alignment. The
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Bermuda island platform is tectonically stable, and is therefore considered a

benchmark for global sea level changes during the Pleistocene (Rowe et al., 2014).

COLDER CLIMATE WARMER CLIMATE
) New caves in fixed
Fixed dune aeolian limestone
with soil formation Drowned
caves
l Caves

Percolating Sea level

Figure 2.10. Bermuda during sea level lowstands (colder climate) and sea level highstands

(warmer climate). Source: Chandler (2006a). Adapted by Izabela Walczak.

Allostratigraphic formations
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[ Town Hill lower (<475 ka; MIS - 11)
8 I Walsingham (>700 ka, MIS >17)
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Figure 2.11. The simplified geological map of Bermuda (Chandler, 2006b). Age of
eolianite formations after Rowe and Bristow (2015). Adapted by Izabela Walczak.
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Figure 2.12. Leamington Cave plan. Survey by members of the Bermuda Cave Diving

Association.

2.3.2. Present climate and hydrology
At present the archipelago experiences a subtropical climate (Cfa in Képpen-Geiger
classification (Peel et al., 2007)) with evenly distributed precipitation throughout the
seasons and hot summers, and lies within a hurricane (tropical cyclone) belt. The
hurricane season in Bermuda officially runs from June to November. Apart from
tropical cyclones, Bermuda also frequently experiences subtropical and extratropical
cyclone activity (Guishard et al., 2007). The meteorological data recorded at the
Bermuda International Airport from 1949 to 1999 (The Bermuda Weather Service,
2000) indicates that mean annual air temperature (To,) was 22°C ranging from
17.7°C in February to 27.2°C in August (Figure 2.13a) and mean annual precipitation
sum (PP) was 1410 mm. The precipitation sum during the hurricane season accounts

for ~55% of total annual rainfall in Bermuda (based on the period between 1949-

29



Chapter 2 | Cave study sites in the North Atlantic Basin

1999, The Bermuda Weather Service (2000)). The driest months are April and May
(mean monthly PP ~ 86 mm) and wettest is October (mean monthly precipitation
total ~161 mm) (Figure 2.13a). During the last 65 years, the highest (1916 mm) and
lowest (943 mm) annual precipitation totals were recorded in 1962 and 1975,
respectively. No tropical storm affected Bermuda in 1962, and therefore the high
rainfall total in that year reflects another phenomenon. Most of the year, winds
prevail from the SW and SSW, except for September and October when they prevail
from east (Figure 2.14). The mean annual SSTs between 1949 and 1999 was 22.8°C

ranging from 18.4°C (March) to 28.2°C (August).
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Figure 2.13. Bermuda climatology: a) The mean monthly precipitation sum (bars) and the

air temperature (line) from 1949 to 1999 observed at Bermuda International Airport; b)
mean monthly precipitation totals and 8'*Oingan (%0, SMOW) observed in Bermuda from

1962 to 1966 (source: GNIP).
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©

S

Figure 2.14. Wind rose plot for Bermuda based on the data between August 2006 and June
2014. The % of wind direction occurrence (grey shading) and % of total rainfall amount

from that direction (black line).

The Global Network of Isotopes in Precipitation (GNIP) provides monthly SlgOpreCip
data between January 1962 and February 1966 for Bermuda (Figure 2.15b). The mean
8" Opaintan for the whole available GNIP dataset is -3.55%o. The lowest &' *Oprecip
values (below -4%o) during this four-year interval occurred from October to
December, coinciding with the hurricane season, and the highest values (above -
2.5%0) occurred in March and August. During a year, SlgOprecip values above the
average (-3.36%o) coincide with lower monthly precipitation totals (between January
and May and in July). The August 8'*Oprecip increased despite of high rainfall totals
in that month which could be related to high contribution of sea spray. The monthly
8'*Oprecip Shows a weak negative correlation (r = -0.23), however insignificant, with
the monthly precipitation totals (the slope of the trendline is -0.004%o0/mm) and no
correlation with the mean monthly temperature (r = 0.08) (Figure 2.15). This
suggests that the amount effect, rather than the air temperature, probably controls the

oxygen isotopic composition of precipitation in Bermuda. The comparison between
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precipitation totals during GNIP observations and the whole available precipitation
record from the Bermuda International Airport station reveals that the four-year

GNIP record coincided with relatively wetter conditions, particularly in June and

October.
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Figure 2.15. Relationship between (a) total monthly precipitation and 618Oprecip” (b) mean
monthly air temperature and SISOpmip based on dataset from the GNIP station in Bermuda
between 1962 and 1966 (n=48).

Bermuda is located outside the main development region for hurricanes, however the
islands are frequently threatened by TC formed at low latitudes and tracked
northward. A historical record of tropical storms and hurricanes that affected
Bermuda since its colonisation in AD 1609 is provided by Terry Tucker (Tucker,

1982).

At present climatic and hydrographic conditions around Bermuda are influenced by
the Gulf Stream, the North Atlantic Oscillation (NAO), the tropical Atlantic
variability (TAV), and Atlantic Meridional Overturning Circulation (AMOC) that all

strongly influence local SSTs (Marshall et al., 2001). The TAV is defined as the
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covariation of the SSTs gradient across the equator (AT.) and the
weakening/strengthening of trade winds. Increased rainfall in the northern Caribbean
is associated with El Nifio events (Jury et al., 2007) and positive AMO index

(Fensterer et al., 2012, Winter et al., 2011, Burn et al., 2016).

2.3.3. Vegetation changes
Bermuda was uninhabited until 1609, when the H.M.S. Sea Venture wrecked on
local reefs, effectively starting the islands colonial period. The islands are therefore

an important location for evaluating anthropogenic impacts.

Pollen records from Mangrove Lake, Bermuda, (Watts and Hansen, 1986) show that
cedar (Juniperus) forest, recorded at the time of settlement in the 17" Century, was
the predominant vegetation cover over the Holocene. Mangroves (Rhizophora), as
well as coral-algal reef communities in Bermuda (currently the most northern in the
world) were established 3 ka BP (Ellison, 1996, Watts and Hansen, 1986) when sea-
level rise slowed from 26 cm per 100 years to 7 cm per 100 years. Prior to the
establishment of corals (between 5 and 2.1 ka) Bermuda was a marsh wetland
(Ellison, 1996). Mangroves are the only remaining native forest areas in Bermuda.
The unique native dryland forest, composed largely of the endemics Bermuda cedar
(Juniperus bermudiana), Bermuda palmetto (Sabal bermudiana) and Bermuda
olivewood (Elaeodendron laneanum), has been entirely lost owing to urbanisation,
introduction of aggressive exotic species, and the cedar blight beginning in 1946

(Challinor and Wingate, 1971, Rueger and von Wallmenich, 1996).
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Since colonization began in 1609, Bermuda cedar was extensively used for housing,
framing and furniture, and for the construction of vessels and sloops due to cedar’s
lightness, high resistance to rot, and strength; this resulted in the decrease in relative
abundance of Bermuda cedar (Juniperus bermudiana) in the pollen record,
coinciding with an increase in Bermuda palmetto (Sabal bermudiana) pollen also
attributable to colonisation (the palmetto was used for roof thatching on early
houses, basketry, woven hats for export, food, and the production of an alcoholic

beverage called ‘bibby’) (Rueger and von Wallmenich, 1996).

Intense vegetation changes in Bermuda since human colonisation in 1609 suggest
that pollen records at this site are possibly unreliable source of climate variability
over the last few hundred years. Historical records are notoriously unreliable making

it essential to obtain climate proxy records from different materials like speleothems.

2.4. Conch Bar Caves, Turks and Caicos Islands

Conch Bar Caves is the largest above-ground cave system in the Bahamian
archipelago, and is located on Middle Caicos, the largest island in the Turks and
Caicos Islands (Figure 2.16). Since the 1880s the cave was exploited for guano (bat
manure) that was later exported from the Turks and Caicos to the UK for use as a
fertilizer. Carved and painted names and dates from the guano mining period are still
apparent in the cave today. Currently, the caves are inhabited by four species of bats,
which number approximately 1000-1500 individuals, with many bats roosting
directly over pools in the cave. Therefore guano likely provides an important food
resource for aquatic fauna (Kornicker et al., 2008). At present Conch Bar Caves are

only used as a tourist site which is tightly controlled by the Turks and Caicos
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National Trust. The caves are easily accessed on foot from the road but vehicle

access 1s restricted.

The vegetation above the cave is sparse, mainly consisting of shrubs and bushes

supported by an extremely thin soil (Figure 2.18).
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Figure 2.16. Location of a) Turks and Caicos Islands and b) Conch Bar Caves in the Turks

and Caicos archipelago.
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Figure 2.17. A schematic plan view of Conch Bar Caves. Adapted from Smart et al. (2008).
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Figure 2.18. The wide main entrance to Conch Bar Caves, a typical example of a flank

margin cave. The cave system has numerous other entrances not visible in the image.

2.4.1. Regional geology

The Conch Bar Cave system comprises of more than 3.3 km of surveyed passages
(Cheng et al., 2000) (Figure 2.16). The cave system developed in young carbonates
that are diagenetically immature. The caves are partly flooded by the ocean, and
consequently water level fluctuation reflect local sea level. Conch Bar Cave is an
excellent example of a flank margin cave, which develops at the flanks of freshwater
lens where freshwater mixes with seawater and produces unique dissolutional
features in carbonate rocks (Figure 2.19). This is a result of a property of carbonate
geochemistry, where two different waters, both saturated with respect to CaCO3, mix
to result in an undersaturated solution. This causes localised and substantial
dissolution of carbonate bedrock, termed ‘mixing corrosion’ or ‘mixing dissolution’
(Mylroie, 2012). Flank margin caves are also a great source of information about
past sea-stands (Figure 2.20), because freshwater lens track sea level. Six cave levels
are apparent in Conch Bar caves: four above current sea level and two below

(Moseley et al., 2007). The uppermost level is comprised of discontinuous relict cave
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passages at 12—16 m above present sea level. The main level is the most extensive
part of the cave with the rock floor at 2—6 m above sea level. The next level consists
of partially flooded rooms with rock bottom down to 2 m below sea level, while the
lowest section of the cave is completely submerged with water depths of up to 15 m
(Kornicker et al., 2008). Although there is no direct connection with the sea, water
levels in the cave vary tidally up to about 80 cm (Figure 2.21). This can also affect
stalagmite growth which ceases when the cave is flooded during the high sea-stands
(during the interglacial periods). Moreover, if the mixing zone between freshwater
(brackish) and saltwater (marine) is located at the stalagmite elevation, it may cause

dissolution of the secondary calcite that builds speleothems.

) flank margin caves
Pleistocene
interglacial
iligh Sea-sta{nd active spe)\eothems,&.\_(n
1 II : [ : 1
currently active ______

dissolution processes

‘ PHREATIC ZONE
Pleistocene

(glacial)

i
------ | : I marine ground water (1.025 g cm'3)
low sea-stand B

Figure 2.19. Cartoon diagram of a freshwater lens in a carbonate island, illustrating flank
margin cave development during different sea-stands in the lens margin, under the flank of

the enclosing landmass.
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Figure 2.20. Conch Bar Caves as an example of flank margin cave. Photo shows two cave

levels indicating the height of the sea stands.

High tide

Figure 2.21. Water level changes around the location of stalagmite TC-EMP-12 in Conch

Bar Caves before the sample collection.
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2.4.2. Present climate

Turks and Caicos Islands experience tropical savannah climate (Aw), which is the
second most common climate type by land area after arid desert hot (BWh),
accounting for 11.5% and 14.2%, respectively (Peel et al., 2007). Most of the islands
are affected by the Atlantic trade winds (Halkitis et al., 1980) moderated by the
warm Antilles Current. Effective rainfall is typically negative over the year, and
particularly between November and February. A small peak in May and a broad peak
between September and October (P — E ~ 0) is a result of seasonal storms, separated
by a weak deficit in July. Months with intense TCs tend to have SSTs anomalies >
+0.5°C east of Bermuda, which amplifies the upper high and westward track of these
storms. The average return period of hurricanes above category 3 is ~20 years
usually following a west-northwest path following development east of the Antilles

and passage north of Puerto Rico (Li et al., 2013).

Mean annual precipitation at Conch Bar is 676 mm, with mean monthly rainfall
above 50 mm between September and December (considered the ‘wet season’).
Mean annual temperature is 25.9°C, ranging from 23.4°C in January to 28.2°C in
August (Figure 2.22). The months of minimum and maximum SST around Turks

and Caicos Islands are March and October, respectively (Giry et al., 2012).
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Figure 2.22. Mean monthly precipitation and air temperature in Turks and Caicos Islands.

Data from Climate-data.org.

2.5. Yok Balum Cave, Belize

Yok Balum Cave is located in the Toledo District of southern Belize in Central
America, 30 km northwest from the town of Punta Gorda (Figure 2.23). The climate
archives preserved in the cave’s speleothems (Kennett et al., 2012, Ridley et al.,
2015a) are important for the near archaeological sites (e.g. Uxbenkd) that date back
to 60 cal years BC that are associated with a Pre-Classic Maya period (Culleton et
al., 2012) (Figure 2.24). The cave extends approximately 540 m as a main trunk
passage from a small opening in the west (the main entrance) to a larger, more
elevated opening to the south. The second entrance resulted from cave collapse at
least 44,000 £ 3300 years BP probably associated with tectonic activity (Ridley et
al., 2015b). Mean T, oscillates around 22.3°C (20.5°C). Yok Balum Cave is a
well-ventilated, dynamic cave system (mean pCO, of 461 ppm) that ventilates
seasonally driven by thermally induced inside-outside air density differences (Ridley

et al., 2015b). The cave is well-decorated with actively growing speleothems (Figure

2.25).
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Figure 2.24. Yok Balum Cave is located close to many important Classic Maya Centres.

2.5.1. Regional geology
Yok Balum Cave developed within the tectonically uplifted Cretaceous Campur
limestone formation (Kennett et al., 2012, Miller, 1996), which originates from
deposition of evaporates and marine carbonates throughout the Caribbean, around
the granite intrusions of the Maya Mountains to the north. Yok Balum Cave is
situated in one of the eight identified karst areas in Belize described as K-T fault
ridges of 300 km” area trending southwest to northeast and rising above plains of the
Toledo series (the Quaternary shales, mudstones and sandstones) (Miller, 1996). The
cave is located ca. 100 km north of the divergent boundary between the North

American and Caribbean Plates, and northeast of the subduction zone between those
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plates and the Cocos Plate. The latter boundary is the dominant source of regional

seismic activity that affects the cave area occasionally (Ridley et al., 2015b).

Figure 2.25. Stalagmites of Yok Balum Cave, which is rich in actively growing

speleothems.

2.5.2. Present climate
Currently southern Belize experiences tropical rainforest climate (Af) with
the temperature of the coldest month above 18°C and precipitation of the driest
month above 60 mm (Peel et al., 2007). The total annual precipitation in Belize
ranges from 1300 mm in the north to 4500 mm in the south. 80% of the total annual
precipitation occurs during the wet season (May through January) and is a direct
result of seasonal ITCZ migration (Kennett et al., 2012) (Figure 2.26). Most of the
moisture comes from the Caribbean Sea as a result of trade wind convergence with
a small contribution coming from the Pacific Ocean (Kennett et al., 2012).
The climate of Belize is also affected by the TCs and large-scale convective systems

that can bring heavy localised rain to southern Belize.
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Figure 2.26. Mean monthly air temperature and precipitation totals between 1981-2010 at
the Agricultural Station in Punta Gorda Town (Toledo) (National Meteorological Service of

Belize, 2016).

2.6. Summary

All the study sites except Refugio Cave were continuously monitored for cave air
temperature, drip rates, cave pCO,, and barometric pressure for at least two years.
The results of Yok Balum cave monitoring are published in Ridley et al.
(2015b)(Appendix C) and some results of Refugio Cave monitoring are available
from Mudarra et al. (2009). The results arising from Conch Bar Caves and
Leamington Cave monitoring will be discussed in Chapter 3. From each site at least
one stalagmite was collected for further analysis. All the collected stalagmites were
CT scanned and dated, except for stalagmite YOK-K from Yok Balum Cave;
results are discussed in Chapter 4. Stalagmites TC-EMP-12 and BER-SWI-13 were
also analysed for stable carbon and oxygen isotope compositions and these results
are discussed in the Chapter 4 and 5. Climate reconstructions based on previously
published proxy data combined with new records produced from stalagmites REF-07

and BER-SWI-13 are discussed in Chapters 4 and 5, respectively. The climate
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reconstruction from stalagmite TC-EMP-12, despite available 6'°0 and §"°C data,

was not pursued due to very large age uncertainties, discussed in the Chapter 3.
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3.1. Introduction

Most of the information about the cave air circulation and climatology comes from
the monitoring of inland caves located in karst areas that are well above sea level
(e.g. Crag Cave in Ireland (Sherwin and Baldini, 2011), Natural Bridge Caves in
Texas (Cowan et al., 2013), Obir Caves in Austria (Spotl et al., 2005), St. Michael’s
Cave in Gibraltar (Mattey et al., 2010), Yok Balum Cave in Belize (Ridley et al.,
2015b), and many others). Their monitoring studies indicate that seasonal cave
ventilation, expressed by e.g. CO, or radon concentration variations, is usually
triggered by the air density differences between outside and cave air resulting in
convective air circulation. The main cave-air CO, sources are CO, degassing from
vadose and phreatic water, animal and human respiration, and decaying organic
material (e.g. bat guano) within the caves. The understanding of the mechanism
controlling seasonal and interannual cave-air CO, concentration is essential for
interpreting paleoclimate archives, because the cave-air CO; fluctuations regulate the
degassing of CO, from drip water and thus influence the speleothem deposition rate
and potentially the uptake of chemical proxies that could potentially cause biases
(Baldini et al., 2008, Spotl et al., 2005, Banner et al., 2007, Cowan et al., 2013). The
mechanisms controlling cave ventilation and climatology in temperate inland cave
environments are well described as opposed to tropical near shore island caves
(Gamble et al., 2000). Fairchild and Baker (2012) predict that rainfall variations may

influence circulation in those caves.

Here, we present the results of continuous tropical island cave monitoring from

Conch Bar Caves (Turks and Caicos Islands) and Leamington Cave (Bermuda). Both
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caves are developed in immature Pleistocene limestones, located on small islands
(total land area less than 130 km®), are very close (less than 500 m) to the sea shore,
and are at low altitudes (less than 20 m a.s.l.) in the tropical western North Atlantic
Basin. More information about each cave site can be found in the Chapter 2. We also
evaluate the suitability of stalagmites from near-shore caves for paleoclimate

reconstructions with a special focus on their ability to record tropical cyclone signal.

3.2. Methods

Conch Bar Caves (CBC) and Leamington Cave (LC) were continuously monitored
for cave air pCQO,, air temperature (Tcave), cave air barometric pressure (pPcave), Cave
relative humidity (RH) and drip rate from April 2011 to March 2013, and from
March 2013 to December 2015, respectively (Table 3.1). All the monitoring
equipment in CBC was placed in one location, on a dripstone formation dubbed the
‘Island’ in the cave’s northern passage with standing brackish water situated ~500 m
from the nearest shoreline on Middle Caicos Island (Figure 3.1 and Figure 3.2). In LC,
the loggers were distributed evenly throughout the cave (Figure 3.3). All the

monitoring data are presented here in the Atlantic Standard Time (UTC-4).

The cave air pCO, was recorded every three hours using a Vaisala CARBOCAP
Carbon Dioxide GMP343 Probe (+ 3 ppm + 1% of reading) linked to Vaisala MI70
Indicator and powered by two Duracell MN918 Lantern batteries wired in parallel.
In LC, the logger was placed ca. 90 m from the entrance, in the northern cave
passages (Figure 3.3, orange circle) and recorded the data from March 11, 2013 to

November 19, 2013.
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Peave and Tepe were measured continuously at hourly intervals by BaroTROLL
loggers, with temperature range between -20 and +80°C (with an accuracy of +0.1°C
and a resolution of 0.01°C), and pressure range between 0 and 1.14 bar (with an
accuracy of 0.1 FS and a resolution of +0.005% FS). In LC, the loggers were
located ca. 36 m (in the main chamber) and 90 m (next to Vaisala logger) from the
entrance (Figure 3.3, black circles). In CBC, one logger was located on the ‘Island’

and the other one outside of the cave, measuring also air temperature (Toy).

Table 3.1 Cave climate characteristics recorded during Conch Bar Caves and Leamington

Cave monitoring.

Variable Logger Logging interval
drip rate Stalagmate Plus Mk2b automated drip loggers Hourly!.2
cave air pCO2  Vaisala CARBOCAP® Carbon Dioxide Probe GMP343 3 hours (Apr 2011-Jun 2012)!
3 hours (Mar-Nov 2013)?
12 hours (June 2012-March 2013)!
Teave Tinytag Plus 2 - TGP-4500 logger Hourly!.2
RH Tinytag Plus 2 - TGP-4500 logger Hourly'2
Peave , Pout BaroTROLL Hourly!2

1 Conch Bar Caves
2Leamington Cave

Conch Bar Caves / Monitoring equipment
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Figure 3.1. The location of monitoring equipment in the Conch Bar Caves, Turks and

Caicos Islands. Adapted from Smart et al. (2008).
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Figure 3.2. Conch Bar Caves monitoring island: the location of Vaisala, Barotroll, Tinytag

and Stalagmate loggers.
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Figure 3.3 Distribution of monitoring loggers within Leamington Cave. Surveyed by
members of the Bermuda Cave Diving Association. Sketched by Robert Power, 1986.
Adapted by Izabela Walczak.
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Tave and RH were recorded by TinyTag Plus2 - TGP-4500 loggers also at hourly
intervals. The Tinytag logger records temperature observations between -25 and
+85°C with an accuracy of £0.4°C at 25°C, and a resolution of 0.01°C. The reading
range for relative humidity is 0 to 100%, with +3% accuracy at 25°C and a resolution
better than 0.3% RH. In LC, the loggers were distributed evenly throughout the cave

(Figure 3.3, blue circles).

The drip rate feeding stalagmites of potential interest were recorded by three
(in CBC) and six (in LC) Stalagmate Plus Mk2b automated drip loggers at hourly
intervals. In LC, three of them (#4, #5, #8) were placed in the main chamber, close to
the pool and the remaining three loggers (#1, #2, #7) were placed in the cave’s
northern passages (Figure 3.3, green circles and Figure 3.5). Based on the drip rate in
CBC and LC and their responsiveness to rainfall (Figure 3.10) discussed later,
stalagmites TC-EMP-13 (‘the Emperor’, Figure 3.4a) from CBC and stalagmites
BER-STO-13 (‘Stormy’, 674 mm long, Figure 3.5a) and BER-SWI-13 (‘Swizzle’,
190 mm long, Figure 3.5b) from LC, were collected for further analysis. Other

stalagmites are not discussed further in the thesis.

In Turks and Caicos Islands, the Driptych Pluvimate logger was placed in the rain
gauge outside the CBC to monitor rainfall. However due to its frequent clogging and
hence its unreliability to record the precise rainfall rate, we only use the information

about the timing of the rainfall here rather than its rate.
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Figure 3.4. The locations of monitored drip rate in Conch Bar Caves: (a) ‘Emperor’
(collected stalagmite TC-EMP-12), (b) ‘Nipple’, (c¢) ‘Cleatus’. Darker colouring at the base

of stalagmites marks the highest tide level.

Figure 3.5. The locations of the monitored drip rate in Leamington Cave: (a) Stalagmate

logger #8 (‘Stormy’), (b) Stalagmate logger #5 (‘Swizzle’), (c) Stalagmate logger #7.

Mean sea level data at hourly intervals during caves monitoring period were
downloaded at Local Standard Time from NOAA Tides and Currents

(https://tidesandcurrents.noaa.gov/) from the closest station. CBC monitoring results

were compared with the mean sea level data from Arecibo, Puerto Rico (18° 28.8’ N;

66° 42.1° W) and LC data with the water level data from the station located in St.
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George’s Island, Bermuda (32° 22.4> N, 64° 422> W). Both stations are
characterised by a mixed semidiurnal tidal pattern (the high and low tides differing
in height) (Ross, 1995). These raw data have not been subjected to the National
Ocean Service’s quality control and are released for use as preliminary data with
appropriate caution. However, in this study we are predominantly interested in the

timing of the peak and low water levels, rather than its actual height.

Weather station data about rainfall data from Turks and Caicos Island are not
available, however sea surface temperatures (SSTs) were obtained from NOAA
Tides and Currents for Virginia Keys, USA, since SSTs data from Arecibo were
incomplete during CBC monitoring period. The information about daily air
temperatures (Tou), SSTs, wind direction, wind speed and rainfall in Bermuda comes

from the Bermuda Weather Service website (http://weather.bm/) recorded at the

Bermuda International Airport located 2 km east from the LC.

Monthly North Atlantic Oscillation index (NAO) and Atlantic Meridional
Oscillation index (AMO) data were downloaded from NOAA Climate Prediction

Centre (http://www.cpc.ncep.noaa.gov/).

3.3. Results

3.3.1. Leamington Cave, Bermuda

The temperature monitoring across the cave indicates that variance in temperature
decreases from the entrance to the rear of the cave, as expected. The mean cave
temperature (Trc) by the pool recorded by the Tinytag #6 (Figure 3.3), an area where

later stalagmites were collected from, ranges from 20.8°C (December-June, defined
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here as a ‘cool season’) to 24.7°C (July-November, defined here as a ‘warm
season’). The mean annual Tpc is ~22.5°C corresponding to the mean annual
temperature in Bermuda. During the Leamington Cave monitoring period that spans
over almost three years, the daily mean Tyic strongly, positively correlates with daily
mean SSTs (r = 0.83, p <0.01) and hence outside temperature (Toy) (r = 0.81, p <

0.01) recorded at the Bermuda International Airport (Figure 3.6¢).

Over longer time period (between 2000 and 2015), mean monthly T, at Bermuda
strongly positively correlates with local monthly SSTs (r = 0.99, p < 0.01), with
mean monthly AMO index (r = 0.46, p < 0.01) and negatively with NAO index (r = -
0.24, p < 0.01, Figure 3.6d). This suggests that T.y. is controlled by the same
mechanisms that control the SSTs and Ty Thus, successful Te.ve reconstruction
from speleothems is interpretable in terms of SSTs/T,u/AMO index and to lesser

extent as NAO index.

Tinytag logger #8 (Figure 3.3) at the back of the cave recorded continuous 100% of
humidity during the monitoring period (Figure 3.6b, blue line). The Tinytag logger #6
located by the pool (Figure 3.3) recorded continuous 100% of humidity mostly in the
cool season, and during the warm season the humidity there falls down to zero or
varies (Figure 3.6b, black line), almost certainly reflecting a technical fault in the

logger.
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Figure 3.6. Climatology during the Leamington Cave monitoring period. (a) Daily mean sea
level pressure (grey line) observed at the Bermuda International Airport by the Bermuda
Weather Service with 31-point running average (black line). Grey bars point to the time of
TCs passing. Note that y-axis is reversed. (b) The cave humidity recorded by the Tinytag
loggers #6 (black line) and #8 (blue line). Note that y-axis axis is reversed. (¢) The mean
monthly AMO index calculated from the Kaplan SST dataset. Orange shading indicates
positive phase. Daily SSTs (blue line) and T, (orange line) observed at the Bermuda
International Airport by the Bermuda Weather Service. Teay. (black thick line) recorded by
the Tinytag logger #6 by the pool. (d) monthly NAO index; (e) Daily (black bars) and
monthly (blue bars) precipitation totals observed at the Bermuda International Airport by the

Bermuda Weather Service.
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Daily precipitation totals are correlated negatively with daily mean sea level pressure
(r=-0.33, p < 0.01) and positively with SSTs (r = 0.51, p < 0.01) and Toy (r = 0.49,

p <0.01) (Figure 3.6), suggesting dominance of the convective rainfall.
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Figure 3.7. Cave and climate monitoring data from March 2013 to November 2013. (a)
hourly Teaye recorded by Tinytag logger #6 (red line), daily mean T, recorded at Bermuda
International Airport (grey line) with 17-days running average (black line). (b) cave pCO,

recorded at 3 hour intervals. Orange shading indicates pCO, concentration over mean of 444

The mean cave pCO; from March to November 2013 of 444 ppm (o = 34 ppm, n =
334), approximates Mauna Loa atmospheric pCO, (mean air pCO, = 396 ppm over
the same time interval) and suggests very efficient cave ventilation. The minimum
and maximum values of cave pCO, recorded during monitoring period were 385 (on
5™ August 2013 at 12:00) and 622.5 ppm (on 27" September 2013 at 18:00),
respectively. The time interval of the highest, above the mean (orange shading in

Figure 3.7), cave pCO; occurs in the warm season and coincides with the rapid Tirc
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increase from ~22 to ~26°C from the mid-June to August, and stays elevated until
the mid-October. The correlation between mean daily pCO; and daily mean T, and
Trc (measured by Vaisala logger) is 0.29 (n = 253, p <0.001). The cave pCO; below
the mean is recorded from March to June (cool season) suggesting common in mid-
latitudes winter-dominated cave ventilation driven by convective mixing (Fairchild
and Baker, 2012). Due to pCO, logger failure from December 2013, the cave pCO,
variability from December to March is unknown. However, cave pCO; is probably
low, controlled by the same mechanisms as during the period between March and
June. Temporal pCO; variability in the cool season is low (mean March-June pCO,
=417 ppm, o = 11 ppm) unlike in the warm season characterised by higher temporal
variability (mean July-October pCO;, = 463 ppm, o = 33 ppm) that is common in

other caves as well (e.g. Ridley et al. (2015b)).

Spectral analysis of 3-hourly LC pCO; data was performed using the software PAST
(Hammer et al., 2001). PAST automatically detrends the data prior to analysis. The
LC pCO, data revealed peaks at 24 and 12 hours, corresponding to tidal pattern.
However both peaks are below 95% confidence (Figure 3.8). Lower correlation in
LC could be a result of Vaisalla logger location at the back of the cave, further away
from the water making it less sensitive to water level changes in comparison to CBC.
Also positive correlation exists between mean daily water level at Bermuda
International Airport and mean daily cave pCO; (r = 0.29, n = 253, p < 0.01) for the
whole monitoring period. This suggests that daily ventilation is also controlled by

the tide levels.
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Figure 3.8. Results of spectral analysis of the Leamington Cave pCO..

Another factor affecting LC pCO, is the wind direction (r = -0.22, p < 0.01) and
speed (r = -0.17, p < 0.01). The cave entrance points towards SW and hence the
lowest pCO; (< 420 ppm) occurs when the wind is coming from SW (210-240°)
direction (Figure 3.9b) which also brings the strongest winds (> 10 m/s) to Bermuda
(Figure 3.9a) and over 30% of annual rainfall (Figure 2.14), mostly associated with the
winter low-pressure (~30% of total SW wind occur between December and
February) or summer tropical cyclones (> 33% of total SW wind occur between June
and August) transit. However no correlation was found between the daily rainfall
sum and cave-air pCO,. The mean highest (> 450 ppm) cave-air pCO, is associated

with the winds from NNE and SE-E.
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Figure 3.9. Distribution of: a) wind speed (m/s) (red line) and b) LC pCO, (ppm) (blue line)

in relation to the wind direction in Bermuda during the monitoring period.

Only at four drip rate monitoring locations (#4, #5, #7 and #8) (Figure 3.3), the
dripping was recorded. No recorded dripping at the locations #1 and #2 is probably
associated with a lack of rainfall infiltration due to house building directly above
those stalagmite locations. The drip sums recorded at locations #7 and #5 (‘Swizzle”)
show a similar pattern: increased drip rate coinciding with the two rainfall peaks
between September-November 2013 and February-April 2014 (Figure 3.10). Due to
Stalagmate loggers malfunctioning at those two locations after May 2014, drip sum
monitoring could not be extended into the next year to see if the pattern continues.
The absolute drip rate values are higher at the location #5 than in #7, suggesting
decreased rainfall infiltration at the location #7 due to near house location above the

site.

During drip rate monitoring, three tropical cyclones (Gabrielle 2013, Faye 2014 and
Gonzalo 2014) passed the cave site. During the passing of Gabrielle (of tropical

storm intensity), on 1" September 2013, the daily rainfall sum reached 13.21 mm
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that was reflected in the increased drip rate only at the location #7. Both hurricanes,
Faye (cat. 1) and Gonzalo (cat. 2/3), that occurred in October 2014 made landfall in
Bermuda and resulted in 54.4 mm (sum between 10 and 12" October) and 73.4 mm
(sum between 17 an 19™ October) of rainfall, respectively. Since the loggers at
locations #5 and #7 at that time were malfunctioning, only logger #8 managed to
record increased drip rates during both TC transit. However, the highest daily
precipitation sum (104.14 mm) during the cave monitoring period was recorded at
Bermuda International Airport on 26™ September 2013 and was not associated with a
tropical cyclone but with the low pressure transit. This resulted in the increased drip
rate at the locations #5 and #7. This suggests that despite of dwellings proximity to
LC, the drips in the cave are still sensitive to increased rainfall associated with the

tropical cyclones or low pressure systems passing.

Based on the drip sensitivity to rainfall and stalagmites lengths, two of them at the

locations #5 (named ‘Swizzle’) and #8 (named ‘Stormy’) were collected for the

further analysis.
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Figure 3.10. Daily drip sum recorded at three different locations in the Leamington Cave:
(a) by Stalagmate #7, (b) by Stalagmate #5 (location of ‘Swizzle’), (c) by Stalagmate #8
(location of ‘Stormy’) during the monitoring period, (d) Daily mean sea level pressure (grey)
with 21-point running average (black line), (e) Daily (black line) and monthly (blue bars)
rainfall sum observed at Bermuda International Airport. Note that Y-axis was clipped in b)

and c), so the plot reveals the timing of the drip sum peaks rather than its actual drip sum.
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3.3.2. Conch Bar Caves, Turks and Caicos Islands

Over the monitoring period mean T, (recorded by the Barotroll logger) was 26.9°C
(6 = 3.9°C), ranging between 15.8 and 40.6°C, and the mean cave air temperature
(Tcae) recorded by Vaisala logger, was 24.6°C (¢ = 0.3°C), ranging between 24.0
and 25.1°C (Figure 3.12e). Over this two-year monitoring period, Tcpc values show a
steady increase from June to November, overlapping the hurricane season, and are
generally above the mean, hence defined here as a ‘warm/hurricane season’ (Figure
3.12¢). From November to May 7¢pc values decrease and are generally below the

mean, hence defined here as ‘cool season’.

Loggers detected our presence during each field work in the form of 7¢p¢increase by
~0.3-2.3°C. Due to efficient cave ventilation, every time Tcpc returned to normal

(mean for the last few days before the trip) within three hours.

The mean daily T¢pe strongly correlates with mean daily 7,, (r = 0.49, p < 0.01),
SSTs in Virginia Keys (r = 0.52, p < 0.01, n = 685) and AMO index (r = 0.51, p <
0.05). Negative correlation exists between T¢pc and NAO index (r = -0.40, p < 0.05)

(Figure 3.12g).

The daily cave temperature variability corresponds to water level fluctuations at
Arecibo, Puerto Rico (Figure 3.13¢ and f) that show mixed semidiurnal tidal pattern.
As a result, the rise (decrease) in air temperature corresponds to high (low) tide. The
correlation between 7¢pc and water level in the cool season is positive and generally
strong (r > 0.4) (Figure 3.15). During the hurricane season, the correlation is weaker

(-0.4 <r < 0.4). The spectral analysis using software PAST (Hammer et al., 2001) of
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the hourly recorded cave temperature (Figure 3.11) measured by Barotroll logger
yields periodicities of 12 and 24 hours (however below 95% confidence level)

further corroborates the link between 7Tczc and water level (Figure 3.13¢ and f).

30 —

20 —

p<0.01
10 — ~12hrs P00

Teac Spectral Amplitude
|

Frequency (hours)

Figure 3.11. Results of spectral analysis of T¢ac.

The concentration of pCO, in the cave shows seasonal variability. During the
monitoring period, the mean pCO; in Conch Bar Caves was 505 ppm (¢ = 82 ppm).
The lowest pCO; concentration (403.9 ppm) recorded during monitoring period
occurred on August 24, 2011, at 23:00 during Hurricane Irene’s (cat. 3) transit
(Figure 3.12 and Figure 3.16). Cave air pCO, in Conch Bar Cave reaches a maximum
(over 900 ppm) in the summer (May-June) and autumn (October-November) (Figure
3.12). The lowest pCO; values and the smallest difference between outside and cave
air temperature occur during the cool season (Figure 3.15). The daily variability in
cool season is much lower than during the rest of the year. This suggests strong
ventilation during winter months due to sinking of cold, low pCO, surface air into
the cave. Also low cave air pCO, values (mean = 444 ppm, ¢ = 19 ppm calculated
for period between December and March) coincide with positive NAO phase (Figure

3.12f and g) and low sea CO; saturation (Bates et al., 1998) due to deep mixing layer
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that could result in seawater acting as a CO, sink and contribute to lowering of the

cave pCO, values.
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Figure 3.12. Meteorological and hydrological time series over the Conch Bar Caves
monitoring period: (a) daily rainfall drip rate measured outside of the cave. Due to logger

malfunctioning, we only consider the timing of the precipitation not its amount; (b) cave
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daily average drip rate measured at Cleatus (black line) and Ernie (purple line) locations; (c)
hourly pressure values measured outside the cave, (d) 25-point running average of hourly
SSTs at Virginia Keys, Florida, USA (blue line) and T, measured outside the cave (blue
line), (e) Tcpc recorded at 3 hours interval, (f) cave pCO, concentration values recorded at 3
hours interval (green line) with a 13-point running average; (g) monthly NAO index. Grey
bars indicate tropical cyclones with its intensity according Saffir-Simpson scale at the time

of the island passing. Grey background indicates hurricane season.
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Figure 3.13. Cave monitoring results between 1% and 7" February 2012: (a) hourly air
pressure values measured outside of CBC; (b) hourly air temperature values measured
outside of CBC by Barotroll logger; (c) the temperature difference between outside and cave
air. Blue shading indicates 7, < Tcac; (d) hourly drip count at Cleatus location; (e) hourly
cave temperature; (f) hourly water level measured at Arecibo, Puerto Rico (red line); (g)

pCO, concentration values measured at three hours intervals.
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Spectral analysis performed using software PAST on hourly pCO, data revealed
significant peaks above the 99% confidence limit centred at 12 and 24 hours (,
similarly to 7Tcae, that suggests pCO, fluctuating with tides (Figure 3.13f and g).
However, events like strong tropical cyclones transit can disturb those cycles (Figure
3.16%). Positive correlation (r = 0.21, p <0.01) exists between mean daily water level
at Arecibo, Puerto Rico and pCO, in CBC, that is stronger (r > 0.3) in a cooler
season (Figure 3.15b). Sparse vegetation above the cave likely does not contribute
much to soil CO, and hence to CO; concentration in vadose water which suggests
that dominant source of cave air CO, possibly comes from degassing from CO»-rich
groundwater. In CBC, groundwater is mainly seawater so factors controlling CO,
concentration in seawater like marine plant and animal activity or atmospheric CO,

concentration, also control cave pCO,.
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Figure 3.14. Results of spectral analysis of Conch Bar Caves hourly recorded pCO,.

During the year, the period of lowest pcave (<1018 hPa) occurred, as expected, during
the second part of hurricane season (defined by NOAA, National Weather Service as
period from June 1 to November 30 in the Atlantic, Caribbean, and the Gulf of

Mexico) from September to November (Figure 3.12¢). During the CBC monitoring
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period, seven tropical cyclones passed the site that significantly depressed the cave
air pressure (Figure 3.12c). The lowest recorded pcave (998.2 hPa on Aug 24, 2011 at
4:00 GMT-5) occurred during Hurricane Irene passing in late August 2011 (Figure
3.16¢c). Air pressure higher than the mean of 1018 hPa occurs in a cool season,
between December and March, coinciding with the generally positive NAO phase
suggesting strong North Atlantic Subtropical High (NASH) and anticyclonic
weather. The other peak in air pressure occurs in June (in 2011) and between June
and August (in 2012). Summer peak in pc.e is probably associated with the
intensification and expansion of the NASH that causes the Caribbean mid-summer
drought (Gamble et al., 2008). The highest pcaye recorded (1027.3 hPa) during the

cave monitoring period occurred on January 9 and January 28, 2013.
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Figure 3.15. The 20-point running average of correlation between: (a) cave temperature and

water level; (b) pCO, and water level. Plot (c) shows the daily difference in temperature
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between outside and cave air. Plot (d) shows 5-point running average of cave pCO,. Grey

background indicates cold season.

The comparison of combined drip rate from two locations (Cleatus — black line and
Emperor — purple line, Figure 3.12b) with rainfall (Figure 3.12a) recorded outside the
cave reveals high CBC sensitivity to rainfall. Peaks in rainfall occur towards the end
of hurricane season (September and October). In cool season rainfall is sporadic and
hence the drip rate in CBC steadily decreases from the end of hurricane season
(November) until the next hurricane season (Figure 3.12b). The rainfall data also
reveals bimodal rainfall pattern with peaks in May/June and October/November
suggesting mid-summer drought in between those peaks (Gamble et al., 2008).

The drip rate at ‘Nipple’ location was close to zero during the whole monitoring

period; hence it is not shown on the graphs.

On a daily scale, the drip rate at Cleatus site decreases to almost zero during the high
tide, suggesting temporal site flooding by the incoming tide (Figure 3.13d and Figure
3.16b). Spectral analysis of Cleatus hourly drip sum reveals periodicity at ~24, ~12,
~8, ~6 hours further corroborating that conclusion. Despite of recorded rainfall

during hurricane Irene transit, the drip rate at Cleatus stayed stable (Figure 3.16b).
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Figure 3.16. Cave monitoring results during Hurricane Irene passing between Aug 21 and
Aug 30, 2011: a) drip sum at the Emperor location; b) drip sum at Cleatus location; c¢) hourly
cave air pressure values; d) hourly cave temperature values; e) outside air temperature
values; f) cave pCO, recorded three hours intervals, blue shading indicates values above
mean; g) water level at Arecibo, Puerto Rico; h) SSTs measured at Virginia Key, USA. Grey

shading indicates hurricane eye passing over Turks and Caicos Islands.
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3.4. Discussion
3.4.1. Thermal conditions

Monitoring of two near-shore island caves located in the western Atlantic revealed
that the presence of the brackish water impacts the temperature in a cave system,
similarly to streams and lakes in inland caves. Strong positive correlation between
near-shore cave temperature and regional SSTs and AMO phase suggests that
successful cave temperature reconstruction from speleothems is interpretable in
terms of SSTs and AMO index. However, the biggest difference between influence
of the present water in near shore caves and inland caves is the tidal pulse that
creates the cyclical pattern in the cave water temperature and the cave air above the
water (Figure 3.13). This correlation between the cave temperature and tides is also
observed in the other tropical caves, e.g. in Crescent Top Cave on San Salvador
Island, Bahamas (Gamble et al., 2000). The temperature in the caves is also
controlled by the tropical cyclones transit that results in a Tcae decrease before and

during the storm and Ty, increase after the storm.

3.4.2. Cave ventilation
Similarly to inland caves (e.g. Kowalczk and Froelich (2010), Ridley et al. (2015b),
Baldini et al. (2008), Spotl et al. (2005), Przylibski (1999), Frisia et al. (2005), Oster
et al. (2012), Cowan et al. (2013)), LC and CBC are characterised by winter-
dominated ventilation. The seasonal ventilation differences are driven by density
differences between outside and cave air caused by seasonal differences in outside
temperatures. Both caves, LC and CBC, reveal low (elevated) pCO, values with low

(higher) temporal variability during the cold (warm) season. However diurnal CO,

69



Chapter 3 | Monitoring of near shore tropical caves

variability in near shore caves is also controlled by additional factors like: 1) the tide

cycles, 2) the wind speed and its direction, 3) and associated rainfall.

Unlike inland caves, near shore caves reveal bimodal cave pCO, concentration
distribution (similarly to the rainfall) with peaks in May-June and Oct-Nov in CBC
and July and September in LC (Figure 3.17). High positive correlations between
monthly pCO, and regional SSTs (r = 0.62 for CBC and r = 0.77 for LC) suggest that
seawater temperature that controls CO; sea-air fluxes (Bates et al., 1998), could also

seasonally act as a sink or source of CO; in the cave air.
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Figure 3.17. Monthly pCO, concentrations in Conch Bar Caves (red line; calculated
between April 2011 and March 2013) and Leamington Cave (black line; calculated between
March and November 2013) showing bimodal distribution.

3.4.3. Implications for paleoclimate studies
The seasonality in pCO, values can influence the saturation state for carbonate
minerals, causing significant variations in growth rate or allowing corrosion to occur
during a particular season (Fairchild and Baker, 2012). The mean annual pCO, value

in CBC is slightly higher than in LC; however both show relatively low annual pCO,
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values (< 505 ppm) in comparison to inland caves e.g. Crag Cave (~3700 ppm,
(Baldini, 2010)), Natural Bridge Caverns (~4935 ppm, (Cowan et al., 2013)), Obir
Caves (~942 ppm, Spotl et al. (2005) suggesting very efficient ventilation that is
favourable for all year round calcite precipitation making seasonal bias caused by
cave-air CO, unlikely. Because seasonal variations in pCO, values are relatively
low, the changes in water supply and drip rate exert a primarily control on calcite
deposition rates within near-shore caves, making their stalagmites very sensitive to
climate changes above the cave. Due to high correlation of present cave temperature
and SSTs, the changes in the North Atlantic SSTs may also be recorded in

stalagmites along with the rainfall amount.

Common presence of seawater in the near shore caves that fluctuates with tides and
storm surges can result in temporal stalagmite flooding and their growth cessation.
This suggests that the isotopic signal produced by the rainfall associated with the

most intense tropical cyclones might not be recorded.

3.5. Conclusions

The results of almost five-years (in total) continuous monitoring of two near shore
caves in the tropical western North Atlantic show a lot of similarities with the inland
caves. The microclimate and ventilation dynamics of Leamington Cave and Conch
Bar Caves, are controlled mainly by 1) seasonal temperature differences between
outside and cave air (like inland caves), 2) wind and associated rainfall, but because
of the connection of phreatic water with seawater, the microclimate of near shore

caves is also modulated by 3) the seawater temperature, and 4) water level
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fluctuations that further corroborates the results of flank margin caves monitoring in

Bahamas and Puerto Rico (Gamble et al., 2000).

Daily and seasonal efficient ventilation of near shore caves suggests that they are
favourable environment for speleothem formation. This also implies that seasonal
changes in water supply and drip rate exert a primarily control on calcite deposition
rates within near-shore caves, rather net CO, flux to the cave, as opposed to some
inland caves (e.g. Kowalczk and Froelich (2010)). However, projected sea-level rise
associated with global warming may result in the near-shore caves flooding that

would inhibit speleothem growth and make those caves inaccessible for tourists.

Future research in near shore caves should focus on other factors that play role in

calcite deposition like the seasonal concentration of calcium in the drip water that

could bias climate signal incorporated in stalagmites.
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Abstract

The forcing mechanisms responsible for the mid-Holocene onset of the
Mediterranean-type climate in south-western Europe are currently unclear, but
understanding these is critical for accurate climate projections under future
greenhouse gas-induced warming. Additionally, regional studies that present
conflicting patterns for the onset and advancement of Mediterranean climatic
conditions complicate definitively ascribing causality. Here, we use a new high
resolution stalagmite density record obtained non-destructively using Computed
Tomography (CT) scanning to reconstruct southern Iberian climate between 9.3 and
2.9 ka BP. We suggest that stalagmite density can be used as a water-excess proxy,
with lower densities associated with more variable drip rates, possibly reflecting
increased seasonality consistent with expectations from previous studies of
speleothem textures and crystal fabrics. Our results reveal an early Holocene humid
interval and mid-Holocene year-round aridity that preceded the onset of
Mediterranean climate at 5.3 ka BP in southern Iberia. Using this new dataset
combined with previously published results, we link the gradual advancement of
Mediterranean climate to the southward migration of the North Atlantic Subtropical
High induced by an orbitally driven decrease in Northern Hemisphere insolation.
Future anthropogenic warming could result in a reversal of this trend, a northward
migration of the North Atlantic Subtropical High, and a return to year-round aridity

in south-western Europe.
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4.1. Introduction

Stalagmites are excellent climate archives because they yield multi-proxy
information (e.g. stable isotope, trace element, and petrographic information)
constrained by a radiometric chronology. Additionally, at relatively undisturbed
sites, they can complement palaeoclimate information from well dated archives (e.g.
sediment core-based studies) (Fairchild et al., 2006, Henderson, 2006). High-
resolution stalagmite climate reconstructions are usually based on information
gleaned from a single plane cut through the sample, and typically attempt to follow
the stalagmite’s growth axis in two dimensions. However, this approach ignores
possible growth axis shifts that could occur out of this plane which in turn could
dramatically affect climate interpretations, for example through off-axis stable
isotope kinetic enrichment (Mickler et al., 2004b). To date, no high-resolution
stalagmite climate proxy research has taken account of such three-dimensional
growth axis shifts, which can occur due to changes in infiltration pathway, lateral
growth of soda straws, following subsidence of cave floors and/or seismic activity
(Becker et al., 2006). Taking these potential shifts into account is particularly
important in seismically active areas, like southern Iberia, which lies close to the
convergence zone between the Eurasian and African Plates (Gracia et al., 2010). X-
ray computed tomography (CT scanning) through internal three-dimensional density
mapping of opaque objects, is able to provide information about stalagmite growth
axis shifts (Mickler et al., 2004b) and internal porosity (Zisu et al., 2012). More

information about CT scanning can be found in Chapter 1.
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The southern Iberian Peninsula is currently characterised by a Mediterranean climate
(Csa in Koppen-Geiger classification, Peel et al. (2007)), with dry (precipitation of
the driest month in summer is less than 40 mm) and hot (temperature of the hottest
month is over 22°C) summers and wet winters caused by the seasonal meridional
migration of the North Atlantic Subtropical High (NASH) (Harding et al., 2009).
The NASH (often also referred to as the Bermuda or Azores High (Davis et al.,
1997)) is the semi-permanent subtropical anticyclone over the North Atlantic Ocean
basin that forms at the descending limb of Hadley cell circulation. The NASH exerts
a major influence on the present-day weather and climate of Iberia by controlling the
latitude of North Atlantic westerlies (Marshall et al., 2001, Tzedakis et al., 2009).
The contrast between winter and summer precipitation in Iberia is due largely to the
tendency for the NASH to migrate northwards over Iberia in summer (resulting in
hot, dry conditions) and to migrate southwards in winter (bringing increased rainfall
with the westerlies) (Harding et al., 2009, Trigo et al., 2004). In the present day,
interannual variability in the strength and position of the NASH is linked to the state

of the North Atlantic Oscillation (NAO) (Souza and Cavalcanti, 2009).

Several studies suggest that the western Mediterranean region, located at critical
geographic and atmospheric boundaries, has experienced abrupt climatic shifts over
the Holocene (Dorado Valifio et al., 2002, Pérez-Obiol et al., 2011, Jambrina-
Enriquez et al., 2014, Jalut et al., 2009, Roberts et al., 2011, Moreno et al., 2011,
Anderson et al., 2011, Garcia-Alix et al., 2012, Jiménez-Moreno and Anderson,
2012, Fletcher et al., 2013, Baldini, 2007, Carrion, 2002). Jalut et al. (2009)
examined circum-Mediterranean pollen data to derive three climatic phases for the

Holocene: 1) the early Holocene (11.5-7 ka BP) characterised by increased rainfall,
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i1) the mid-Holocene (7-5.5 ka BP), characterised by increased variability, linked to
decreasing Northern Hemisphere insolation, and iii) the late Holocene, characterised
by the onset of a drying trend at ~5.5 ka BP. This drying trend may reflect decreased
annual rainfall induced by substantially lower summer rainfall, with winters
remaining cool and wet. Typically this transition into seasonal aridity is interpreted
as the Holocene onset of the Mediterranean climate in Iberia. Existing Iberian pollen
and lake sediment records (Figure 4.1) reveal considerable variability in the timing
and character of these phases thereby, impeding our understanding of Holocene
climate in the region (Dorado Valifio et al., 2002, Pérez-Obiol et al., 2011, Jambrina-
Enriquez et al., 2014, Jalut et al., 2009, Roberts et al., 2011, Moreno et al., 2011,
Anderson et al., 2011, Garcia-Alix et al., 2012, Jiménez-Moreno and Anderson,
2012, Carrion et al., 2010). Thus, the spatiotemporal pattern of Mediterranean
climate advancement within the Iberian Peninsula has remained difficult to
constrain. Studies along the eastern transect of the Iberian eastern margin concluded
that the Mediterranean climate advanced from the south (beginning at 10 ka BP)
towards the north (between 3.3 and 1 ka BP) (Jalut et al., 2000, Jalut et al., 1997).
This contrasts with Magny et al. (2013) who argued for maximum (minimum)
summer dryness north (south) of 40°N in the central Mediterranean (during the early
to mid-Holocene). Using a combination of lacustrine and marine records along a
north-south transect in the central Mediterranean, Magny et al. (2013) highlighted
contrasting patterns of palaeohydrological change south and north of 40°N that
developed in response to a combination of orbital, ice-sheet and solar forcings. Many
Iberian climate reconstructions are pollen-based and are often hampered by
substantial chronological uncertainties. Adding to this complexity, archaeological

evidence indicates substantially increased human activity in the region since 7.5-7 ka
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BP (Pérez-Obiol et al., 2011) that may have compromised the link between pollen
assemblages and paleoclimatic conditions at some sites. Increased sclerophyllous
(adapted to prevent moisture loss) pollen assemblages, interpreted as reflecting the
onset of Mediterranean climate (Jalut et al., 1997), could instead partly reflect
deforestation and other anthropogenic factors. Although general Holocene climate
shifts in the western Mediterranean have been proposed, the regional patterns,
especially in southern Iberia, and the underlying forcing mechanisms for this
variability remain unclear (Carrion et al., 2010). New well-dated records from this
region of southern Spain are therefore crucial to reconstruct Mediterranean climate
advancement (supplementing pollen data) and to better understand the links between

Iberian climate and North Atlantic atmospheric dynamics.
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Figure 4.1 Location of palacoclimate proxy records mentioned in the text. Marine cores
(black triangles): (1) MD95-2043 (Fletcher et al., 2013), (2) MD95-2042 (Chabaud et al.,
2014); speleothems from (3) El Refugio Cave (this study, yellow circle); speleothems (red
circle) from (4) Nerja Cave (McMillan, 2006), (5) Cova de Arcoia (Railsback et al., 2011),
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(6) Pindal (Stoll et al., 2013), (7) Cueva Rosa (Stoll et al., 2013), (8) Villars Cave (Genty et
al., 2006) (9) La Garma Cave (Baldini, 2007, Baldini et al., 2015); terrestrial cores (white
squares) from (10) Laguna de Medina (Reed et al., 2001), (11) Borreguiles de la Virgen
(Garcia-Alix et al., 2012), (12) Laguna de Rio Seco (Anderson et al., 2011), (13) Siles
(Carrién, 2002), (14) Salinas (Burjachs and Riera, 1995), (15) Cabo de Gata (Jalut et al.,
2000), (16) La Mancha Plain (Dorado Valifio et al., 2002), (17) Villarquemado (Aranbarri et
al., 2014), (18) Sanabria Lake (Jambrina-Enriquez et al., 2014), (19) Laguna de la Roya
(Allen et al., 1996), (20) Lago Enol (Moreno et al., 2011).

Stalagmite-based Holocene climate reconstructions in the western Mediterranean are
scarce, and are mostly from the northern Iberian Peninsula (Stoll et al., 2013,
Railsback et al., 2011, Baldini, 2007, Dominguez-Villar et al., 2008, Martin-Chivelet
et al, 2011), the Mediterranean-influenced region of south-eastern France
(McDermott et al., 1999, McMillan et al., 2005, Genty et al., 2006) and coastal
central Italy (Zanchetta et al., 2007). Currently, the most complete stalagmite-based
regional palaeoclimate reconstructions are from caves in northern Iberia and

southern Iberia is underrepresented in this respect.

Here we reconstruct Holocene climate variability in southern Iberia using a novel,
non-destructive method of generating a high-resolution stalagmite calcite density
record using Computed Tomography of an unsectioned stalagmite (REF-07) from
El Refugio Cave. We also present the first precise radiometric stalagmite chronology
created without sectioning the sample, which tracks the stalagmite growth axis in
three dimensions. We then compare this new record with other Northern Hemisphere
proxy records spanning 10°N to 70°N, to clarify the mechanisms underlying
Mediterranean climate advancement and discuss the implications for Mediterranean

climate under continued anthropogenic warming in the future.
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4.2. Methods
4.2.1. Sample

In this study, we used the 36-cm tall, unsectioned stalagmite REF-07 collected from
the floor of the main chamber of El Refugio Cave, approximately 20 m from the
entrance and on the interior side of a 3 m high flowstone deposit that impedes air
circulation from the cave exterior. The stalagmite was deposited on the calcified
surface of a breakdown block along with several other stalagmites of similar height
and dimensions. Stalagmite REF-07 was CT scanned and then U-series dated
(typical 26 analytical age errors are between 0.04 and 0.08 ka) without sectioning the
sample. CT scanning-derived stalagmite density variations were then used for
palaeoclimate reconstruction. Due to widespread over-collection of stalagmites,
the REF-07 could be returned to the cave unsectioned and reattached for cultural
conservation of the cave site, without generating additional proxy records

from a sectioned slab.

4.2.2. CT scanning
Stalagmite REF-07 was CT scanned at North Durham University Hospital, Durham,
UK, before and after U-Series powder extraction (Figure 4.2). A Toshiba Aquillion
64 CT Scanner was operated at a tube voltage and current intensity of 135 kV and
80mA, respectively, with small focal spot size (0.9/0.8) and FC30 filter type.
The scanner was set to a 0.5 mm slice thickness, with a 0.3 mm overlap between
successive scans (slice spacing), resulting in a voxel size of 0.21 x 0.21 x 0.3 mm
and a spatial resolution along the growth axis of 0.21 mm. Reconstructed images
were exported as 512 x 512 16-bit signed Digital Imaging and Communications

in Medicine (DICOM) files.
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Figure 4.2. Procedure for dating the unsectioned REF-07 stalagmite. (a) CT scanning
of REF-07 at North Durham University Hospital, UK; (b) drilling REF-07 to obtain samples
for U-Th dating at the Durham University Physics Workshop; (c) photos of REF-07 before
drilling and after drilling; (d) CT appearances of REF-07 before drilling with planned dating
locations (red rectangles) and CT appearance of REF-07 after drilling.

The CT technique offers a number of significant advantages over conventional
techniques, one of which is relatively fast data reproducibility. The technique also
allows complete three-dimensional characterisation of a sample (Video S1) rather
than a single plane or transect, more insightful understanding of stalagmite growth
related to climatic and non-climatic mechanisms, and high-resolution density data
that are interpretable in terms of climate. Moreover, by additional scanning using
magnetic resonance imaging (MRI), it is possible to map fluid inclusions within

stalagmites for palacowater analysis (Zisu et al., 2012).

4.2.3. U-Th sampling of unsectioned stalagmite
CT visualisations were used to determine precise locations and depths at which to

drill for dating powders. Emphasis was placed on dating locations before and after

81



Chapter 4 | Reconstructing high-resolution climate using CT scanning of unsectioned stalagmites

potential hiatuses that were observable as thin high-density laminae before or after
growth axis shifts. We also avoided collecting powder from the core to keep it for
potential geochemical analysis if the stalagmite were to be sectioned. To obtain
powder samples for U-Th dating, REF-07 was covered in plastic wrap and placed
in a rectangular wooden box filled with air-hardening modelling clay (Figure 4.2)
to stabilize the sample. The stalagmite was drilled using a Proto-Trak Model
Pro1500 milling machine with a three mm diameter carbide drill bit at the Durham
University Physics Workshop. All powder milled before reaching the location of the
powder for dating was removed by vacuuming. We drilled ten pockets with an area
sampled for dating of 14 x 5 x 10 mm size, which gave around 1.3 g of powder per
sample that was later dated at the University of Bristol, UK, following the procedure
described in Hoffmann et al. (2007). One dating point (REF-07-07) was out
of stratigraphic order (Table 1), and was excluded from the age model.

. 230
Consequently, nine

Th dates constrain the age-depth relationship (Figure 4.3)
produced by COPRA model (COnstructing Proxy Record from Age models)
(Breitenbach et al., 2012). This median age model assigns a precise time scale to CT
numbers using 2000 Monte Carlo simulations and linear interpolation. COPRA also
allows for a reliable and reproducible age reversal definition, hiatus detection, error

estimation, and inclusion (if available) of layer counted intervals to improve overall

confidence intervals. All dates are reported in ka BP (BP = before 1950 A.D.).
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Figure 4.3. COPRA (Breitenbach et al., 2012) median age model for stalagmite REF-07
(blue bold line) with 95% confidence bounds (red dashed lines) constrained by nine U-series
dates (black dots with error bars). The circled REF-07-07 date is out of stratigraphic order
(see Table 1) and was excluded from the age model. Labels: “slow”, “average”, “rapid”,
refer to the growth rates in ranges between 10 and 50 mm ka™, 50 and 80 km ka™', 80 and
170 mm ka™, respectively. CT appearance of REF-07, shown to the right of the depth-age
model, was obtained after powder collection for dating. Red rectangles indicate powder
collection locations. More details are shown in Table 1. The Holocene subdivision is based

on the tripartite model (Jalut et al., 2009) inferred from pollen records.

83



Table 4.1. U and Th concentrations, isotopic activity ratios and U-Th ages for sub-samples of stalagmite REF-07. Analytical errors are 2c of the mean.
CTh/AU) = 1 — ¢ 7T + (87*Unneasurea /1000)(Aazo/(Aazo — Aaza))(1 — € @20 739 T where T is the age §°*U = ((**U/?*U) — 1) x 1000. Decay constants are
9.1577 x 10 yr ! for 2°Th, 2.826 x 10 yr ' for **U (Cheng et al., 2000), and 1.55125 x 10 yr " for 2*U (Jaffey et al., 1971). *The degree of detrital *°Th
contamination is indicated by the measured (**Th/***Th); an initial (**U/***Th) of 0.8 + 0.2 is used to obtain a corrected U-Th age.

TR — Depth from 23"U_ " 232TIT " Measured activity ratios Corrfcted _ Corrected Age* PRy, +
the top (mm) (nglg 1) (ngIg') (mThlmTh)A + (mThImU)A 4 (mwmu)A + Age*(ka) (ka from 1950)
BIG-UTh-P77 REF-07-10 9.5 1903 0.8 0.4728 0.0035 36 052 0.02955 0.00041 09935 0.0016 323 0.06 0.06 3.16 0.9934  0.0017
BIG-UTh-P76 REF-07-09 36.1 1957 0.8 0.0301 0.0004 663 6.56 0.03336 0.00031 0.9903 0.0018 374 0.04 0.04 3.68 0.9902  0.0018
BIG-UTh-P75 REF-07-08 70.1 2277 0.9 0.0742 0.0006 350 331 0.03731 0.00034 0.9902 0.0018 4.18  0.04 0.04 412 0.9901  0.0018
BIG-UTh-P83 REF-07-07 87.9 256.0 1.1 0.0348 0.0003 2662 1440 0.11834 0.00063 0.9927 0.0016 13.86 0.08 0.08 13.80 0.9924  0.0017
BIG-UTh-P82 REF-07-06  130.5 2302 1.0 0.0504 0.0005 564 533  0.04047 0.00040 0.9920 0.0018 454  0.05 0.05 448 09919  0.0018
BIG-UTh-P81 REF-07-05  184.1 2593 1.2 0.2211 0.0017 171 1.28  0.04779 0.00037 0.9911 0.0018 537 0.05 0.05 5.31 0.9909  0.0018
BIG-UTh-P80 REF-07-04  205.3 2335 1.0 0.4266 0.0030 89 0.75 0.05319 0.00042 0.9959 0.0017 594 0.06 0.06 5.88 0.9958  0.0017
BIG-UTh-P79 REF-07-03 2245 1917 0.8 0.2508 0.0018 155 157  0.06630 0.00066 0.9975 0.0019 747 0.08 0.08 741 0.9974  0.0019
BIG-UTh-P88 REF-07-02  290.5 1446 0.6 0.2042 0.0016 160 142 007377 0.00062 1.0023 0.0018 831 0.08 0.08 8.24 1.0024  0.0019

BIG-UTh-P87 REF-07-01 3455 1545 0.6 0.3072 0.0021 123 096 0.08025 0.00061 1.0002 0.0017 9.08 0.08 0.08 9.01 1.0002  0.0018
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4.2.4. Data analysis
CT image processing and data analysis was performed using Image] software
(Abramoft et al., 2004). The volume rendering produced enabled visualisation
of CT numbers as greyscale corresponding to relative X-ray attenuation, which
is a function of elemental composition and density (Mickler et al., 2004b).
CT numbers, expressed in Hounsfield Units (HU), describe the intensity of the

transmitted X-ray beam, and are calculated from relative values of the linear voxel
attenuation coefficient (#41v0x€l) normalised to the reference material of water
(water) . and multiplied by a magnifying integer constant (K):

K=« ()-l:.'oxsl - Nwatsr)
Hater (Goldman, 2007). To display CT values of

CT number =

REF-07 we converted greyscale values (x) using the relationship described by the

equation: CT number = x—32768 = The relationship between CT number and
greyscale needs to be established individually for each scanned sample, as it varies
depending on CT scanner settings. CT numbers are used here as an expression of

stalagmite density variations.

REF-07 CT visualisations enabled selection of six different planes that virtually
section the sample, and three different tracks (each parallel to the growth axis)
on each virtual plane provide density data (Figure 4.4). Excluding suspected
macrovoids with CT numbers below 1000 HU, the mean CT number on these
18 tracks is 2064 HU, and this value was chosen to define the threshold for
determining relatively dense (> 2064 HU) versus relatively porous (< 2064 HU)

stalagmite calcite.
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Figure 4.4. CT visualisations of stalagmite REF-07. a) volume rendering with marked
virtual sectioning planes that are shown in b) coronal (shades of green); c) sagittal (shades of
orange) and d) axial (blue) view. Density data obtained along 18 different tracks (yellow

dashed lines in b and c¢) were averaged to calculate mean CT number shown in Figure 4.7f.

4.3. Results

4.3.1. Age model
To our knowledge, this study presents the first precise (typical 2c analytical age
errors between 0.04 and 0.08 ka; Table 4.1) radiometric stalagmite chronology
created without sectioning the sample and the first to track the growth axis in three

dimensions (Figure 4.4 and Figure 4.5). Although errors associated with the
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‘conventional’ method (powder samples for dating drilled from a single sectioned
plane) are difficult to quantify, some error could arise in cases of unidentified growth

axis shifts, and this new technique minimises these errors.

The age model indicates that stalagmite REF-07 grew from 9.25 to 2.97 ka BP with a
70 mm ka™' mean growth rate (Figure 4.3) resulting in a stalagmite density record
temporal resolution of ~ five years. The slowest growth (37 mm ka™) occurred
between 5.87 and 5.31 ka BP. This slow growth interval immediately follows a
growth hiatus located at 215 mm depth from the top (dated at between 7.30 and 6.14
ka BP). After 4.12 ka BP, REF-07 growth rates decrease steadily until stalagmite

growth cessation shortly after the youngest U-Th date at 3.16 ka BP.

4.3.2. Growth axis shifts
Quantitative CT analysis of the internal density structure offers advantages over
standard techniques as it provides information about the three-dimensional material
density distribution in the sample (Tanaka et al., 2011). This enables identification of
any potential growth axis shifts and helps in selecting the optimum sectioning plane

for future geochemical and petrographic analysis of the sample.
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Figure 4.5. REF-07 growth axis shifts revealed by CT scanning: a) 3D volume
reconstruction with marked location of axial plane (blue) and two orthogonal views (green);
b) axial view at the location is marked as a blue line in ¢) and as a blue plane in a); c)

different orthogonal views depending on the sectioning angle, marked as red lines in b).

Three-dimensional CT images of the REF-07 stalagmite (Video S1), presented in
greyscale (the lighter the colour, the denser the material), illustrate its complex
internal structure (Figure 4.4 and Figure 4.5). A series of virtual 30° rotations of the
sample showing possible sectioning planes reveals three major growth axis shifts
(Figure 4.5) at depths of 120, 180 and 210 mm from the top, dated ca. 4.44 + 0.04 ka
BP, ca. 5.36 + 0.05 ka BP and ca. between 7.30 and 6.14 ka BP (coinciding with a

hiatus), respectively.

CT image analysis demonstrates that these three growth axis shifts are not apparent

at certain rotation angles (e.g. at 60° or any between 0 and 30°) (Figure 4.5).

CT scanning of a stalagmite before sectioning the sample for geochemical analysis
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is therefore ideal to avoid sampling off the growth axis, thus minimising off-axis

isotopic disequilibrium fractionation effects.

4.3.3. Stalagmite density
CT scanning revealed that stalagmite density during REF-07 growth varied
substantially. The lower 150 mm portion of the stalagmite (below the oldest growth
axis shift) is relatively dense (mean CT number = 2155 HU), with only minor
density variations (¢ = 145 HU). Unlike the older part of REF-07, the interval
between 50 and 180 mm from the top is characterised by progressively decreasing
density (mean CT number = 1918 HU), and substantial density variability (¢ = 267
HU). In the upper 50 mm, stalagmite density increases (mean CT number = 2111
HU, o = 299 HU) and growth rates approximate mean values again. Very high
density ‘laminae’ (over 2400 HU) are present close to 76, 185 and 215 mm from the
top of the stalagmite and are dated at 4.16 ka BP, 5.3 ka BP, and at 7.3 ka BP

(hiatus), respectively.

4.4. Discussion
4.4.1. Stalagmite density as a climate proxy

In caves with limited seasonal cave air exchange, water-excess and hence drip rate
and regime is the dominant control on stalagmite calcite density, with relatively
constant and high drip rates promoting denser (columnar open) calcite, and more
variable drip rates promoting more porous (columnar microcrystalline or dendritic)
calcite (Zhang et al., 2010, Genty and Quinie, 1996, Frisia et al., 2000, Frisia, 2015)
due to incomplete crystal coalescence (Figure 4.6). Consequently, a period

of constant water excess over several years produces relatively denser stalagmites
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(Genty and Quinie, 1996). However, in more vigorously ventilated caves with
seasonal cave air pCO, shifts of several thousand ppm, cave air pCO, variability
determines density, with the lower cave air pCO, season promoting denser calcite
precipitation (Boch et al., 2011, Mattey et al., 2008). Abrupt changes in vegetation
cover (e.g. due to brush clearing) can also affect cave air pCO, variability,
controlling the degree of degassing, and impacting calcite precipitation (Wong and
Banner, 2010). However no evidence for past human interferences at Refugio Cave
exists. Cave monitoring (Mudarra et al., 2009) between 2003 and 2006 reveals
minimal cave air exchange (mean seasonal cave air pCO, variability is less than
1000 ppm) with increased ventilation in the winter, which supports a water-excess
control on stalagmite density variations at this site. At other monitored cave sites
(e.g. Inner Space Cavern in Texas, New St. Michael’s Cave in Gibraltar) the degree
of ventilation on an interannual basis is thought unlikely to have changed much
through time (Banner et al., 2007, Mattey et al., 2010), and this is most likely true

for El Refugio Cave as well.

90



Chapter 4 | Reconstructing high-resolution climate using CT scanning of unsectioned stalagmites

. constant, constant, seasona”y h|gh /
DIpiE relatively low  relatively high variable
NP o
Crystal jall &
Iystale complete i incomplete =
coalescence complete =
Crystal growth lateral vertical Zg
[T
e columnar
Calcite fabric oo columnaropen  microcrystalline /
P dendritic
Stalagmite density .
in REF-07 very dense relatively dense porous
CT numbers . average
in REF-07 high (> 2400 HU) (2000-2400 HU) low (<2000 HU)
Growth rate : Z
in REF-07 slow average rapid 2
(] £
: evenly increased
Climate o :
interpretation drying event d|str!buted segsonallty
Tetebea rainfall (Mediterranean
(temperate climate)
climate)

Figure 4.6. Drip rate and flow regime controls on calcite fabric (assuming minimal

ventilation effects) from Frisia (2015), and links to stalagmite density derived from CT

scanning of REF-07 stalagmite.

High stalagmite density with minor density variations and average growth rates in
the lower 150 mm section of REF-07 are interpreted as reflecting relatively high
annual rainfall. This suggests more evenly distributed annual rainfall than at present,
with a more constant drip rate promoting dense, columnar calcite (sensu Frisia et al.
(2000)) (Figure 4.6). In contrast, the younger part of the stalagmite, characterised by
lower density, suggests decreasing total rainfall and more variable drip rates,
possibly reflecting increased seasonality in rainfall. Drip-water characterised
by a lower calcite supersaturation and lower pH promotes enhanced vertical crystal
growth and high abundance of elongated pores, consequently forming more porous
calcite (Boch et al., 2011) with a dendritic texture (Frisia et al., 2000). This type of

calcite is particularly abundant in the section between 50 and 120 mm.
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4.4.2. Holocene climate in the western Mediterranean

Early Holocene

Between 9.2 and 7.3 ka BP (herein referred to as the early Holocene), REF-07
exhibits average growth rates (Figure 4.3) and CT numbers higher than the mean
(2064 HU) (Figure 4.7f) suggesting relatively stable drip rates that promoted dense
calcite precipitation. This suggests that in the early Holocene, rainfall in southern
Iberia was more evenly distributed throughout the year, typical of a more temperate
climate lacking a clear dry season. An early Holocene humid phase is also supported
by several regional pollen and palaeolimnological records (Moreno et al., 2011,
Dorado Valifio et al., 2002, Jambrina-Enriquez et al., 2014, Jalut et al., 2009,
Anderson et al., 2011, Garcia-Alix et al., 2012, Jiménez-Moreno and Anderson,
2012, Fletcher et al., 2013, Pérez-Obiol et al., 2011, Reed et al., 2001), the Corchia
cave record (Zanchetta et al., 2007) from central Italy (Figure 4.7¢), the marine
pollen record from Alboran Sea (Combourieu-Nebout et al., 2013), and the recently
published gridded mean annual winter precipitation anomalies in parts of coastal SE
Iberia

at 9 ka and at 7 ka BP based on pollen data (Mauri et al., 2015). Relatively humid
conditions in the early Holocene parts of south-western Iberia coincide with very low
flood activity in the southern European Alps (Figure 4.7b) (Wirth et al., 2013), with
reconstructed negative winter precipitation anomalies in the Alps (relative to the late
preindustrial), particularly around 9 ka and 8 ka BP (Mauri et al., 2015) and high
lake levels from Aspvatnet lake, northern Norway (Figure 4.7a), that were
interpreted to reflect an increase in winter precipitation (Bakke et al., 2005). This
inverse precipitation relationship between the southern Iberia and the southern

European Alps differs from the present-day North Atlantic Oscillation (NAO)
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teleconnection that results in tight coupling between winter precipitation in these two
regions (Comas-Bru and McDermott, 2014). This in turn may suggest that the
present-day NAO was established later in the Holocene, and that a northward NASH
migration, or its deepening, redirected the westerlies northward bringing moisture to
the British Isles and Scandinavia. Humid conditions in southern Iberia combined
with drier and/or warmer conditions inferred from records from northern Iberia
(Railsback et al., 2011, Allen et al., 1996, Aranbarri et al., 2014, Baldini, 2007),
southern France (Genty et al., 2006), the southern Alps (Wirth et al., 2013)
and wetter conditions in Norway (Bakke et al., 2005) are consistent with a northward
repositioned NASH (Figure 4.8a). Wetter conditions in southern Iberia could have
resulted from more Mediterranean derived moisture that did not affect northern

Iberia.
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Figure 4.7. Comparison of palaeoclimate reconstructions covering the time interval between
10 and 2.5 ka BP: a) winter precipitation reconstruction from Aspvatnet Lake, Norway
(Bakke et al., 2005); b) summer/autumn flood activity reconstruction from the southern
European Alps (Wirth et al., 2013); c) precipitation reconstruction from Villars Cave,

southern France (Genty et al., 2006); d) precipitation reconstruction from Cova de Arcoia,
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Spain (Railsback et al., 2011). In this stalagmite intervals with no data (labelled as ‘wet’)
were interpreted as exceptionally wet due to calcite dissolution caused by higher drip rate
and undersaturation of drip-water with respect to calcite; ) precipitation reconstruction from
Antro del Corchia, central Italy (low 8'%0 values are interpreted to reflect increased winter
relative to summer precipitation and vice versa) (Zanchetta et al., 2007); f) precipitation
reconstruction from El Refugio Cave, Spain (this study). Blue shading represents CT
numbers above the mean calculated for 18 tracks (> 2064 HU), orange shading represents
CT numbers below the mean (<2064 HU), grey shading represents 2¢ from the average; g)
SST reconstruction (stack of deep-sea cores SU8118 and MD952042) from the Iberian
margin (Bard, 2002); h) ITCZ reconstruction from Cariaco Basin (Haug et al., 2001) and
mean June insolation for 65°N (Laskar et al., 2004). Age errors are shown above each record
apart from record b) and g). The bottom time division is based on three phases of Holocene

climate after Jalut et al. (2009).
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Figure 4.8. Simplified climate interpretation in Europe with southward NASH migration
from the early- to late-Holocene based on records plotted in Figure 4.7. Letters correspond
to records from Figure 4.7. Letters colour coding: yellow = drier, blue = wetter, red =
warmer and dark blue = colder conditions. Record b) is a summer/autumn proxy and

therefore is not included in the winter panel.
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Mid-Holocene

The mid-Holocene (defined here as 7.3 and 5.3 ka BP) in REF-07 is characterised
by a growth hiatus between 7.3 and 6.1 ka BP, followed by relatively slow growth
rates between 6.1 and 5.3 ka BP (Figure 4.3), suggesting decreased moisture
availability that inhibited stalagmite growth (Figure 4.7f). However, a relatively
short but intense interval of stalagmite growth between 6.9 and 6.4 ka BP has been
documented at the coastal site of Nerja Cave, approximately 80 km east
of El Refugio Cave (Figure 4.1) (McMillan, 2006) indicating regional spatial
variability in effective precipitation at this time. Cessation of deposition at Nerja at c.
6.4 ka BP was followed by the beginning of deposition of stalagmite REF-03,
another stalagmite from El Refugio Cave that was deposited between 6.5 and 6.2 ka
BP (McMillan, 2006) (Figure 4.9). Thus, depositional hiatuses in individual
stalagmites may reflect local site-specific hydrological routing effects, and it is
difficult to separate these localised drip-water plumbing effects from regional scale
climatic effects that influence effective rainfall and the infiltration of water into
shallow caves. Nonetheless, considering the available data from El Refugio and
Nerja caves together (Figure 4.9), a short period of non-deposition in southern Iberia
occurred between c. 7.3 and 6.9 ka. Moisture availability at Nerja in the interval 6.9
to 6.4 ka may also reflect its more coastal and lower altitude location that gave rise
to greater moisture availability than at the higher elevation inland El Refugio Cave
site. Similar geographic decoupling in terms of winter precipitation is also apparent
in the precipitation anomaly reconstructions based on pollen assemblages (Mauri et

al., 2015).
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Figure 4.9. Growth periods of stalagmites from Refugio Cave (this study, Baldini (2007),
McMillan (2006)) and Nerja Cave (McMillan, 2006).

Regional pollen records suggest a progressive decreasing trend in annual rainfall
since ca. 7 ka BP, punctuated by periodically enhanced drought at ca. 7.3 ka BP
(Chabaud et al., 2014, Fletcher et al., 2013), ca. 7 ka BP (Jalut et al., 2000), ca. 6.8
ka BP (Garcia-Alix et al., 2012) and ca. 6.5 ka BP (Jiménez-Moreno and Anderson,
2012, Garcia-Alix et al., 2012, Chabaud et al., 2014). This contrasts with some
central and north-eastern Iberian regional pollen records (Carrion, 2002, Aranbarri et
al., 2014, Fletcher et al., 2007), which suggest increased moisture availability during
this interval. This lack of coherence between different records may reflect greater
differences in seasonal insolation between the early and mid-Holocene (Wanner et
al., 2008), translated into different humidity conditions at sites from higher or lower
elevations (Anderson et al., 2011), resulting in complex spatio-temporal patterns of
seasonal moisture availability as captured in a recent compilation of pollen data on a
regional scale (Mauri et al., 2015). Reed et al. (2001) suggest that a mid-Holocene
humidity maximum may have been restricted to the western coast of Iberia, which is
also supported by climate models (Roberts et al., 2011) and climate reconstructions
(Mauri et al., 2015). Generally dry conditions between 7.3. and 5.8 ka BP suggested
by positive 5"°C excursions in the northwest Iberian Cova de Arcoia stalagmite

record (Figure 4.7d) (Railsback et al., 2011), the GAR-01 stalagmite record (Baldini,
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2007) and a sharp decrease of precipitation after 6 ka BP derived from growth rates
of 11 stalagmites (Stoll et al., 2013) support our interpretation of relatively drier
conditions across much of Iberia between 7.3 and 5.8 ka BP. Northern Iberian lake
sediment records (Jambrina-Enriquez et al., 2014, Moreno et al., 2011) and the
pollen-based climate reconstruction from Mauri et al. (2015) further corroborate this
interpretation and collectively suggest that relatively drier conditions prevailed in
northwestern Iberia during that interval. Together these Iberian climate proxy
records suggest that during the mid-Holocene summer aridity existed in both
southern and north-western Iberia, although moisture availability in the north was
still likely higher (probably from winter westerlies) than in southern Iberia, reflected
in the continued growth of northern (Baldini, 2007, Railsback et al., 2011) relative to
southern stalagmites between 7.3 and 5.8 ka BP (Figure 4.7d). This suggests that
during the mid-Holocene the NASH was located over southern Iberia year round
(Figure 4.8b), but south of northern Iberia during the winter. Dry conditions recorded
in the Villars stalagmite in southern France (Genty et al., 2006) (Figure 4.7¢), low
flood activity in the southern Alps (Wirth et al., 2013) (Figure 4.7b), and lower lake-
level from the French and Swiss Alps (Magny, 2004), further support our
interpretation of a southward shift in NASH from the early- to mid-Holocene (Figure

4.8).

Late Holocene

During the late Holocene (between 5.3 and 3.6 ka BP) REF-07 is characterised by a
substantial decrease in stalagmite density (Figure 4.7f). We interpret the occurrence
of porous stalagmite calcite together with increasing growth rates since the hiatus

interval as reflecting increased drip-water supersaturation with respect to calcite
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promoting vertical stalagmite growth associated with lower drip rates (Genty and
Quinie, 1996). During the late Holocene, regional lacustrine pollen and sediment
records suggest a long-term decreasing trend in annual rainfall in southern Iberia
(Anderson et al., 2011, Jiménez-Moreno and Anderson, 2012, Garcia-Alix et al.,
2012). An increase in multi-decadal scale stalagmite density variability over this
interval suggests the establishment of a modern NAO system at this time.
By contrast, in northern Iberia, the stalagmite record from Cova de Arcoia
is characterised by lower 8"°C (Figure 4.7d) and &'°O values and more frequent
dissolutional erosional events suggesting overall wetter and perhaps cooler
conditions during this interval (Railsback et al., 2011). This suggests that the NASH
moved southward from its mid-Holocene central position over Iberia, resulting
in repositioned westerlies bringing more moisture over the northern part of the
Iberian Peninsula and over southern Europe (Figure 4.8c). This interpretation
is supported by increased southern Alps flood activity (Figure 4.7b) and increased

rainfall recorded at Villars Cave, southern France, at this time (Figure 4.7¢).

Apart from this general decreasing trend in annual rainfall, possibly reflecting
increased seasonality (i.e., lower summer rainfall but continued winter rainfall),
observed as a stalagmite porosity increase, two very high density ( > 2400 HU)
“laminae” (yellow lines marked as microhiatuses in Figure 4.3), dated at 4.16 ka BP
and 5.3 ka BP, are present during the stalagmite’s late Holocene growth.
They coincide with the ‘4.2 ka BP event’” (IPCC, 2014) and a short-term drying
event in the central Mediterranean centred at 5.2 ka BP (Zanchetta et al., 2014),
suggesting that these very high density laminae might indicate the effects of abrupt

and short-lived (possibly dry and/or cold) climate change events, although the
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climatic expression of these events in Europe is still unclear. Available Iberian
pollen records lack evidence for these abrupt climatic events which may reflect their

low temporal resolution.

The late Holocene was also the period when the growth of several other dated
stalagmites from Refugio Cave initiated (Figure 4.9, Baldini (2007), McMillan
(2006)). However, their growth periods are not always overlapping and are often
interrupted by several long depositional hiatuses suggesting complicated
hydrogeological conditions in the cave. Large regional earthquakes may generate
stalagmite growth anomalies (Becker et al., 2006) and/or affect hydrological flow
pathways in the cave resulting in on/off switching of stalagmite growth. During the
late Holocene, REF-07 CT visualisations reveal two growth axis shifts, dated at 4.44
+ 0.04 ka BP and ca. 5.36 + 0.05 ka BP, the latter coinciding with published proxy
evidence for an earthquake that caused a tsunami in southern Portugal. However, the
growth axis shift at 4.44 ka BP, also observed in stalagmite REF-02 from the same
cave (Baldini, 2007), does not coincide with any known seismic activity, suggesting

an undocumented event or local cave floor subsidence.

Our new Iberian stalagmite record, considered with other western European records,
suggests that northwestern Iberia experienced Mediterranean climate-like conditions
(dry summers and wet winters) much earlier (during the mid-Holocene) than
southern Iberia, and only later (during the late Holocene) transitioned into the more
maritime climate particular to the region today. This interpretation contrasts with that
inferred from pollen data that the Mediterranean climate zone moved gradually from

south to north from the early to the late Holocene (Jalut et al., 1997). However,
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our interpretation supports Pérez-Obiol et al. (2011) and Dorado Valifio et al. (2002),
who suggested that the onset of Mediterranean climate may follow different patterns

according to continentality, altitude, topoclimatology and microhabitats.

In summary, comparison of our southern Iberian climate reconstruction with
published moisture balance proxy records spanning 10°N to 70°N places broad
constraints on North Atlantic circulation shifts during the Holocene. Combined
pollen and chironomid records from northern Norway suggest decreasing winter
precipitation from the early Holocene (Figure 4.7a), interpreted as a southward
repositioning of the westerlies (Bakke et al., 2005). Similarly, Cariaco sediment data
demonstrates a gradual Atlantic Intertropical Convergence Zone (ITCZ) southward
movement from its maximum northward location in the early Holocene (Haug et al.,
2001) (Figure 4.7h). This southward migration of North Atlantic atmospheric
circulation was in response to a gradual orbitally-induced decrease in Northern
Hemisphere insolation (Laskar et al., 2004) that is also reflected in Iberian margin
sea surface temperature (Figure 4.7g). The ITCZ, approximately tracking the thermal
equator, moved progressively southwards resulting in southward migration
of Hadley circulation and consequently the NASH (Figure 4.8). In the mid-
Holocene, mean NASH position was over central Iberia, resulting in a Mediterranean
climate in the north (high pressure in the summer, affected by westerlies in the
winter), and a very dry climate in the south (annually persistent high pressure)
(Figure 4.8b). The NASH gradually migrated southward since the mid-Holocene,
and the onset of a Mediterranean-type climate in southern Iberia was achieved by 5.3

ka BP (Figure 4.8c), albeit with regional heterogeneities. This is consistent with
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an abrupt southward migration of the monsoon rain belt in North Africa that

terminated the African Humid Period at 5.5 ka BP (deMenocal et al., 2000).

4.5. Conclusions

This study demonstrates the potential of CT scanning to provide high resolution
decadal scale climate records from stalagmites. This study suggests that stalagmite
density variations derived from CT scanning are accurate reconstruction of the
rainfall amount response to oceanic and atmospheric changes. Future work should
involve establishing more robust correlations between traditional climate proxies
(stable isotopes and trace elements), instrumental climate data and stalagmite density

variations.

The high-resolution (CT spatial resolution of 0.21 mm, corresponding to a mean
temporal resolution of five years) REF-07 stalagmite density variations obtained
using the CT scanning technique reported here, considering together with other
European proxy records, reveal Holocene climate variability in southern Iberia, and
suggest that the current Mediterranean climate in southern Iberia was initially
emplaced at approximately 5.3 ka BP following gradual southward migration of the
NASH. These results complement the lower resolution pollen records of the region
and help to better constrain climate variability through the Holocene in southern

Iberia.

Model projections (Seager et al., 2007, Lu et al., 2007, Rodriguez-Puebla and Nieto,

2010) of future climate under greenhouse gas warming suggest decreased

precipitation and soil moisture in the subtropics during the twenty-first century
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reflecting a poleward shift of Hadley circulation boundaries. This prediction exists
despite the decreasing Northern Hemisphere insolation trend that (without
anthropogenic effects) would force the Northern Hemisphere subtropical highs
southward. If future northward migration of the NASH does occur, our research
suggests that this would cause a return to climate conditions seen during the mid-
Holocene, when Mediterranean climate-like conditions prevailed in northern Iberia
but southern Iberia experienced aridity. Currently, 56 million people live in the
Iberian Peninsula; it is therefore critical to understand how the interplay between
greenhouse gas warming, other anthropogenic factors (e.g. SO4 aerosols), and natural

climate variability will reposition the NASH over the next century.
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5.1. Introduction

On the longer timescales, a negative (cold - La Nifia conditions) phase of the El Nifio
Southern Oscillation (ENSO) (Klotzbach, 2011a, Gray, 1984), a weak vertical shear
of the upper-level horizontal winds (Goldenberg et al., 2001, Gray, 1984), positive
rainfall anomalies in tropical Africa (Landsea and Gray, 1992, Donnelly and
Woodruff, 2007, Klotzbach, 2011a), an increase in sea surface temperatures (SSTs)
in the Mean Development Region (MDR) and related positive Atlantic Multidecadal
Oscillation (AMO) (Goldenberg et al., 2001, Gray, 1984, Mann et al., 2009), and
declines in anthropogenic aerosol levels (Dunstone et al., 2013, Wang et al., 2014)
favour the abundance of tropical storms and hurricanes in the North Atlantic Ocean.
Dunstone et al. (2013) also suggest that the anthropogenic aerosols forcing could be
the dominant cause of historical TCs variability, as they respond much more rapidly
to multi-decadal variations in industrial emissions (e.g. rapid economic expansion
pre-1914, US and European clean air legislation post-1970s) than GHG. The other
factor controlling TCs frequency is the volcanic activity that can reduce the number
of TCs formed during the three years following major eruptions compared to the
preceding years by the injection of sulphate aerosols into the stratosphere (Guevara-
Murua et al., 2015). The volcanic and anthropogenic forcing modulate both ENSO
and AMO, thus exert a significant influence on Atlantic hurricane activity (van

Hengstum et al., 2015).

Based on best-track data from 1982-2012, Kossin et al. (2014) observed a global

average migration of tropical cyclone activity away from the tropics that links to

marked changes in the mean meridional structure of environmental vertical wind
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shear and potential intensity, and can be plausibly linked to tropical expansion. This

implies that Bermuda should experience more hurricanes strike than in the future.

Since AD 1850, 49 tropical cyclones affected Bermuda, out of which 10 were
classified as major hurricanes (Figure 5.2). A decade from 1981 to 1990 experienced
the highest number of TCs since 1900s, however of low intensity (half of them of
tropical storm intensity), unlike a decade from 1921 to 1930 when fewer hurricanes
occurred but were of stronger intensity (all classified in category 3). The NOAA data
in Bermuda is inconsistent with results indicating enhanced hurricane activity from
1995 to 2005 (Pinto and Raible, 2012, Webster et al., 2005, Goldenberg et al., 2001),

which suggests that southward migration of hurricane tracks during that interval.

Currently, most available paleotempestological information comes from the analysis
of late Holocene sediment cores from Belize (McCloskey and Keller, 2009,
Denommee et al., 2014), the east coast of the USA (Scott et al., 2003, Donnelly et
al., 2001b, Donnelly et al., 2004, Donnelly et al., 2001a, Scileppi and Donnelly,
2007, Boldt et al., 2010), the Gulf of Mexico area (Lane et al., 2011b, Liu and Fearn,
2000, Ercolani et al., 2015), Puerto Rico (Donnelly and Woodruff, 2007), the
Bahamas (van Hengstum et al., 2014, Toomey et al., 2013, Park, 2012), Cuba (Peros
et al., 2015), Barbuda (Burn et al., 2016), Jamaica (Burn and Palmer, 2015), Saint
Martin Island (Malaize et al., 2011) and Nicaragua (McCloskey and Liu, 2012)

(Figure 5.1).
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Figure 5.1. Locations of TC activity reconstructions using sediment cores from: (1) Salt
Pond, Massachusetts (USA) (Donnelly et al., 2015); (3) Southwest Florida (Ercolani et al.,
2015); (4) the Bahama Bank (van Hengstum et al., 2014); (6) Jamaica (Burn and Palmer,
2015); (7) Vieques, Puerto Rico (Donnelly and Woodruff, 2007); (8) Blue Hole, Belize
(Denommee et al.,, 2014) marked as red circles. Locations of the other climate
reconstructions: (2) the storminess reconstruction from Bermuda cave sediment cores (van
Hengstum et al., 2015); (5) climate reconstruction using stalagmite from Cuba (Fensterer et
al., 2012); (7) rainfall reconstruction from Puerto Rican stalagmite (Winter et al., 2011); (9)
the climate reconstruction using stalagmite from Belize (Kennett et al., 2012); (10) the ITCZ
migration reconstruction (Haug et al., 2001) and SSTs reconstruction (Black et al., 2007)
from Cariaco Basin; (11) the effective precipitation reconstruction from Barbuda (Burn et
al., 2016); (12) climate reconstruction from Dominican Republic (Lane et al., 2011a) are

marked as black squares.
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Figure 5.2. Major hurricane (of category higher than 3 in Saffir-Simpson hurricane wind
scale) tracks that made landfall in Bermuda between AD 1850 and 2010. Data source:
HURDAT.

During the instrumental period, most of the major hurricanes (of category higher
than 3 in Saffir-Simpson hurricane wind scale) making landfall in Bermuda are
redirected from NW-ward track to NE direction close to Turks and Caicos Islands
(around the area of 22°N, 70°W) (Figure 5.2), suggesting that Bermuda rainfall
variability associated with TCs should be similar to other rainfall reconstructions

from Puerto Rico, Barbuda and Dominican Republic (Figure 5.1).

The number of high-resolution tropical cyclone activity reconstructions spanning the
last 1000 years in the North Atlantic Basin has increased in the recent years. Most of
them (Ercolani et al., 2015, van Hengstum et al., 2014, Denommee et al., 2014, Burn
and Palmer, 2015, Donnelly et al., 2001a, Donnelly et al., 2015) are derived from

sediment cores, hence their interpretation can be complicated by difficulties in
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distinguishing between storm and tsunami-induces events and possible under-

representation of hurricane activity due to erosion.

The analysis of the sediment cores from Walsingham Cavern, Bermuda suggest
increased storminess during the Little Ice Age from AD 1250 to 1850 (700 to 100 cal
years B.P.) that was linked to negative NAO (Enfield et al., 2001) suggesting weaker
NASH. The coral-based studies show a close relationship between NAO phase and
regional SSTs exists, persistent for several centuries in Bermuda, whereby more

positive regional SSTs coincides with more negative NAO (Goodkin et al., 2008).

Here, we present a new high-resolution paleoclimate reconstruction from Bermuda
stalagmite collected from Leamington Cave going back to the beginning of the 14"
Century. Due to the site mid-latitude location in the North Atlantic Ocean close to
the centre of NASH, Bermuda is ideal location for reconstructing related TC activity,
North Atlantic SSTs and general climate circulation. Also because the island was
uninhabited before AD 1609, the record contributes to a better understanding of

natural climate changes and anthropogenic impact on climate.

5.2. Methods

5.1.1. U-series and radiocarbon dating
The stalagmite BER-SWI-13 was sectioned along the central growth axis (Figure
5.3¢) determined using CT appearances (Figure 5.3b), and then polished and cleaned

in an ultrasonic bath of deionised water.

110



Chapter 5 | High-resolution paleoclimate reconstruction from Bermuda stalagmite ...

Figure 5.3. Stalagmite BER-SWI-13: a) photo of the stalagmite exterior; b) CT image of a

plane XZ 248, c) photo of the sectioned plane corresponding to the CT image in b).

Carbonate powder samples of ~400 mg weight were milled from a polished slab of
the stalagmite BER-SWI-13 along the growth axis for U-series dating (Figure 5.5).
They were consecutively dated at the Department of Earth Sciences, University of
Bristol, and at the St. Andrews Isotope Geochemistry (STAiG) lab using multi-
collector-inductively coupled plasma mass spectrometer (MC-ICPMS), following
the chemical separation procedure described in Hoffmann et al. (2007). All the dates
were in stratigraphic order within the errors. Along the isotope tracks also twenty-
five carbonate powder samples of 8-9 mg weight were milled for radiocarbon (**C)
dating at ETH Ziirich (Table 5.1). The carbonate samples for accelerator mass
spectrometry (AMS) '*C measurements were milled along visible growth increments
offset from the stable isotope milling track (Figure 5.5) at 5 mm and 10 mm
increments for the top 50 mm and the remaining 140 mm, respectively. Carbonate
samples were prepared for AMS analysis by acidification to CO, using ca. 2 mL

85% H3PO, and then converted to graphite using excess H, over Fe catalyst. All '*C
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ages were corrected for mass-dependent fractionation. Identification of the initial
part of the atmospheric bomb spike at AD 1955 provided both an independent
confirmation of the accuracy of the top **°Th dates and a date (AD 1955) to anchor

the chronology.

Thirteen U-series dates (Table 5.2), the year of collection (AD 2013) and the year of
the bomb spike beginning (AD 1955) (Figure 5.4) were used in the COPRA age model
(Breitenbach et al., 2012) to constrain the stalagmite BER-SWI-13 chronology. The

ages in Table 5.2 are reported to the year of analysis (2016).

Table 5.1. The "“C data for stalagmite BER-SWI-13. Last column shows '*C dates applying

constant DCF correction of 333 years.

Sample ID Dtir;tt(rr;:z;n (;;\;g) error abs. 14C age (yr) Error age ;:i:tgait(y[;)c-F
SWI-14C-01 0 1.0491 0.0032 -385 24

SWI-14C-02 3 1.0048 0.0031 -38 25

SWI-14C-03 7.5 0.9598 0.0030 330 25 -3
SWI-14C-04 12.5 0.9521 0.0028 395 24 62
SWI-14C-05 17.5 0.9579 0.0030 345 25 12
SWI-14C-06 225 0.9584 0.0029 341 24 8
SWI-14C-07 275 0.9569 0.0029 354 25 21
SWI-14C-08 32.5 0.9466 0.0028 441 24 108
SWI-14C-09 37.5 0.9466 0.0029 441 25 108
SWI-14C-10 42.5 0.9448 0.0028 456 24 123
SWI-14C-11 47.5 0.9466 0.0029 441 25 108
SWI-14C-13 57.5 0.9401 0.0030 496 26 163
SWI-14C-15 67.5 0.9300 0.0029 583 25 250
SWI-14C-17 775 0.9250 0.0029 627 25 294
SWI-14C-19 87.5 0.9171 0.0029 695 25 362
SWI-14C-21 97.5 0.9193 0.0029 676 25 343
SWI-14C-23 107.5 0.9147 0.0029 716 25 383
SWI-14C-25 117.5 0.9186 0.0029 682 25 349
SWI-14C-27 127.5 0.9183 0.0028 685 24 352
SWI-14C-29 137.5 0.9194 0.0028 675 24 342
SWI-14C-31 147.5 0.9133 0.0027 728 24 395
SWI-14C-33 157.5 0.9113 0.0028 746 25 413
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SWI-14C-35 1675 0.9060 0.0027 793 24 460
SWI-14C-37 1775 0.9103 0.0028 755 25 422
SWI-14C-39 1925 0.9024 0.0028 825 25 492
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L\
BS depth: 10 mm
104 1| P
g 1.00 1l
RS
Y
w

0 40 80 120 160 200
Depth from top (mm)

Figure 5.4. Establishing the depth of the bomb spike for stalagmite BER-SWI-13.
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Table 5.2. U and Th concentrations, isotopic activity ratios and U-Th ages for sub-samples of stalagmite BER-SWI-13. Analytical errors are 2¢ of the mean.
CTh/U) = 1 — ¢ 7T + (8”*Unneasurea /1000)(Aazo/(Aazo — Aaza))(1 — € @20 739 T where T is the age §~*U = ((**U/?*U) — 1) x 1000. Decay constants are
9.1577 x 10 yr ! for 2°Th, 2.826 x 10 yr ' for **U (Cheng et al., 2000), and 1.55125 x 10 yr " for 2*U (Jaffey et al., 1971). *The degree of detrital *°Th
contamination is indicated by the measured (**°Th/**Th); an initial (**U/**Th) of 0.8 + 0.2 is used to obtain a corrected U-Th age. Ages are reported to the
year of analysis (2016).

b sampleld :;%%2% (nz;g_,) (;:EL) * (OTheeTh) & (@Thewy) % (up0) * i‘;’;eflt;‘)’ N
dend3s  SWIUTh-02 15 8464 021 00325  BO0E04 126604 282E-06 24203  B75E05 10S8E+00 1959E-03 0132 0061 18841 105795  0.00196
dend37  SWIUTh-04 35 9822 028 00552  119E03  184E-04 441E-06  314E-03  105E-04 1052400 1937E-03 0184 0072 18319 105207 000194
dend39  SWIUTh-06 575 13552 039 00341  826E-04  B24E05 198E06  358E-03  GOGE-0S 1054E+00 1864E03 0299 0038 17175 105393 000187
dendd1  SWIUTH-08 80 11057 030 00219  469E04  GATE0S 142E-06  4B7E-03  119E-04 10BE400 2110E-03 0379 0040 16372 106074 000211
dend51  SWIUTR-10 106 9680 210 00177  530E04  598E-05 125E-06  455E03  106E-04 1061E+00 2046E-03 0416 0028 15097 106097  0.00205
dend53  SWIUTh-12 156 9529 186 00458  136E-03  157E-04 366E-06  520E03  119E-04 1062E+00 1774E03 0442 0051 15736 106205  0.00178
dendss  SWIUTh-14 174 29862 190 00641  142E-03  7TO2E-05 148E-06  533E03  B6SE05 10S7EX00 1765603 0509 0024 15073 105746  0.00177
dend57  SWIUTh-16 190 36236 240 03557  74SE-03  321E-04 7T44E-06  781E03  119E-04 1057E+00  1804E-03 0638 0087 13782 105679 0.00181
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Figure 5.5. Sectioned and polished stalagmite BER-SWI-13 slab with marked locations of
"C (red rectangles) and U-series (blue rectangles) dates considered in the chronology and
the stable isotope track (grey wide line). Powders collected from not labelled pits have not

yet been analysed.
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5.1.2. Geochemical analysis
The 192 mm long stalagmite BER-SWI-13 was milled continuously along the central
growth axis at 50um increments using a computer-controlled ESI/New Wave
Micromill at Sir Kingsley Dunham Palaeoclimate Research Lab, Durham University,
UK, with a standard 0.8 mm tungsten carbide milling bit (Figure 5.5). Samples were
milled to specifications of 0.05 mm width, 5-6 mm length and 0.7-1 mm depth, with
the long axis parallel to the growth layers. In total, 3,840 carbonate powder samples
were collected but only 3,495 of them were analysed and used here for the
interpretation. The carbon and oxygen stable isotope ratios were determined using a
Thermo MAT-253 gas isotope ratio mass spectrometer with a Gasbench II coupled
to a Kiel IV automated carbonate reaction device at Stable Isotope and Palaeoclimate
Analysis Laboratory (SPA Lab), Skidmore College, New York, USA. About 40
stalagmite carbonate samples and 10 reference materials were loaded for each run.
Each analysis utilised 30-50 pg of sample powder. Normalizations and corrections
were made to IAEA (International Atomic Energy Agency) international reference
materials NBS19 (limestone) and LS VEC (lithium carbonate). The analytical error
is 0.04%o for 8"°C and 0.05%o for 3'°0. The carbonate isotope ratios are reported

relative to the Vienna PeeDee Belemnite (VPDB) standard.

The stable isotope samples have a mean temporal resolution of two months, however

because Bermuda precipitation is distributed more or less evenly throughout the

year, no annual geochemical cycles were evident.
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5.1. Results
5.1.1. Chronology

The stalagmite BER-SWI-13 grew continuously for 700 years from AD 1312 until
the year of collection (AD 2013) (Figure 5.6). Based on the chronology, the mean
growth rate is 0.28 mm yr'' which is lower than the growth rate calculated based on
the lamina couplets count (342) performed on the polished slab (0.57 mm yr')
implying that lamina couplets are not annual. Thus lamina count was not included in
the chronology. The highest growth rates occurred between AD 1500 and 1600.
During the last century the stalagmite growth slowed down that could be a result of

the urbanisation near the cave site and associated decreased infiltration.
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Figure 5.6. The stalagmite BER-SWI-13 age model. The COPRA age model (Breitenbach et
al., 2012) based on thirteen U-series dates (black line), year of collection (AD 2013) and the
beginning of the bomb spike (AD 1955) determined from '*C dates (green dots with error
bars). '*C dates after applying constant DCF correction of 333 years (blue line) show similar
growth rate to U-series dates-based chronology suggesting that potentially it can be possible
to create the age model based only on "*C dates. However this is not discussed further in this

thesis. The red dot marks a U-series date not included in the age model.

5.1.2. Speleothem oxygen and carbon stable isotopes
The 8"°Cswi values show higher variability than 8'®Ogsw; values (Figure 5.7). The

mean §'*Ogwr is close to the modelled 8'°0 value of meteoric precipitation for
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Bermuda calculated using Bowen and Wilkinson (2002) model as a function of
latitude (LAT) and altitude (ALT):

8'80,pecip = —0.0051(QLATD? + 0.1805(LAT — 0.002(ALT) — 5.247

which is -4.8%o. Both modelled 8'®Oprecip and mean 3'°Ogwr are much lower than

8'*Oprecip calculated for the whole available GNIP dataset (-3.4%o).
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Figure 5.7. The box-whisker plot for stable isotope values from stalagmite BER-SWI-13

showing median, 1* and 3™ quartile, and 5" and 95 percentile. Mean values for 813CSWI and

8" 0gwi are -9.8 and -4.6%o, respectively.
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Figure 5.8. Linear correlation between the 8 Csw; and 8'*Ogsw during: a) the pre-industrial
(AD 1312-1850; n = 3099) and the industrial era (AD 1850- 2013; n = 394); b) the pre-
colonial (from AD 1312-1609, n = 1726) and the post-colonial (AD 1609-2013; n = 1768)

period.

8" Cswi and 8'*Osw; exhibit a similar weak positive correlation (r = 0.3, p < 0.001)
before and after Bermuda colonisation suggesting little impact of island-wide
deforestation on the stable isotope fractionation in the Leamington cave (Figure
5.8b). However, the correlation between 8'"°Csw; and 8'*Oswy increases significantly

since the Industrial Era (r = 0.48) (Figure 5.8a) suggesting increased kinetic isotopic

fractionation since AD 1850 (Hendy, 1971).

Only one stable isotope record from a Bermuda stalagmite has been published so far
(Malmquist, 1997). The stalagmite §'°O values from Malmquist (1997) are relatively
heavier and have a reduced range of values compared with 6'*Oswi. However due to

the lack of precise chronological constraints of the older record, the Malmquist

(1997) record is not further discussed here.
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Figure 5.9. The high-resolution stable (a) oxygen and (b) carbon isotope records (grey lines)
from stalagmite BER-SWI-13 with 15-point running average (black lines). Blue and orange
shading indicate values below and above the mean SISOSWI and 5" Cgwi for the whole record,
respectively. Above the graphs are dates with error bars used to create chronology of

stalagmite BER-SWI-13. Note reversed axes.

The intervals of prolonged, multidecadal lower 8'*Ogw values (below the mean for
the whole dataset) occurred: 1) in the last 30 years, 2) between AD 1820 and 1915,

and 3) between AD 1400 and 1580 (Figure 5.9a).

The 3"Cgw values show an abrupt increase above the mean values (calculated for
the whole dataset) around AD 1620 and remain elevated until the 1990s (Figure 5.9b).
The shift to heavier 8”Cswi values coincides with the timing of Bermuda
colonisation in AD 1609 and is possibly related to extensive deforestation of
Bermuda cedar and palmetto used to build vessels and for house thatching,
respectively, that resulted in lower soil and plant activity (Rueger and von

Wallmenich, 1996).
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Table 5.3. Correlation between annually resolved stable oxygen and carbon isotopes from
BER-SWI-13 stalagmite and mean annual indices and climate variables during instrumental

record (1950-2012 and 2000-2012%*). Significant correlations are in bold.

Variable 53Cswi p-value a180swi p-value n

Rainfall 021 <05 -0.25 <0.05 63
NAO 004 ~0.8 0.07 ~0.6 63
AMO -0.45 <0.001 -0.45 <0.001 63
T (Jun-Nov) 034 ~0.25 049 <0.1 13*
T (Dec-May) 013 ~0.7 020 ~05 13*
T mean 03 ~03 044 ~0.1 13*
Rainfall (Jun-Nov) -0.10 ~0.8 -0.08 ~06 13*
Rainfall (Dec-May) 028 ~04 039 ~0.2 13

At present the annually resolved stable oxygen and carbon isotopes data are strongly
negatively correlated with AMO index that expresses the North Atlantic SSTs
anomalies (Table 5.3). The comparison of stable isotopes with other instrumental data
(e.g. annual and seasonal precipitation total and air temperatures, Figure 5.10) reveals
no significant correlations (Table 5.3). Spectral analysis of §'*Osw: (Figure 5.11) and
8"Cswi (Figure 5.12) show significant peaks centred at ~86 and ~85 years,
respectively, which may be related to the AMO (Gray et al., 2004). Leamington
Cave two-year monitoring results (see Chapter 3) also show strong correlations
between cave temperature and SSTs and AMO index further corroborating dominant
control of air and sea temperature over isotope fractionation at present. In the North
Atlantic Basin area, the AMO variability is positively correlated with rainfall amount
(Fensterer et al., 2012) and tropical cyclone activity (Klotzbach, 2011b, Winter et al.,
2011), hence despite of the weak correlations between 8" 0gw1 and rainfall during
the limited instrumental climate record that could be result of dating uncertainties or
increased kinetic fractionation since the Industrial Revolution, oxygen stable isotope

values from Bermuda stalagmite can be used as a rainfall proxy.
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Figure 5.10. The comparison between: a) annual mean NAO index with a 5-year average; b)
annual mean ENSO index with 5-year average; c) annual mean AMO index; d) annually

resolved 8" Cgyw; values; e) annually resolved 6'*Osy; values; f) total annual precipitation in

Bermuda and g) decadal sum of tropical cyclones strikes in Bermuda.
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Figure 5.11 Results of spectral analysis of the §'*Ogy; signal.
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Figure 5.12. Results of spectral analysis of the §'"*Cgy; signal.

5.2. Discussion
5.2.1. Pre-colonial period (AD 1300-1600)

Before Bermuda colonisation in AD 1609, the 8'®Ogw; show values below the mean,
calculated for the whole record, suggesting increased rainfall totals and/or intensity
associated with TC activity (Figure 5.14b). Regional records show an increased
hurricane activity recorded in the sediment cores from Walsingham Cavern in
Bermuda (van Hengstum et al., 2015), the Little Bahama Bank (van Hengstum et al.,
2014) and northeast USA (Donnelly et al., 2015) associated with decreased El Nifio-

like events (Moy et al., 2002) (Figure 5.14a), positive NAO (Olsen et al., 2012,
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Trouet et al., 2009) (Figure 5.14g), and increased western North Atlantic SSTs
(Saenger et al., 2009) that shifted the average TC track. This northeast-ward TC
tracks migration peak in 15"/16™ century is also observed in the low TC activity in

the Caribbean Sea (Denommee et al., 2014).

5.2.2. Little Ice Age (AD 1600-1850)
The beginning of Bermuda colonisation coincides with the peak of the Little Ice Age
(LIA). The 8'"Ogw; values over that period were isotopically more enriched than
calcite that formed during the last 40 years in the Leamington Cave, suggesting drier
than present conditions in Bermuda (Figure 5.14b). Also western Cuba (Fensterer et
al., 2012) and the Dominican Republic (Lane et al., 2011a) experienced drier
conditions and Florida experienced fewer TCs strikes (Ercolani et al., 2015), unlike
areas around Caribbean sea (e.g. Belize, Jamaica and Puerto Rico) that show wetter
conditions attributed to increased hurricane activity (Burn and Palmer, 2015).
Drier/wetter conditions north/south of Greater Antilles also coincide with more
negative NAO index that indicates weaker NASH and/or westward NASH centre
displacement (Elsner et al., 2000). This coincides with the maximum ITCZ
southward migration (Haug et al., 2001) during the last millennia. Despite increased
TCs activity south of the Greater Antilles, basin-wide the number of TCs might have
decreased as revealed by a combination of a documentary time series of Spanish
shipwrecks in the Caribbean with a tree-ring suppression chronology from the
Florida Keys (Trouet et al., 2016) that found 75% reduction in decadal-scale
Caribbean TC activity between 1645-1715 linked to a reduction in solar irradiance

(Maunder minimum).
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5.2.3. Modern period (since AD 1850)
Towards the end of the ‘Little Ice Age’, between AD 1810 and 1900, the 5'*Osw:
values are the most isotopically depleted during the whole record that matches with
the peak hurricane activity resolved from Bermuda historical records (Tucker, 1982)
(Figure 5.14c). Wetter conditions in Bermuda coincide with wetter conditions in
western Cuba (Fensterer et al., 2012), and drier conditions south of the Greater

Antilles (Burn and Palmer, 2015, Winter et al., 2015).

The first part of the 20" century, until 1950s is characterised by increasing 8'*Ogwi
values indicating drier conditions and lower TCs activity in Bermuda (Tucker,
1982). Similarly Cuba experiences less rainfall, unlike Puerto Rico (Winter et al.,
2011). Since the 1970s, the &'Ogwi values are decreasing suggesting wetter

conditions, coinciding with drying trend in Belize (Kennett et al., 2012).

Since 1940s, the 8"°Cswi values have abruptly decreased from -6%o to -11%o. This
could be related to an increase in the atmospheric pCO; since 1950s from 320 ppm to
400 ppm (Figure 5.13). This is supported by Dulinski and Rozanski (1990) that
found that carbonate solutions formed under higher pCO; precipitate faster and with

lower 8"°C values than the solutions formed under lower pCO,.
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Figure 5.13 The 8" Cgsw values (grey line) with trendline (black line) in comparison

to atmospheric pCO, values at Mauna Loa.
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Figure 5.14. Comparison of environmental parameters and proxy-based reconstructions: a)
13-point running average of ENSO reconstruction (Moy et al., 2002); b) 8'*Osw; values from
the stalagmite BER-SWI-13 (this study), blue shading indicates values below mean; c) the
11- year running average of TCs strikes in Bermuda (Tucker, 1982); d) the SISOSWI values
from Cuba stalagmite CG (Fensterer et al., 2012); e) 5'%0 values from Puerto Rican
stalagmite PDR-1 (Winter et al., 2011); f) 30 values from Belize stalagmite YOK-I
(Kennett et al., 2012) (black line) and TC activity reconstructions from YOK-G (Baldini — in
preparation) (purple line); g) the NAO reconstruction (Trouet et al., 2009) and the AMO

reconstruction (Gray et al., 2004) (red line).
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5.3. Conclusions

Bermuda stalagmite oxygen stable isotope record reveals two relatively wetter
periods in Bermuda: 1) AD 1400-1575 and 2) AD 1825-1925 associated with higher
contribution of TC related rainfall. The pre-colonisation increased TC activity in
Bermuda is associated with more El Nifio-like events and positive NAO-like phase
and reflects the northeast-ward TC tracks migration that coincides with the low TC
activity in the Caribbean Sea. Our results also confirm that average hurricane activity
during the industrial period has not exceeded its longer-term natural variability

during the last millennium that corroborates other studies (Burn and Palmer, 2015).

Hurricane activity in Bermuda has been variable over the last 700 years and has been
linked to previously known hurricane climate forcings. Increased hurricane activity
between the 15 and 16™ century and associated winds could have provided suitable

conditions for westward Spanish expansion in the North Atlantic region.

Current climate predictions indicate that with greenhouse warming the TC frequency

will either decrease or remain unchanged and the TC-related rainfall rates are likely

to increase (Knutson et al., 2010).
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6.1. Introduction

This thesis provides two new high-resolution Holocene records from the mid-
latitudes located at the eastern and western side of North Atlantic basin based on
geochemical analysis and CT scanning of stalagmites from Bermuda and southern
Iberia, respectively. Geochemical interpretation of Bermuda stalagmite is supported
by high resolution monitoring at the cave site that consequently identified
Leamington Cave as a suitable site for paleoclimate study. The work presented is
motivated by the need to develop 1) highly resolved and well-constraint climate
records from tropical regions to improve understanding of recent tropical climate

variability and 2) better techniques to obtain more reliable climate reconstructions.

6.2. Summary

This thesis is written as series of papers, so main conclusions are presented at the
chapter’s end. This chapter draws together the main conclusions from the other
chapters to address the core research topics outlined in Chapter 1 and provides a

concise overview of the contribution of this work to tropical paleoclimate research.

The main conclusions in this thesis are:

e the microclimate and ventilation dynamics of Leamington Cave and Conch
Bar Caves, are controlled mainly by seasonal temperature differences
between outside and cave air, wind and associated rainfall, but because of the
connection of phreatic water with seawater, the microclimate of near shore
caves is also modulated by the seawater temperature, and water level

fluctuations;
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e near shore caves are favourable environment for speleothem formation;

e global warming may result in the near-shore caves flooding that would
inhibit speleothem growth and make those caves inaccessible for tourists;

e stalagmite density obtained from CT scanning can be used as a water-excess
proxy, with lower densities associated with more variable drip rates, possibly
reflecting increased seasonality consistent with expectations from previous
studies of speleothem textures and crystal fabrics;

e an early Holocene humid interval and mid-Holocene year-round aridity
preceded the onset of Mediterranean climate at 5.3 ka BP in southern Iberia.

e the gradual advancement of the Mediterranean climate in southern Iberia is
linked to southward migration of the North Atlantic Subtropical High
induced by an orbitally driven decrease in Northern Hemisphere insolation;

e Bermuda stalagmite oxygen stable isotope record reveals two relatively
wetter periods in Bermuda: 1) AD 1400-1575 and 2) AD 1825-1925 associated
with higher contribution of TC related rainfall and more El Nino-like events
and more positive NAO-like phase;

e The increased TC-activity during the Industrial Era has not exceeded its

longer-term natural variability.

Future work should include more robust correlation between CT-derived stalagmite

density values and geochemical data.

Combined, the chapters presented in this thesis present a comprehensive study of

recent and Holocene climate variability in the North Atlantic basin based on
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speleothem proxy records which are supported by relevant background information

from a previously uncharacterised cave.
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Appendix A

Oxygen and carbon stable isotope data

from BER-SWI-13 stalagmite



Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
2013.17 0.00 -10.01 -4.26 2004.40 2.60 -10.75 -6.05
2013.05 0.05 -10.55 -4.93 2004.18 2.65 -10.93 -5.13
2012.94 0.10 -10.56 -5.26 2003.96 2.70 -10.63 -5.40
2012.82 0.15 -10.59 -5.09 2003.73 2.75 -10.74 -5.08
2012.70 0.20 -10.38 -5.26 2003.28 2.85 -10.30 -5.03
2012.57 0.25 -10.91 -4.88 2003.05 2.90 -10.21 -6.27
2012.32 0.35 -10.44 -4.84 2002.82 2.95 -10.35 -4.92
2012.19 0.40 -9.95 -4.54 2002.59 3.00 -10.42 -6.92
2012.06 0.45 -10.11 -4.76 2002.35 3.05 -10.32 -4.73
2011.92 0.50 -10.31 477 2002.12 3.10 -10.09 -5.31
2011.79 0.55 -9.93 -4.79 2001.88 3.15 -9.64 -4.75
2011.65 0.60 -10.57 -5.33 2001.64 3.20 -9.84 -5.41
2011.51 0.65 -10.07 -4.87 2001.40 3.25 -10.08 -5.26
2011.36 0.70 -10.00 -4.58 2001.16 3.30 -10.11 -5.70
2011.07 0.80 -9.45 -5.31 2000.91 3.35 -10.56 -4.77
2010.77 0.90 9.72 -4.82 2000.42 345 -10.67 -5.30
2010.30 1.05 -10.03 -4.86 2000.17 3.50 -10.78 -5.54
2010.14 1.10 -10.01 -5.76 1999.92 3.55 -10.92 -5.44
2009.98 1.15 -10.04 -4.72 1999.67 3.60 -11.09 -5.43
2009.81 1.20 -9.81 -4.49 1999.41 3.65 -11.13 -4.93
2009.64 1.25 -9.97 -4.87 1999.16 3.70 -11.03 -5.50
2009.30 1.35 -9.07 -4.48 1998.90 3.75 -10.99 -5.35
2009.13 1.40 -8.84 -4.88 1998.38 3.85 -10.56 -5.41
2008.96 1.45 -8.96 -4.46 1998.12 3.90 -10.50 -5.55
2008.78 1.50 -8.95 -3.85 1997.86 3.95 -10.66 -5.19
2008.60 1.55 -9.09 -4.14 1997.59 4.00 -10.33 -5.89
2008.42 1.60 -9.50 -5.14 1997.33 4.05 -10.59 -5.26
2008.05 1.70 -9.95 -5.48 1997.06 4.10 -10.49 -5.84
2007.87 1.75 -10.23 -4.87 1996.79 4.15 -10.49 -5.31
2007.68 1.80 -10.39 -4.88 1996.52 4.20 -10.10 -5.91
2007.49 1.85 -10.38 -5.07 1996.25 4.25 -9.94 -5.12
2007.29 1.90 -10.50 -5.20 1995.98 4.30 9.73 -5.30
2007.10 1.95 -10.59 -4.71 1995.43 4.40 -9.30 -4.74
2006.90 2.00 -10.36 -5.62 1995.15 4.45 -9.02 -4.76
2006.70 2.05 -10.65 -4.58 1994.59 4.55 -8.61 -4.53
2006.50 2.10 -10.50 -5.50 1994.31 4.60 -8.32 -4.33
2006.30 2.15 -10.78 5.1 1994.03 4.65 -8.41 -4.28
2006.10 2.20 -10.74 -6.35 1993.46 4.75 -8.69 -4.43
2005.89 2.25 -10.71 -5.76 1993.17 4.80 -8.46 -4.42
2005.68 2.30 -10.69 -5.41 1992.59 4.90 -8.83 -5.40
2005.47 2.35 -10.88 -5.65 1992.30 4.95 -8.93 -5.27
2005.26 240 -10.70 -7.16 1992.01 5.00 -8.35 -4.14
2005.05 245 -11.03 -5.39 1991.72 5.05 -8.74 -4.52
2004.62 2.55 -11.01 -6.40 1991.42 5.10 -9.16 -4.80
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1991.13 5.15 -9.33 -4.89 1974.29 7.75 -6.50 -3.83
1990.83 5.20 -9.33 -4.71 1973.94 7.80 -6.24 -3.68
1990.53 5.25 -8.54 -4.76 1973.60 7.85 -6.23 -3.50
1990.23 5.30 -8.39 -4.41 1973.25 7.90 -6.27 -3.71
1989.93 5.35 -8.50 -4.63 1972.55 8.00 -5.82 -4.25
1989.63 5.40 -8.63 -4.91 1972.20 8.05 -5.95 -3.34
1989.33 5.45 -8.84 -4.61 1971.85 8.10 -5.72 -3.54
1989.02 5.50 -8.74 -5.34 1971.50 8.15 -5.80 -3.85
1988.72 5.55 -9.22 -4.84 1971.15 8.20 -5.93 -3.45
1988.41 5.60 -8.92 -4.98 1970.80 8.25 -6.06 -3.81
1988.10 5.65 -9.43 -5.09 1970.44 8.30 -6.02 -3.77
1987.79 5.70 -9.12 -4.51 1970.09 8.35 -6.72 -4.12
1987.17 5.80 -9.37 -5.47 1969.73 8.40 -6.72 -4.26
1986.86 5.85 -10.15 -4.58 1969.38 8.45 -7.09 -4.25
1986.55 5.90 -10.40 -4.98 1969.02 8.50 -8.15 -7.00
1986.23 5.95 -9.94 -4.92 1968.67 8.55 -6.85 -4.24
1985.92 6.00 -10.36 -5.20 1967.96 8.65 -6.88 -4.13
1985.60 6.05 -10.98 -4.87 1967.60 8.70 -7.10 -4.15
1985.28 6.10 -10.65 -6.31 1967.24 8.75 -8.17 -4.21
1984.97 6.15 -10.10 -5.42 1966.52 8.85 -7.93 -4.19
1984.65 6.20 -9.83 -5.62 1966.16 8.90 -1.07 -4.85
1984.33 6.25 -10.57 -4.89 1965.81 8.95 -6.47 -3.70
1984.00 6.30 -9.46 -6.07 1965.45 9.00 -6.98 -4.42
1983.68 6.35 -8.99 -4.68 1965.08 9.05 -7.34 -3.83
1983.36 6.40 9.79 -5.14 1964.72 9.10 -7.03 -4.39
1983.03 6.45 -9.65 -4.92 1964.00 9.20 -6.86 -4.90
1982.71 6.50 -9.47 -4.10 1963.64 9.25 -7.32 -4,04
1981.40 6.70 -9.36 -5.24 1963.28 9.30 -1.44 -4.39
1981.07 6.75 -9.63 -4.19 1962.55 9.40 -8.00 -4.79
1980.40 6.85 -9.40 -4.25 1962.19 9.45 -8.11 -4.37
1980.07 6.90 -8.82 -4.23 1961.82 9.50 -8.25 -5.04
1979.74 6.95 -9.02 -4.77 1961.46 9.55 -8.26 -5.40
1979.40 7.00 -8.45 -4.42 1961.10 9.60 -8.35 -4.59
1979.07 7.05 -8.40 -3.91 1960.73 9.65 -8.27 -4.60
1978.73 7.10 -1.97 -4.73 1960.37 9.70 -8.02 -5.07
1978.40 7.15 -8.47 -3.72 1960.00 9.75 -7.85 -5.09
1978.06 7.20 -8.37 -4.17 1959.27 9.85 -7.81 -4.76
1977.72 7.25 -8.74 -4.15 1958.54 9.95 -1.91 -4.25
1977.38 7.30 -8.30 -3.90 1958.17 10.00 -8.42 -4.32
1977.04 7.35 -8.12 -3.80 1957.40 10.10 -8.66 -5.60
1976.36 745 -7.88 -3.87 1956.57 10.20 -8.98 -5.25
1976.01 7.50 -1.95 -3.86 1956.13 10.25 -8.70 -4.46
1975.67 7.55 -7.93 -3.94 1955.67 10.30 -8.48 -4.48
1974.64 7.70 -6.91 -3.82 1954.71 10.40 -8.01 -4.46
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1954.20 10.45 -7.91 -4.18 1912.05 13.40 -7.60 -4.13
1953.69 10.50 -1.75 -4.64 1911.35 13.45 -1.76 -3.88
1952.61 10.60 -8.48 -5.46 1910.65 13.50 -7.16 -5.02
1952.06 10.65 -8.93 -5.15 1909.97 13.55 -6.93 -5.27
1951.49 10.70 -8.91 -4.27 1909.29 13.60 6.72 -5.23
1950.31 10.80 -5.96 -4.70 1908.63 13.65 -8.04 -5.09
1949.09 10.90 -6.27 -3.83 1907.97 13.70 -9.13 -6.24
194717 11.05 -5.86 -3.53 1907.32 13.75 -9.66 -6.30
1946.51 11.10 -5.90 -3.89 1906.68 13.80 -9.61 -6.15
1945.85 11.15 -6.58 -3.94 1906.06 13.85 -9.92 -5.43
1945.17 11.20 -6.56 -5.49 1904.24 14.00 -8.43 -5.76
1944.48 11.25 -7.26 -4.20 1903.66 14.05 -8.40 -5.19
1943.79 11.30 -1.26 -5.58 1903.10 14.10 -8.56 -5.16
1943.09 11.35 -6.67 -4.84 1902.54 14.15 -9.23 -5.42
1942.38 11.40 -6.48 -5.50 1902.00 14.20 9.25 -6.47
1941.66 11.45 -6.08 4,31 1901.47 14.25 -10.13 -4.82
1940.94 11.50 -5.63 -4.92 1900.95 14.30 -9.96 -5.23
1940.21 11.55 -5.61 -4,04 1900.45 14.35 -10.18 -5.78
1939.47 11.60 -5.49 -4.62 1899.50 14.45 -10.03 -5.14
1938.73 11.65 -6.08 -4.46 1899.04 14.50 -9.59 -5.03
1937.23 11.75 -7.08 -4.33 1898.60 14.55 -9.48 -5.14
1933.41 12.00 -6.46 -4.92 1898.18 14.60 -9.21 -4.72
1932.64 12.05 -6.05 -4.38 1897.77 14.65 -9.09 -4.93
1931.86 12.10 -5.94 -4.86 1897.38 14.70 -8.65 -5.25
1930.30 12.20 -5.93 -4.35 1897.00 14.75 -8.56 -4.44
1929.52 12.25 -6.24 -4.17 1896.65 14.80 -7.93 -5.59
1928.74 12.30 -6.46 -4 47 1896.31 14.85 -7.78 -4.67
1927.95 12.35 -6.83 -3.97 1895.99 14.90 -7.85 -5.16
1927.17 12.40 -7.32 -4.37 1895.69 14.95 -7.81 -4.27
1926.39 12.45 -7.04 -4,04 1895.41 15.00 -7.86 5.1
1925.61 12.50 -6.81 -4.51 1895.14 15.05 -1.23 -3.85
1924.83 12.55 -6.92 -4.23 1894.87 15.10 -7.18 -4.78
1924.05 12.60 -6.71 -4.37 1894.59 15.15 -6.67 -3.84
1923.27 12.65 -6.83 -3.72 1894.05 15.25 -6.33 -3.38
1922.49 12.70 -6.46 -4.18 1893.78 15.30 -5.45 -4.16
1921.72 12.75 -6.39 -3.97 1893.51 15.35 -5.19 -3.58
1919.41 12.90 -6.59 -4.73 1893.23 15.40 -5.29 -4.41
1918.65 12.95 -7.02 -4.60 1892.69 15.50 517 -2.83
1916.40 13.10 -1.70 -5.25 1892.42 15.55 -5.18 -3.82
1915.66 13.15 -7.94 -4.84 1892.14 15.60 -5.34 -3.95
1914.92 13.20 -7.33 -5.16 1891.87 15.65 -5.97 -4.30
1914.19 13.25 -7.02 -4.51 1891.60 15.70 -6.48 -4.29
1913.47 13.30 -7.12 -3.96 1891.33 15.75 -8.46 -4.56
1912.76 13.35 -7.46 -5.18 1891.06 15.80 -9.35 -5.78
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1890.78 15.85 -9.87 -4.93 1874.90 18.80 -8.72 -5.24
1890.51 15.90 -9.09 -6.63 1874.63 18.85 -8.99 -4.73
1890.24 15.95 -8.99 -4.81 1874.37 18.90 9.74 -5.29
1889.97 16.00 -8.85 -6.97 1873.58 19.05 -8.93 -4.64
1889.70 16.05 9.1 -6.20 1873.32 19.10 -8.48 -6.58
1889.42 16.10 -9.57 -5.92 1873.05 19.15 -8.70 -5.97
1889.15 16.15 9.78 -5.39 1872.53 19.25 -9.20 -4.38
1888.34 16.30 9.12 -5.87 1872.27 19.30 -9.58 -5.43
1887.79 16.40 -8.77 -5.38 1872.00 19.35 -9.87 -5.97
1887.52 16.45 -8.25 -4.92 1871.48 19.45 -9.53 -5.98
1886.71 16.60 -7.05 -5.86 1871.22 19.50 -9.14 -6.47
1886.44 16.65 -1.87 -6.16 1870.70 19.60 -8.81 -4.73
1886.17 16.70 -8.58 -4.50 1870.44 19.65 -9.03 -4.32
1885.89 16.75 -8.92 -4.57 1870.18 19.70 -9.02 -5.57
1885.62 16.80 -8.49 -4.56 1869.92 19.75 -6.82 -6.38
1885.35 16.85 -1.74 -4.29 1869.66 19.80 -8.86 -6.02
1885.08 16.90 -8.12 -4.00 1869.40 19.85 -8.46 -4.64
1884.81 16.95 -8.73 -4.79 1868.89 19.95 -8.91 -4.67
1884.27 17.05 -9.07 -4.75 1868.63 20.00 -8.40 -4.98
1884.00 17.10 9.15 -5.20 1868.37 20.05 -1.72 -4.70
1883.73 17.15 -9.14 -5.22 1868.11 20.10 -7.35 -4.70
1883.46 17.20 -9.19 -5.13 1867.86 20.15 -7.34 -4.65
1883.19 17.25 -9.40 -4.30 1867.60 20.20 -7.89 -4.56
1882.65 17.35 -8.41 -4.49 1867.34 20.25 -7.40 -3.95
1882.38 17.40 -8.34 -5.30 1867.09 20.30 -7.82 -6.85
1881.84 17.50 -9.56 -5.08 1866.83 20.35 -8.96 -4.97
1881.57 17.55 -9.53 -5.98 1866.58 20.40 -8.95 -4.54
1881.30 17.60 -9.59 -5.30 1866.32 20.45 -9.41 -4.72
1881.03 17.65 -9.93 -5.65 1866.07 20.50 -9.32 -5.18
1880.77 17.70 -10.07 -5.10 1865.56 20.60 -8.79 -1.14
1880.50 17.75 -10.34 -4.76 1865.30 20.65 -8.34 -4.46
1880.23 17.80 -10.17 -5.82 1865.05 20.70 -8.46 -5.08
1879.96 17.85 -10.14 -4.81 1864.55 20.80 -8.08 -4.14
1879.69 17.90 9.75 -5.81 1864.29 20.85 -6.58 -3.86
1878.89 18.05 -8.94 -5.75 1864.04 20.90 -6.98 -5.20
1878.62 18.10 -9.09 -5.03 1863.54 21.00 -9.44 -5.27
1878.35 18.15 -9.03 -5.22 1863.29 21.05 -9.50 -5.63
1877.82 18.25 -8.71 -4.69 1863.04 21.10 -9.03 -6.27
1877.55 18.30 -8.38 -4.37 1862.79 2115 -8.71 -6.21
1876.75 18.45 -6.47 -4.57 1862.54 21.20 -8.59 -6.10
1876.22 18.55 -7.09 -3.60 1862.29 21.25 -8.80 -5.96
1875.96 18.60 -7.12 -4.73 1861.79 21.35 -8.43 -5.10
1875.69 18.65 -6.90 -3.97 1861.30 2145 -8.60 -4.96
1875.16 18.75 -7.53 -4.41 1861.05 21.50 -9.03 -6.45
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1860.81 21.55 -9.55 -6.28 1849.55 23.95 -8.84 -5.35
1860.56 21.60 -9.91 -5.82 1849.33 24.00 -8.89 -8.18
1860.31 21.65 -10.17 -5.98 1849.10 24.05 -9.08 -4.71
1860.07 21.70 -10.01 -7.06 1848.88 2410 -9.09 -5.75
1859.82 21.75 -9.53 -5.10 1848.67 2415 -8.94 -4.58
1859.58 21.80 -9.28 -6.33 1848.45 24.20 -8.70 -8.44
1859.34 21.85 -9.53 -5.51 1848.23 24.25 -8.99 -4.58
1859.09 21.90 -9.45 -9.02 1848.01 24.30 -8.84 -5.94
1858.85 21.95 -8.51 -7.01 1847.79 24.35 -8.90 -5.73
1858.61 22.00 -8.12 -8.91 1847.58 24.40 -8.86 -4.20
1858.12 22.10 -8.48 -6.03 1847.36 24.45 -8.81 -5.00
1857.88 2215 -9.08 -4.43 1847.15 24.50 -8.59 -4.80
1857.40 22.25 -8.44 -5.51 1846.93 24.55 -8.44 -6.60
1857.16 22.30 -8.79 -6.41 1846.72 24.60 -7.99 -5.29
1856.92 22.35 -9.29 -5.12 1846.50 24.65 -1.92 -5.82
1856.69 22.40 -9.64 -5.83 1846.29 24.70 -8.19 -5.16
1856.45 2245 -9.55 -5.91 1846.08 24.75 -7.85 -4.43
1856.21 22.50 -8.11 -5.35 1845.87 24.80 -1.87 -3.76
1855.97 22.55 -7.54 -5.15 1845.45 24.90 -8.25 -3.74
1855.74 22.60 -6.97 -5.06 1845.24 24.95 -8.21 -5.07
1855.50 22.65 713 -5.47 1845.03 25.00 -8.20 -6.49
1855.26 22.70 -7.01 -6.14 1844.62 25.10 -8.22 -5.26
1854.79 22.80 -6.92 -4.24 1844.41 25.15 -8.27 -4.95
1854.56 22.85 -7.23 -4.98 1844.20 25.20 -8.49 -7.20
1854.33 22.90 -7.61 -4.53 1844.00 25.25 -8.59 -5.45
1854.09 22.95 -7.58 -4.48 1843.59 25.35 -8.54 -4.45
1853.86 23.00 -1.87 -5.28 1843.39 25.40 -8.91 -4.22
1853.63 23.05 -7.89 -4.56 1843.18 2545 -9.20 -6.00
1853.17 2315 -8.18 -5.00 1842.78 25.55 9.74 -4.35
1852.94 23.20 -7.94 -5.41 1842.58 25.60 -9.87 -4.42
1852.71 23.25 -8.14 -4.55 1842.38 25.65 -9.39 -4.88
1852.48 23.30 -8.07 -1.25 1842.18 25.70 -9.35 -5.49
1852.25 23.35 -8.04 -4.97 1841.98 25.75 -8.82 -4.42
1852.02 23.40 -7.84 -5.72 1841.79 25.80 -8.22 -4.59
1851.79 23.45 -8.48 -5.01 1841.59 25.85 -7.92 -4.76
1851.56 23.50 -8.50 -5.38 1841.39 25.90 -8.02 -4.27
1851.34 23.55 -8.73 -5.97 1841.20 25.95 -7.59 -4.59
1851.11 23.60 -8.98 -5.86 1841.01 26.00 -7.04 -4.89
1850.89 23.65 9.17 -4.60 1840.81 26.05 -6.66 -3.75
1850.66 23.70 -9.44 -5.81 1840.61 26.10 -6.87 -3.63
1850.44 23.75 -9.61 477 1840.41 26.15 -6.97 -3.64
1850.21 23.80 -9.22 -8.56 1840.21 26.20 -1.72 -3.70
1849.99 23.85 -9.05 -5.91 1840.00 26.25 -8.38 -3.95
1849.77 23.90 -8.76 -6.23 1839.79 26.30 -8.63 -4.99
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1839.58 26.35 -8.91 -4.72 1824.61 29.15 -9.36 -5.23
1839.15 26.45 -8.60 -4.21 1823.70 29.30 -9.12 -6.41
1838.71 26.55 -8.85 -4.46 1823.39 29.35 -9.52 -5.57
1838.25 26.65 -8.31 -5.61 1822.78 29.45 -10.83 -6.59
1838.03 26.70 -8.11 -4.41 1822.47 29.50 -10.67 -7.40
1837.79 26.75 -7.40 -5.19 1822.17 29.55 -10.45 -5.62
1837.56 26.80 -7.30 -7.05 1821.55 29.65 -9.36 -5.68
1837.09 26.90 -1.35 -5.98 1820.94 29.75 -9.06 -5.12
1836.85 26.95 -6.93 -5.68 1820.63 29.80 -9.51 -6.18
1836.36 27.05 -1.78 -4.16 1820.32 29.85 -9.80 -5.47
1836.11 27.10 -8.03 -4.96 1820.01 29.90 -9.91 -8.68
1835.86 27.15 -8.65 -5.09 1819.40 30.00 -10.62 -5.59
1835.36 27.25 9.78 -6.40 1819.09 30.05 -10.28 -6.62
1834.84 27.35 -9.93 -5.62 1818.78 30.10 -10.14 -7.05
1834.59 27.40 -10.08 -6.11 1818.47 30.15 -10.66 -5.35
1834.33 27.45 -9.99 517 1818.16 30.20 -10.61 -5.65
1834.06 27.50 -10.26 -6.31 1817.86 30.25 -10.54 -5.05
1833.80 27.55 -9.59 -5.35 1817.55 30.30 -10.00 -5.46
1833.53 27.60 -9.58 -4.52 1816.62 30.45 -8.25 -3.99
1833.26 27.65 -8.75 -5.07 1816.32 30.50 -9.03 -4.65
1832.99 27.70 -8.83 -4.98 1816.01 30.55 -9.89 -4.57
1832.72 27.75 -8.53 -5.46 1815.71 30.60 -10.16 -5.02
1832.45 27.80 -8.71 -4.93 1815.09 30.70 -9.90 -5.44
1832.18 27.85 -8.80 -4.56 1814.79 30.75 -9.69 -4.05
1831.90 27.90 -8.90 -6.18 1814.48 30.80 -9.63 -4.40
1831.62 27.95 -8.77 -4.68 1813.27 31.00 -9.67 -3.99
1831.34 28.00 -8.43 -5.05 1812.97 31.05 -9.88 -4.41
1830.78 28.10 9.79 -6.37 1812.67 31.10 9.7 -5.60
1830.50 28.15 -9.51 -6.68 1812.37 3115 -9.52 -4,34
1830.22 28.20 -9.16 5.1 1812.07 31.20 -9.63 -5.00
1829.93 28.25 -8.35 -5.08 1811.77 31.25 -9.86 -4.03
1829.64 28.30 -8.14 -5.47 1811.48 31.30 -9.61 -4.98
1829.35 28.35 -8.06 -4.58 1811.18 31.35 -9.60 -5.02
1828.48 28.50 -8.85 -6.24 1810.89 31.40 -9.63 -4.68
1828.19 28.55 -10.33 -5.80 1810.01 31.55 -8.59 -4.40
1827.60 28.65 -10.88 -4.99 1809.42 31.65 -8.47 -4.20
1827.31 28.70 -10.85 -6.66 1809.13 31.70 -8.66 -3.96
1827.01 28.75 -10.38 -6.38 1808.56 31.80 -8.84 -4.43
1826.71 28.80 -9.86 -7.16 1808.27 31.85 9.12 -3.76
1826.41 28.85 -9.89 -5.91 1807.99 31.90 -6.88 -3.93
1826.12 28.90 9.73 -6.10 1807.71 31.95 -8.89 -3.86
1825.82 28.95 -9.43 -7.34 1807.43 32.00 -9.04 -3.84
1825.21 29.05 -9.91 -4.68 1807.15 32.05 -9.22 -4.48
1824.91 29.10 -9.47 -6.43 1806.87 32.10 -9.05 -4.50
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1806.59 3215 -9.65 -3.88 1795.09 34.75 -9.24 -4.54
1806.32 32.20 -9.31 -4.42 1794.80 34.85 -9.40 -4.13
1806.04 32.25 -8.90 -4.28 1794.38 35.00 -8.97 -4.86
1805.77 32.30 -9.03 -3.88 1794.25 35.05 -9.13 -5.24
1805.50 32.35 -9.28 -3.78 1794.12 35.10 -9.16 -6.56
1805.23 3240 9.17 -4.04 1793.98 35.15 -9.20 -6.66
1804.96 3245 -9.37 -3.84 1793.85 35.20 -8.87 -5.67
1804.70 32.50 9.75 -4.37 1793.72 35.25 -8.46 -4.72
1804.17 32.60 -9.89 -4.43 1793.58 35.30 -8.66 -4.79
1803.91 32.65 -9.81 -3.93 1793.45 35.35 -9.02 -4.89
1803.65 32.70 -9.49 -4.28 1793.31 35.40 -9.22 -5.29
1803.39 32.75 9.77 -4.22 1793.18 35.45 9.77 -5.07
1803.14 32.80 -9.64 -4.06 1793.04 35.50 -9.98 -4.78
1802.89 32.85 -9.44 -4.24 1792.91 35.55 -10.25 -4.59
1802.64 32.90 -9.29 -3.85 1792.78 35.60 -9.91 -7.30
1802.14 33.00 -8.61 -4.70 1792.64 35.65 -10.30 -5.08
1801.90 33.05 -8.75 -4.19 1792.37 35.75 -10.18 -5.55
1801.65 33.10 -8.08 -3.46 1792.24 35.80 -9.46 -5.25
1801.41 33.15 -7.90 -3.55 1792.10 35.85 -9.22 -5.01
1801.18 33.20 -7.90 -2.76 1791.83 35.95 -9.57 -4.55
1800.94 33.25 -8.13 -3.81 1791.69 36.00 -10.16 -5.05
1800.71 33.30 -8.10 -3.51 1791.56 36.05 -10.58 -4.35
1800.48 33.35 -8.33 -3.78 1791.42 36.10 -10.93 -5.47
1800.25 33.40 -8.72 -3.90 1791.28 36.15 -10.80 -4.95
1799.80 33.50 -9.38 -3.93 1791.15 36.20 -10.07 -4.73
1799.57 33.55 -9.44 -3.89 1790.87 36.30 -10.04 -5.06
1799.36 33.60 -9.36 -3.97 1790.74 36.35 -9.02 -4.39
1799.14 33.65 -9.40 -4.03 1790.60 36.40 -9.58 -4.75
1798.93 33.70 -9.33 -4.42 1790.46 36.45 9.77 -4.06
1798.71 33.75 -9.38 -4.47 1790.33 36.50 -10.01 -4.47
1798.51 33.80 9.15 -3.83 1790.05 36.60 -10.22 -5.04
1798.30 33.85 -9.31 -4.20 1789.91 36.65 -10.21 -4.84
1798.10 33.90 -9.20 -4.08 1789.78 36.70 -10.25 -5.26
1797.90 33.95 -9.37 -4.65 1789.50 36.80 -9.53 -4.76
1797.31 34.10 -9.03 -4.09 1789.22 36.90 -9.33 -5.48
1796.94 34.20 -9.43 -4.58 1789.09 36.95 -9.48 -5.78
1796.75 34.25 -9.38 -4.16 1788.67 37.10 -10.91 -5.20
1796.57 34.30 -9.49 -4.87 1788.53 3715 -10.06 477
1796.39 34.35 -9.48 -4.49 1788.39 37.20 -8.56 -4.28
1796.22 34.40 -9.36 -4.50 1788.25 37.25 -9.29 -4.69
1795.88 34.50 -9.42 -4.79 1788.11 37.30 -7.66 -3.91
1795.55 34.60 9.4 -4.39 1787.97 37.35 -9.06 -4.56
1795.40 34.65 -9.14 -5.41 1787.83 37.40 -10.86 -4.95
1795.24 34.70 -9.62 -4.69 1787.69 37.45 -11.07 -4,94

158



Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1787.41 37.55 -7.88 -3.24 1780.29 40.05 -8.24 -4.65
1787.27 37.60 -8.36 -3.93 1780.00 40.15 -8.74 -4.73
1787.13 37.65 -8.70 -4.80 1779.86 40.20 -8.55 -4.15
1786.99 37.70 -8.45 -4.02 1779.57 40.30 -10.03 -4.48
1786.85 37.75 -8.97 -4.09 1779.42 40.35 -10.18 -4.69
1786.71 37.80 -9.06 -4.62 1779.28 40.40 -10.42 -4.68
1786.57 37.85 -9.22 -3.76 1779.13 40.45 -10.14 -5.27
1786.43 37.90 -9.01 -3.98 1778.98 40.50 -10.05 -5.35
1786.29 37.95 -8.91 -4.49 1778.84 40.55 -9.85 -5.19
1786.15 38.00 -6.46 -3.28 1778.69 40.60 -9.34 -4.59
1786.01 38.05 9.17 -3.90 1778.40 40.70 -9.18 -4.75
1785.87 38.10 -9.04 -3.74 1778.26 40.75 -9.53 -4.35
1785.73 38.15 -3.91 -5.02 1778.11 40.80 -9.49 -4.96
1785.59 38.20 -8.66 -4.49 1777.97 40.85 -9.38 -5.16
1785.44 38.25 -8.75 -5.58 1777.82 40.90 -9.62 -4.53
1785.30 38.30 -8.79 -4.15 1777.67 40.95 -9.66 -4.50
1785.16 38.35 -9.18 -5.30 1777.53 41.00 -9.82 -4.35
1785.02 38.40 -9.24 -4.75 1777.38 41.05 -9.65 -5.12
1784.88 38.45 -9.34 -4.62 1777.24 41.10 -9.59 -4.38
1784.74 38.50 -9.42 -4.36 1777.09 41.15 -9.54 -4.29
1784.59 38.55 -9.63 -4.19 1776.80 41.25 -8.11 -3.96
1784.45 38.60 -9.92 -4.40 1776.65 41.30 -7.96 -4.21
1784.31 38.65 -9.43 -3.99 1776.50 41.35 -1.70 -4.20
1784.17 38.70 -9.51 -3.85 1776.36 41.40 -8.24 -4.27
1783.88 38.80 -9.05 -3.64 1776.21 41.45 -7.69 -3.63
1783.74 38.85 -8.78 -3.35 1776.06 41.50 -7.63 -4.49
1783.60 38.90 -8.75 -3.91 1775.92 41.55 -8.38 -5.17
1783.31 39.00 -8.34 -3.84 1775.717 41.60 -8.32 -3.95
1783.17 39.05 -8.34 -3.33 1775.62 41.65 -9.19 -5.41
1783.03 39.10 -8.10 -3.25 1775.33 41.75 -10.00 -4.60
1782.74 39.20 -8.17 -3.72 1775.18 41.80 -10.27 -4.25
1782.60 39.25 -8.71 -5.26 1774.89 41.90 -10.13 -4.46
1782.45 39.30 -8.92 -3.81 1774.74 41.95 -8.77 -4.11
1782.16 39.40 -9.22 -3.79 1774.60 42.00 -8.28 -3.75
1782.02 39.45 -9.37 -3.83 1774.45 42.05 -9.37 -3.97
1781.88 39.50 -9.49 -3.73 1774.30 42.10 -9.64 -4.18
1781.73 39.55 -9.05 -3.95 1774.16 42.15 -9.79 -4.52
1781.45 39.65 -8.91 -3.90 1774.01 42.20 -9.36 -3.80
1781.30 39.70 -9.00 -3.73 1773.86 42.25 -8.80 -3.51
1781.01 39.80 -9.54 -4.12 1773.71 42.30 -8.51 -5.01
1780.87 39.85 -10.15 -5.37 1773.57 42.35 -8.72 -3.81
1780.72 39.90 -10.23 -6.77 1773.42 42.40 -9.07 -4.93
1780.58 39.95 -10.29 -4.83 1773.27 4245 -8.52 -3.43
1780.43 40.00 -8.39 -4.25 1773.12 42.50 -7.89 -3.85
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1772.98 4255 -7.87 -3.77 1764.24 45.50 -8.37 -3.92
1772.83 42,60 -8.48 -3.51 1764.09 45.55 -8.23 -4.50
1772.68 42.65 -8.50 -3.33 1763.94 45.60 -6.34 -3.12
1772.53 42.70 -8.35 -4.40 1763.80 45.65 -1.52 -3.93
1772.39 42.75 -8.16 -3.33 1763.50 45.75 -6.62 -3.21
1772.24 42.80 -8.21 -3.31 1763.35 45.80 -6.84 -3.16
1772.09 42.85 -8.33 -4.61 1763.20 45.85 -6.90 -3.35
1771.94 42.90 -8.70 -3.38 1763.06 45.90 6.78 -3.32
1771.65 43.00 -9.69 -4.25 1762.91 45.95 -6.92 -4.99
1771.50 43.05 -10.13 -4.62 1762.76 46.00 -6.50 -3.05
1771.20 43.15 -11.12 -4.74 1762.46 46.10 -5.87 -3.01
1771.06 43.20 -10.90 -4.80 1762.32 46.15 -5.81 -3.34
1770.91 43.25 -7.96 -3.71 1762.17 46.20 -6.17 -4.10
1770.76 43.30 -7.23 -3.45 1762.02 46.25 6.25 -3.39
1770.61 43.35 -8.81 -4.40 1761.87 46.30 -6.36 -2.94
1770.46 43.40 -9.66 -3.99 1761.72 46.35 -6.44 -4 47
1770.32 43.45 -10.53 -4.84 1761.43 46.45 -6.59 -3.54
1770.17 43.50 -10.98 -4.52 1761.13 46.55 -7.02 -3.44
1770.02 4355 -11.36 -4.74 1760.99 46.60 -6.95 -3.30
1769.87 43.60 -11.27 -5.09 1760.84 46.65 -8.93 -4.74
1769.72 43.65 -10.11 -5.79 1760.54 46.75 -6.69 -4.04
1769.58 43.70 -8.86 -4.06 1760.39 46.80 -6.70 -4.27
1769.43 43.75 -9.27 -4.36 1760.10 46.90 -9.65 -4.01
1769.28 43.80 -9.54 -4.12 1759.95 46.95 -6.46 -3.25
1768.84 43,95 -8.72 -5.20 1759.66 47.05 -1.20 -3.66
1768.54 44,05 -10.10 -6.77 1759.51 47.10 -6.87 -4.75
1768.39 4410 -10.06 -4.87 1759.36 47.15 -9.86 -4.06
1768.09 44.20 -8.44 -5.37 1759.22 47.20 -6.55 -3.76
1767.95 44.25 -8.90 -3.60 1759.07 47.25 -7.84 -3.24
1767.65 44,35 -9.04 -4.98 1758.92 47.30 -6.87 -3.99
1767.21 44,50 -7.62 -3.89 1758.77 47.35 -7.09 -4.78
1767.06 44,55 -7.83 -4.95 1758.48 4745 -7.78 -4.20
1766.91 44,60 -8.42 -4.40 1758.33 47.50 -8.19 -4.45
1766.76 44 65 -9.62 -4.26 1758.19 47.55 -9.76 -4.59
1766.17 44,85 -9.22 -5.27 1757.89 4765 -11.06 -4.52
1765.87 44,95 -8.35 -4.26 1757.74 47.70 -9.55 -5.30
1765.72 45,00 -1.97 -3.80 1757.60 47.75 -1.75 -4.40
1765.28 45.15 -8.19 -5.62 1757.45 47.80 -8.17 -5.56
1765.13 45.20 -7.99 -4.38 1757.16 47.90 -7.86 -4.67
1764.98 45.25 -8.29 -3.64 1757.01 47.95 -6.87 -4.29
1764.83 45.30 -9.07 -3.87 1756.86 48.00 147 -4.60
1764.68 45.35 -8.76 -6.07 1756.72 48.05 -7.02 -4.37
1764.54 45.40 -7.62 -3.99 1756.57 48.10 -6.76 -4.21
1764.39 45.45 -8.48 -5.03 1756.28 48.20 -6.71 -4.67
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1756.13 48.25 -6.39 -3.62 1747.49 51.25 -8.39 -4.70
1755.69 48.40 -7.39 -4.11 1747.35 51.30 -8.61 -5.47
1755.40 48.50 -8.76 -4.20 1747.07 51.40 -10.74 -6.22
1755.26 48.55 -9.11 -5.42 1746.92 51.45 -11.31 -5.21
1755.11 48.60 -9.65 -5.49 1746.78 51.50 -10.68 -4.83
1754.96 48.65 -9.79 -7.40 1746.64 51.55 -9.74 -4.45
1754.82 48.70 -9.93 -4.28 1746.50 51.60 -8.59 -3.82
1754.67 48.75 -9.99 -5.46 1746.36 51.65 -8.55 -4.26
1754.38 48.85 9.77 -4.25 1746.22 51.70 -9.69 -5.20
1754.09 48.95 -8.98 -4.42 1745.94 51.80 -9.58 -4.79
1753.95 49.00 -9.27 -4.63 1745.80 51.85 -8.96 -4.59
1753.36 49.20 -1.97 -5.45 1745.52 51.95 -8.33 -3.88
1753.22 49.25 -7.20 -5.37 1745.38 52.00 -8.01 -5.76
1753.07 49.30 -6.82 -4.14 1745.24 52.05 -7.90 -4.24
1752.79 49.40 -8.12 -4.69 1745.10 52.10 -8.23 -4.56
1752.64 49.45 -6.85 -3.76 1744.96 52.15 -8.45 -4.30
1752.50 49.50 -7.06 -4,04 1744.82 52.20 -8.28 -7.28
1752.06 49.65 -6.67 -4.07 1744.68 52.25 -8.04 -3.97
1751.92 49.70 -6.68 -6.16 1744.41 52.35 -9.27 -4.59
1751.77 49.75 -6.87 -5.85 1744.27 52.40 -9.42 -5.49
1751.63 49.80 -1.22 -5.08 174413 52.45 -8.54 -4.13
1751.20 49.95 -8.61 -5.40 1743.99 52.50 -7.89 -4.98
1751.05 50.00 -8.63 -4.70 1743.85 52.55 9.15 -4.91
1750.91 50.05 -9.26 -4.67 1743.44 52.70 -8.41 -4.55
1750.77 50.10 -9.15 -4.81 1743.30 52.75 -7.86 -4.41
1750.62 50.15 9.14 -6.95 1742.89 52.90 -6.97 -4.16
1750.48 50.20 -8.95 -4.26 1742.75 52.95 -1.27 -3.98
1750.34 50.25 -8.59 -3.59 1742.61 53.00 -7.02 -4.69
1750.19 50.30 -8.00 -4.69 1742.47 53.05 -9.53 -4.62
1749.91 50.40 -9.24 -4.54 1742.34 53.10 -7.23 -4.49
1749.62 50.50 -1.37 -3.43 1742.06 53.20 -7.32 -4.11
1749.48 50.55 -10.86 -5.32 1741.93 53.25 -7.34 -4.05
1749.34 50.60 -10.18 -5.71 1741.79 53.30 -7.44 -5.26
1749.19 50.65 -9.26 -4.36 1741.65 53.35 -7.33 -4.21
1749.05 50.70 -8.32 -4.55 1741.52 53.40 -8.02 -3.91
1748.91 50.75 -8.53 -7.33 1741.38 53.45 -8.14 -4.22
1748.77 50.80 -8.86 -4.51 1741.25 53.50 -8.45 -4.49
1748.62 50.85 -8.39 -4.24 1741.11 53.55 -9.17 -4.73
1748.48 50.90 -8.07 -4.45 1740.97 53.60 9.21 -5.29
1748.34 50.95 -8.41 -4.55 1740.70 53.70 -9.80 -5.38
1748.20 51.00 -8.09 -4.49 1740.57 53.75 -9.36 -5.06
1748.06 51.05 -7.69 -4.39 1740.43 53.80 -9.43 -5.16
1747.77 51.15 -7.93 -4.13 1740.30 53.85 -9.45 -4.93
1747.63 51.20 -7.96 -4.30 1740.16 53.90 9.17 -5.28
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1740.03 53.95 -8.70 -4.93 1732.51 56.85 -9.27 -4.54
1739.90 54.00 -8.15 -4.66 1732.26 56.95 -9.06 -5.12
1739.76 54.05 -7.96 477 1732.13 57.00 -8.99 -4.25
1739.63 54.10 -8.09 -4.82 1732.01 57.05 -8.54 -4.39
1739.49 5415 -8.21 -5.33 1731.89 57.10 -8.83 -4.49
1739.23 54.25 -9.03 -5.60 1731.76 57.15 -9.64 -4.61
1739.09 54.30 9.12 -4.76 1731.64 57.20 -8.95 -4.38
1738.96 54.35 -9.09 -4.51 1731.39 57.30 -8.20 -3.90
1738.43 54.55 -10.28 -4.85 1731.27 57.35 -1.77 -4.12
1738.29 54.60 -9.76 -4.59 1731.03 57.45 -8.60 -4.07
1738.16 54.65 9.75 -5.74 1730.78 57.55 -9.60 -4.85
1738.03 54.70 -9.45 -4.67 1730.66 57.60 -10.01 -4.73
1737.90 54.75 -9.52 -4.52 1730.53 57.65 -10.02 -4.91
1737.63 54.85 -9.09 -5.47 1730.14 57.80 -8.74 -4.43
1737.50 54.90 -10.08 -4.57 1730.01 57.85 -8.98 -4.75
1737.37 54.95 -10.70 -4.63 1729.74 57.95 -8.12 -5.00
1737.11 55.05 -9.67 -5.20 1729.60 58.00 -8.34 -4.33
1736.98 55.10 -8.64 -4.04 1729.46 58.05 -8.73 -5.29
1736.85 55.15 -1.28 -3.57 1729.32 58.10 -8.70 -4.43
1736.33 55.35 -6.98 -3.20 1729.18 58.15 -9.35 -4.45
1736.20 55.40 -7.69 -3.53 1729.03 58.20 -9.59 -4.64
1736.07 55.45 -9.47 -4.23 1728.89 58.25 -9.52 -4.39
1735.81 55.55 -8.52 -5.49 1728.74 58.30 -10.18 -5.12
1735.68 55.60 -9.69 -4.39 1728.59 58.35 -10.44 -5.95
1735.55 55.65 -8.92 -3.86 1728.44 58.40 -10.83 -5.00
1735.42 55.70 -8.64 -4.17 1728.13 58.50 -10.89 -6.64
1735.16 55.80 -8.33 -4.91 1727.98 58.55 -10.77 -4.89
1735.03 55.85 -8.56 -3.98 1727.82 58.60 -10.90 -6.03
1734.78 55.95 -9.02 -4.37 1727.50 58.70 -10.39 -4.97
1734.65 56.00 -8.94 -4.57 1727.02 58.85 -8.33 -4.29
1734.52 56.05 -8.69 -4.03 1726.85 58.90 -9.45 -4.16
1734.27 56.15 -7.85 -3.86 1726.69 58.95 -9.26 -4.48
1734.14 56.20 -1.77 -3.91 1726.52 59.00 -9.43 -5.39
1734.01 56.25 -7.91 -4 47 1726.35 59.05 -9.57 -4.15
1733.89 56.30 -8.32 -4.76 1726.18 59.10 -9.34 -4.75
1733.76 56.35 -8.75 -4.97 1726.01 59.15 -10.17 -5.04
1733.64 56.40 -8.58 -5.30 1725.84 59.20 9.73 -4.00
1733.38 56.50 -9.31 -4.38 1725.66 59.25 -9.52 -4.07
1733.26 56.55 -8.78 -5.06 1725.31 59.35 -8.94 -4.96
1733.13 56.60 -9.48 -4.67 1724.78 59.50 -8.65 -4.55
1733.01 56.65 -9.33 -4.65 1724.60 59.55 -9.70 -4.76
1732.88 56.70 -9.56 -4.62 1724.23 59.65 -11.02 -4.67
1732.76 56.75 -9.57 -5.48 1724.05 59.70 -11.27 -4.74
1732.63 56.80 -9.52 -4.32 1723.86 59.75 -10.86 -5.02
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1723.68 59.80 -9.57 -4.86 1713.67 62.25 -9.52 -4.79
1723.30 59.90 -8.29 -4.10 1713.46 62.30 -9.69 -4.80
1723.11 59.95 -9.78 -4.96 1713.24 62.35 -9.09 -5.42
1722.92 60.00 -8.44 -4.24 1713.02 62.40 -9.47 -4.62
1722.73 60.05 -9.10 4,32 1712.81 62.45 -9.38 -4.28
1722.54 60.10 -9.49 -6.17 1712.59 62.50 -9.60 -4.78
1722.15 60.20 9.73 -5.02 1712.38 62.55 9.7 -5.15
1721.96 60.25 -9.33 -5.03 1712.16 62.60 -9.82 -4 47
1721.77 60.30 -8.76 -4.23 1711.95 62.65 -9.62 -5.63
1721.57 60.35 -9.64 -4.85 1711.73 62.70 -9.45 -4 47
1721.37 60.40 -8.56 -4.72 1711.51 62.75 -9.53 -4.18
172117 60.45 -8.61 -4.46 1711.08 62.85 9.79 -4.79
1720.98 60.50 -8.80 -5.06 1710.87 62.90 -9.83 -4.35
1720.78 60.55 -8.67 -5.33 1710.65 62.95 9.25 -4.50
1720.58 60.60 -8.49 -4.34 1710.00 63.10 -8.15 -4.80
1720.38 60.65 -8.98 -5.20 1709.79 63.15 -7.66 -5.94
1720.18 60.70 -9.03 -4.98 1709.36 63.25 -7.33 -4.06
1719.97 60.75 -9.76 -4.45 1709.14 63.30 -7.60 -4.36
1719.77 60.80 -10.31 -4.81 1708.93 63.35 -1.97 -5.13
1719.57 60.85 -10.15 -5.16 1708.71 63.40 -1.57 -3.87
1719.36 60.90 -10.12 -5.78 1708.50 63.45 -9.06 -4.48
1719.16 60.95 -10.66 -7.20 1708.29 63.50 -1.76 -5.20
1718.95 61.00 -10.34 -4.66 1708.07 63.55 -8.87 -4.63
1718.75 61.05 -10.16 -6.59 1707.86 63.60 -8.27 -5.35
1718.54 61.10 -10.60 -4.74 1707.64 63.65 -8.75 -3.91
1718.33 61.15 -10.29 -5.09 1707.43 63.70 -8.22 -4.00
1718.13 61.20 -10.07 -5.27 1707.22 63.75 -8.29 -4.91
1717.92 61.25 -9.89 -5.25 1706.80 63.85 -9.83 -4.81
1717.71 61.30 -10.04 -4.49 1706.58 63.90 -9.01 -4.13
1717.29 61.40 -9.84 -5.40 1706.37 63.95 -7.84 -3.67
1716.87 61.50 -7.64 -4.51 1706.16 64.00 -9.43 -4.57
1716.45 61.60 -8.02 -4.17 1705.95 64.05 9.17 -4.55
1716.24 61.65 -8.27 -4.50 1705.74 64.10 -9.05 -4.09
1716.02 61.70 -8.74 -4.36 1705.53 64.15 -8.75 -3.90
1715.81 61.75 -9.11 -5.07 1704.91 64.30 -8.48 -4.79
1715.60 61.80 -9.47 -4.35 1704.70 64.35 -8.70 -4.09
1715.38 61.85 -9.52 -4.75 1704.49 64.40 -8.37 -3.98
1715.17 61.90 -9.69 -4.54 1704.29 64.45 -9.10 -5.01
1714.96 61.95 -9.51 -5.39 1704.08 64.50 -8.03 -5.18
1714.74 62.00 -9.78 -4.44 1703.88 64.55 -1.47 -3.77
1714.53 62.05 -8.70 -4.35 1703.67 64.60 -7.46 -3.73
1714.32 62.10 -8.83 -4.28 1703.47 64.65 -7.82 -3.99
1714.10 62.15 -9.29 -5.29 1703.27 64.70 -1.71 -3.73
1713.89 62.20 -9.18 -4.07 1703.06 64.75 -9.06 -4.35
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1702.86 64.80 -8.00 -3.82 1693.91 67.35 -1.91 -4.01
1702.66 64.85 -8.13 -4.04 1693.77 67.40 -1.75 -3.59
1702.46 64.90 -8.27 -3.86 1693.62 67.45 -7.40 -4,04
1702.26 64.95 -8.03 -3.71 1693.49 67.50 -8.27 -3.45
1702.06 65.00 -8.27 -3.95 1693.35 67.55 -7.90 -3.67
1701.87 65.05 -8.10 -3.81 1693.21 67.60 -7.62 -3.77
1701.67 65.10 -7.94 -3.89 1693.07 67.65 -7.58 -4.35
1701.08 65.25 -7.11 -4.82 1692.92 67.70 -7.78 -3.61
1700.89 65.30 -9.94 -4.32 1692.78 67.75 -7.89 -4.58
1700.70 65.35 147 -5.05 1692.49 67.85 -8.40 -4.22
1700.51 65.40 -7.41 -3.74 1692.19 67.95 -8.59 -5.84
1700.12 65.50 -8.55 -3.90 1691.88 68.05 -8.74 -5.42
1699.93 65.55 -8.60 -3.78 1691.73 68.10 -8.91 -4.07
1699.75 65.60 -8.66 -4.12 1691.57 68.15 -9.07 -4.59
1699.56 65.65 -9.55 -4.03 1691.26 68.25 -9.04 -5.14
1699.37 65.70 -8.69 -4.37 1691.10 68.30 -8.84 -4.56
1699.19 65.75 -8.96 -4.65 1690.94 68.35 -9.08 -5.18
1698.82 65.85 -9.61 -4.33 1690.77 68.40 -8.88 -4.40
1698.64 65.90 -9.49 -4.17 1690.61 68.45 -9.39 -5.07
1698.46 65.95 -6.58 -3.27 1690.45 68.50 -8.78 -5.02
1698.28 66.00 -9.54 -4.35 1690.28 68.55 9.25 -5.60
1698.10 66.05 -9.47 -4.19 1690.11 68.60 -9.49 -5.16
1697.92 66.10 -9.22 -4.41 1689.95 68.65 -9.27 -4.91
1697.75 66.15 9.15 -4.39 1689.78 68.70 -9.16 -5.23
1697.57 66.20 9.12 -4.04 1689.60 68.75 -8.43 -4.81
1697.40 66.25 -9.09 -4.51 1689.43 68.80 -8.75 -5.61
1697.22 66.30 -8.99 -4.36 1689.26 68.85 -8.75 -5.36
1697.05 66.35 -9.35 -4.90 1689.09 68.90 9.25 -5.20
1696.88 66.40 -8.74 -4.67 1688.91 68.95 -9.59 -5.26
1696.55 66.50 -8.38 -4.15 1688.73 69.00 -8.89 -4.48
1696.38 66.55 -7.53 -4.04 1688.56 69.05 -8.84 -4.56
1696.05 66.65 9.15 -5.62 1688.38 69.10 -8.97 -4.89
1695.89 66.70 -8.12 -3.64 1688.20 69.15 -9.08 -5.68
1695.73 66.75 -6.93 -3.87 1688.02 69.20 -9.04 -4.75
1695.41 66.85 6.72 -3.25 1687.83 69.25 -8.94 -5.00
1695.25 66.90 -6.71 -3.21 1687.65 69.30 -9.08 -4.67
1695.10 66.95 -6.88 -3.46 1687.47 69.35 -8.87 -5.46
1694.94 67.00 -8.15 -4.58 1687.28 69.40 -9.45 -5.01
1694.79 67.05 -1.78 -3.77 1687.10 69.45 -9.95 -5.29
1694.64 67.10 -8.21 -4.09 1686.91 69.50 -9.76 -4.49
1694.49 67.15 -9.00 -4.11 1686.72 69.55 -8.67 -4.89
1694.34 67.20 -8.91 -3.92 1686.53 69.60 -10.03 -4.46
1694.20 67.25 -8.65 -4.21 1686.34 69.65 -10.02 -5.10
1694.05 67.30 -9.27 -4.19 1686.15 69.70 -9.94 -4.60
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1685.96 69.75 9.79 -5.71 1676.37 72.05 -10.10 -4,35
1685.77 69.80 -9.20 -4.85 1676.15 72.10 -10.18 -4.67
1685.57 69.85 -8.47 -5.27 1675.92 7215 -10.39 -4.90
1685.38 69.90 -9.63 -5.13 1675.48 72.25 -10.06 -4.61
1685.18 69.95 9.73 -4.78 1675.26 72.30 -9.65 -4.60
1684.99 70.00 -10.06 -5.19 1675.04 72.35 -9.50 -5.03
1684.79 70.05 -8.04 -4.20 1674.82 72.40 -9.44 -4.49
1684.59 70.10 -10.32 -4.59 1674.60 72.45 -9.69 -4.78
1684.39 70.15 -8.77 -5.45 1674.37 72.50 9.18 -5.45
1684.19 70.20 -7.26 -4.39 1674.15 72.55 -9.45 -4.00
1683.99 70.25 -9.13 -5.76 1673.93 72.60 -8.02 -4.23
1683.79 70.30 -8.61 -4.45 1673.71 72.65 -9.05 -4.22
1683.59 70.35 -8.59 -4.95 1673.49 72.70 -9.50 -4.88
1683.39 70.40 -6.07 -4.26 1673.26 72.75 -9.71 -4,34
1683.18 70.45 -7.95 -4.21 1673.04 72.80 -9.36 -4.37
1682.98 70.50 -8.04 -4.45 1672.82 72.85 -7.66 -4.13
1682.77 70.55 -8.61 -6.14 1672.59 72.90 -8.46 -4.44
1682.57 70.60 -8.74 -4.40 1672.37 72.95 -9.16 -5.34
1682.36 70.65 -8.62 -5.02 1671.92 73.05 -9.26 -4.82
1682.16 70.70 -8.85 -4.73 1671.70 73.10 -8.85 -4.45
1681.95 70.75 -7.93 -4.25 1671.48 73.15 -9.52 -5.22
1681.74 70.80 -8.77 -4.76 1671.25 73.20 -9.42 -4.84
1681.53 70.85 -8.63 -4.44 1671.03 73.25 -9.49 -5.23
1681.32 70.90 -9.65 -4.66 1670.81 73.30 -8.40 -4.59
1681.11 70.95 -8.91 -4.71 1670.58 73.35 -1.91 -3.89
1680.90 71.00 9.14 -4.39 1670.36 73.40 -8.73 -4.35
1680.69 71.05 -9.10 -5.96 1670.14 73.45 -8.66 -3.46
1680.48 71.10 9.25 -4.40 1669.92 73.50 -8.48 -4.18
1680.27 7115 -8.29 -4.35 1669.69 73.55 -8.54 -3.79
1680.05 71.20 -9.00 -4.45 1669.47 73.60 -8.81 -3.65
1679.84 71.25 -8.98 -5.19 1669.25 73.65 -8.89 -4.33
1679.63 71.30 -9.13 -4.97 1669.02 73.70 9.25 -3.93
1679.41 71.35 -9.27 -5.00 1668.80 73.75 -10.69 -4.83
1679.20 71.40 -9.52 -4.15 1668.58 73.80 -9.60 -5.83
1678.77 71.50 -9.20 -4.22 1668.36 73.85 9.25 -6.24
1678.55 71.55 -10.27 477 1668.14 73.90 -9.23 -4.33
1678.12 71.65 -9.94 -4.51 1667.91 73.95 -1.77 -3.54
1677.90 71.70 -8.89 -4.82 1667.69 74.00 -8.68 -3.74
1677.68 71.75 -9.62 -4.55 1667.47 74.05 -5.87 -3.95
1677.46 71.80 -9.11 -5.20 1667.25 7410 -5.70 -3.84
1677.24 71.85 -9.38 -4.33 1667.03 7415 -5.75 -3.85
1677.02 71.90 -9.53 4,34 1666.81 74.20 -5.71 -3.83
1676.80 71.95 9.72 -4.07 1666.59 74.25 -5.80 -3.42
1676.59 72.00 -9.98 -4.23 1666.37 74.30 -5.78 -3.55
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1666.15 74.35 -6.02 -4.99 1656.62 76.65 -8.04 -4.26
1665.71 74.45 -7.04 -3.77 1656.43 76.70 -7.46 -4.03
1665.49 74.50 -8.75 -4.58 1656.24 76.75 -1.67 -3.75
1665.28 74.55 -9.43 -5.16 1656.05 76.80 -8.00 -4.08
1665.06 74.60 -9.01 -4.35 1655.87 76.85 -8.20 -5.08
1664.84 74.65 6.77 -4.06 1655.68 76.90 -8.60 -4.15
1664.62 74.70 -8.67 -4.99 1655.50 76.95 -9.07 -4.88
1664.41 74.75 -9.19 -6.84 1655.31 77.00 -10.87 -4.83
1664.19 74.80 -8.15 -4.90 1655.13 77.05 -10.03 -4.65
1663.98 74.85 -7.86 -3.33 1654.95 77.10 -8.17 -3.61
1663.76 74.90 -8.33 -3.87 1654.77 7715 -10.38 -5.04
1663.33 75.00 9.15 -4.27 1654.59 77.20 -10.43 477
1663.12 75.05 -10.33 -4.24 1654.41 77.25 -10.45 -5.05
1662.90 75.10 -10.95 -4.63 1654.23 77.30 -10.53 -4.98
1662.69 75.15 -8.30 -4.12 1654.06 77.35 -8.24 477
1662.48 75.20 -8.47 -3.86 1653.71 7745 -9.83 -4.14
1662.27 75.25 -8.10 -4.46 1653.53 77.50 -9.49 -4.40
1662.06 75.30 -9.19 -4.00 1653.36 77.55 9.21 -4.49
1661.85 75.35 -9.67 -4.24 1653.19 77.60 -9.92 -5.17
1661.64 75.40 -11.67 -6.25 1653.02 77.65 -9.57 -4.74
1661.43 75.45 -11.07 -5.03 1652.85 77.70 -9.96 -4.66
1661.22 75.50 -8.08 -3.90 1652.69 77.75 -8.82 -7.40
1661.01 75.55 -8.38 -4.57 1652.52 77.80 -9.94 -4.62
1660.80 75.60 -7.03 -3.83 1652.36 77.85 -9.88 -4.25
1660.60 75.65 -10.33 -4.44 1652.19 77.90 -10.18 -4.68
1660.39 75.70 -10.76 -4.63 1652.03 77.95 -9.26 -6.23
1660.19 75.75 -10.12 -5.26 1651.87 78.00 -9.42 -4.44
1659.98 75.80 -9.64 -4.73 1651.71 78.05 -9.31 -4.20
1659.78 75.85 -8.81 -4.55 1651.55 78.10 -8.80 -4.21
1659.57 75.90 -8.50 -3.93 1651.40 78.15 -8.86 -4.27
1659.37 75.95 -8.11 -4.17 1651.24 78.20 -8.78 -3.80
1659.17 76.00 -8.54 -4.61 1651.09 78.25 -9.30 -4.28
1658.97 76.05 -9.26 -4.23 1650.93 78.30 -9.40 -4.30
1658.77 76.10 -9.48 -4.32 1650.78 78.35 -8.93 -4.04
1658.57 76.15 -9.42 -5.14 1650.63 78.40 -9.02 -4.35
1658.37 76.20 -9.65 -5.58 1650.49 78.45 -9.39 -4.17
1658.17 76.25 -9.47 -4.37 1650.34 78.50 -8.24 -4.37
1657.98 76.30 -9.65 -5.33 1650.19 78.55 -7.30 -4.08
1657.78 76.35 -9.24 -4.48 1650.05 78.60 -6.45 -3.95
1657.58 76.40 9.14 -4.32 1649.91 78.65 -6.58 -3.87
1657.39 76.45 -9.22 -4.73 1649.77 78.70 -7.13 -3.64
1657.20 76.50 -8.94 -4.09 1649.63 78.75 -10.09 -5.08
1657.00 76.55 -9.29 -5.14 1649.49 78.80 -9.05 -4.72
1656.81 76.60 -7.98 -4.07 1649.35 78.85 -9.68 -4.27
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1649.08 78.95 -7.89 -4.13 1643.90 81.35 -8.81 -6.00
1648.95 79.00 -8.56 -4.45 1643.80 81.40 -8.22 -4.30
1648.82 79.05 -8.99 -4.24 1643.58 81.50 -9.37 -3.59
1648.69 79.10 -10.13 -4.84 1643.47 81.55 -9.82 -4.43
1648.56 79.15 9.78 -4.81 1643.37 81.60 -9.93 -4.41
1648.44 79.20 -9.75 -4.55 1643.26 81.65 -9.86 -5.59
1648.31 79.25 -8.73 -4.82 1643.15 81.70 -9.54 -4.83
1648.19 79.30 -8.71 -4.60 1643.04 81.75 -9.28 -4.09
1648.07 79.35 -8.97 -4.32 1642.93 81.80 -8.84 -4.28
1647.95 79.40 -9.30 -5.43 1642.82 81.85 -8.30 -3.62
1647.83 79.45 -10.14 -5.18 1642.71 81.90 -7.92 -3.77
1647.72 79.50 -9.17 -4.61 1642.60 81.95 -1.73 -4.24
1647.60 79.55 9.17 -4.65 1642.49 82.00 -8.01 -3.52
1647.49 79.60 -9.03 -4.64 1642.38 82.05 -9.28 -4.27
1647.38 79.65 -7.13 -4.60 1642.27 82.10 -7.69 -4.61
1647.17 79.75 -9.60 -5.03 1642.16 82.15 -1.32 -6.04
1647.06 79.80 -9.53 -4.60 1642.05 82.20 -7.45 -3.32
1646.96 79.85 -9.17 -4 47 1641.94 82.25 -7.23 -4.16
1646.86 79.90 -8.97 -4.42 1641.83 82.30 -7.55 -3.39
1646.76 79.95 -8.99 -4.15 1641.71 82.35 -7.54 -3.90
1646.66 80.00 -9.44 -4.29 1641.60 82.40 -7.62 -3.37
1646.56 80.05 -9.47 -4.82 1641.38 82.50 -9.01 -4.94
1646.46 80.10 -9.76 -4.27 1641.26 82.55 -8.13 -4.36
1646.36 80.15 -9.49 -5.81 1641.15 82.60 -8.18 -3.40
1646.27 80.20 -9.70 -4.41 1641.04 82.65 -8.54 -5.92
1646.17 80.25 -9.71 -4.20 1640.92 82.70 -8.55 -3.85
1646.07 80.30 -9.16 -4.37 1640.81 82.75 -8.45 -4.82
1645.97 80.35 -8.99 -4.12 1640.70 82.80 -8.65 -4.53
1645.87 80.40 -8.96 -4.35 1640.58 82.85 -8.27 5.77
1645.77 80.45 -8.85 -5.65 1640.47 82.90 -1.17 -3.45
1645.67 80.50 -8.74 -4.03 1640.35 82.95 -9.01 -5.52
1645.57 80.55 -8.81 -6.46 1640.24 83.00 -8.49 -4.99
1645.47 80.60 -9.37 -4.14 1640.12 83.05 -8.75 517
1645.36 80.65 -9.24 -4.02 1640.01 83.10 -8.73 -3.79
1645.26 80.70 9.75 -3.87 1639.89 83.15 -8.13 -4.86
1645.16 80.75 -9.52 -5.00 1639.78 83.20 -1.37 -3.29
1645.06 80.80 -9.63 -4.08 1639.66 83.25 -7.56 -4.87
1644.85 80.90 -7.01 -3.39 1639.55 83.30 -1.74 -3.30
1644.75 80.95 -8.91 -4.77 1639.43 83.35 -1.75 -3.32
1644 .64 81.00 -9.50 -4.10 1639.31 83.40 -6.85 -4.06
1644.54 81.05 -9.42 -4.30 1639.08 83.50 -6.89 -2.81
1644.43 81.10 -9.06 -4.98 1638.96 83.55 -6.49 -4.00
1644.33 81.15 -8.96 -4.32 1638.85 83.60 6.78 277
1644.22 81.20 -8.96 -4.05 1638.73 83.65 -6.10 -2.94
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1638.61 83.70 -6.32 -2.51 1632.64 86.20 -8.86 -4.16
1638.50 83.75 -6.14 2.72 1632.52 86.25 -9.21 -3.57
1638.26 83.85 -9.34 -4.40 1632.40 86.30 -8.92 -4.18
1637.91 84.00 -6.93 -2.90 1632.28 86.35 -9.00 -4.74
1637.79 84.05 -7.36 -3.15 1632.16 86.40 -9.09 -5.62
1637.67 84.10 -7.50 -3.08 1632.04 86.45 9.72 -3.86
1637.55 84.15 -7.58 -3.80 1631.92 86.50 -9.60 -5.15
1637.43 84.20 -7.56 -2.93 1631.80 86.55 9.12 -5.16
1637.32 84.25 -7.49 -4.37 1631.68 86.60 -9.59 -5.63
1637.20 84.30 -7.85 -3.80 1631.56 86.65 -9.35 -5.20
1637.08 84.35 6.72 -4.13 1631.44 86.70 -9.09 -4.18
1636.96 84.40 -8.11 -3.45 1631.32 86.75 -8.23 4,02
1636.84 84.45 -7.96 -4.79 1631.20 86.80 -8.49 -3.43
1636.72 84.50 -7.89 -4.54 1631.08 86.85 -8.27 -3.88
1636.60 84.55 -9.02 -4.98 1630.96 86.90 -8.10 -3.35
1636.48 84.60 -8.00 -4.68 1630.84 86.95 -8.31 -3.67
1636.36 84.65 -9.04 -4.26 1630.72 87.00 -8.58 -3.84
1636.24 84.70 -7.54 -3.65 1630.60 87.05 -8.91 -4.43
1636.00 84.80 -7.81 -3.31 1630.48 87.10 -8.99 -4.64
1635.88 84.85 -1.73 -4.27 1630.36 87.15 -9.58 -3.97
1635.77 84.90 -8.10 -3.63 1630.24 87.20 -9.96 -4.10
1635.65 84.95 -8.58 -3.80 1630.12 87.25 -10.36 -4.20
1635.53 85.00 -9.80 -4.08 1630.00 87.30 -10.58 -4.24
1635.41 85.05 -8.62 -4.14 1629.88 87.35 -10.52 -4.53
1635.29 85.10 -10.36 -4.95 1629.76 87.40 -9.87 -3.94
1635.17 85.15 -8.90 -4.16 1629.64 87.45 -9.50 -4.23
1635.05 85.20 -9.18 -5.07 1629.53 87.50 -9.02 -3.87
1634.93 85.25 -9.34 -5.05 1629.41 87.55 -9.06 -4.87
1634.80 85.30 -9.76 -3.99 1629.29 87.60 -8.84 -3.84
1634.68 85.35 -9.87 -4.99 1629.17 87.65 -8.92 -4.13
1634.56 85.40 -10.73 -6.38 1628.93 87.75 -9.38 -4.14
1634.44 85.45 -10.55 -4.16 1628.82 87.80 -9.52 -4.26
1634.32 85.50 -10.56 -4.78 1628.70 87.85 -9.99 -4.25
1634.20 85.55 -10.44 -5.21 1628.58 87.90 -10.33 -4.48
1634.08 85.60 -10.58 -4.28 1628.46 87.95 -10.38 -4.73
1633.84 85.70 -10.36 -4.15 1628.35 88.00 -10.58 -5.24
1633.72 85.75 -10.15 -4.78 1628.23 88.05 -10.70 -4.56
1633.60 85.80 -9.86 -4.19 1628.11 88.10 -10.96 -4.57
1633.48 85.85 -9.53 -4.13 1627.99 88.15 -10.99 -4.27
1633.36 85.90 -9.57 -4.28 1627.88 88.20 -10.66 -4.48
1633.24 85.95 -9.34 -3.84 1627.76 88.25 -10.47 -4.60
1633.00 86.05 -8.95 -4.06 1627.64 88.30 -10.45 -4.63
1632.88 86.10 -8.46 -3.74 1627.53 88.35 -10.78 -4,94
1632.76 86.15 -8.94 -5.55 1627.41 88.40 -9.90 -4.54
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1627.30 88.45 -8.66 -4.46 1622.30 90.70 -9.30 -4.56
1627.18 88.50 -10.14 -4.19 1622.20 90.75 9.77 -3.99
1627.06 88.55 -9.60 -4.22 1622.10 90.80 -10.70 -5.16
1626.95 88.60 9.75 -4.32 1621.99 90.85 -10.18 -4.28
1626.83 88.65 -9.69 -4.77 1621.89 90.90 -9.85 -4.50
1626.72 88.70 -9.69 -5.96 1621.79 90.95 -9.92 -3.57
1626.60 88.75 9.79 -4.80 1621.68 91.00 -9.97 -3.55
1626.49 88.80 -9.34 -3.97 1621.58 91.05 9.25 -3.92
1626.37 88.85 9.15 -3.37 1621.48 91.10 -8.96 -6.03
1626.26 88.90 -9.29 -3.84 1621.38 91.15 -8.86 -3.74
1626.14 88.95 -9.47 -3.71 1621.27 91.20 -8.74 -3.93
1626.03 89.00 -9.36 -3.97 1621.17 91.25 -8.84 -4.53
1625.92 89.05 -9.00 -3.85 1621.07 91.30 -8.93 -3.91
1625.80 89.10 -8.97 -4.06 1620.97 91.35 -9.47 -4.35
1625.69 89.15 -8.61 -4.14 1620.87 91.40 -9.75 -4.19
1625.58 89.20 -8.56 -4.48 1620.67 91.50 -10.35 -5.26
1625.46 89.25 -8.86 -3.22 1620.57 91.55 -11.03 -4.30
1625.35 89.30 -8.66 -3.57 1620.48 91.60 -11.26 -4.42
1625.24 89.35 -8.63 -3.77 1620.38 91.65 -11.28 -4.85
1625.13 89.40 -8.74 -3.73 1620.28 91.70 -10.64 -4.73
1625.02 89.45 -8.46 -4.53 1620.18 91.75 -9.93 -4.59
1624.90 89.50 -8.41 -3.89 1620.09 91.80 -8.71 -4.35
1624.79 89.55 -8.58 -3.24 1619.99 91.85 -1.79 -3.65
1624.68 89.60 -8.36 -3.72 1619.89 91.90 -7.81 -3.07
1624.57 89.65 -8.31 -3.43 1619.80 91.95 -8.38 -5.02
1624.46 89.70 -8.84 -4.49 1619.70 92.00 -9.07 -3.67
1624.35 89.75 -9.02 -3.76 1619.61 92.05 -9.48 -4.37
1624.13 89.85 -9.52 -4.03 1619.51 92.10 -10.48 -4.21
1624.02 89.90 -10.05 -5.38 1619.42 92.15 -10.92 -4 47
1623.91 89.95 -10.36 -4.33 1619.33 92.20 -10.26 -4.97
1623.80 90.00 -10.16 -4.66 1619.23 92.25 -11.16 -4.92
1623.69 90.05 -10.70 -3.71 1619.14 92.30 -10.93 -4.50
1623.58 90.10 -11.16 -5.41 1619.05 92.35 -10.43 -4.70
1623.48 90.15 -11.26 -4.33 1618.96 92.40 -10.53 -4.33
1623.37 90.20 -11.38 -4.62 1618.86 92.45 -10.00 -4.01
1623.26 90.25 -11.46 -4.18 1618.77 92.50 -10.64 -5.90
1623.15 90.30 -11.10 -3.99 1618.68 92.55 -9.04 -4.21
1623.05 90.35 -10.95 -4.54 1618.59 92.60 -9.10 -4.03
1622.94 90.40 -10.54 -4.39 1618.50 92.65 -9.28 -4.14
1622.83 90.45 -10.19 -4.52 1618.41 92.70 -9.71 -4.59
1622.73 90.50 9.72 -4.54 1618.32 92.75 -9.28 -3.72
1622.62 90.55 -9.40 -5.37 1618.24 92.80 -10.12 -4.63
1622.51 90.60 -8.07 -3.73 1618.15 92.85 -10.31 -4.95
1622.41 90.65 -8.99 -4.21 1618.06 92.90 -10.74 -4.13
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1617.97 92.95 -10.89 -4.72 1614.61 95.20 -9.34 -4.81
1617.89 93.00 -10.78 -4.75 1614.55 95.25 -11.32 -4.23
1617.80 93.05 -11.42 -4.54 1614.49 95.30 -10.97 -7.28
1617.72 93.10 -11.50 -4.48 1614.43 95.35 -11.36 -4.23
1617.63 93.15 -11.63 -4.71 1614.37 95.40 -11.38 -4.55
1617.55 93.20 -11.38 -5.36 1614.31 95.45 -11.24 4,31
1617.46 93.25 -11.89 -4.62 1614.25 95.50 -11.25 -4.33
1617.38 93.30 -11.98 -5.18 1614.20 95.55 -11.15 -3.99
1617.30 93.35 -11.82 -5.35 1614.14 95.60 -10.90 -5.43
1617.21 93.40 -12.05 -6.35 1614.08 95.65 -10.82 -4.38
1617.13 93.45 -12.12 -5.52 1614.03 95.70 -9.69 -5.00
1617.05 93.50 -12.31 -4.66 1613.97 95.75 -9.61 -4.32
1616.97 93.55 -12.18 -5.20 1613.87 95.85 -9.13 -4.03
1616.89 93.60 -12.06 -4.70 1613.81 95.90 -9.32 -5.13
1616.81 93.65 -11.45 -5.07 1613.76 95.95 9.72 -5.01
1616.73 93.70 -11.12 -4.72 1613.71 96.00 -9.68 -4.56
1616.65 93.75 -11.00 -4.86 1613.66 96.05 -10.21 -4.38
1616.57 93.80 -10.78 -4.41 1613.61 96.10 -10.31 -4.22
1616.50 93.85 -10.48 -4.56 1613.55 96.15 -10.21 -3.95
1616.42 93.90 -10.25 -4.81 1613.50 96.20 -10.01 -4.11
1616.34 93.95 -10.23 -4.14 1613.45 96.25 -9.44 -4.82
1616.27 94.00 -10.36 -4.84 1613.40 96.30 -9.44 -3.99
1616.19 94.05 -9.37 -4.72 1613.35 96.35 -9.33 -4.02
1616.12 94.10 -10.83 -4.23 1613.19 96.50 -9.36 -4.23
1616.04 94.15 -11.01 -4,04 1613.14 96.55 -10.11 -4.41
1615.97 94.20 -11.04 -4.17 1613.09 96.60 -10.19 -4.61
1615.82 94.30 -9.87 -4.95 1613.04 96.65 -10.52 -4.35
1615.75 94.35 -11.19 -4.46 1612.99 96.70 -10.43 -4,01
1615.68 94.40 -11.29 -5.26 1612.93 96.75 -10.78 -4.73
1615.61 94.45 -10.95 -3.98 1612.88 96.80 -11.05 -4.55
1615.54 94.50 -11.08 -4.92 1612.83 96.85 -11.28 -4.26
1615.47 94.55 -10.79 -3.81 1612.78 96.90 -11.21 -4.37
1615.40 94.60 -10.87 -4.65 1612.72 96.95 -11.44 -4.59
1615.33 94.65 -10.53 5.1 1612.67 97.00 -11.44 -4.90
1615.26 94.70 -10.66 -4.28 1612.62 97.05 -10.88 -5.55
1615.19 94.75 -10.64 -4.93 1612.57 97.10 -11.33 -4.87
1615.13 94.80 -10.51 -3.99 1612.51 97.15 -10.86 -5.13
1615.06 94.85 -10.65 -4.44 1612.46 97.20 -11.34 -4.23
1614.99 94.90 -10.71 -4.19 1612.41 97.25 -11.21 -4.63
1614.93 94.95 -10.74 -4.36 1612.35 97.30 -11.14 -4.85
1614.86 95.00 -11.03 -4.07 1612.30 97.35 -10.95 -4.39
1614.80 95.05 -11.03 4,31 1612.25 97.40 -10.78 -4.62
1614.74 95.10 -11.34 -4.45 1612.20 97.45 -10.40 -4.44
1614.67 95.15 -11.22 -4.60 1612.14 97.50 -10.72 4,31
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1612.09 97.55 -10.44 -4.82 1609.65 99.80 -8.77 -4.72
1612.04 97.60 -10.49 -4.36 1609.59 99.85 -8.76 -4.51
1611.98 97.65 -10.19 -5.21 1609.54 99.90 -9.33 -3.62
1611.93 97.70 -10.90 -4.49 1609.48 99.95 -8.97 -4.30
1611.88 97.75 -11.15 -4.10 1609.42 100.00 -8.85 -3.76
1611.82 97.80 -10.51 -6.03 1609.37 100.05 -8.72 -3.92
1611.77 97.85 -11.35 -4.21 1609.31 100.10 -8.46 -3.06
1611.72 97.90 -11.53 -4 47 1609.26 100.15 -10.52 -4.84
1611.66 97.95 -11.66 -4.95 1609.20 100.20 -8.66 5.1
1611.61 98.00 -11.69 -4.41 1609.15 100.25 -8.21 -4.52
1611.55 98.05 -11.76 5.1 1609.09 100.30 -9.01 -4.64
1611.50 98.10 -11.94 -5.75 1609.04 100.35 -8.67 -4.15
1611.45 98.15 -11.40 -4.60 1608.98 100.40 -9.26 -3.59
1611.39 98.20 -11.87 -4.19 1608.93 100.45 -9.56 -4.47
1611.34 98.25 -11.62 -6.03 1608.87 100.50 -9.58 -4.64
1611.29 98.30 -11.73 -4.64 1608.82 100.55 -9.86 -4.15
1611.23 98.35 -11.35 -4.88 1608.76 100.60 -9.84 -4.29
1611.18 98.40 -11.36 -4.41 1608.70 100.65 -11.19 -4.48
1611.12 98.45 -10.88 -4.24 1608.65 100.70 -10.27 -4.38
1611.01 98.55 -11.12 -4.69 1608.59 100.75 -10.14 -4.57
1610.96 98.60 -11.01 -4.53 1608.54 100.80 -10.07 -4.34
1610.91 98.65 -11.01 -3.89 1608.48 100.85 -9.31 -4.58
1610.85 98.70 -11.05 -5.55 1608.43 100.90 -9.48 -4.72
1610.80 98.75 -11.19 -4.52 1608.37 100.95 -8.81 -4.36
1610.74 98.80 -11.15 -3.83 1608.31 101.00 -9.53 -4.08
1610.69 98.85 -10.16 -4.82 1608.26 101.05 -10.21 -5.03
1610.63 98.90 -9.85 -4.30 1608.20 101.10 -9.60 -4.11
1610.58 98.95 -9.45 -4.84 1608.15 101.15 -9.33 -4.55
1610.52 99.00 -11.09 -4.12 1608.09 101.20 -9.54 -4.95
1610.47 99.05 -11.18 -4.00 1608.04 101.25 -9.16 -4.15
1610.42 99.10 -11.13 -3.91 1607.98 101.30 -9.90 -5.14
1610.36 99.15 -11.37 -4.03 1607.92 101.35 -10.06 -4.70
1610.31 99.20 -11.21 -4.11 1607.87 101.40 -9.90 -4.64
1610.25 99.25 -11.14 -5.75 1607.81 101.45 -11.20 -4.56
1610.20 99.30 -10.77 -4.54 1607.76 101.50 -9.93 -5.26
1610.14 99.35 -10.55 -4.56 1607.70 101.55 -10.42 -5.19
1610.09 99.40 -10.74 -3.76 1607.64 101.60 -10.37 -4.14
1610.03 99.45 -11.00 -5.05 1607.59 101.65 -10.64 -4.64
1609.98 99.50 -10.72 -4.50 1607.53 101.70 -10.75 -4.86
1609.92 99.55 -10.32 -3.87 1607.48 101.75 -10.42 -4.55
1609.87 99.60 -10.10 -4.01 1607.42 101.80 -8.32 -2.58
1609.81 99.65 -9.59 -3.68 1607.36 101.85 -10.41 -4.11
1609.76 99.70 -9.97 -4.67 1607.31 101.90 -10.26 -4.20
1609.70 99.75 -9.42 -5.29 1607.25 101.95 -9.49 -4.15
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1607.20 102.00 -9.08 -4.24 1604.68 104.25 -9.50 -4.91
1607.14 102.05 -9.24 -3.64 1604.63 104.30 -9.43 -4.26
1607.08 102.10 -9.22 -4.06 1604.57 104.35 -9.49 -5.96
1607.03 102.15 9.25 -4.09 1604.52 104.40 -9.66 -4.29
1606.97 102.20 -9.23 -3.73 1604.41 104.50 -9.64 -4.40
1606.92 102.25 -8.90 -3.81 1604.35 104.55 -9.53 -3.94
1606.86 102.30 -9.03 -4.99 1604.29 104.60 -9.63 -4.28
1606.80 102.35 -9.32 -4.38 1604.24 104.65 -9.63 -5.01
1606.75 102.40 -9.36 -4.07 1604.18 104.70 -9.53 -4.84
1606.69 102.45 9.12 -3.79 1604.13 104.75 -9.45 -4.36
1606.64 102.50 -9.37 -4.69 1604.07 104.80 -9.57 -4.49
1606.58 102.55 -8.22 -3.99 1604.02 104.85 -9.45 4,02
1606.52 102.60 -8.50 -3.86 1603.96 104.90 -9.33 -4.19
1606.47 102.65 -8.41 -3.56 1603.91 104.95 9.17 -4.29
1606.41 102.70 -8.78 -3.57 1603.85 105.00 -8.91 -3.91
1606.36 102.75 -8.85 -4.86 1603.80 105.05 9.14 -4.49
1606.30 102.80 -8.92 -4.48 1603.74 105.10 -9.50 -4.50
1606.25 102.85 9.1 -3.74 1603.69 105.15 -9.51 -5.13
1606.19 102.90 -9.06 -3.56 1603.63 105.20 9.77 -4.98
1606.13 102.95 -11.44 -4.58 1603.58 105.25 -9.68 -5.16
1606.08 103.00 -8.93 -4.35 1603.52 105.30 -9.90 -4.60
1606.02 103.05 -9.30 -4.01 1603.47 105.35 -9.66 -4.30
1605.97 103.10 9.21 -3.97 1603.41 105.40 9.77 -4.43
1605.91 103.15 -8.99 -4.21 1603.36 105.45 -9.47 -4.86
1605.85 103.20 -9.04 -4.21 1603.25 105.55 -9.47 -6.61
1605.80 103.25 -9.07 -4.03 1603.19 105.60 -9.26 -4.43
1605.74 103.30 -8.78 5.1 1603.14 105.65 -8.75 -4.59
1605.69 103.35 -9.40 -4.13 1603.08 105.70 -9.16 -4.59
1605.63 103.40 -9.50 -4.15 1603.03 105.75 -9.26 -4.46
1605.57 103.45 -9.52 -4.09 1602.97 105.80 -9.49 -4.10
1605.52 103.50 -9.32 -4.34 1602.92 105.85 -11.25 -4.72
1605.46 103.55 -9.66 -4.37 1602.87 105.90 -9.71 -4.73
1605.35 103.65 -9.46 -4.26 1602.81 105.95 -9.69 -5.22
1605.30 103.70 -9.90 -3.99 1602.76 106.00 -9.89 -4.32
1605.24 103.75 -9.80 -6.10 1602.70 106.05 -9.65 -5.19
1605.18 103.80 -9.93 -5.07 1602.65 106.10 -9.81 -4.98
1605.13 103.85 -9.97 -4.37 1602.59 106.15 -9.81 -4.84
1605.07 103.90 -9.83 -4.51 1602.53 106.20 -9.86 -4.97
1605.02 103.95 -9.55 -4.19 1602.47 106.25 -9.61 -4.18
1604.96 104.00 -9.80 -4.13 1602.42 106.30 -9.04 -4.35
1604.91 104.05 -9.31 -4.00 1602.36 106.35 -9.53 -4.35
1604.85 104.10 -8.99 -4.23 1602.30 106.40 -9.45 -4.40
1604.79 104.15 -9.61 -4.21 1602.24 106.45 -9.76 -5.19
1604.74 104.20 -9.65 -4.86 1602.17 106.50 -10.05 -4.47
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1602.11 106.55 -9.47 -4.98 1598.67 108.75 -9.95 -4.57
1602.05 106.60 -10.08 -5.02 1598.57 108.80 -9.60 -4.50
1601.98 106.65 -9.90 -4.80 1598.48 108.85 -10.00 -4.12
1601.92 106.70 -9.47 -5.02 1598.39 108.90 -9.40 -4.28
1601.85 106.75 -9.94 -4.59 1598.29 108.95 -9.66 -4.78
1601.79 106.80 -10.03 -5.24 1598.20 109.00 9.4 -3.84
1601.72 106.85 -9.83 -4.20 1598.10 109.05 -9.56 -4.24
1601.65 106.90 9.78 -5.07 1598.00 109.10 -9.53 -4.73
1601.58 106.95 -9.88 -4.80 1597.91 109.15 -9.56 -4.17
1601.51 107.00 -9.65 -4.54 1597.81 109.20 -9.46 -4.73
1601.45 107.05 -9.91 -5.42 1597.71 109.25 -9.52 -4.57
1601.37 107.10 -9.87 -4.87 1597.61 109.30 -9.41 -4.64
1601.30 107.15 -9.63 -4.21 1597.51 109.35 9.4 -4.09
1601.23 107.20 -9.90 -4.10 1597.41 109.40 -9.51 -4.78
1601.16 107.25 -9.99 -4.40 1597.31 109.45 -9.55 -4.34
1601.08 107.30 -9.93 -4.37 1597.21 109.50 -9.56 -3.84
1601.01 107.35 -10.01 -7.12 1597.11 109.55 -11.26 -6.65
1600.94 107.40 -9.93 -3.97 1597.01 109.60 -9.56 -4.49
1600.86 107.45 -9.61 -4.16 1596.91 109.65 -10.51 -6.06
1600.78 107.50 -10.12 -4.76 1596.81 109.70 -10.59 -4.86
1600.71 107.55 -10.24 -4.48 1596.70 109.75 -10.80 -4.38
1600.63 107.60 -10.14 -4.69 1596.60 109.80 -10.79 -4.90
1600.55 107.65 -9.58 -4.70 1596.49 109.85 -11.02 -5.13
1600.47 107.70 -9.47 -4.62 1596.39 109.90 -10.77 -5.90
1600.39 107.75 -9.51 -4.19 1596.28 109.95 -10.75 -4.39
1600.31 107.80 -9.54 -4.44 1596.18 110.00 -10.30 -4.59
1600.23 107.85 -8.95 -4.61 1596.07 110.05 -10.13 -4.60
1600.15 107.90 -9.59 -4.32 1595.96 110.10 -9.97 -4.02
1600.07 107.95 -9.81 -4.34 1595.86 110.15 -10.00 -4.70
1599.98 108.00 -9.86 -5.33 1595.75 110.20 -9.85 -4.65
1599.90 108.05 -9.98 -4.70 1595.64 110.25 9.79 -6.18
1599.82 108.10 9.79 -6.32 1595.53 110.30 -9.83 -4.09
1599.73 108.15 9.79 -4.27 1595.42 110.35 -9.81 -4.00
1599.65 108.20 -9.84 -4.33 1595.31 110.40 -9.85 -3.87
1599.56 108.25 -9.65 -4.32 1595.20 110.45 -9.93 -4.60
1599.47 108.30 -9.68 -4.35 1595.09 110.50 -9.94 -4.42
1599.39 108.35 9.78 -4.38 1594.98 110.55 -10.06 -4.78
1599.30 108.40 9.7 -6.48 1594.87 110.60 -10.00 -4.30
1599.21 108.45 -9.92 -4.27 1594.76 110.65 -9.97 -4.37
1599.12 108.50 -9.89 -4.37 1594.64 110.70 -9.76 -4.61
1599.03 108.55 -9.97 -4.44 1594.53 110.75 -9.85 -4.49
1598.94 108.60 -10.19 -4 47 1594.42 110.80 -9.76 -4.15
1598.85 108.65 -9.54 -5.00 1594.30 110.85 -9.60 -4.46
1598.76 108.70 -9.99 -4.48 1594.19 110.90 -9.82 -4.09
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1594.08 110.95 -9.83 5.77 1588.65 113.15 -9.96 -4.65
1593.96 111.00 -9.92 -4.62 1588.52 113.20 -9.98 -4.85
1593.84 111.05 -10.05 -4.40 1588.39 113.25 9.79 -4.62
1593.73 111.10 -10.17 -4.43 1588.26 113.30 -9.90 -5.36
1593.61 111.15 -10.15 -4.27 1588.13 113.35 -9.85 -4.26
1593.49 111.20 -10.20 -4.37 1587.86 113.45 9.73 -5.07
1593.38 111.25 -10.14 -4.53 1587.73 113.50 -9.65 -4.44
1593.26 111.30 -10.39 -4.43 1587.60 113.55 9.79 -4.54
1593.14 111.35 -10.71 -5.27 1587.47 113.60 -9.91 -4.69
1593.02 111.40 -10.11 -4.27 1587.33 113.65 -10.20 -5.29
1592.90 111.45 -10.66 -4.66 1587.20 113.70 -10.02 -4.69
1592.78 111.50 -10.35 -4.25 1587.07 113.75 -10.04 -4.82
1592.67 111.55 -10.41 -4.61 1586.93 113.80 -9.97 -4.54
1592.55 111.60 -10.85 -4.65 1586.80 113.85 -10.02 -4.62
1592.42 111.65 -10.72 -4.48 1586.67 113.90 -10.39 -5.43
1592.30 111.70 -10.59 -4.84 1586.53 113.95 -10.03 -5.30
1592.18 111.75 -10.59 -4.39 1586.40 114.00 -9.91 -4.88
1592.06 111.80 -10.38 -4.90 1586.26 114.05 -10.28 -4.42
1591.94 111.85 -10.48 -4.62 1586.13 114.10 -10.14 -4.87
1591.82 111.90 -10.34 -4.62 1585.99 114.15 -10.10 -4.48
1591.69 111.95 -10.18 -5.85 1585.86 114.20 -10.13 -4.65
1591.57 112.00 -10.13 -5.44 1585.72 114.25 -10.30 -5.63
1591.45 112.05 -10.10 -4.95 1585.59 114.30 -10.37 -4.56
1591.32 112.10 -9.97 -3.80 1585.45 114.35 -10.35 -4.94
1591.20 112.15 -10.32 -4.94 1585.32 114.40 -10.14 -5.30
1591.08 112.20 -10.46 -6.21 1585.18 114.45 -10.47 -4.67
1590.95 112.25 -9.86 -4.97 1585.05 114.50 -10.05 -6.55
1590.83 112.30 -9.86 -4.44 1584.91 114.55 -10.33 -4.76
1590.70 112.35 -9.69 -4.67 1584.77 114.60 -10.67 -4.96
1590.57 112.40 -9.68 -4.43 1584.64 114.65 -10.84 -4.89
1590.45 112.45 -9.92 -4.79 1584.50 114.70 -10.85 -4.94
1590.32 112.50 -9.84 -4.38 1584.36 114.75 -10.90 -5.23
1590.20 112.55 -9.81 -4.19 1584.22 114.80 -10.65 -4.76
1590.07 112.60 -9.88 -4.61 1584.09 114.85 -10.84 -5.00
1589.94 112.65 9.73 -4.59 1583.95 114.90 -11.48 -5.95
1589.81 112.70 -9.97 -4.67 1583.81 114.95 -11.05 -4,94
1589.69 112.75 -9.94 -4.56 1583.67 115.00 -10.83 -4.76
1589.56 112.80 -9.97 -4.86 1583.54 115.05 -10.93 -4.67
1589.43 112.85 -10.17 -4.46 1583.40 115.10 -10.89 -4.91
1589.30 112.90 -10.05 -4.88 1583.26 115.15 -10.99 -4.71
1589.17 112.95 -10.14 -5.08 1583.12 115.20 -11.04 -4.93
1589.04 113.00 -9.99 -4.68 1582.98 115.25 -11.08 -4.91
1588.91 113.05 -10.11 -4.83 1582.85 115.30 -10.97 -4.96
1588.78 113.10 -9.82 -5.37 1582.71 115.35 -10.60 -4.79
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1582.57 115.40 -10.83 -4.91 1576.42 117.60 -10.87 -4.61
1582.43 115.45 -10.45 -5.06 1576.28 117.65 -10.98 -4.60
1582.29 115.50 -10.44 -5.76 1576.14 117.70 -11.01 -4.65
1582.15 115.55 -10.35 -5.43 1576.00 117.75 -10.92 -4.61
1582.01 115.60 -10.46 -4.82 1575.86 117.80 -10.88 -4.69
1581.87 115.65 -10.08 -4.48 1575.72 117.85 -10.75 -5.19
1581.73 115.70 -10.16 -4.98 1575.58 117.90 -10.56 -4.85
1581.60 115.75 -10.19 -4.65 1575.44 117.95 -10.48 -5.20
1581.46 115.80 -9.96 -5.52 1575.30 118.00 -10.36 -5.20
1581.32 115.85 -10.13 -4.82 1575.16 118.05 -9.98 -4.67
1581.18 115.90 -10.22 -4.70 1575.02 118.10 -9.58 -4.81
1581.04 115.95 -10.28 -4.60 1574.88 118.15 -8.93 -4.58
1580.90 116.00 -10.53 -4.65 1574.75 118.20 -8.86 -4.45
1580.76 116.05 -10.55 -4.80 1574.61 118.25 -9.22 -4.17
1580.62 116.10 -10.55 -4.73 1574.47 118.30 -9.38 -4.09
1580.48 116.15 -10.61 -5.00 1574.33 118.35 -9.32 -4.35
1580.34 116.20 -10.54 -4.36 1574.19 118.40 -9.36 -4.91
1580.20 116.25 -10.79 -4.79 1574.05 118.45 -9.03 -4.59
1580.06 116.30 -10.62 -4.91 1573.91 118.50 -9.07 -4.50
1579.92 116.35 -10.52 -4.82 1573.78 118.55 -9.13 -4.57
1579.78 116.40 -10.55 -4.59 1573.64 118.60 -9.57 -5.22
1579.64 116.45 -10.44 -5.01 1573.50 118.65 9.75 -6.14
1579.50 116.50 -10.22 -4.53 1573.36 118.70 -10.14 -4.56
1579.36 116.55 -10.28 -4.67 1573.23 118.75 -9.95 -4.63
1579.22 116.60 -10.30 -5.03 1573.09 118.80 -10.59 -5.21
1579.08 116.65 -10.34 -5.07 1572.95 118.85 -10.76 -4.92
1578.94 116.70 -9.99 -5.02 1572.81 118.90 -10.91 -4.64
1578.80 116.75 -9.49 -4.94 1572.68 118.95 -10.84 -4.80
1578.66 116.80 -9.18 -4.14 1572.54 119.00 -10.85 -5.14
1578.52 116.85 -9.38 -4.23 1572.40 119.05 -10.90 -5.05
1578.38 116.90 -9.50 -4.25 1572.27 119.10 -10.66 -5.04
1578.24 116.95 -9.11 -4.25 1572.13 119.15 -10.30 -5.46
1578.10 117.00 -10.16 -5.16 1572.00 119.20 -10.24 -5.61
1577.96 117.05 -8.58 -4.49 1571.86 119.25 -9.98 -5.52
1577.82 117.10 -8.96 -3.81 1571.72 119.30 -9.89 -5.51
1577.68 117.15 -9.66 -4.27 1571.59 119.35 -10.23 -5.36
1577.54 117.20 -9.66 -4.23 1571.45 119.40 -10.39 -5.52
1577.40 117.25 -9.16 -3.94 1571.32 119.45 -10.33 -5.53
1577.26 117.30 -8.79 -4.15 1571.18 119.50 -10.17 -5.24
1577.12 117.35 -8.96 -6.78 1571.05 119.55 -9.97 -4.69
1576.98 117.40 -9.67 -4.52 1570.91 119.60 -10.26 -6.63
1576.84 117.45 -10.45 -4.89 1570.78 119.65 -10.56 -5.22
1576.70 117.50 -10.78 477 1570.65 119.70 -10.71 -7.09
1576.56 117.55 -10.94 4,31 1570.51 119.75 -10.52 -5.08
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1570.38 119.80 -10.34 -6.10 1564.76 122.00 -11.02 -5.42
1570.24 119.85 -10.35 -5.29 1564.52 122.10 -11.22 -4.82
1570.11 119.90 -10.15 -4.90 1564.41 122.15 -11.11 -5.47
1569.98 119.95 -10.08 -4.91 1564.29 122.20 -11.14 -5.07
1569.85 120.00 -10.53 -5.74 1564.17 122.25 -10.94 -4.90
1569.71 120.05 -10.96 -5.51 1564.05 122.30 -10.31 -4.70
1569.58 120.10 1147 -5.06 1563.93 122.35 -10.57 -5.72
1569.45 120.15 -11.47 -5.63 1563.81 122.40 -10.01 -4.27
1569.32 120.20 -11.63 -5.03 1563.70 122.45 -10.06 -4.30
1569.18 120.25 -11.61 -5.75 1563.58 122.50 -10.54 477
1569.05 120.30 -11.10 -5.10 1563.46 122.55 -10.50 -4.95
1568.92 120.35 -11.20 -6.11 1563.35 122.60 -10.70 -5.47
1568.79 120.40 -10.93 -4.90 1563.23 122.65 -10.50 -5.49
1568.66 120.45 -10.86 -4.70 1563.12 122.70 -10.94 -4.69
1568.53 120.50 -10.94 -5.47 1563.00 122.75 -11.19 -5.17
1568.40 120.55 -10.65 -5.22 1562.89 122.80 -11.36 -5.42
1568.27 120.60 -10.49 -4.74 1562.78 122.85 -11.37 -5.66
1568.14 120.65 -10.39 -4.98 1562.66 122.90 -11.57 -5.14
1568.01 120.70 -10.02 -5.28 1562.55 122.95 -11.66 -5.84
1567.88 120.75 -10.04 -5.11 1562.44 123.00 -11.67 -5.21
1567.75 120.80 -10.10 -4.70 1562.33 123.05 -11.40 -5.79
1567.63 120.85 -10.16 -4.72 1562.22 123.10 -10.81 -5.02
1567.50 120.90 -10.42 -4.55 1562.11 123.15 -10.79 -5.41
1567.37 120.95 -9.66 -5.12 1561.99 123.20 -10.00 -5.16
1567.24 121.00 -10.44 -4.54 1561.88 123.25 -9.55 -4.42
1567.12 121.05 -10.58 -4.69 1561.78 123.30 -9.46 -5.05
1566.99 121.10 -10.67 -4.73 1561.67 123.35 -9.99 -4.63
1566.86 121.15 -10.28 -4.73 1561.56 123.40 -10.01 -4.95
1566.74 121.20 -10.57 -4.65 1561.45 123.45 -9.80 -5.15
1566.61 121.25 -10.26 -4.69 1561.34 123.50 -9.66 -4.89
1566.49 121.30 -10.46 -5.46 1561.24 123.55 -9.45 -4.39
1566.36 121.35 -10.41 -4.74 1561.13 123.60 -9.14 -4.21
1566.24 121.40 -10.32 -4.96 1561.02 123.65 -8.95 -4.17
1566.11 121.45 -10.23 -4.80 1560.92 123.70 -8.77 -4.20
1565.99 121.50 -10.42 -5.04 1560.81 123.75 -8.63 -4.49
1565.86 121.55 -10.16 -4.67 1560.71 123.80 -8.88 -3.90
1565.74 121.60 -10.15 -4.75 1560.60 123.85 -9.04 -3.76
1565.62 121.65 -10.29 -4.40 1560.50 123.90 -9.09 -4.09
1565.49 121.70 -10.33 -4.75 1560.40 123.95 9.18 -3.84
1565.37 121.75 -10.37 -5.01 1560.30 124.00 -9.35 -4.17
1565.25 121.80 -10.47 -4.97 1560.19 124,05 -9.27 -3.67
1565.13 121.85 -10.45 -4.65 1560.09 124.10 9.25 -3.53
1565.01 121.90 -10.48 -4.68 1559.99 12415 -9.30 -3.81
1564.89 121.95 -10.58 -5.00 1559.89 124.20 -9.18 -3.83
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1559.79 124.25 -9.03 -3.67 1556.00 126.45 -10.03 -4.68
1559.69 124.30 -8.99 -3.88 1555.93 126.50 -9.83 -4.73
1559.59 124.35 -8.68 -3.71 1555.85 126.55 -9.81 -4.59
1559.50 124.40 -8.89 -3.87 1555.78 126.60 -9.36 -4.72
1559.40 124.45 -8.93 -3.94 1555.71 126.65 -8.57 -4.80
1559.30 124.50 -8.97 -3.64 1555.65 126.70 -8.55 -4.36
1559.20 124.55 9.14 -5.19 1555.58 126.75 -8.35 -4.18
1559.11 124.60 -9.39 -4.09 1555.51 126.80 -8.12 -3.97
1559.01 124.65 -9.64 -4.26 1555.44 126.85 -8.10 -4.40
1558.92 124.70 -10.08 -4.26 1555.38 126.90 -1.95 -4.07
1558.82 124.75 -10.33 -4.03 1555.31 126.95 -8.16 -4.29
1558.73 124.80 -10.45 -4.13 1555.25 127.00 -8.60 -4.53
1558.64 124,85 -10.61 -4.15 1555.19 127.05 -8.92 -4.28
1558.55 124.90 -10.94 4,32 1555.12 127.10 -9.29 -4.39
1558.45 124.95 -10.86 -4.59 1555.06 127.15 -9.61 -4.30
1558.36 125.00 -10.85 -4.49 1555.00 127.20 -10.06 -4.60
1558.27 125.05 -10.77 4,31 1554.94 127.25 -10.31 -4.59
1558.18 125.10 -10.60 -4.38 1554.88 127.30 -10.40 -4.38
1558.09 125.15 -10.45 -4.75 1554.82 127.35 -10.15 -4.29
1558.00 125.20 -10.28 -4.73 1554.76 127.40 -10.02 -4.62
1557.92 125.25 -10.09 -4.45 1554.71 127.45 -9.58 -4.40
1557.83 125.30 -10.09 -4.65 1554.65 127.50 -9.19 -4.48
1557.74 125.35 -10.04 -4,35 1554.59 127.55 -8.66 -4.51
1557.66 125.40 -10.03 -4.53 1554.54 127.60 -8.70 -4.54
1557.57 125.45 -10.20 -4.45 1554.49 127.65 -8.83 -4.34
1557.49 125.50 -10.28 -4.60 1554.43 127.70 -9.11 -4.96
1557.40 125.55 -10.48 -4.60 1554.38 127.75 -9.11 -4.63
1557.32 125.60 -10.70 -4.83 1554.33 127.80 -9.16 -5.00
1557.23 125.65 -11.07 -4.75 1554.28 127.85 -9.00 -4.12
1557.15 125.70 -11.12 -5.19 1554.23 127.90 -9.35 -4.46
1557.07 125.75 -11.29 -4.51 1554.18 127.95 -8.93 -5.72
1556.99 125.80 -11.28 -4.94 1554.13 128.00 -8.93 -4.35
1556.91 125.85 -11.38 -4.97 1554.08 128.05 -8.93 -5.09
1556.83 125.90 -11.47 -5.02 1554.03 128.10 -9.15 -4.62
1556.75 125.95 -11.66 -4.74 1553.98 128.15 -9.11 -4.27
1556.67 126.00 -11.35 -4.99 1553.94 128.20 -9.29 -4,32
1556.59 126.05 -11.69 -5.46 1553.89 128.25 -9.31 -4.40
1556.52 126.10 -11.43 -4.80 1553.84 128.30 -9.32 5.1
1556.44 126.15 -11.24 -4.97 1553.79 128.35 -9.99 -4.39
1556.36 126.20 -11.13 -5.12 1553.75 128.40 -9.97 -4.43
1556.29 126.25 -11.05 -5.12 1553.70 128.45 -10.42 -5.00
1556.22 126.30 -10.65 -4.87 1553.65 128.50 -10.79 -5.22
1556.14 126.35 -11.13 -4.91 1553.60 128.55 -10.73 -4.96
1556.07 126.40 -10.78 -4.71 1553.56 128.60 -10.98 -4.70
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1553.51 128.65 -11.04 -5.00 1551.50 130.85 -10.60 -6.58
1553.46 128.70 -11.14 -4.89 1551.46 130.90 -10.51 -4.56
1553.42 128.75 -11.21 -5.42 1551.42 130.95 -10.53 -4.62
1553.37 128.80 -11.07 -6.33 1551.37 131.00 -10.43 -4.70
1553.32 128.85 -11.16 -5.12 1551.33 131.05 -10.17 -4.73
1553.27 128.90 -10.96 -4.78 1551.28 131.10 -10.09 -4.49
1553.23 128.95 -10.56 -4.84 1551.24 131.15 -10.07 -6.05
1553.18 129.00 -10.08 -5.18 1551.20 131.20 -9.99 -5.04
1553.13 129.05 -9.88 -4.56 1551.15 131.25 -10.12 -6.58
1553.09 129.10 -9.58 -4.90 1551.11 131.30 -9.93 -4.91
1553.04 129.15 -9.28 -4.55 1551.07 131.35 9.73 -5.13
1553.00 129.20 -9.23 -4.45 1551.02 131.40 -9.57 -5.11
1552.95 129.25 -9.18 -5.43 1550.98 131.45 -9.81 -5.36
1552.90 129.30 9.25 -4.02 1550.94 131.50 9.75 -4.22
1552.86 129.35 -9.62 -4.33 1550.89 131.55 9.77 -4.58
1552.81 129.40 -9.85 -4.33 1550.85 131.60 -9.93 -4.55
1552.76 129.45 -10.06 -5.25 1550.81 131.65 -9.95 -5.51
1552.72 129.50 -10.14 -4,35 1550.76 131.70 -10.10 -5.20
1552.67 129.55 -10.18 -4 47 1550.72 131.75 -10.16 -4.74
1552.63 129.60 -10.09 -4.49 1550.68 131.80 -10.17 -4.66
1552.58 129.65 -10.03 -4.61 1550.63 131.85 -10.32 -4.48
1552.54 129.70 -9.99 -4.55 1550.59 131.90 -10.38 -4.35
1552.49 129.75 -10.02 -4.84 1550.55 131.95 -10.63 -4.67
1552.44 129.80 -9.94 -4.81 1550.51 132.00 -10.46 -5.13
1552.40 129.85 -9.88 -4.42 1550.46 132.05 -10.41 -4.48
1552.35 129.90 -9.88 -5.03 1550.42 132.10 -10.27 -4.48
1552.31 129.95 -9.84 -4.56 1550.38 132.15 -10.17 -4.96
1552.26 130.00 -10.07 -4.89 1550.34 132.20 -10.23 -5.04
1552.22 130.05 -9.82 477 1550.29 132.25 -9.74 -4.60
1552.17 130.10 -9.84 -5.95 1550.25 132.30 -9.95 -5.44
1552.13 130.15 -9.58 -4.82 1550.21 132.35 -9.90 -4.92
1552.08 130.20 -9.65 -4.64 1550.17 132.40 -9.88 -4.55
1552.04 130.25 -9.71 -4.46 1550.12 132.45 -9.82 -4.68
1551.99 130.30 9.79 -4.34 1550.08 132.50 -9.96 -4.83
1551.95 130.35 -9.98 -4.57 1550.04 132.55 -9.97 -4.75
1551.90 130.40 -10.03 -4.58 1550.00 132.60 -10.16 -5.08
1551.86 130.45 -10.03 -4.59 1549.96 132.65 -10.28 -4.81
1551.81 130.50 -10.44 -4.44 1549.91 132.70 -10.41 -5.15
1551.77 130.55 -10.57 -4.70 1549.87 132.75 -10.55 -5.27
1551.73 130.60 -10.65 -4.62 1549.83 132.80 -10.58 -5.16
1551.68 130.65 -10.68 -4.81 1549.79 132.85 -10.66 -4.92
1551.64 130.70 -10.89 -4.32 1549.75 132.90 -10.63 -5.00
1551.59 130.75 -10.72 -4.69 1549.71 132.95 -10.75 -5.85
1551.55 130.80 -10.74 -4.89 1549.66 133.00 -10.73 5.77
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1549.62 133.05 -10.89 -4.58 1547.85 135.25 -11.12 -5.41
1549.58 133.10 -10.87 -4.97 1547 .81 135.30 -11.02 -4.92
1549.54 133.15 -10.80 -6.21 1547.77 135.35 -11.07 -5.65
1549.50 133.20 -10.78 -5.14 1547.73 135.40 -10.88 -5.42
1549.46 133.25 -10.92 -4.76 1547.69 135.45 -10.84 -4.69
1549.42 133.30 -10.69 -4.86 1547.65 135.50 -10.76 -5.40
1549.37 133.35 -10.62 -4.84 1547.61 135.55 -10.59 -5.22
1549.33 133.40 -10.48 -4.70 1547.57 135.60 -10.57 -4.66
1549.29 133.45 -10.51 -4.95 1547.53 135.65 -10.49 -5.08
1549.25 133.50 -10.33 -4.79 1547.49 135.70 -10.50 -5.38
1549.21 133.55 -10.16 -4.90 1547 .46 135.75 -10.24 -4.83
1549.17 133.60 -10.29 -5.85 1547.42 135.80 -10.24 -5.35
1549.13 133.65 -10.37 -4.99 1547.38 135.85 -9.97 -4.91
1549.09 133.70 -10.14 -4.88 1547.34 135.90 -10.06 -5.47
1549.05 133.75 -10.35 -4.89 1547.30 135.95 -10.04 -4.89
1549.01 133.80 -10.43 -5.57 1547.26 136.00 -10.25 -4.81
1548.97 133.85 -10.55 -5.11 1547.22 136.05 -10.21 -4.71
1548.93 133.90 -10.56 -5.07 1547.19 136.10 -10.28 -5.02
1548.88 133.95 -10.56 -5.23 1547.15 136.15 -10.38 -4.58
1548.84 134.00 -10.78 -4.82 154711 136.20 -10.50 -5.19
1548.80 134.05 -11.00 -5.71 1547.07 136.25 -10.47 -5.12
1548.76 134.10 -11.10 -5.18 1547.03 136.30 -10.69 -5.56
1548.72 134.15 -11.30 -4.82 1546.99 136.35 -10.43 -4.68
1548.68 134.20 -11.33 -5.12 1546.95 136.40 -10.55 -4.95
1548.64 134.25 -11.32 -4.96 1546.92 136.45 -10.67 -5.01
1548.60 134.30 -11.34 -4.83 1546.88 136.50 -10.75 -4.87
1548.56 134.35 -11.32 -5.46 1546.84 136.55 -10.75 -4.82
1548.52 134.40 -11.35 -4.95 1546.80 136.60 -10.71 -4.92
1548.48 134.45 -11.32 -4.18 1546.76 136.65 -10.75 -4.76
1548.44 134.50 -11.36 -5.18 1546.73 136.70 -10.75 -4.91
1548.40 134.55 -11.39 -5.22 1546.69 136.75 -10.68 -5.71
1548.36 134.60 -11.28 5.77 1546.65 136.80 -10.80 -4.64
1548.32 134.65 -11.11 -5.03 1546.61 136.85 -10.74 -4.98
1548.28 134.70 -10.76 -4.90 1546.57 136.90 -10.71 -5.19
1548.24 134.75 -10.32 -4.85 1546.54 136.95 -10.87 -5.01
1548.20 134.80 -10.50 -4.81 1546.50 137.00 -10.76 -4.78
1548.16 134.85 -10.43 -5.17 1546.46 137.05 -10.81 -5.52
1548.12 134.90 -10.61 -4.91 1546.42 137.10 -10.75 -5.82
1548.08 134.95 -10.65 -5.73 1546.38 137.15 -10.43 -5.50
1548.04 135.00 -10.96 -5.15 1546.35 137.20 -10.47 -5.01
1548.00 135.05 -11.04 -4.79 1546.31 137.25 -10.78 -6.56
1547.96 135.10 -11.23 -5.88 1546.27 137.30 -10.57 -4.94
1547.93 135.15 -11.10 -4.67 1546.23 137.35 -10.29 -5.02
1547.89 135.20 -11.28 -5.43 1546.20 137.40 -10.18 -4.45

179



Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1546.16 137.45 -10.23 -5.14 1544.50 139.70 -9.64 -4.43
1546.12 137.50 -10.12 -4.75 1544 .47 139.75 -9.57 477
1546.08 137.55 -10.11 -4.57 1544.43 139.80 -9.65 -4.50
1546.05 137.60 -10.32 -4.66 1544.39 139.85 -9.69 -4.13
1546.01 137.65 -10.35 -4.41 1544.36 139.90 -9.65 -3.96
1545.97 137.70 -10.07 -4.45 1544.32 139.95 -9.84 -4.84
1545.93 137.75 -10.02 -4.87 1544.29 140.00 -9.93 -4.89
1545.90 137.80 -9.89 -4.42 1544.25 140.05 9.77 -3.88
1545.86 137.85 -9.94 -4.76 1544.21 140.10 -9.84 -4.48
1545.82 137.90 -9.85 -5.09 1544.18 140.15 -9.97 -4.58
1545.78 137.95 -9.84 -4.09 1544.14 140.20 -9.99 -4.25
1545.75 138.00 -9.86 -4.64 154411 140.25 -10.13 -6.19
1545.71 138.05 -9.85 -4.33 1544.07 140.30 -9.89 -4.28
1545.67 138.10 -9.80 -4.41 1544.03 140.35 -9.81 -4 47
1545.64 138.15 -9.46 -6.18 1544.00 140.40 -9.90 -4.59
1545.60 138.20 -9.61 -6.06 1543.96 140.45 -10.01 -4.14
1545.56 138.25 9.72 -4.55 1543.93 140.50 -10.12 -4.75
1545.53 138.30 -9.58 -4.55 1543.89 140.55 -10.17 -4.91
1545.49 138.35 -10.03 -4.54 1543.86 140.60 -9.91 -4.85
1545.45 138.40 -9.81 -4.82 1543.82 140.65 -10.21 -4.27
1545.41 138.45 -9.59 -4.10 1543.78 140.70 -10.22 -4.38
1545.38 138.50 -9.62 -4.83 1543.75 140.75 -10.23 -4.38
1545.34 138.55 9.75 -4.57 1543.68 140.85 -10.14 -4.92
1545.30 138.60 -9.36 -4.44 1543.64 140.90 -10.29 -4.94
1545.27 138.65 -9.47 -4.85 1543.61 140.95 -10.07 -4.80
1545.23 138.70 -9.57 -4.16 1543.57 141.00 -10.22 -4.98
1545.19 138.75 -9.43 -4.74 1543.53 141.05 -10.15 -4.44
1545.16 138.80 -9.57 -4.42 1543.50 141.10 -10.21 -4.52
1545.12 138.85 -9.54 -4.42 1543.46 141.15 -10.40 -4.29
1545.08 138.90 -9.52 -4.19 1543.43 141.20 -10.34 -5.35
1545.05 138.95 -9.70 -4.27 1543.39 141.25 -10.47 -4.19
1545.01 139.00 -10.08 -4.67 1543.36 141.30 -10.51 -4.56
1544.97 139.05 -9.56 -4.04 1543.32 141.35 -10.51 -5.10
1544.94 139.10 -9.38 -5.14 1543.29 141.40 -10.30 -4.22
1544.90 139.15 -9.35 -4.14 1543.25 141.45 -10.31 -5.77
1544.86 139.20 -9.25 -6.15 1543.22 141.50 -10.24 -4.93
1544.83 139.25 -9.40 -4.62 1543.18 141.55 -10.28 -4.48
1544.79 139.30 -9.20 -4,04 1543.14 141.60 -10.39 -4.70
1544.76 139.35 -9.35 4,31 1543.11 141.65 -10.41 -4.20
1544.72 139.40 -9.34 -4.39 1543.04 141.75 -10.75 -5.28
1544.68 139.45 -9.28 -4.57 1543.00 141.80 -10.64 -4.63
1544.65 139.50 -9.39 -4.93 1542.97 141.85 -10.65 -4.39
1544.57 139.60 -9.53 -4.41 1542.93 141.90 -10.84 -4.54
1544.54 139.65 9.72 -4.26 1542.90 141.95 -10.91 -4.71
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1542.86 142.00 -11.05 -5.34 1541.33 144.20 -9.03 -4.17
1542.83 142.05 -10.68 -4.61 1541.29 144.25 -9.21 -4.36
1542.79 142.10 -10.80 -4 47 1541.22 144,35 -9.20 -3.45
1542.76 142.15 -10.96 -4.55 1541.19 144.40 -9.46 -3.99
1542.72 142.20 -11.08 -4.99 1541.15 144.45 9.74 -3.89
1542.69 142.25 -10.99 4,34 1541.12 144,50 -10.07 -3.92
1542.65 142.30 -11.08 4,31 1541.08 144.55 -10.00 -4.35
1542.62 142.35 -11.22 -4.70 1541.05 144,60 -9.95 -4.22
1542.58 142.40 -11.05 -5.10 1541.01 144,65 -9.52 -3.70
1542.55 142.45 -11.14 -4.49 1540.98 144.70 -8.76 -3.78
1542.51 142.50 -10.66 -6.12 1540.94 144,75 -8.02 -4.05
1542.48 142.55 -10.82 -4.42 1540.91 144.80 -7.80 -3.55
1542.44 142.60 -10.48 -4.42 1540.87 144.85 -6.91 -4.00
1542.41 142.65 -10.50 -4.87 1540.84 144.90 -8.13 -3.85
1542.37 142.70 -10.44 -4.00 1540.81 144.95 -8.24 -3.60
1542.34 142.75 -10.35 -3.96 1540.77 145.00 -7.93 -4.98
1542.30 142.80 -10.13 -4.26 1540.74 145.05 -8.70 -3.80
1542.27 142.85 -10.19 4,02 1540.70 145.10 -8.41 -3.81
1542.23 142.90 -10.06 -4.88 1540.67 145.15 -8.95 -4.83
1542.20 142.95 -10.12 -4.39 1540.63 145.20 -8.93 -3.91
1542.16 143.00 -10.36 -3.94 1540.60 145.25 -8.83 -3.93
1542.13 143.05 -10.26 -4.21 1540.56 145.30 -8.53 -3.93
1542.09 143.10 -10.75 -4.07 1540.53 145.35 -8.37 -3.76
1542.06 143.15 -10.64 -4.42 1540.49 145.40 -8.04 -3.65
1542.02 143.20 -10.82 -4.63 1540.46 145.45 -8.26 -4.20
1541.99 143.25 -10.77 -5.69 1540.39 145.55 -9.03 -4.49
1541.95 143.30 -11.08 -4.11 1540.36 145.60 -8.99 -3.99
1541.92 143.35 -11.21 -4.49 1540.32 145.65 -9.50 -4.01
1541.88 143.40 -11.26 -4.26 1540.29 145.70 -9.30 -3.93
1541.85 143.45 -11.25 -4.46 1540.25 145.75 -9.51 -3.88
1541.81 143.50 -11.03 4,31 1540.22 145.80 -9.27 -4.41
1541.78 143.55 -11.26 -4.73 1540.18 145.85 -9.05 -3.87
1541.74 143.60 -11.15 -4.42 1540.15 145.90 -8.88 -3.92
1541.71 143.65 -11.21 -4.49 1540.11 145.95 -8.57 -3.91
1541.67 143.70 -11.30 -4.44 1540.08 146.00 -8.88 -4.21
1541.64 143.75 -10.37 -5.66 1540.04 146.05 -8.78 -4.82
1541.60 143.80 -11.28 -4 47 1540.01 146.10 -8.90 -5.29
1541.57 143.85 -10.76 -4.48 1539.97 146.15 -9.41 -4.51
1541.53 143.90 -10.82 -4.33 1539.94 146.20 -9.54 -3.85
1541.50 143.95 -10.53 -4.57 1539.91 146.25 -10.26 -6.09
1541.46 144.00 -9.82 -4.03 1539.87 146.30 -9.33 -4.10
1541.43 144,05 -9.68 -3.86 1539.80 146.40 -8.53 -4.08
1541.40 144.10 -9.15 -3.81 1539.77 146.45 -8.67 -4.30
1541.36 144,15 -8.92 -4.53 1539.70 146.55 -9.08 -4.00
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1539.66 146.60 -9.47 -4.14 1538.10 148.85 -9.29 -5.24
1539.63 146.65 -9.62 -4.64 1538.06 148.90 -9.58 -4.23
1539.59 146.70 9.77 -3.96 1538.03 148.95 9.77 -4.66
1539.56 146.75 -10.17 -3.84 1537.99 149.00 -10.05 -4.27
1539.52 146.80 -9.94 -4.26 1537.95 149.05 -10.37 4,31
1539.49 146.85 -10.48 -5.07 1537.92 149.10 -10.49 -4.22
1539.45 146.90 -10.51 -4.54 1537.88 149.15 -10.60 -4.41
1539.42 146.95 -10.59 -4.35 1537.85 149.20 -11.02 -4.06
1539.39 147.00 -10.58 -4.01 1537.81 149.25 -10.98 -4.43
1539.35 147.05 -10.50 -4.50 1537.78 149.30 -11.14 -4.42
1539.32 147.10 -10.01 -4.36 1537.74 149.35 -10.36 -4.28
1539.28 147.15 -9.42 4,32 1537.71 149.40 -10.22 -3.90
1539.25 147.20 -9.48 -4.43 1537.67 149.45 -10.43 -4.58
1539.21 147.25 -9.18 -4.48 1537.64 149.50 -10.44 -3.88
1539.18 147.30 -8.93 -4 47 1537.60 149.55 -10.67 -4.14
1539.14 147.35 -8.82 -3.72 1537.57 149.60 -10.93 -5.31
1539.11 147.40 -8.70 -4.78 1537.53 149.65 -11.05 -4.14
1539.07 147.45 -9.17 -4.12 1537.50 149.70 -10.94 -4.58
1539.04 147.50 -9.32 -4.35 1537.46 149.75 -10.78 -4.50
1539.00 147.55 -9.62 -4.22 1537.43 149.80 -10.73 -4.36
1538.97 147.60 -9.76 -4.38 1537.39 149.85 -10.75 -4.37
1538.93 147.65 -10.13 -5.57 1537.36 149.90 -10.76 -4.59
1538.90 147.70 -10.23 -4.13 1537.32 149.95 -10.27 -4.86
1538.86 147.75 -10.67 -4.50 1537.28 150.00 -10.05 -4.12
1538.83 147.80 -11.08 -4.99 1537.25 150.05 -10.07 -3.84
1538.79 147.85 -11.19 -4.76 1537.21 150.10 -10.25 -3.97
1538.76 147.90 -11.55 -4.39 1537.18 150.15 -10.45 -3.84
1538.72 147.95 -11.44 -5.30 1537.11 150.25 -10.52 -5.51
1538.69 148.00 -11.25 -4.79 1537.07 150.30 -10.72 -3.90
1538.65 148.05 -10.53 -4.37 1537.04 150.35 -11.04 -4.85
1538.62 148.10 -8.35 -4.01 1537.00 150.40 -11.17 4,31
1538.58 148.15 -8.15 -3.95 1536.96 150.45 -10.09 -4.42
1538.55 148.20 -8.96 -4.08 1536.93 150.50 -9.32 -6.48
1538.52 148.25 -10.10 -4.35 1536.89 150.55 9.12 -4.69
1538.48 148.30 -10.19 -4.47 1536.82 150.65 -9.65 -4.16
1538.45 148.35 -9.94 -5.52 1536.79 150.70 9.74 -5.46
1538.41 148.40 -8.72 -4.45 1536.75 150.75 -9.67 -4.52
1538.38 148.45 -8.40 -4.42 1536.71 150.80 -9.64 -4.51
1538.34 148.50 -8.59 -4.09 1536.68 150.85 -9.68 -5.25
1538.31 148.55 -9.55 -4.33 1536.64 150.90 -10.03 -4.80
1538.27 148.60 -9.83 -4.13 1536.61 150.95 -10.30 -4.68
1538.24 148.65 -10.02 -4.62 1536.57 151.00 -9.86 -5.88
1538.20 148.70 -10.44 -4.62 1536.54 151.05 -9.55 -5.31
1538.13 148.80 -9.50 -5.58 1536.46 151.15 -9.95 -4.95
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1536.43 151.20 -10.15 -5.57 1534.63 153.65 -9.88 -6.79
1536.39 151.25 -10.41 -5.40 1534.59 153.70 -9.43 -4.06
1536.36 151.30 -10.65 -5.02 1534.56 153.75 -8.92 -4.74
1536.32 151.35 -10.79 -5.07 1534.52 153.80 -8.95 -5.33
1536.28 151.40 -10.86 -4.79 1534.48 153.85 9.4 -6.25
1536.25 151.45 -10.58 -4.59 1534.44 153.90 9.77 -6.47
1536.21 151.50 -9.53 -5.31 1534.41 153.95 -10.25 -5.93
1536.18 151.55 -8.89 -5.05 1534.37 154.00 -10.56 -4.10
1536.14 151.60 9.12 -5.32 1534.33 154.05 -10.88 -5.59
1536.07 151.70 -9.45 -4.29 1534.26 154.15 -11.13 -5.50
1536.03 151.75 -10.14 -5.28 1534.22 154.20 -11.07 -5.32
1535.99 151.80 -10.62 -4.42 1534.18 154.25 -10.41 -5.04
1535.96 151.85 -10.83 -4.79 1534.10 154.35 -9.63 -5.25
1535.92 151.90 -11.05 -6.20 1534.07 154.40 -8.91 -4.74
1535.89 151.95 -10.95 -4.34 1534.03 154.45 -8.48 -4.30
1535.85 152.00 -10.28 -4.29 1533.99 154.50 -8.77 -6.49
1535.81 152.05 -9.54 -4.37 1533.95 154.55 -9.19 -6.39
1535.78 152.10 -9.64 -4.40 1533.91 154.60 -9.35 -4.45
1535.74 152.15 -9.54 -6.34 1533.88 154.65 -9.87 -5.50
1535.70 152.20 -8.66 -4.64 1533.84 154.70 -10.13 -6.26
1535.67 152.25 9.4 -7.00 1533.80 154.75 -10.62 -5.02
1535.63 152.30 -9.47 -4.21 1533.76 154.80 -10.79 -6.59
1535.59 152.35 -10.16 -4.55 1533.72 154.85 -11.02 -5.31
1535.56 152.40 -10.61 -6.45 1533.69 154.90 -11.04 -5.19
1535.52 152.45 -10.61 -5.90 1533.65 154.95 -11.15 -5.27
1535.48 152.50 -11.03 -4.93 1533.61 155.00 -10.83 -4.79
1535.45 152.55 -11.25 -5.21 1533.57 155.05 -10.41 -3.93
1535.41 152.60 -11.19 -5.16 1533.53 155.10 -10.05 -5.25
1535.34 152.70 -9.53 -4.72 1533.49 155.15 -9.86 -4.63
1535.30 152.75 -9.39 -4.29 1533.45 155.20 -9.90 -5.98
1535.26 152.80 -9.52 -3.85 1533.42 155.25 -9.63 -4.73
1535.23 152.85 9.73 -5.16 1533.38 155.30 -9.18 -4.85
1535.19 152.90 -9.99 -4.55 1533.34 155.35 -9.00 -4.01
1535.15 152.95 -10.29 -5.76 1533.30 155.40 -9.07 -4.50
1535.12 153.00 -10.57 -5.47 1533.26 155.45 -9.31 -4.31
1535.08 153.05 -10.91 -5.72 1533.22 155.50 -9.76 -4.90
1535.04 153.10 -10.93 -4.51 1533.18 155.55 -10.36 -4.48
1535.00 153.15 -11.11 -5.37 1533.07 155.70 -11.25 -4.44
1534.97 153.20 -11.15 -1.24 1533.03 155.75 -11.55 -4.79
1534.86 153.35 -10.47 -5.20 1532.99 155.80 -11.73 -5.05
1534.82 153.40 -11.40 -4.79 1532.91 155.90 -11.50 -5.87
1534.74 153.50 -11.06 -5.64 1532.87 155.95 -11.68 -5.71
1534.71 153.55 -10.61 -5.79 1532.83 156.00 -10.79 -5.96
1534.67 153.60 -10.31 -4.81 1532.79 156.05 -10.07 -4.14
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1532.75 156.10 -10.18 -4.38 1530.89 158.40 -9.98 -5.21
1532.71 156.15 -10.08 -4.08 1530.85 158.45 9.77 -4.10
1532.67 156.20 -9.52 -4.45 1530.81 158.50 -10.03 -4.19
1532.64 156.25 -9.81 -5.02 1530.77 158.55 -9.99 -1.29
1532.60 156.30 -10.06 -4.05 1530.72 158.60 -9.97 -4.96
1532.56 156.35 -10.01 -4.54 1530.68 158.65 -10.11 -4.71
1532.52 156.40 -10.32 -5.48 1530.64 158.70 -10.40 -6.15
1532.48 156.45 -10.70 -3.92 1530.60 158.75 -10.38 -5.78
1532.44 156.50 -10.86 -3.57 1530.56 158.80 -10.48 -6.52
1532.40 156.55 -11.00 -4.64 1530.51 158.85 -10.53 -5.42
1532.36 156.60 -11.39 -6.24 1530.47 158.90 -10.69 -4.56
1532.32 156.65 -11.36 -5.43 1530.43 158.95 -11.05 -4.65
1532.28 156.70 -11.82 -5.06 1530.39 159.00 -11.30 -4.69
1532.24 156.75 -11.64 -3.92 1530.34 159.05 -11.69 -4.39
1532.20 156.80 -11.70 -7.36 1530.26 159.15 -11.45 -5.50
1532.16 156.85 -11.60 -4.38 1530.22 159.20 -11.20 -5.39
1532.12 156.90 -11.66 -5.45 1530.17 159.25 -10.88 -5.70
1532.08 156.95 -11.78 -5.64 1530.13 159.30 -10.01 -6.06
1532.04 157.00 -11.45 -4.85 1530.09 159.35 -9.46 -4.38
1532.00 157.05 -11.48 -4.96 1530.05 159.40 -9.24 -5.65
1531.96 157.10 -11.52 -4.17 1530.00 159.45 -9.38 -5.27
1531.92 157.15 -11.40 -6.66 1529.96 159.50 -9.94 -4.68
1531.88 157.20 -11.10 -5.13 1529.92 159.55 -10.37 -4.76
1531.84 157.25 -10.79 -5.05 1529.87 159.60 -10.63 -4.51
1531.75 157.35 -10.66 -5.04 1529.83 159.65 -11.06 -4.88
1531.71 157.40 -10.21 -4.27 1529.79 159.70 -11.19 -4.90
1531.67 157.45 -10.15 -4.79 1529.74 159.75 -11.37 -5.47
1531.63 157.50 -10.28 -3.84 1529.70 159.80 -11.53 -6.51
1531.59 157.55 -10.54 -3.81 1529.66 159.85 -12.03 -6.02
1531.55 157.60 -10.82 -4.36 1529.61 159.90 -11.32 -5.12
1531.47 157.70 -11.48 -4.71 1529.57 159.95 -10.09 -4.93
1531.43 157.75 -11.53 -4.72 1529.53 160.00 -9.97 -4.97
1531.39 157.80 -11.47 -4.60 1529.48 160.05 -9.14 -5.22
1531.35 157.85 -10.99 -4.46 1529.40 160.15 -10.38 -6.88
1531.31 157.90 -10.50 -4.43 1529.35 160.20 -10.97 -6.87
1531.26 157.95 -9.66 -4.03 1529.31 160.25 -11.02 -5.34
1531.22 158.00 -8.73 -3.23 1529.27 160.30 -11.57 -5.29
1531.18 158.05 -8.68 -4.22 1529.22 160.35 -11.52 -5.26
1531.14 158.10 -9.31 -4.12 1529.18 160.40 -11.55 -5.35
1531.10 158.15 -9.92 -5.06 1529.13 160.45 -10.90 -5.81
1531.06 158.20 -10.19 -5.20 1529.09 160.50 -10.79 -7.33
1531.02 158.25 -10.08 -4.21 1529.04 160.55 -11.04 -7.32
1530.97 158.30 -10.25 -4.37 1529.00 160.60 -9.86 -4.78
1530.93 158.35 -10.04 -4.61 1528.96 160.65 9.4 -5.60
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1528.91 160.70 -9.53 -5.91 1526.84 162.95 -10.48 -5.01
1528.87 160.75 -9.85 -5.41 1526.79 163.00 -10.25 5.1
1528.82 160.80 -10.14 -4.66 1526.75 163.05 -10.35 -4.50
1528.78 160.85 -10.35 -4.52 1526.70 163.10 -10.25 -7.55
1528.73 160.90 -10.82 -4.76 1526.65 163.15 -9.86 -4.68
1528.69 160.95 -10.71 -4.50 1526.60 163.20 -9.98 -5.30
1528.64 161.00 -10.33 -4.53 1526.56 163.25 -10.06 -4.38
1528.60 161.05 -10.05 -6.52 1526.51 163.30 -10.46 -4.35
1528.55 161.10 -9.52 -4.45 1526.46 163.35 -10.60 -4.39
1528.51 161.15 -9.81 -4.78 1526.41 163.40 -10.74 -4.93
1528.46 161.20 -9.36 -4.86 1526.36 163.45 -10.91 -4.34
1528.42 161.25 -8.92 -4.26 1526.31 163.50 -11.16 -4.40
1528.37 161.30 -9.26 -5.08 1526.27 163.55 -11.38 477
1528.33 161.35 -9.10 -4.37 1526.22 163.60 -11.26 -3.98
1528.28 161.40 -9.52 -4.60 1526.17 163.65 -11.06 -6.14
1528.24 161.45 -9.30 -4.84 1526.12 163.70 -11.07 -4.65
1528.19 161.50 -9.19 -4.35 1526.07 163.75 -10.05 -5.01
1528.15 161.55 -9.10 -3.30 1526.02 163.80 -10.24 -4.70
1528.10 161.60 -8.81 -3.57 1525.97 163.85 -9.98 -4.82
1528.06 161.65 -7.96 -6.94 1525.92 163.90 -10.27 -4.53
1528.01 161.70 -1.77 -3.84 1525.87 163.95 -10.54 -5.03
1527.96 161.75 -8.15 -4.32 1525.83 164.00 -10.83 -5.31
1527.92 161.80 -9.01 -4.81 1525.78 164.05 -11.24 -4.76
1527.87 161.85 -9.44 -3.90 1525.73 164.10 -11.75 -4.06
1527.83 161.90 9.77 -4.85 1525.68 164.15 -11.80 -4.41
1527.78 161.95 -10.00 -3.70 1525.63 164.20 -11.95 -6.35
1527.73 162.00 -9.91 -5.09 1525.58 164.25 -11.85 -5.48
1527.69 162.05 -9.60 -4.68 1525.53 164.30 -11.68 -4.66
1527.64 162.10 -9.87 -4.50 1525.48 164.35 -11.48 -5.78
1527.59 162.15 -9.61 -5.50 1525.43 164.40 -10.13 -4.51
1527.55 162.20 -9.36 -6.99 1525.38 164.45 -9.87 -4.55
1527.50 162.25 -9.19 -5.06 1525.33 164.50 -9.18 -4.04
1527.45 162.30 -8.57 -3.48 1525.23 164.60 -9.85 -3.55
1527.41 162.35 -8.41 -5.45 1525.13 164.70 -10.40 -3.82
1527.36 162.40 -8.19 -3.98 1525.08 164.75 -10.68 -3.90
1527.31 162.45 -8.41 -3.42 1525.03 164.80 -10.91 -6.80
1527.27 162.50 -8.73 -5.31 1524.98 164.85 -11.17 -4.67
1527.17 162.60 -9.29 -5.49 1524.93 164.90 -11.18 -4.08
1527.13 162.65 -9.41 -4.24 1524.88 164.95 -11.22 -3.72
1527.08 162.70 -9.91 -4.99 1524.82 165.00 -11.16 -3.31
1527.03 162.75 -10.07 -3.94 1524.77 165.05 -11.28 -5.14
1526.98 162.80 -10.43 -5.54 1524.66 165.15 -11.38 -6.86
1526.94 162.85 -10.34 -5.14 1524.61 165.20 -11.47 -4.59
1526.89 162.90 -10.47 -5.53 1524.55 165.25 -11.21 -3.80
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1524.37 165.40 -10.18 -5.09 1519.64 167.85 -11.10 -3.93
1524.17 165.55 -10.66 -4.39 1519.39 167.95 -11.25 -4.18
1524.10 165.60 -10.99 -6.15 1519.27 168.00 -11.31 -5.02
1523.88 165.75 -11.53 -3.77 1519.14 168.05 -11.39 -3.66
1523.81 165.80 -11.60 -4.27 1519.01 168.10 -11.38 -5.87
1523.73 165.85 -11.59 -3.79 1518.89 168.15 -11.54 -4.28
1523.65 165.90 -11.35 -4.19 1518.76 168.20 -11.53 -4,34
1523.57 165.95 -11.44 -5.30 1518.63 168.25 -11.46 -4,04
1523.49 166.00 -10.72 -3.92 1518.50 168.30 -11.61 -5.80
1523.41 166.05 -10.18 -5.52 1518.37 168.35 -11.51 -3.78
1523.33 166.10 -9.52 -3.85 1518.24 168.40 -11.71 -4.55
1523.24 166.15 -9.24 -4.92 1518.10 168.45 -11.59 -4.97
1523.15 166.20 -9.31 -4.89 1517.97 168.50 -11.56 -5.97
1523.07 166.25 -9.91 -4.95 1517.84 168.55 -11.24 -4.79
1522.98 166.30 -10.35 -3.43 1517.70 168.60 -11.14 -4.52
1522.89 166.35 -10.94 -4.34 1517.57 168.65 -10.76 -5.53
1522.80 166.40 -11.27 -4.55 1517.30 168.75 -11.16 -6.49
1522.70 166.45 -11.38 -4.14 1517.02 168.85 -10.96 -7.04
1522.61 166.50 -10.45 -4.53 1516.88 168.90 -10.95 -3.61
1522.51 166.55 -10.06 -4.16 1516.74 168.95 -11.36 -4.61
1522.42 166.60 -9.91 -3.97 1516.61 169.00 -11.50 -5.29
1522.32 166.65 -9.88 -5.90 1516.47 169.05 -11.58 -4.37
1522.22 166.70 -10.06 -4.14 1516.33 169.10 -11.81 -4.22
1522.12 166.75 -10.25 -3.79 1516.19 169.15 -11.84 -4,32
1522.02 166.80 -10.55 -4.28 1516.04 169.20 -11.72 -4.66
1521.91 166.85 -10.52 -5.11 1515.90 169.25 -11.84 -4.66
1521.81 166.90 -10.76 -4.33 1515.76 169.30 -11.93 -4.82
1521.71 166.95 -10.87 -4.71 1515.62 169.35 -12.02 -4.84
1521.60 167.00 -10.85 -6.09 1515.47 169.40 -11.80 -5.71
1521.49 167.05 -11.22 -5.20 1515.33 169.45 -11.69 -4.36
1521.39 167.10 -11.34 -3.87 1515.19 169.50 -11.78 -5.14
1521.28 167.15 -11.22 -9.87 1515.04 169.55 -11.30 -5.27
1521.17 167.20 -11.17 4,31 1514.90 169.60 -10.97 -5.47
1521.05 167.25 -11.09 -5.35 1514.75 169.65 -11.24 -6.64
1520.94 167.30 -10.55 -3.85 1514.61 169.70 -10.42 -6.88
1520.83 167.35 -10.29 -5.24 1514.46 169.75 -10.00 -5.25
1520.60 167.45 -9.65 -4.42 1514.32 169.80 -10.83 5.77
1520.48 167.50 -9.62 4,32 1514.17 169.85 -10.17 -3.88
1520.36 167.55 -9.40 -4.11 1514.02 169.90 -10.43 4,02
1520.25 167.60 -9.62 -4.24 1513.88 169.95 -10.47 -4.20
1520.13 167.65 9.78 -3.81 1513.73 170.00 -10.99 -4.52
1520.01 167.70 -10.53 -4.66 1513.58 170.05 -10.90 -4.42
1519.89 167.75 -10.68 -5.24 1513.44 170.10 -11.10 -4.57
1519.76 167.80 -10.86 -4.43 1513.29 170.15 -11.28 -4.03
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1513.14 170.20 -11.75 -4.59 1506.36 172.50 -11.15 -5.74
1512.99 170.25 -11.53 -5.00 1506.21 172.55 -11.27 -5.61
1512.84 170.30 -11.85 -4.73 1506.07 172.60 -11.30 -4.65
1512.69 170.35 -11.99 -4.48 1505.93 172.65 -11.74 -1.07
1512.55 170.40 -12.03 -4,94 1505.79 172.70 -11.25 -4.70
1512.40 170.45 -12.04 -4.73 1505.65 172.75 -10.83 -4.57
1512.25 170.50 -11.96 -4.46 1505.51 172.80 -10.48 -4.43
1512.10 170.55 -11.55 -6.27 1505.38 172.85 -10.31 -5.23
1511.95 170.60 -11.05 -4.15 1505.24 172.90 9.77 -4.92
1511.80 170.65 -11.37 -5.43 1505.10 172.95 -9.82 -5.10
1511.65 170.70 -10.76 -5.11 1504.96 173.00 -9.57 -4.59
1511.50 170.75 -10.21 -4.00 1504.83 173.05 -11.09 -4.91
1511.35 170.80 -10.21 -4.08 1504.69 173.10 -11.11 -7.40
1511.20 170.85 -10.27 -4.36 1504.56 173.15 -11.51 -5.61
1511.05 170.90 -10.52 -4.70 1504.42 173.20 -11.42 -4.81
1510.90 170.95 -10.92 -4.41 1504.29 173.25 -11.25 -5.09
1510.75 171.00 -10.66 -4.21 1504.16 173.30 -10.84 -4.78
1510.61 171.05 -11.26 -5.32 1504.02 173.35 -10.25 -4.96
1510.46 171.10 -11.54 -6.16 1503.89 173.40 -10.20 -4.16
1510.31 171.15 -11.99 -5.65 1503.63 173.50 -10.13 -3.92
1510.16 171.20 -12.13 -4.50 1503.50 173.55 -10.95 -5.37
1510.01 171.25 -12.00 -6.32 1503.37 173.60 -11.16 -5.12
1509.86 171.30 -11.93 -4.96 1503.25 173.65 -11.06 -4.54
1509.71 171.35 -11.90 -5.92 1503.12 173.70 -10.98 -5.35
1509.56 171.40 -11.91 -5.60 1502.99 173.75 -10.91 -4.93
1509.41 171.45 -11.35 -4.23 1502.87 173.80 -10.87 -7.50
1509.27 171.50 -11.08 -4.17 1502.74 173.85 -11.07 -1.72
1509.12 171.55 -12.04 -4.53 1502.62 173.90 -9.82 -4.66
1508.97 171.60 -11.97 -5.08 1502.50 173.95 -11.08 -4.37
1508.82 171.65 -11.79 -4.45 1502.38 174.00 -11.00 -5.01
1508.67 171.70 -11.27 -5.40 1502.25 174.05 -11.11 -4.16
1508.53 171.75 -11.35 -4.92 1502.13 174.10 -11.22 -4.80
1508.09 171.90 -11.61 -4.53 1501.99 174.15 -11.20 -4.42
1507.94 171.95 -11.20 -4.65 1501.86 174.20 -11.30 -4.40
1507.79 172.00 -11.12 -5.74 1501.58 174.30 -11.37 -6.19
1507.65 172.05 -10.96 -4.49 1501.44 174.35 -11.22 -4.74
1507.50 172.10 -10.70 -5.73 1501.14 174.45 -11.18 -4.49
1507.36 17215 -10.48 -8.80 1500.66 174.60 -11.22 -5.34
1507.21 172.20 -10.34 -5.47 1500.33 174.70 -10.81 -4.25
1507.07 172.25 -10.10 -5.93 1500.16 17475 -10.72 -4.41
1506.93 172.30 -9.96 -5.09 1499.98 174.80 -10.48 -4.07
1506.78 172.35 -10.21 -4.15 1499.80 174.85 -10.49 -5.19
1506.64 172.40 -10.50 -4.31 1499.62 174.90 -10.65 -3.75
1506.50 172.45 -10.85 -4.23 1499.44 174.95 -10.71 -4.48
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1499.25 175.00 -10.52 -5.88 1486.78 177.55 -10.54 -4.80
1499.06 175.05 -10.25 -4.51 1486.50 177.60 -10.67 -7.89
1498.87 175.10 -9.81 -4.79 1486.22 177.65 -10.59 -4.51
1498.68 175.15 -9.82 -5.52 1485.93 177.70 -10.65 -4,04
1498.28 175.25 -8.75 -3.77 1485.65 177.75 -10.33 -6.25
1498.07 175.30 -9.08 -5.12 1485.36 177.80 -10.16 -4.85
1497.66 175.40 -9.80 -4.37 1485.07 177.85 -9.99 -4.95
1497 .45 175.45 -10.00 -4.38 1484.79 177.90 -9.99 6.13
1497.23 175.50 -10.45 -5.45 1484.50 177.95 -9.88 -5.37
1497.02 175.55 -10.57 -5.22 1484.21 178.00 -10.06 -5.17
1496.80 175.60 -9.96 -4.42 1483.92 178.05 -10.18 -5.62
1496.35 175.70 -9.93 -4.08 1483.63 178.10 -10.37 -4.81
1496.13 175.75 -9.90 -5.62 1483.34 178.15 -10.70 -4.59
1495.90 175.80 -9.98 -4.71 1482.76 178.25 -10.84 -4.36
1495.67 175.85 -10.36 -5.35 1482.47 178.30 -11.37 -4.63
1495.43 175.90 -10.83 -4.38 1482.18 178.35 -11.48 -5.54
1495.20 175.95 -11.45 -5.07 1481.89 178.40 -11.33 -4.06
1494.96 176.00 -9.68 -5.94 1481.60 178.45 -11.51 -4.74
1494.72 176.05 -12.09 -5.50 1481.31 178.50 -11.42 -4.90
1494 .48 176.10 -11.92 -5.70 1481.02 178.55 -11.49 -6.24
1494.24 176.15 -12.23 -5.59 1480.73 178.60 -11.14 -4.99
1493.99 176.20 -12.78 -6.11 1480.44 178.65 -10.74 -5.04
1493.75 176.25 -12.33 -5.81 1480.15 178.70 -10.55 -4.95
1493.50 176.30 -11.67 -4.71 1479.86 178.75 -10.33 -4.89
1493.25 176.35 -11.03 -4.91 1479.57 178.80 -10.34 -4.92
1492.48 176.50 -10.73 -5.93 1479.28 178.85 -10.64 -5.54
1492.22 176.55 -10.44 -4.53 1478.99 178.90 -10.67 -5.38
1491.97 176.60 -10.34 -4.76 1478.71 178.95 -10.64 -5.56
1491.70 176.65 -10.22 -5.33 1478.42 179.00 -11.03 -5.11
1491.44 176.70 -9.91 -5.83 1478.13 179.05 -10.85 -5.34
1491.18 176.75 -10.17 -5.05 1477.83 179.10 -10.87 -4.99
1490.91 176.80 -10.46 -5.51 1477.54 179.15 -10.60 -5.25
1490.38 176.90 -10.47 -5.21 1477.24 179.20 -10.66 -6.12
1490.11 176.95 -11.37 -6.23 1476.93 179.25 -10.55 -4.54
1489.56 177.05 -11.61 -5.48 1476.63 179.30 -10.65 -4.99
1489.29 177.10 -11.41 -5.23 1476.32 179.35 -10.81 -4.83
1489.02 177.15 -11.38 -5.13 1476.00 179.40 -10.59 -5.92
1488.74 177.20 -11.05 -6.15 1475.69 179.45 -10.41 -5.47
1488.46 177.25 -10.79 -5.50 1475.37 179.50 -10.35 -6.08
1488.19 177.30 -10.55 -5.71 1475.04 179.55 -10.36 -5.86
1487.91 177.35 -10.49 -6.64 1474.72 179.60 -10.67 -6.89
1487.63 177.40 -10.60 -5.31 1474.39 179.65 -10.96 -4.66
1487.35 177.45 -10.40 -4.93 1474.05 179.70 -11.24 -4.65
1487.06 177.50 -10.65 -3.80 1473.72 179.75 -11.36 -4.70
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth

Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o

A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1473.38 179.80 -11.70 -5.05 1455.28 182.00 -10.28 -3.79
1473.03 179.85 -11.72 -4.78 1454.80 182.05 -10.23 4,31
1472.69 179.90 -11.84 -5.96 1454.31 182.10 -10.22 -4.67
1472.34 179.95 -12.07 4,34 1453.83 182.15 -10.13 -3.99
1471.98 180.00 -11.98 -4.51 1453.34 182.20 -10.18 -4.75
1471.63 180.05 -11.92 -6.46 1452.85 182.25 -10.23 -4.09
1471.27 180.10 -11.89 -4.69 1452.35 182.30 -10.33 -7.59
1470.90 180.15 -11.80 -4.60 1451.86 182.35 -10.46 -4.07
1470.54 180.20 -11.50 -4.86 1451.36 182.40 -10.79 -4.93
1470.17 180.25 -11.06 -5.11 1450.85 182.45 -10.96 -6.44
1469.80 180.30 -10.83 -3.79 1450.35 182.50 -11.16 -5.28
1469.42 180.35 -10.76 -4.65 1449.84 182.55 -10.96 -4.39
1469.04 180.40 -10.73 -3.78 1449.33 182.60 -10.75 -4.72
1468.66 180.45 -10.63 -4.07 1448.81 182.65 -10.36 -4.57
1468.27 180.50 -11.10 -3.73 1448.29 182.70 -9.98 -1.22
1467.88 180.55 -11.48 -4.64 1447.77 182.75 -9.65 -4.67
1467.49 180.60 -11.48 -4.74 1447.25 182.80 -9.48 -4.30
1467.10 180.65 -11.52 -4.64 1446.73 182.85 -9.26 -5.00
1466.70 180.70 -11.50 -4.41 1446.20 182.90 -9.18 -4.68
1466.30 180.75 -11.76 -4.84 1445.67 182.95 -9.21 -4.11
1465.89 180.80 -11.58 -4.12 144513 183.00 -9.42 -4.72
1465.49 180.85 -11.55 4,32 1444.60 183.05 -9.29 -3.69
1465.08 180.90 -11.66 -5.53 1444.06 183.10 -9.50 -5.01
1464.66 180.95 -11.38 -4.45 1443.51 183.15 -9.84 -6.03
1464.25 181.00 -10.74 -4.53 1442.97 183.20 -10.09 -3.74
1463.83 181.05 -10.31 -5.40 1442.42 183.25 -10.37 -4.55
1463.40 181.10 -10.26 4,32 1441.87 183.30 -10.49 -4.49
1462.98 181.15 -10.00 -3.90 1441.32 183.35 -10.65 -3.61
1462.55 181.20 -10.36 -3.91 1440.20 183.45 -10.79 -4.21
1462.12 181.25 -10.55 -3.70 1439.64 183.50 -10.63 -3.63
1461.68 181.30 -11.08 -5.52 1439.08 183.55 -10.05 -5.47
1461.24 181.35 -11.04 -4.44 1438.51 183.60 -9.61 -3.49
1460.80 181.40 -10.94 -4.13 1437.94 183.65 -9.88 -4.26
1460.36 181.45 -11.30 -4.52 1437.37 183.70 -10.17 -5.19
1459.91 181.50 -11.08 -4.21 1436.22 183.80 -9.88 -4.84
1459.46 181.55 -11.13 -5.21 1435.64 183.85 -9.64 -3.43
1459.01 181.60 -11.41 -5.06 1435.05 183.90 9.73 -6.39
1458.55 181.65 -11.14 -4.80 1434 .47 183.95 -9.64 -4.46
1458.09 181.70 -10.51 -4.50 1433.88 184.00 9.72 -4.23
1457.63 181.75 -10.58 -5.42 1433.29 184.05 -9.24 -3.87
1457.17 181.80 -10.68 -3.95 1432.69 184.10 -9.37 -4.82
1456.70 181.85 -10.74 -6.87 1432.10 184.15 -9.38 -4.62
1456.23 181.90 -10.57 -4.14 1431.50 184.20 -9.24 -5.29
1455.75 181.95 -10.44 -5.69 1430.90 184.25 -9.44 -4,34
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1430.30 184.30 -9.32 -4.44 1399.88 186.60 -11.09 -4.27
1429.69 184.35 -9.84 -4.25 1399.16 186.65 -10.97 -4.55
1429.08 184.40 -10.71 -4.61 1398.45 186.70 -10.84 -4.46
1428.47 184.45 -11.15 -5.00 1397.73 186.75 -10.55 -4.45
1427.86 184.50 -10.81 -4.12 1397.00 186.80 -10.22 -3.98
1426.00 184.65 -9.80 -3.90 1396.28 186.85 -9.84 -3.56
1425.37 184.70 -9.96 -4.05 1395.55 186.90 -9.86 -4.46
1424.75 184.75 -10.00 -5.19 1394.82 186.95 -10.17 -3.84
142412 184.80 -10.02 -3.63 1394.09 187.00 -10.34 -3.62
1423.49 184.85 -10.38 -5.30 1393.36 187.05 -10.54 -4.31
1422.85 184.90 -10.51 -4.41 1392.62 187.10 -10.46 -5.20
1422.22 184.95 -10.64 -5.39 1391.89 187.15 -10.92 -4.22
1421.58 185.00 -10.97 -4.22 1391.15 187.20 -10.76 -4.49
1420.94 185.05 -10.45 -5.42 1390.40 187.25 -10.37 -5.13
1420.29 185.10 -10.21 -4.45 1389.66 187.30 -9.95 -4.72
1419.65 185.15 -10.21 -5.51 1388.92 187.35 9.75 -4.65
1419.00 185.20 -10.31 -4.43 1388.17 187.40 -9.65 -4.30
1418.35 185.25 -10.49 -5.13 1387.42 187.45 -9.70 -4.83
1417.69 185.30 -10.42 -5.15 1386.67 187.50 -10.66 -3.88
1417.04 185.35 -10.40 -4.54 1385.91 187.55 -10.80 -6.39
1416.38 185.40 -10.43 -4.86 1385.15 187.60 -10.45 -5.38
1415.72 185.45 -10.46 -6.44 1384.40 187.65 -10.42 -4.46
1415.06 185.50 -10.86 -4.21 1383.64 187.70 -10.18 -4.56
1414.39 185.55 -10.78 -7.19 1381.34 187.85 -10.07 -4.20
1413.72 185.60 -10.86 -4.53 1380.57 187.90 -10.34 -4.72
1413.05 185.65 -11.02 -5.22 1379.80 187.95 -10.61 -4.51
1412.38 185.70 -11.61 -5.55 1379.03 188.00 -10.93 -5.04
1411.71 185.75 -11.64 -4.65 1378.26 188.05 -11.31 -4.06
1411.03 185.80 -11.28 -6.09 1377.48 188.10 -11.01 -3.97
1410.35 185.85 -11.23 -6.11 1376.70 188.15 -11.27 4,31
1409.67 185.90 -11.35 -5.83 1375.92 188.20 -11.70 -4.52
1408.98 185.95 -11.37 -4.78 1375.14 188.25 -11.64 -6.58
1408.30 186.00 -11.05 -5.80 1374.36 188.30 -11.39 -4.41
1407.61 186.05 -11.11 -4.21 1373.57 188.35 -10.79 -4.51
1406.92 186.10 -11.00 -4.63 1372.78 188.40 -10.73 -4.39
1406.22 186.15 -10.99 -4.68 1371.99 188.45 -10.87 -4,04
1405.53 186.20 -10.66 -3.95 1371.20 188.50 -10.74 -4.57
1404.83 186.25 -10.54 -4.23 1370.41 188.55 -10.35 -4.91
1404.13 186.30 -10.59 -4.30 1369.61 188.60 -10.39 -4.22
1403.43 186.35 -10.47 -5.10 1368.81 188.65 -10.71 -4,34
1402.72 186.40 -10.62 -6.32 1368.01 188.70 -11.17 -5.03
1402.01 186.45 -10.70 -4.09 1367.21 188.75 -11.09 -4.67
1401.30 186.50 -10.82 -4.08 1366.41 188.80 -11.18 -4.48
1400.59 186.55 -11.03 -4.62 1365.60 188.85 -10.59 -3.92
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Appendix A | Oxygen and carbon stable isotope data from BER-SWI-13 stalagmite

Depth Depth
Year fromtop  8C (%0 680 (%o Year fromtop  8"C (%0 530 (%o
A.D. (mm) VPDB) VPDB) A.D. (mm) VPDB) VPDB)
1364.80 188.90 -10.65 -5.25 1338.91 190.45 -11.02 -6.16
1363.99 188.95 -10.04 -5.44 1338.05 190.50 -10.91 -5.63
1363.18 189.00 -10.82 -5.04 1337.18 190.55 -10.70 -4.21
1362.37 189.05 -10.29 -3.95 1336.32 190.60 -10.08 -4.21
1361.55 189.10 -9.86 -5.33 1335.45 190.65 -9.91 -4.72
1360.73 189.15 -10.09 -3.96 1334.58 190.70 -10.20 -4.17
1359.92 189.20 -10.28 -4.06 1333.71 190.75 -10.44 -5.67
1359.10 189.25 -10.05 -4.98 1332.84 190.80 -10.69 -5.27
1358.28 189.30 -9.82 -4.71 1331.97 190.85 -10.68 -5.91
1357.45 189.35 -9.99 -3.79 1330.22 190.95 -10.53 -5.09
1356.63 189.40 -10.29 -4.33 1329.34 191.00 -10.33 -5.56
1355.80 189.45 -10.34 -3.72 1328.46 191.05 -10.15 -4.21
1354.97 189.50 -10.15 -3.65 1327.58 191.10 -10.04 -4.19
1354.14 189.55 -9.86 -5.16 1326.70 191.15 -10.02 -5.21
1353.31 189.60 -9.92 -4.20 1325.82 191.20 -10.22 -5.66
1352.48 189.65 -9.97 -4.62 1324.93 191.25 -10.37 -5.06
1351.64 189.70 -9.98 -5.12 1324.04 191.30 -10.58 -5.42
1350.80 189.75 9.73 -5.39 1323.16 191.35 -10.90 -4.66
1349.97 189.80 -10.01 -4.20 1322.27 191.40 -11.08 -6.58
1349.12 189.85 -9.59 -3.45 1321.38 191.45 -11.23 -4.97
1348.28 189.90 -9.97 -4.33 1320.48 191.50 -11.36 -5.02
1347.44 189.95 -9.63 -3.60 1319.59 191.55 -11.41 -5.29
1346.59 190.00 -9.66 -5.13 1318.70 191.60 -11.18 -5.70
1345.75 190.05 9.73 -4.26 1317.80 191.65 -10.97 -5.07
1344.90 190.10 -10.09 -3.67 1316.90 191.70 -10.70 -4,34
1344.05 190.15 -9.93 -4.41 1316.00 191.75 -10.51 -4.92
1343.19 190.20 -10.12 -5.89 1315.10 191.80 -10.39 -4.59
1342.34 190.25 -10.03 -4.10 1314.20 191.85 -10.48 -5.26
1341.48 190.30 -10.33 -5.40 1313.30 191.90 -10.66 -4.70
1340.63 190.35 -10.81 -5.38 1312.39 191.95 -10.86 -4.51

1339.77 190.40 -10.69 -4.58
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - A Depth from
?rir(n 1950) Erro? (eka) ti‘:)t(mr:) :;’%gel_rli CL::Z::’”
2.975 0.082 0.0 2483 205
2.979 0.082 0.2 2862 111
2.983 0.081 0.4 2963 59
2.987 0.081 0.6 2933 83
2.991 0.080 0.8 2854 107
2.995 0.080 1.0 2738 127
2.999 0.079 1.2 2615 136
3.002 0.079 1.4 2510 132
3.008 0.078 1.7 2427 116
3.012 0.078 1.9 2374 111
3.016 0.077 2.1 2322 136
3.020 0.077 2.3 2283 172
3.024 0.076 25 2264 201
3.028 0.076 2.7 2293 196
3.032 0.075 2.9 2333 176
3.036 0.075 3.1 2365 130
3.040 0.074 3.3 2382 101
3.044 0.074 35 2398 106
3.047 0.074 3.7 2431 140
3.051 0.073 3.9 2463 157
3.055 0.073 4.1 2503 161
3.059 0.072 43 2547 148
3.065 0.071 4.6 2613 114
3.069 0.071 4.8 2669 83
3.073 0.070 5.0 2701 70
3.077 0.070 5.2 2696 61
3.081 0.070 54 2678 62
3.085 0.069 5.6 2670 68
3.088 0.069 5.8 2676 58
3.092 0.068 6.0 2684 47
3.096 0.068 6.2 2681 57
3.100 0.067 6.4 2664 68
3.104 0.067 6.6 2646 67
3.108 0.066 6.8 2630 63
3.112 0.066 7.0 2617 58
3.116 0.065 7.2 2608 60
3.122 0.065 7.5 2601 67
3.126 0.064 7.7 2589 76
3.129 0.064 79 2556 78
3.133 0.063 8.1 2501 72
3.137 0.063 8.3 2436 70
3.141 0.062 8.5 2371 70
3.145 0.062 8.7 2315 73
3.149 0.062 8.9 2260 85
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.153 0.061 9.1 2207 99
3.157 0.061 9.3 2165 105
3.161 0.060 9.5 2137 96
3.165 0.060 9.7 2113 85
3.169 0.059 9.9 2102 100
3.172 0.059 10.1 2102 117
3.178 0.058 10.4 2116 125
3.182 0.058 10.6 2126 115
3.186 0.057 10.8 2123 108
3.190 0.057 11.0 2109 96
3.194 0.057 11.2 2095 71
3.198 0.056 1.4 2074 45
3.202 0.056 11.6 2040 67
3.206 0.055 11.8 1983 115
3.210 0.055 12.0 1933 153
3.213 0.054 12.2 1912 165
3.217 0.054 12.4 1926 144
3.221 0.054 12.6 1959 117
3.225 0.053 12.8 1999 98
3.229 0.053 13.0 2040 96
3.233 0.052 13.2 2074 101
3.239 0.052 13.5 2063 88
3.243 0.051 13.7 2016 88
3.247 0.051 13.9 1932 126
3.251 0.051 14.1 1882 165
3.254 0.050 14.3 1881 201
3.258 0.050 14.5 1950 222
3.262 0.049 14.7 2063 217
3.266 0.049 14.9 2165 205
3.270 0.049 15.1 2241 168
3.274 0.048 15.3 2265 135
3.278 0.048 15.5 2260 121
3.282 0.048 15.7 2233 132
3.286 0.047 15.9 2205 159
3.290 0.047 16.1 2192 164
3.296 0.046 16.4 2194 157
3.299 0.046 16.6 2213 130
3.303 0.046 16.8 2240 114
3.307 0.045 17.0 2260 138
3.311 0.045 17.2 2248 183
3.315 0.044 174 2191 204
3.319 0.044 17.6 2112 256
3.323 0.044 17.8 2020 293
3.327 0.043 18.0 1941 278
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.331 0.043 18.2 1892 254
3.335 0.043 18.4 1881 249
3.338 0.042 18.6 1906 277
3.342 0.042 18.8 1940 290
3.346 0.042 19.0 1978 276
3.352 0.041 19.3 2014 222
3.356 0.041 19.5 2045 176
3.360 0.041 19.7 2063 141
3.364 0.040 19.9 2070 107
3.368 0.040 20.1 2070 100
3.372 0.040 20.3 2073 130
3.376 0.040 205 2069 154
3.380 0.039 20.7 2045 172
3.383 0.039 20.9 2007 193
3.387 0.039 211 1960 208
3.391 0.039 213 1930 227
3.395 0.038 215 1926 249
3.399 0.038 217 1949 273
3.403 0.038 21.9 2012 269
3.407 0.038 221 2091 238
3.413 0.037 224 2166 193
3417 0.037 22.6 2210 149
3.421 0.037 22.8 2201 104
34924 0.037 23.0 2162 102
3.428 0.036 232 2087 133
3432 0.036 234 2010 165
3.436 0.036 23.6 1939 203
3.440 0.036 238 1894 251
3.444 0.036 240 1874 293
3.448 0.035 242 1885 298
3.452 0.035 244 1911 270
3.456 0.035 246 1981 227
3.460 0.035 24.8 2055 211
3.464 0.035 25.0 2122 204
3.469 0.035 253 2134 171
3473 0.035 255 2091 167
3477 0.034 25.7 2025 216
3.481 0.034 259 1950 300
3.485 0.034 26.1 1950 292
3.489 0.034 26.3 1929 334
3.493 0.034 26.5 1948 364
3.497 0.034 26.7 1962 394
3.501 0.034 26.9 2049 358
3.505 0.034 271 2149 303
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.508 0.034 27.3 2248 245
3.512 0.034 275 2308 206
3.516 0.034 21.7 2330 200
3.520 0.034 27.9 2300 225
3.526 0.034 28.2 2256 262
3.530 0.034 284 2216 294
3.534 0.034 28.6 2195 289
3.538 0.034 28.8 2202 244
3.542 0.034 29.0 2213 201
3.546 0.034 29.2 2238 165
3.549 0.034 294 2268 157
3.553 0.034 29.6 2300 175
3.557 0.034 29.8 2323 189
3.561 0.034 30.0 2331 164
3.565 0.034 30.2 2319 126
3.569 0.034 304 2293 111
3.573 0.034 30.6 2251 143
3.577 0.034 30.8 2214 183
3.583 0.035 31.1 2195 206
3.587 0.035 31.3 2214 184
3.590 0.035 315 2253 145
3.594 0.035 31.7 2291 125
3.598 0.035 319 2311 121
3.602 0.035 321 2315 117
3.606 0.035 32.3 2311 111
3.610 0.036 32.5 2294 93
3.614 0.036 32.7 2265 97
3.618 0.036 32.9 2219 129
3.622 0.036 331 2168 158
3.626 0.036 33.3 2116 193
3.630 0.037 33.5 2092 199
3.633 0.037 33.7 2072 196
3.637 0.037 33.9 2039 191
3.643 0.037 34.2 1981 206
3.647 0.038 34.4 1921 232
3.651 0.038 34.6 1887 235
3.655 0.038 34.8 1886 237
3.659 0.038 35.0 1901 257
3.663 0.039 35.2 1929 278
3.667 0.039 35.4 1926 255
3.671 0.039 35.6 1881 238
3.674 0.039 35.8 1790 259
3.678 0.040 36.0 1679 320
3.682 0.040 36.2 1594 362
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.684 0.039 36.4 1530 377
3.687 0.039 36.6 1503 361
3.689 0.039 36.8 1491 345
3.693 0.039 37.1 1484 343
3.696 0.038 37.3 1456 355
3.698 0.038 375 1450 358
3.701 0.038 37.7 1412 348
3.704 0.038 37.9 1409 318
3.706 0.038 38.1 1393 275
3.709 0.037 38.3 1420 254
3.711 0.037 38.5 1440 273
3.714 0.037 38.7 1426 294
3.716 0.037 38.9 1507 281
3.719 0.037 39.1 1577 281
3.722 0.036 39.3 1595 315
3.724 0.036 39.5 1625 303
3.727 0.036 39.7 1649 281
3.731 0.036 40.0 1685 249
3.733 0.035 40.2 1746 230
3.736 0.035 404 1814 218
3.738 0.035 40.6 1889 190
3.741 0.035 40.8 1963 176
3.744 0.035 41.0 2038 207
3.746 0.035 41.2 2112 244
3.749 0.034 414 2173 249
3.751 0.034 41.6 2214 235
3.754 0.034 41.8 2228 221
3.756 0.034 42.0 2224 221
3.759 0.034 42.2 2214 230
3.762 0.034 424 2203 255
3.764 0.033 42.6 2178 288
3.767 0.033 42.8 2144 320
3.771 0.033 43.1 2103 346
3.773 0.033 43.3 2071 372
3.776 0.033 43.5 2119 308
3.778 0.032 43.7 2126 308
3.781 0.032 43.9 2133 325
3.784 0.032 441 2147 349
3.786 0.032 443 2168 396
3.789 0.032 445 2200 430
3.791 0.032 447 2233 415
3.794 0.032 449 2247 367
3.796 0.031 451 2231 326
3.799 0.031 453 2132 362
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.802 0.031 45.5 2094 349
3.804 0.031 457 2037 378
3.808 0.031 46.0 1958 399
3.811 0.031 46.2 1879 423
3.813 0.031 46.4 1802 451
3.816 0.031 46.6 1744 476
3.818 0.030 46.8 1703 486
3.821 0.030 47.0 1676 493
3.824 0.030 47.2 1669 488
3.826 0.030 474 1698 459
3.829 0.030 47.6 1749 417
3.831 0.030 47.8 1820 359
3.834 0.030 48.0 1876 308
3.836 0.030 48.2 1912 285
3.839 0.030 48.4 1923 288
3.842 0.030 48.6 1923 288
3.845 0.029 48.9 1926 273
3.848 0.029 49.1 1940 252
3.851 0.029 49.3 1957 226
3.853 0.029 49.5 1984 257
3.856 0.029 49.7 2084 222
3.858 0.029 49.9 2143 225
3.861 0.029 50.1 2164 251
3.864 0.029 50.3 2147 301
3.866 0.029 50.5 2167 241
3.869 0.029 50.7 2106 273
3.871 0.029 50.9 2043 302
3.874 0.029 51.1 1985 331
3.876 0.029 51.3 1839 437
3.879 0.029 515 1866 380
3.883 0.029 51.8 1927 337
3.885 0.029 52.0 1838 374
3.888 0.029 52.2 1766 299
3.891 0.029 52.4 1670 206
3.893 0.029 52.6 1554 117
3.896 0.029 52.8 1432 118
3.898 0.029 53.0 1332 168
3.901 0.029 53.2 1318 175
3.904 0.029 53.4 1304 165
3.906 0.029 53.6 1312 162
3.909 0.029 53.8 1322 195
3.911 0.029 54.0 1345 235
3.914 0.029 54.2 1380 251
3.916 0.029 54.4 1403 262
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
3.919 0.029 54.6 1436 249
3.923 0.029 54.9 1425 235
3.925 0.029 55.1 1432 251
3.928 0.029 55.3 1431 275
3.931 0.029 55.5 1433 266
3.933 0.029 55.7 1424 249
3.936 0.029 55.9 1440 209
3.938 0.029 56.1 1452 178
3.941 0.029 56.3 1462 164
3.944 0.029 56.5 1472 170
3.946 0.029 56.7 1490 172
3.949 0.029 56.9 1508 173
3.951 0.029 57.1 1528 177
3.954 0.029 57.3 1535 188
3.956 0.029 57.5 1524 213
3.960 0.030 57.8 1494 243
3.963 0.030 58.0 1440 260
3.965 0.030 58.2 1417 227
3.968 0.030 58.4 1392 190
3.971 0.030 58.6 1406 164
3.973 0.030 58.8 1464 178
3.976 0.030 59.0 1540 204
3.978 0.030 59.2 1554 234
3.981 0.030 59.4 1564 221
3.984 0.030 59.6 1559 212
3.986 0.031 59.8 1600 191
3.989 0.031 60.0 1630 182
3.991 0.031 60.2 1632 191
3.994 0.031 60.4 1619 192
3.998 0.031 60.7 1605 183
4.000 0.031 60.9 1613 172
4.003 0.031 61.1 1630 190
4.005 0.031 61.3 1644 230
4.008 0.032 61.5 1648 261
4.011 0.032 61.7 1648 288
4.013 0.032 61.9 1649 294
4.016 0.032 62.1 1652 300
4.018 0.032 62.3 1657 313
4.021 0.032 62.5 1656 327
4.024 0.032 62.7 1641 337
4.026 0.033 62.9 1611 340
4.029 0.033 63.1 1582 344
4.031 0.033 63.3 1566 345
4.034 0.033 63.5 1570 333
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli C-rsggre‘:fer
4,038 0.033 63.8 1580 319
4.040 0.034 64.0 1596 293
4.043 0.034 64.2 1615 281
4.045 0.034 64.4 1636 281
4.048 0.034 64.6 1641 299
4.051 0.034 64.8 1622 324
4.053 0.034 65.0 1601 362
4.056 0.035 65.2 1623 379
4.058 0.035 65.4 1655 375
4.061 0.035 65.6 1698 353
4.064 0.035 65.8 1749 321
4.066 0.035 66.0 1774 303
4.069 0.035 66.2 1764 321
4.071 0.036 66.4 1784 323
4.075 0.036 66.7 1764 363
4.078 0.036 66.9 1745 400
4.080 0.036 67.1 1726 427
4.083 0.037 67.3 1699 439
4.085 0.037 67.5 1672 437
4.088 0.037 67.7 1642 442
4.091 0.037 67.9 1627 427
4.093 0.037 68.1 1610 392
4.096 0.038 68.3 1586 369
4.098 0.038 68.5 1601 324
4.101 0.038 68.7 1587 290
4104 0.038 68.9 1581 258
4106 0.038 69.1 1604 251
4.109 0.039 69.3 1612 235
4113 0.039 69.6 1618 217
4115 0.039 69.8 1627 210
4118 0.039 70.0 1643 219
4.120 0.039 70.2 1646 220
4121 0.039 70.4 1644 231
4.122 0.039 70.6 1607 247
4123 0.039 70.8 1621 247
4.124 0.039 71.0 1693 232
4126 0.039 712 1785 213
4127 0.039 714 1885 171
4128 0.039 71.6 1982 126
4.129 0.038 718 2071 113
4130 0.038 72.0 2130 118
4132 0.038 72.2 2165 136
4133 0.038 725 2174 193
4.135 0.038 72.7 2155 281
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4136 0.038 72.9 2117 366
4.137 0.038 73.1 2146 343
4138 0.038 73.3 2130 356
4139 0.037 73.5 2124 351
4.141 0.037 73.7 2111 346
4.142 0.037 73.9 2090 344
4143 0.037 74.1 2070 335
4.144 0.037 74.3 2067 327
4.145 0.037 74.5 2084 323
4.147 0.037 74.7 2132 333
4.148 0.037 74.9 2199 361
4.149 0.037 75.1 2288 397
4.150 0.037 75.3 2382 377
4.152 0.036 75.6 2450 307
4153 0.036 75.8 2480 208
4.154 0.036 76.0 2456 149
4.156 0.036 76.2 2402 163
4157 0.036 76.4 2296 275
4158 0.036 76.6 2275 234
4.159 0.036 76.8 2244 266
4160 0.036 77.0 2195 302
4.162 0.036 772 2132 325
4.163 0.035 774 2047 333
4.164 0.035 77.6 1956 340
4.165 0.035 77.8 1862 332
4.166 0.035 78.0 1786 317
4.168 0.035 78.2 1737 277
4.169 0.035 78.5 1721 254
4171 0.035 78.7 1738 250
4172 0.035 78.9 1786 258
4173 0.035 79.1 1841 269
4174 0.035 79.3 1901 295
4175 0.034 79.5 1936 322
4177 0.034 79.7 1953 348
4178 0.034 79.9 1954 353
4179 0.034 80.1 1950 335
4.180 0.034 80.3 1944 305
4.181 0.034 80.5 1928 276
4183 0.034 80.7 1903 260
4184 0.034 80.9 1866 254
4.185 0.034 81.1 1841 266
4187 0.034 814 1846 294
4.188 0.034 81.6 1900 297
4189 0.034 81.8 1969 310
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4190 0.033 82.0 2022 301
4192 0.033 82.2 2049 286
4193 0.033 824 2056 263
4.194 0.033 82.6 2063 238
4195 0.033 82.8 2054 246
4196 0.033 83.0 2041 290
4198 0.033 83.2 2085 233
4.199 0.033 83.4 2104 220
4.200 0.033 83.6 2124 222
4.201 0.033 83.8 2145 235
4.202 0.033 84.0 2150 230
4.204 0.033 84.2 2153 211
4.205 0.033 84.5 2095 297
4.207 0.033 84.7 2130 209
4.208 0.032 84.9 2156 200
4.209 0.032 85.1 2178 221
4.210 0.032 85.3 2194 233
4.211 0.032 85.5 2205 219
4.213 0.032 85.7 2208 194
4.214 0.032 85.9 2209 158
4.215 0.032 86.1 2206 136
4.216 0.032 86.3 2214 131
4.217 0.032 86.5 2234 126
4.219 0.032 86.7 2258 104
4.220 0.032 86.9 2261 96
4.221 0.032 87.1 2227 120
4.223 0.032 87.4 2146 150
4.224 0.032 87.6 2051 179
4.225 0.032 87.8 1981 222
4.226 0.032 88.0 1960 273
4.228 0.032 88.2 1984 298
4.229 0.032 88.4 2010 298
4.230 0.032 88.6 2024 282
4.231 0.032 88.8 2020 288
4.232 0.032 89.0 2010 340
4.234 0.031 89.2 2007 412
4.235 0.031 89.4 2144 274
4.236 0.031 89.6 2104 367
4.237 0.031 89.8 2096 397
4.238 0.031 90.0 2164 356
4.240 0.031 90.3 2209 301
4.241 0.031 90.5 2219 228
4.243 0.031 90.7 2191 160
4.244 0.031 90.9 2170 147
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4.245 0.031 91.1 2166 144
4.246 0.031 91.3 2177 120
4.247 0.031 91.5 2176 115
4.249 0.031 91.7 2161 141
4.250 0.031 91.9 2136 175
4.251 0.031 92.1 2114 210
4.252 0.031 92.3 2109 233
4.253 0.031 925 2124 231
4.255 0.031 92.7 2152 204
4.256 0.031 92.9 2168 196
4.258 0.031 93.2 2160 213
4.259 0.031 934 2132 228
4.260 0.031 93.6 2106 232
4.261 0.031 93.8 2110 221
4.262 0.031 94.0 2142 201
4.264 0.031 94.2 2193 186
4.265 0.031 944 2225 186
4.266 0.031 94.6 2229 180
4.267 0.031 94.8 2192 188
4.268 0.031 95.0 2145 198
4.270 0.031 95.2 2101 203
4.271 0.031 954 2083 197
4.272 0.031 95.6 2076 200
4.273 0.031 95.8 2071 204
4.274 0.031 96.0 2048 214
4.276 0.031 96.3 2005 232
4.277 0.031 96.5 1964 255
4.279 0.031 96.7 1953 256
4.280 0.031 96.9 1976 243
4.281 0.031 97.1 2007 254
4.282 0.031 97.3 2093 215
4.283 0.031 97.5 2136 206
4.285 0.031 97.7 2167 203
4.286 0.031 97.9 2182 190
4.287 0.031 98.1 2179 170
4.288 0.031 98.3 2162 159
4.289 0.031 98.5 2109 213
4.291 0.031 98.7 2116 154
4.292 0.031 98.9 2102 144
4.294 0.032 99.2 2064 143
4.295 0.032 994 2010 155
4.296 0.032 99.6 1971 183
4.297 0.032 99.8 1953 211
4.299 0.032 100.0 1971 186
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’“
4.300 0.032 100.2 2001 141
4.301 0.032 100.4 2023 133
4.302 0.032 100.6 2028 165
4.303 0.032 100.8 2007 195
4.305 0.032 101.0 1972 229
4.306 0.032 101.2 1931 267
4.307 0.032 101.4 1899 293
4.308 0.032 101.6 1888 293
4.309 0.032 101.8 1894 272
4.311 0.032 102.1 1903 248
4.312 0.032 102.3 1917 224
4.314 0.032 102.5 1927 221
4.315 0.032 102.7 1958 216
4.316 0.032 102.9 1999 191
4.317 0.032 103.1 2053 161
4.318 0.032 103.3 2106 138
4.320 0.032 103.5 2160 138
4.321 0.033 103.7 2215 139
4.322 0.033 103.9 2275 146
4.323 0.033 104.1 2331 180
4.324 0.033 104.3 2374 231
4.326 0.033 104.5 2398 274
4.327 0.033 104.7 2404 267
4.328 0.033 104.9 2393 241
4.330 0.033 105.2 2373 209
4.331 0.033 105.4 2328 206
4.332 0.033 105.6 2270 215
4.333 0.033 105.8 2207 231
4.335 0.033 106.0 2161 219
4.336 0.033 106.2 2127 189
4.337 0.033 106.4 2107 175
4,338 0.034 106.6 2090 171
4.339 0.034 106.8 2086 163
4.341 0.034 107.0 2098 151
4.342 0.034 107.2 2111 167
4.343 0.034 107.4 2108 184
4.344 0.034 107.6 2069 195
4.345 0.034 107.8 2012 210
4.347 0.034 108.1 1956 235
4.348 0.034 108.3 1914 249
4.350 0.034 108.5 1889 266
4.351 0.034 108.7 1882 273
4.352 0.034 108.9 1901 267
4.353 0.035 109.1 1934 248
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4.354 0.035 109.3 1972 213
4.356 0.035 109.5 2003 150
4.357 0.035 109.7 2011 104
4.358 0.035 109.9 2010 140
4.359 0.035 110.1 1993 199
4.360 0.035 110.3 1984 217
4.362 0.035 110.5 1973 204
4.363 0.035 110.7 1971 177
4.365 0.035 111.0 1945 181
4.366 0.036 111.2 1904 211
4.367 0.036 1114 1840 226
4.368 0.036 111.6 1774 221
4.369 0.036 111.8 1707 217
4.371 0.036 112.0 1643 218
4.372 0.036 112.2 1594 204
4.373 0.036 1124 1553 191
4.374 0.036 112.6 1522 185
4.375 0.036 112.8 1485 202
4.377 0.036 113.0 1447 233
4.378 0.037 113.2 1409 261
4.379 0.037 1134 1390 278
4.380 0.037 113.6 1374 283
4.382 0.037 113.9 1360 290
4,383 0.037 1141 1364 298
4.384 0.037 114.3 1343 317
4.386 0.037 114.5 1305 325
4,387 0.037 1147 1281 321
4,388 0.038 114.9 1262 300
4.389 0.038 115.1 1240 279
4.390 0.038 115.3 1215 266
4.392 0.038 115.5 1249 273
4.393 0.038 115.7 1228 278
4.394 0.038 115.9 1251 285
4.395 0.038 116.1 1270 290
4.396 0.038 116.3 1246 285
4,398 0.038 116.5 1253 290
4.399 0.039 116.7 1285 308
4.401 0.039 117.0 1321 321
4.402 0.039 117.2 1316 333
4.403 0.039 1174 1380 342
4.404 0.039 117.6 1407 349
4.405 0.039 117.8 1464 348
4.407 0.039 118.0 1487 361
4.408 0.039 118.2 1553 372
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) to% (mm) :;J(r)ralgel-rlsu C'I;::rei:’t.)er
4.409 0.040 118.4 1603 385
4.410 0.040 118.6 1598 401
4.411 0.040 118.8 1623 386
4.413 0.040 119.0 1622 387
4.414 0.040 119.2 1676 365
4.415 0.040 119.4 1730 366
4.416 0.040 119.6 1724 390
4.418 0.041 119.9 1700 411
4.419 0.041 120.1 1636 417
4.420 0.041 120.3 1675 384
4.422 0.041 120.5 1761 347
4.423 0.041 120.7 1877 291
4.424 0.041 120.9 2003 208
4.495 0.041 1211 2106 140
4.426 0.041 121.3 2169 140
4.428 0.042 121.5 2194 172
4.429 0.042 121.7 2194 186
4.430 0.042 121.9 2187 185
4.431 0.042 122.1 2175 180
4.432 0.042 122.3 2175 181
4.434 0.042 122.5 2190 190
4.435 0.043 122.8 2227 214
4.437 0.043 123.0 2255 237
4.438 0.043 123.2 2259 247
4.439 0.043 1234 2229 246
4.440 0.043 123.6 2185 242
4.441 0.043 123.8 2139 240
4.443 0.043 124.0 2112 236
4.444 0.043 124.2 2102 223
4.445 0.044 1244 2105 204
4.446 0.044 124.6 2113 168
4.447 0.044 124.8 2132 138
4.449 0.044 125.0 2141 142
4.450 0.044 125.2 2131 151
4.451 0.044 125.4 2085 159
4.452 0.044 125.6 2034 171
4.454 0.045 125.9 1993 196
4.455 0.045 126.1 1969 238
4.456 0.045 126.3 1947 261
4.458 0.045 126.5 1916 268
4.459 0.045 126.7 1881 265
4.460 0.045 126.9 1858 262
4.461 0.046 1271 1844 252
4.462 0.046 127.3 1842 232
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) to% (mm) :;j(r)%gel_ﬁl C'I;::rei:’t.)er
4.464 0.046 127.5 1849 211
4.465 0.046 127.7 1867 201
4.466 0.046 127.9 1896 211
4.467 0.046 128.1 1926 219
4.468 0.046 128.3 1959 220
4.470 0.047 128.5 1989 213
4.471 0.047 128.8 2010 196
4.473 0.047 129.0 2020 181
4.474 0.047 129.2 2020 178
4.475 0.047 129.4 2018 187
4.476 0.047 129.6 2016 210
4.477 0.048 129.8 2006 248
4.479 0.048 130.0 1982 281
4.480 0.048 130.2 1937 314
4.481 0.048 130.4 1880 343
4.483 0.048 130.6 1826 369
4.486 0.048 130.8 1778 357
4.489 0.048 131.0 1749 305
4.492 0.048 131.2 1733 260
4.495 0.047 1314 1739 266
4.500 0.047 131.7 1746 305
4.503 0.047 131.9 1755 327
4.506 0.047 1321 1764 324
4.509 0.047 132.3 1775 292
4512 0.046 132.5 1787 268
4516 0.046 132.7 1792 258
4519 0.046 132.9 1797 253
4.522 0.046 133.1 1801 245
4.525 0.046 133.3 1810 250
4.528 0.046 133.5 1825 257
4.531 0.045 133.7 1836 264
4534 0.045 133.9 1842 273
4537 0.045 134.1 1844 273
4.540 0.045 134.3 1858 273
4.545 0.045 134.6 1882 279
4.548 0.045 134.8 1913 284
4551 0.044 135.0 1936 278
4.554 0.044 135.2 1948 267
4.557 0.044 1354 1934 250
4.560 0.044 135.6 1927 243
4.563 0.044 135.8 1934 238
4.567 0.044 136.0 1975 207
4570 0.043 136.2 2031 170
4573 0.043 136.4 2066 167
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) to% (mm) :;j(r)%geﬁ] CL::Z::’”
4.576 0.043 136.6 2069 187
4579 0.043 136.8 2041 201
4,582 0.043 137.0 2006 208
4.585 0.043 137.2 1970 218
4.588 0.043 1374 1934 228
4,593 0.042 137.7 1879 239
4.596 0.042 137.9 1811 261
4.599 0.042 138.1 1722 294
4.602 0.042 138.3 1627 319
4.605 0.042 138.5 1571 309
4.608 0.042 138.7 1498 310
4.611 0.041 138.9 1514 284
4614 0.041 139.1 1480 303
4618 0.041 139.3 1491 314
4.621 0.041 139.5 1468 344
4.624 0.041 139.7 1496 360
4.627 0.041 139.9 1463 384
4.630 0.041 140.1 1442 392
4633 0.040 140.3 1441 382
4.638 0.040 140.6 1429 381
4.641 0.040 140.8 1402 395
4.644 0.040 141.0 1426 410
4.647 0.040 141.2 1466 400
4.650 0.040 1414 1515 359
4.653 0.040 141.6 1545 331
4.656 0.040 141.8 1435 362
4.659 0.039 142.0 1366 351
4.662 0.039 142.2 1406 352
4.665 0.039 142.4 1482 367
4.669 0.039 142.6 1576 379
4.672 0.039 142.8 1617 369
4,675 0.039 143.0 1697 313
4678 0.039 143.2 1774 255
4.682 0.039 143.5 1841 216
4.686 0.038 143.7 1880 198
4.689 0.038 143.9 1906 204
4.692 0.038 1441 1915 218
4.695 0.038 144.3 1920 238
4.698 0.038 1445 1919 254
4.701 0.038 1447 1923 260
4.704 0.038 144.9 1919 252
4.707 0.038 1451 1911 243
4710 0.038 145.3 1897 235
4713 0.038 145.5 1880 242
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4.716 0.037 145.7 1860 262
4.720 0.037 145.9 1840 306
4723 0.037 146.1 1838 331
4,726 0.037 146.3 1849 328
4.730 0.037 146.6 1875 300
4,733 0.037 146.8 1907 275
4.737 0.037 147.0 1943 220
4.740 0.037 147.2 1979 177
4.743 0.037 1474 2013 162
4.746 0.037 147.6 2046 181
4.749 0.037 147.8 2079 194
4,752 0.036 148.0 2110 188
4.755 0.036 148.2 2134 160
4.758 0.036 148.4 2155 147
4.761 0.036 148.6 2167 164
4.764 0.036 148.8 2166 175
4.767 0.036 149.0 2144 160
4.771 0.036 149.2 2114 131
4775 0.036 149.5 2090 113
4778 0.036 149.7 2082 128
4.781 0.036 149.9 2080 161
4.784 0.036 150.1 2071 211
4788 0.036 150.3 2057 259
4.791 0.036 150.5 2051 303
4.794 0.036 150.7 2069 320
4.797 0.036 150.9 2113 307
4.800 0.035 1511 2162 271
4.803 0.035 151.3 2200 222
4.806 0.035 151.5 2217 188
4.809 0.035 151.7 2212 169
4.812 0.035 151.9 2194 168
4.815 0.035 152.1 2155 181
4.820 0.035 152.4 2118 206
4.823 0.035 152.6 2091 223
4.826 0.035 152.8 2077 213
4.829 0.035 153.0 2073 188
4.832 0.035 153.2 2071 181
4.835 0.035 153.4 2072 183
4.838 0.035 153.6 2077 172
4.842 0.035 153.8 2084 156
4.845 0.035 154.0 2088 149
4.848 0.035 154.2 2091 161
4.851 0.035 154.4 2083 183
4.854 0.035 154.6 2068 208
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’“
4.857 0.035 154.8 2039 220
4.860 0.035 155.0 1998 222
4.865 0.035 155.3 1950 216
4.868 0.035 155.5 1897 193
4.871 0.035 155.7 1856 179
4.874 0.035 155.9 1829 193
4877 0.035 156.1 1833 211
4.880 0.035 156.3 1873 206
4.883 0.035 156.5 1931 195
4.886 0.035 156.7 1986 190
4.889 0.035 156.9 2016 191
4.893 0.035 1571 2023 188
4.896 0.035 157.3 2009 186
4.899 0.035 157.5 1989 180
4,902 0.035 157.7 1964 166
4.905 0.035 157.9 1952 171
4.908 0.035 158.1 1940 203
4913 0.035 158.4 1914 244
4916 0.035 158.6 1878 264
4919 0.035 158.8 1844 243
4.922 0.035 159.0 1848 192
4.925 0.035 159.2 1872 159
4.928 0.035 159.4 1919 176
4,931 0.035 159.6 1957 214
4.934 0.035 159.8 1992 227
4.937 0.035 160.0 2016 238
4.940 0.035 160.2 2047 269
4.944 0.035 160.4 2080 310
4.947 0.035 160.6 2115 324
4.950 0.035 160.8 2156 289
4,953 0.035 161.0 2193 225
4,957 0.035 161.3 2230 184
4,961 0.035 161.5 2251 187
4.964 0.035 161.7 2262 197
4.967 0.036 161.9 2262 202
4.970 0.036 162.1 2248 203
4973 0.036 162.3 2219 214
4976 0.036 162.5 2186 224
4979 0.036 162.7 2166 219
4,982 0.036 162.9 2163 203
4.985 0.036 163.1 2170 194
4.988 0.036 163.3 2174 209
4,991 0.036 163.5 2173 238
4,995 0.036 163.7 2163 255
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
4.998 0.036 163.9 2151 251
5.002 0.036 164.2 2136 216
5.005 0.036 164.4 2127 180
5.008 0.036 164.6 2126 155
5.012 0.036 164.8 2134 143
5.015 0.037 165.0 2148 147
5.018 0.037 165.2 2159 161
5.021 0.037 165.4 2164 167
5.024 0.037 165.6 2166 168
5.027 0.037 165.8 2173 164
5.030 0.037 166.0 2187 156
5.033 0.037 166.2 2201 139
5.036 0.037 166.4 2202 129
5.039 0.037 166.6 2189 132
5.042 0.037 166.8 2148 159
5.046 0.037 167.0 2087 214
5.050 0.038 167.3 2017 283
5.053 0.038 167.5 1953 350
5.056 0.038 167.7 1918 389
5.059 0.038 167.9 1912 401
5.063 0.038 168.1 1935 386
5.066 0.038 168.3 2029 256
5.069 0.038 168.5 2045 257
5.072 0.038 168.7 2037 327
5.075 0.038 168.9 2103 268
5.078 0.038 169.1 2108 286
5.081 0.039 169.3 2116 278
5.084 0.039 169.5 2059 330
5.087 0.039 169.7 2075 258
5.090 0.039 169.9 2029 289
5.095 0.039 170.2 2036 250
5.098 0.039 170.4 2025 251
5.101 0.039 170.6 2016 259
5104 0.039 170.8 2006 284
5.107 0.040 171.0 1989 330
5.110 0.040 171.2 2024 317
5.114 0.040 1714 2056 330
5117 0.040 171.6 1987 429
5.120 0.040 171.8 2062 319
5.123 0.040 172.0 2074 270
5.126 0.040 172.2 2061 223
5.129 0.040 172.4 1989 275
5.132 0.041 172.6 1957 244
5.135 0.041 172.8 1992 233
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
5.140 0.041 1731 2010 255
5.143 0.041 173.3 2020 267
5.146 0.041 173.5 2014 245
5.149 0.041 173.7 2004 217
5.152 0.041 173.9 2005 198
5.155 0.042 1741 2016 187
5.158 0.042 174.3 2044 184
5.161 0.042 1745 2081 191
5.165 0.042 1747 2132 205
5.168 0.042 174.9 2179 206
5171 0.042 1751 2215 211
5174 0.042 175.3 2225 241
5177 0.043 175.5 2202 310
5.180 0.043 175.7 2140 410
5.185 0.043 176.0 2143 428
5.188 0.043 176.2 2270 218
5.191 0.043 176.4 2271 227
5194 0.043 176.6 2282 244
5.197 0.044 176.8 2281 289
5.200 0.044 177.0 2271 341
5.203 0.044 177.2 2134 473
5.206 0.044 1774 2116 431
5.209 0.044 177.6 2165 299
5.212 0.044 177.8 2184 213
5.215 0.045 178.0 2185 172
5.219 0.045 178.2 2167 168
5.222 0.045 1784 2140 176
5.225 0.045 178.6 2108 197
5.228 0.045 178.8 2074 228
5.232 0.045 1791 2068 234
5.236 0.046 179.3 2074 248
5.239 0.046 179.5 2091 267
5.242 0.046 179.7 2099 272
5.245 0.046 179.9 2106 267
5.048 0.046 180.1 2119 250
5.251 0.046 180.3 2143 228
5.254 0.047 180.5 2164 226
5.257 0.047 180.7 2173 253
5.260 0.047 180.9 2170 290
5.263 0.047 181.1 2160 339
5.266 0.047 181.3 2225 296
5.270 0.047 181.5 2240 310
5.273 0.048 181.7 2261 332
5.277 0.048 182.0 2282 360
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
5.280 0.048 182.2 2241 459
5.283 0.048 1824 2354 292
5.287 0.048 182.6 2377 269
5.290 0.049 182.8 2309 377
5.293 0.049 183.0 2316 350
5.296 0.049 183.2 2330 350
5.299 0.049 183.4 2347 369
5.302 0.049 183.6 2453 160
5.305 0.050 183.8 2391 366
5.308 0.050 184.0 2408 335
5.312 0.050 184.2 2435 289
5.318 0.049 184.4 2477 242
5.323 0.049 184.6 2520 222
5.331 0.048 184.9 2541 250
5.337 0.048 185.1 2520 320
5.342 0.047 185.3 2479 373
5.347 0.047 185.5 2429 376
5.353 0.046 185.7 2382 338
5.358 0.046 185.9 2340 330
5.363 0.046 186.1 2294 381
5.369 0.045 186.3 2271 438
5.374 0.045 186.5 2356 375
5.380 0.045 186.7 2401 370
5.385 0.044 186.9 2433 379
5.390 0.044 187.1 2412 420
5.396 0.044 187.3 2349 511
5.401 0.043 187.5 2263 649
5406 0.043 187.7 2403 535
5414 0.043 188.0 2328 514
5.420 0.042 188.2 2239 407
5.425 0.042 188.4 2224 258
5.431 0.042 188.6 2138 370
5.436 0.041 188.8 2131 336
5.441 0.041 189.0 2125 317
5.447 0.041 189.2 2106 301
5452 0.041 189.4 2097 290
5.457 0.041 189.6 2094 294
5.463 0.040 189.8 2085 313
5.468 0.040 190.0 2067 340
5474 0.040 190.2 2040 348
5.479 0.040 190.4 2022 337
5484 0.040 190.6 2008 314
5.492 0.040 190.9 1999 295
5.498 0.039 1911 1992 292
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
5.503 0.039 191.3 1972 298
5.508 0.039 191.5 1944 316
5514 0.039 191.7 1905 344
5.519 0.039 191.9 1854 360
5.525 0.039 1921 1819 360
5.530 0.039 192.3 1804 341
5.535 0.039 192.5 1798 331
5.541 0.039 192.7 1793 321
5.546 0.039 192.9 1773 295
5.551 0.039 193.1 1744 277
5.557 0.039 193.3 1718 275
5.562 0.039 193.5 1698 296
5.570 0.039 193.8 1673 294
5.576 0.039 194.0 1641 272
5.581 0.039 194.2 1607 274
5.586 0.039 194.4 1656 282
5.592 0.039 194.6 1724 298
5.597 0.040 194.8 1733 374
5.602 0.040 195.0 1769 411
5.608 0.040 195.2 1855 390
5.613 0.040 1954 1882 391
5.618 0.040 195.6 1939 346
5.624 0.040 195.8 1974 284
5.629 0.040 196.0 1999 244
5.635 0.041 196.2 2017 234
5.640 0.041 196.4 2031 227
5.648 0.041 196.7 2042 196
5.653 0.041 196.9 2062 166
5.659 0.042 197.1 2086 142
5.664 0.042 197.3 2111 137
5.669 0.042 197.5 2131 141
5.675 0.043 197.7 2148 147
5.680 0.043 197.9 2161 148
5.686 0.043 198.1 2173 148
5.691 0.043 198.3 2189 144
5.696 0.044 198.5 2207 146
5.702 0.044 198.7 2221 148
5.707 0.044 198.9 2229 138
5712 0.045 199.1 2233 126
5.718 0.045 199.3 2243 120
5.723 0.045 199.5 2255 120
5.731 0.046 199.8 2270 115
5.737 0.046 200.0 2285 103
5.742 0.047 200.2 2301 96

214



Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
5747 0.047 2004 2313 98
5.753 0.048 200.6 2318 105
5.758 0.048 200.8 2312 111
5.763 0.048 201.0 2296 112
5.769 0.049 201.2 2275 117
5774 0.049 2014 2257 132
5.780 0.050 201.6 2248 136
5.785 0.050 201.8 2251 134
5.790 0.051 202.0 2270 136
5.796 0.051 202.2 2290 148
5.801 0.052 2024 2301 150
5.809 0.052 202.7 2300 147
5814 0.053 202.9 2285 147
5.820 0.053 203.1 2257 152
5.825 0.054 203.3 2222 159
5.831 0.054 203.5 2179 164
5.836 0.055 203.7 2139 166
5.841 0.055 203.9 2115 183
5.847 0.056 204.1 2097 213
5.852 0.056 204.3 2079 242
5.857 0.057 204.5 2050 281
5.863 0.057 204.7 2018 341
5.868 0.058 204.9 1984 421
5.874 0.058 205.1 2039 376
5.879 0.059 205.3 2058 376
5.887 0.060 205.6 2034 434
5.892 0.060 205.8 2079 416
5.898 0.061 206.0 2126 400
5.903 0.061 206.2 2178 378
5.908 0.062 206.4 2232 337
5.914 0.062 206.6 2291 283
5919 0.063 206.8 2342 262
5.925 0.063 207.0 2372 281
5.930 0.064 207.2 2376 304
5.935 0.065 2074 2361 294
5.941 0.065 207.6 2342 250
5.946 0.066 207.8 2333 199
5.951 0.066 208.0 2328 173
5.957 0.067 208.2 2319 180
5.962 0.067 208.4 2291 188
5.970 0.068 208.7 2259 181
5.976 0.069 208.9 2238 164
5.981 0.069 209.1 2234 144
5.986 0.070 209.3 2236 141
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
5.992 0.071 209.5 2235 152
5.997 0.071 209.7 2231 170
6.002 0.072 209.9 2235 186
6.008 0.072 210.1 2240 194
6.013 0.073 210.3 2241 188
6.018 0.074 210.5 2233 173
6.024 0.074 210.7 2221 154
6.029 0.075 210.9 2206 132
6.035 0.075 2111 2189 112
6.040 0.076 211.3 2174 101
6.048 0.077 2116 2161 108
6.053 0.078 211.8 2151 133
6.059 0.078 212.0 2142 151
6.064 0.079 212.2 2136 158
6.069 0.079 2124 2135 164
6.075 0.080 212.6 2138 168
6.080 0.081 212.8 2133 167
6.086 0.081 213.0 2116 161
6.091 0.082 213.2 2087 167
6.096 0.082 2134 2070 189
6.102 0.083 213.6 2073 207
6.107 0.084 213.8 2101 206
6.112 0.084 214.0 2134 181
6.118 0.085 214.2 2171 147
6.126 0.086 2145 2199 124
6.131 0.087 2147 2217 129
6.137 0.087 2149 2226 157
7.292 0.091 215.1 2224 167
7.295 0.090 215.3 2219 159
7.298 0.090 215.5 2206 152
7.300 0.090 215.7 2188 153
7.303 0.089 2159 2166 155
7.305 0.089 216.1 2144 172
7.308 0.089 216.3 2125 196
7.310 0.089 216.5 2105 218
7.313 0.088 216.7 2085 235
7.315 0.088 216.9 2071 263
7.318 0.088 21741 2059 284
7.321 0.088 2174 2047 301
7.324 0.087 217.6 2028 321
7.326 0.087 217.8 2002 352
7.329 0.087 218.0 1973 392
7.331 0.087 218.2 1944 428
7.334 0.086 2184 2033 335
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
7.336 0.086 218.6 2021 330
7.339 0.086 218.8 2005 335
7.341 0.086 219.0 1997 336
7.344 0.085 219.2 1993 319
7.346 0.085 2194 1942 359
7.349 0.085 219.6 1969 281
7.351 0.085 219.8 1962 280
7.354 0.084 220.0 2012 220
7.356 0.084 220.2 2042 184
7.360 0.084 220.5 2048 155
7.363 0.083 220.7 2039 140
7.365 0.083 220.9 2035 146
7.368 0.083 221.1 2041 165
7.370 0.083 221.3 2055 173
7.373 0.082 2215 2058 177
7.375 0.082 2217 2049 215
7.378 0.082 2219 2033 278
7.380 0.082 2221 2085 211
7.383 0.081 222.3 2096 221
7.385 0.081 2225 2068 286
7.388 0.081 222.7 2123 223
7.390 0.081 222.9 2168 183
7.393 0.080 223.1 2201 149
7.397 0.080 2234 2211 143
7.399 0.080 223.6 2210 162
7.402 0.080 223.8 2195 179
7.404 0.079 2240 2182 179
7.407 0.079 224.2 2183 175
7.409 0.079 2244 2187 167
7.412 0.079 2246 2188 167
7414 0.078 224.8 2173 179
7417 0.078 225.0 2152 193
7419 0.078 225.2 2122 205
7.422 0.078 2254 2102 218
7424 0.078 225.6 2090 225
7427 0.077 225.8 2100 212
7.429 0.077 226.0 2128 186
7.433 0.077 226.3 2161 165
7.436 0.077 226.5 2191 161
7438 0.076 226.7 2211 162
7.441 0.076 226.9 2221 158
7.443 0.076 2271 2223 148
7.446 0.076 227.3 2227 136
7.448 0.075 2275 2230 140
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’“
7.451 0.075 227.7 2233 157
7.453 0.075 227.9 2228 165
7.456 0.075 228.1 2225 161
7.458 0.075 228.3 2224 152
7.461 0.074 228.5 2225 138
7.463 0.074 228.7 2216 113
7.466 0.074 228.9 2203 80
7.468 0.074 2291 2188 69
7.472 0.073 2294 2171 92
7474 0.073 229.6 2156 117
7477 0.073 229.8 2143 135
7479 0.073 230.0 2142 155
7.482 0.072 230.2 2139 181
7.484 0.072 2304 2140 199
7.487 0.072 230.6 2150 188
7.489 0.072 230.8 2159 165
7.492 0.072 231.0 2158 164
7.494 0.071 231.2 2129 169
7.497 0.071 2314 2089 169
7.500 0.071 2316 2046 165
7.502 0.071 231.8 2017 174
7.505 0.071 232.0 2004 177
7.508 0.070 232.3 2001 169
7.511 0.070 2325 2005 152
7.513 0.070 232.7 2020 149
7.516 0.070 2329 2039 154
7.518 0.070 2331 2055 164
7.521 0.069 233.3 2065 166
7.523 0.069 2335 2068 168
7.526 0.069 233.7 2067 176
7.528 0.069 233.9 2059 194
7.531 0.069 234.1 2047 210
7.533 0.068 234.3 2037 213
7.536 0.068 2345 2029 204
7.538 0.068 234.7 2025 193
7.541 0.068 2349 2030 189
7.545 0.068 235.2 2040 178
7.547 0.067 2354 2067 171
7.550 0.067 235.6 2092 185
7.552 0.067 235.8 2114 211
7.555 0.067 236.0 2123 238
7.557 0.067 236.2 2127 264
7.560 0.066 236.4 2134 285
7.562 0.066 236.6 2142 294
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
7.565 0.066 236.8 2155 288
7.567 0.066 237.0 2179 278
7.570 0.066 237.2 2215 268
7.572 0.066 2374 2254 246
7.575 0.065 237.6 2281 219
7.577 0.065 237.8 2294 192
7.581 0.065 238.1 2291 178
7.584 0.065 238.3 2278 170
7.586 0.065 238.5 2261 175
7.589 0.064 238.7 2256 171
7.591 0.064 238.9 2264 163
7.594 0.064 239.1 2269 156
7.596 0.064 239.3 2257 163
7.599 0.064 2395 2234 193
7.601 0.064 239.7 2217 221
7.604 0.063 239.9 2203 220
7.606 0.063 240.1 2192 184
7.609 0.063 240.3 2177 149
7.611 0.063 240.5 2170 138
7.614 0.063 240.7 2167 147
7.616 0.063 240.9 2159 164
7.620 0.062 241.2 2138 181
7.622 0.062 2414 2120 185
7.625 0.062 2416 2111 189
7.627 0.062 2418 2112 194
7.630 0.062 242.0 2112 202
7.632 0.062 242.2 2112 218
7.635 0.062 2424 2110 238
7.638 0.061 2426 2105 248
7.640 0.061 242.8 2095 251
7.643 0.061 243.0 2083 249
7.645 0.061 243.2 2075 244
7.648 0.061 2434 2077 226
7.650 0.061 243.6 2087 218
7.653 0.061 243.8 2096 222
7.656 0.061 244 1 2103 229
7.659 0.060 2443 2112 231
7.661 0.060 2445 2137 214
7.664 0.060 2447 2177 191
7.666 0.060 2449 2220 168
7.669 0.060 2451 2247 164
7.671 0.060 245.3 2244 165
7.674 0.060 245.5 2221 164
7.676 0.060 245.7 2201 159
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;j(r)r(‘)gel-rlil C'I;::rei:’t.)er
7.679 0.059 2459 2195 157
7.681 0.059 246.1 2204 159
7.684 0.059 246.3 2218 158
7.686 0.059 246.5 2239 160
7.689 0.059 246.7 2259 160
7.693 0.059 247.0 2278 157
7.695 0.059 247.2 2286 135
7.698 0.059 2474 2287 116
7.700 0.059 2476 2276 108
7.703 0.058 247.8 2262 114
7.705 0.058 248.0 2244 121
7.708 0.058 248.2 2235 131
7.710 0.058 248.4 2236 145
7.713 0.058 248.6 2246 153
7.715 0.058 248.8 2251 166
7.718 0.058 249.0 2249 185
7.720 0.058 249.2 2240 199
7.723 0.058 2494 2233 194
7.725 0.058 249.6 2229 180
7.728 0.058 249.8 2222 176
7.732 0.057 250.1 2213 184
7.734 0.057 250.3 2206 191
7.737 0.057 250.5 2202 195
7.739 0.057 250.7 2193 197
7.742 0.057 250.9 2174 193
7.744 0.057 2511 2155 186
7.747 0.057 251.3 2147 179
7.749 0.057 2515 2155 172
7.752 0.057 251.7 2168 173
7.754 0.057 2519 2176 177
7.757 0.057 2521 2182 185
7.759 0.057 252.3 2190 202
7.762 0.057 252.5 2200 224
7.764 0.057 252.7 2213 236
7.768 0.057 253.0 2223 236
7.771 0.057 253.2 2231 227
7.773 0.056 2534 2240 211
7.776 0.056 253.6 2250 208
7.778 0.056 253.8 2259 210
7.781 0.056 254.0 2265 213
7.783 0.056 254.2 2268 209
7.786 0.056 254 .4 2268 205
7.788 0.056 254.6 2270 197
7.791 0.056 254.8 2273 179
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :#(r)r(‘)gel-rlil CL::Z::’“
7.793 0.056 255.0 2279 173
7.796 0.056 255.2 2286 179
7.798 0.056 2554 2297 182
7.801 0.056 255.6 2316 188
7.804 0.056 255.9 2340 189
7.807 0.056 256.1 2358 183
7.809 0.056 256.3 2364 170
7.812 0.056 256.5 2356 169
7.814 0.056 256.7 2340 174
7.817 0.056 256.9 2320 178
7.819 0.056 257.1 2295 177
7.822 0.056 257.3 2263 171
7.824 0.056 257.5 2234 170
7.827 0.056 257.7 2215 167
7.829 0.056 257.9 2210 162
7.832 0.056 258.1 2214 153
7.834 0.056 258.3 2217 145
7.837 0.056 258.5 2214 139
7.841 0.056 258.8 2203 142
7.843 0.056 259.0 2190 145
7.846 0.056 259.2 2174 146
7.848 0.056 2594 2159 146
7.851 0.056 259.6 2143 154
7.853 0.056 259.8 2128 168
7.856 0.056 260.0 2114 163
7.858 0.056 260.2 2110 128
7.861 0.056 260.4 2113 104
7.863 0.056 260.6 2121 127
7.866 0.056 260.8 2127 153
7.868 0.056 261.0 2133 159
7.871 0.056 261.2 2150 145
7.873 0.056 261.4 2170 121
7.876 0.056 261.6 2185 96
7.880 0.056 261.9 2189 85
7.882 0.056 262.1 2183 95
7.885 0.056 262.3 2170 110
7.887 0.056 262.5 2154 119
7.890 0.057 262.7 2149 110
7.892 0.057 262.9 2150 101
7.895 0.057 263.1 2151 96
7.897 0.057 263.3 2153 95
7.900 0.057 263.5 2169 96
7.902 0.057 263.7 2198 106
7.905 0.057 263.9 2228 113
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
7.907 0.057 264.1 2239 123
7.910 0.057 264.3 2224 125
7.912 0.057 264.5 2203 116
7.916 0.057 264.8 2196 111
7.919 0.057 265.0 2208 123
7.921 0.057 265.2 2223 134
7.924 0.057 265.4 2225 142
7.926 0.057 265.6 2214 145
7.929 0.057 265.8 2204 155
7.931 0.058 266.0 2200 164
7.934 0.058 266.2 2198 159
7.936 0.058 266.4 2185 135
7.939 0.058 266.6 2159 130
7.941 0.058 266.8 2127 148
7.944 0.058 267.0 2096 160
7.946 0.058 267.2 2080 165
7.949 0.058 267.4 2062 167
7.952 0.058 267.7 2043 170
7.955 0.058 267.9 2012 172
7.957 0.058 268.1 1983 197
7.960 0.059 268.3 1965 223
7.962 0.059 268.5 1957 237
7.965 0.059 268.7 1953 228
7.967 0.059 268.9 1945 203
7.970 0.059 269.1 1939 175
7.973 0.059 269.3 1942 164
7.975 0.059 269.5 1959 174
7.978 0.059 269.7 1987 180
7.980 0.059 269.9 2018 174
7.983 0.059 270.1 2047 153
7.985 0.060 270.3 2069 137
7.988 0.060 270.5 2086 146
7.991 0.060 270.8 2086 184
7.994 0.060 271.0 2063 235
7.996 0.060 271.2 2015 301
7.999 0.060 2714 2040 186
8.001 0.060 2716 2014 183
8.004 0.061 271.8 1995 177
8.006 0.061 272.0 1980 177
8.009 0.061 272.2 1929 245
8.011 0.061 2724 1955 169
8.014 0.061 2726 1984 133
8.016 0.061 272.8 2013 158
8.019 0.061 273.0 2033 205
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.021 0.061 273.2 2044 235
8.024 0.062 2734 2055 241
8.028 0.062 273.7 2074 237
8.030 0.062 273.9 2105 236
8.033 0.062 2741 2141 226
8.035 0.062 2743 2168 196
8.038 0.062 274.5 2184 182
8.040 0.063 274.7 2193 194
8.043 0.063 274.9 2205 202
8.045 0.063 275.1 2219 198
8.048 0.063 275.3 2230 194
8.050 0.063 2755 2234 197
8.053 0.063 275.7 2227 200
8.055 0.063 275.9 2216 197
8.058 0.064 276.1 2199 180
8.060 0.064 276.3 2184 169
8.064 0.064 276.6 2170 169
8.067 0.064 276.8 2166 166
8.069 0.064 277.0 2163 160
8.072 0.064 277.2 2160 164
8.074 0.065 2774 2157 184
8.077 0.065 277.6 2154 218
8.079 0.065 277.8 2160 249
8.082 0.065 278.0 2173 256
8.084 0.065 278.2 2193 236
8.087 0.065 2784 2202 199
8.089 0.066 278.6 2191 163
8.092 0.066 278.8 2160 150
8.094 0.066 279.0 2116 169
8.097 0.066 279.2 2079 190
8.100 0.066 279.5 2053 205
8.103 0.067 279.7 2051 215
8.105 0.067 279.9 2072 231
8.108 0.067 280.1 2114 238
8.111 0.067 280.3 2155 225
8.113 0.067 280.5 2174 207
8.116 0.068 280.7 2170 187
8.118 0.068 280.9 2161 187
8.121 0.068 281.1 2165 199
8.123 0.068 281.3 2178 216
8.126 0.068 2815 2185 231
8.128 0.068 281.7 2178 221
8.131 0.069 2819 2160 192
8.133 0.069 282.1 2132 159
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.136 0.069 282.3 2099 135
8.139 0.069 282.6 2076 106
8.142 0.070 282.8 2075 86
8.144 0.070 283.0 2103 103
8.147 0.070 283.2 2141 139
8.149 0.070 2834 2182 162
8.152 0.070 283.6 2212 166
8.154 0.071 283.8 2227 158
8.157 0.071 284.0 2231 146
8.159 0.071 284.2 2234 133
8.162 0.071 284.4 2240 122
8.164 0.071 284.6 2245 112
8.167 0.072 284.8 2246 111
8.169 0.072 285.0 2250 113
8.172 0.072 285.2 2262 120
8.176 0.072 285.5 2281 124
8.178 0.073 285.7 2297 129
8.181 0.073 285.9 2314 129
8.183 0.073 286.1 2332 125
8.186 0.073 286.3 2346 116
8.188 0.073 286.5 2350 114
8.191 0.074 286.7 2344 109
8.193 0.074 286.9 2339 97
8.196 0.074 287.1 2334 89
8.198 0.074 287.3 2327 98
8.201 0.074 287.5 2317 114
8.203 0.075 287.7 2310 128
8.206 0.075 287.9 2308 140
8.208 0.075 288.1 2314 159
8.212 0.075 288.4 2319 177
8.215 0.076 288.6 2315 189
8.217 0.076 288.8 2305 179
8.220 0.076 289.0 2291 163
8.222 0.076 289.2 2279 148
8.225 0.077 2894 2269 146
8.227 0.077 289.6 2259 145
8.230 0.077 289.8 2244 152
8.232 0.077 290.0 2229 160
8.235 0.077 290.2 2206 174
8.237 0.078 2904 2181 205
8.240 0.078 290.6 2139 283
8.243 0.077 290.8 2163 234
8.246 0.077 291.0 2140 252
8.248 0.077 291.2 2139 229
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.253 0.076 291.5 2155 183
8.255 0.076 291.7 2114 290
8.258 0.076 291.9 2125 277
8.261 0.076 292.1 2167 193
8.264 0.075 292.3 2138 243
8.267 0.075 292.5 2104 290
8.269 0.075 292.7 2083 304
8.272 0.074 292.9 2027 351
8.275 0.074 293.1 2073 251
8.278 0.074 293.3 2124 208
8.281 0.074 2935 2167 205
8.283 0.073 293.7 2205 199
8.286 0.073 293.9 2231 183
8.289 0.073 294.1 2254 162
8.293 0.072 294.4 2285 143
8.296 0.072 294.6 2318 139
8.299 0.072 294.8 2339 150
8.302 0.072 295.0 2344 174
8.304 0.071 295.2 2336 195
8.307 0.071 2954 2329 199
8.310 0.071 295.6 2330 184
8.313 0.070 295.8 2337 153
8.316 0.070 296.0 2345 127
8.318 0.070 296.2 2349 99
8.321 0.070 296.4 2354 85
8.324 0.069 296.6 2361 93
8.327 0.069 296.8 2365 120
8.330 0.069 297.0 2362 164
8.334 0.069 297.3 2354 202
8.337 0.068 297.5 2344 228
8.340 0.068 297.7 2336 221
8.342 0.068 297.9 2328 211
8.345 0.068 298.1 2316 205
8.348 0.067 298.3 2293 215
8.351 0.067 298.5 2256 228
8.354 0.067 298.7 2215 242
8.356 0.067 298.9 2178 238
8.359 0.066 299.1 2148 222
8.362 0.066 299.3 2114 208
8.365 0.066 299.5 2073 209
8.368 0.066 299.7 2037 221
8.370 0.066 299.9 2017 234
8.375 0.065 300.2 2021 243
8.377 0.065 300.4 2037 272
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?rir(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.380 0.065 300.6 2059 324
8.383 0.065 300.8 2151 207
8.386 0.064 301.0 2178 192
8.389 0.064 301.2 2197 169
8.391 0.064 3014 2209 164
8.394 0.064 301.6 2144 284
8.397 0.063 301.8 2139 236
8.400 0.063 302.0 2110 232
8.403 0.063 302.2 2066 266
8.406 0.063 3024 2017 315
8.408 0.063 302.6 1972 364
8.411 0.062 302.8 1939 383
8414 0.062 303.0 1923 360
8.418 0.062 303.3 1916 317
8.421 0.062 303.5 1928 272
8.424 0.062 303.7 1954 241
8.427 0.061 303.9 2002 220
8.429 0.061 304.1 2051 204
8.432 0.061 304.3 2089 193
8.435 0.061 304.5 2106 191
8.438 0.061 304.7 2093 200
8.441 0.061 304.9 2058 217
8.443 0.060 305.1 2000 245
8.446 0.060 305.3 1932 293
8.449 0.060 305.5 1932 252
8.452 0.060 305.7 1898 327
8.455 0.060 305.9 1884 441
8.459 0.059 306.2 1897 536
8.462 0.059 306.4 2054 336
8.464 0.059 306.6 2056 372
8.467 0.059 306.8 2110 338
8.470 0.059 307.0 2115 362
8.473 0.059 307.2 2078 428
8.476 0.059 3074 2168 309
8.478 0.058 307.6 2023 536
8.481 0.058 307.8 2003 431
8.484 0.058 308.0 2073 298
8.487 0.058 308.2 2075 324
8.490 0.058 308.4 2103 299
8.493 0.058 308.6 2091 295
8.495 0.058 308.8 2062 309
8.500 0.057 309.1 2031 328
8.502 0.057 309.3 2001 353
8.505 0.057 309.5 1957 377
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.508 0.057 309.7 1905 441
8.511 0.057 309.9 1948 395
8.514 0.057 310.1 1943 377
8.516 0.057 310.3 1940 351
8.519 0.057 310.5 1930 326
8.522 0.057 310.7 1922 301
8.525 0.057 310.9 1914 280
8.528 0.056 31141 1909 269
8.530 0.056 311.3 1903 259
8.533 0.056 3115 1897 267
8.536 0.056 3117 1896 315
8.539 0.056 311.9 1889 376
8.543 0.056 312.2 2001 356
8.546 0.056 3124 2049 396
8.549 0.056 3126 2074 412
8.551 0.056 312.8 2029 438
8.554 0.056 313.0 2047 377
8.557 0.056 313.2 2072 327
8.560 0.056 3134 2100 310
8.563 0.056 313.6 2135 315
8.566 0.056 313.8 2163 335
8.568 0.055 314.0 2176 361
8.571 0.055 314.2 2172 385
8.574 0.055 3144 2168 406
8.577 0.055 314.6 2186 422
8.580 0.055 314.8 2232 395
8.584 0.055 3151 2278 354
8.587 0.055 315.3 2304 323
8.589 0.055 3155 2300 326
8.592 0.055 315.7 2281 336
8.595 0.055 315.9 2266 330
8.598 0.055 316.1 2268 311
8.601 0.055 316.3 2290 284
8.603 0.055 316.5 2315 253
8.606 0.055 316.7 2324 244
8.609 0.055 316.9 2315 267
8.612 0.055 3171 2302 292
8.615 0.055 317.3 2302 295
8.617 0.055 3175 2321 274
8.620 0.055 317.7 2336 270
8.624 0.055 318.0 2337 286
8.627 0.055 318.2 2324 297
8.630 0.055 318.4 2316 289
8.633 0.055 318.6 2318 270
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Appendix B | CT number data derived from stalagmite REF-07

REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?rir(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’“
8.636 0.055 318.8 2326 265
8.638 0.055 319.0 2340 250
8.641 0.055 319.2 2356 213
8.644 0.055 3194 2367 185
8.647 0.055 319.6 2352 219
8.650 0.055 319.8 2325 290
8.653 0.056 320.0 2305 345
8.655 0.056 320.2 2327 316
8.658 0.056 3204 2370 243
8.661 0.056 320.6 2412 159
8.665 0.056 320.9 2422 128
8.668 0.056 321.1 2409 130
8.671 0.056 321.3 2389 132
8.674 0.056 3215 2381 128
8.676 0.056 321.7 2389 134
8.679 0.056 3219 2403 149
8.682 0.056 322.1 2410 167
8.685 0.056 322.3 2404 194
8.688 0.056 3225 2387 225
8.690 0.056 322.7 2371 242
8.693 0.057 3229 2360 248
8.696 0.057 3231 2361 250
8.699 0.057 323.3 2380 221
8.702 0.057 3235 2407 180
8.704 0.057 323.7 2436 137
8.709 0.057 324.0 2456 115
8.711 0.057 324.2 2464 93
8.714 0.057 3244 2459 77
8.717 0.057 324.6 2443 97
8.720 0.058 324.8 2422 129
8.723 0.058 325.0 2405 144
8.725 0.058 325.2 2397 138
8.728 0.058 3254 2402 116
8.731 0.058 325.6 2407 104
8.734 0.058 325.8 2406 98
8.737 0.058 326.0 2395 105
8.740 0.058 326.2 2379 122
8.742 0.059 326.4 2362 135
8.745 0.059 326.6 2339 141
8.749 0.059 326.9 2331 138
8.752 0.059 3271 2343 136
8.755 0.059 327.3 2379 126
8.758 0.059 3275 2403 136
8.761 0.060 327.7 2402 175
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REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?rir(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’“
8.763 0.060 327.9 2381 216
8.766 0.060 328.1 2366 248
8.769 0.060 328.3 2362 239
8.772 0.060 328.5 2353 212
8.775 0.060 328.7 2328 202
8.777 0.061 328.9 2285 231
8.780 0.061 329.1 2243 277
8.783 0.061 329.3 2205 323
8.786 0.061 329.5 2180 357
8.790 0.061 329.8 2160 379
8.793 0.062 330.0 2142 389
8.796 0.062 330.2 2120 400
8.798 0.062 330.4 2102 416
8.801 0.062 330.6 2090 436
8.804 0.062 330.8 2091 444
8.807 0.063 331.0 2109 427
8.810 0.063 331.2 2138 392
8.813 0.063 3314 2168 343
8.815 0.063 331.6 2181 306
8.818 0.063 331.8 2177 294
8.821 0.064 332.0 2163 298
8.824 0.064 332.2 2152 301
8.827 0.064 3324 2152 300
8.829 0.064 332.6 2158 293
8.834 0.064 3329 2161 281
8.836 0.065 333.1 2152 277
8.839 0.065 333.3 2129 285
8.842 0.065 3335 2096 290
8.845 0.065 333.7 2060 286
8.848 0.066 333.9 2030 283
8.850 0.066 334.1 2014 291
8.853 0.066 334.3 2008 306
8.856 0.066 3345 2071 181
8.859 0.066 334.7 2077 175
8.862 0.067 334.9 2079 184
8.864 0.067 335.1 2092 190
8.867 0.067 335.3 2105 181
8.870 0.067 335.5 2131 183
8.874 0.068 335.8 2123 238
8.877 0.068 336.0 2177 210
8.880 0.068 336.2 2200 209
8.883 0.069 336.4 2198 202
8.885 0.069 336.6 2188 201
8.888 0.069 336.8 2183 211
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REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?ror(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
8.891 0.069 337.0 2183 225
8.894 0.070 337.2 2184 238
8.897 0.070 3374 2177 247
8.900 0.070 337.6 2179 255
8.902 0.070 337.8 2183 261
8.905 0.071 338.0 2185 250
8.908 0.071 338.2 2179 223
8.911 0.071 3384 2169 202
8.915 0.071 338.7 2165 197
8.918 0.072 338.9 2167 215
8.921 0.072 339.1 2173 251
8.923 0.072 339.3 2191 270
8.926 0.073 339.5 2213 271
8.929 0.073 339.7 2242 260
8.932 0.073 339.9 2260 265
8.935 0.073 3401 2267 280
8.937 0.074 340.3 2256 289
8.940 0.074 340.5 2241 292
8.943 0.074 340.7 2232 288
8.946 0.074 340.9 2241 282
8.949 0.075 3411 2266 272
8.951 0.075 341.3 2294 259
8.956 0.075 341.6 2316 249
8.958 0.076 341.8 2326 241
8.961 0.076 342.0 2327 227
8.964 0.076 342.2 2320 214
8.967 0.077 3424 2305 217
8.970 0.077 342.6 2285 219
8.973 0.077 342.8 2261 212
8.975 0.077 343.0 2244 203
8.978 0.078 343.2 2251 205
8.981 0.078 3434 2286 209
8.984 0.078 343.6 2335 211
8.987 0.079 343.8 2379 216
8.989 0.079 344.0 2402 231
8.992 0.079 344.2 2412 250
8.995 0.080 344 4 2413 266
8.999 0.080 3447 2405 290
9.002 0.080 344.9 2395 301
9.005 0.081 345.1 2383 295
9.008 0.081 345.3 2379 268
9.010 0.081 3455 2388 237
9.013 0.082 345.7 2394 217
9.016 0.082 345.9 2399 204
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REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?rir(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
9.019 0.082 346.1 2390 204
9.022 0.082 346.3 2381 219
9.024 0.083 346.5 2365 239
9.027 0.083 346.7 2337 254
9.030 0.083 346.9 2292 267
9.033 0.084 347 1 2238 281
9.036 0.084 347.3 2188 296
9.040 0.084 347.6 2158 307
9.043 0.085 347.8 2151 327
9.045 0.085 348.0 2159 356
9.048 0.085 348.2 2241 232
9.051 0.086 348.4 2234 218
9.054 0.086 348.6 2197 231
9.057 0.086 348.8 2130 288
9.060 0.087 349.0 2069 353
9.062 0.087 349.2 2030 388
9.065 0.087 349.4 2026 389
9.068 0.088 349.6 2046 355
9.071 0.088 349.8 2066 337
9.074 0.088 350.0 2078 334
9.076 0.089 350.2 2073 344
9.081 0.089 350.5 2062 348
9.083 0.089 350.7 1993 397
9.086 0.090 350.9 1999 339
9.089 0.090 351.1 2002 298
9.092 0.090 351.3 2004 268
9.095 0.091 351.5 2005 251
9.097 0.091 351.7 2008 245
9.100 0.091 351.9 2004 241
9.103 0.092 352.1 1998 231
9.106 0.092 352.3 1986 218
9.109 0.092 352.5 1970 216
9.111 0.093 352.7 1950 203
9.114 0.093 352.9 1936 184
9.117 0.093 353.1 1931 169
9.120 0.094 353.3 1938 173
9.124 0.094 353.6 1946 209
9.127 0.095 353.8 1944 254
9.130 0.095 354.0 1930 281
9.133 0.095 354.2 1893 283
9.135 0.096 354 .4 1848 277
9.138 0.096 354.6 1860 190
9.141 0.096 354.8 1843 169
9.144 0.097 355.0 1841 159
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REF-07 mean CT REF-07 mean

Age (ka BP) - Age Depth from
?rir(n 1950) Erro? (ka) toT) (mm) :;’%gel_rli CL::Z::’”
9.147 0.097 355.2 1838 168
9.149 0.097 355.4 1837 194
9.152 0.098 355.6 1839 225
9.155 0.098 355.8 1813 290
9.158 0.098 356.0 1849 276
9.161 0.099 356.2 1888 273
9.165 0.099 356.5 1919 290
9.168 0.100 356.7 1940 292
9.170 0.100 356.9 1947 288
9.173 0.100 357.1 1945 280
9.176 0.101 357.3 1929 293
9.179 0.101 357.5 1898 341
9.182 0.101 357.7 1880 382
9.184 0.102 357.9 1873 351
9.187 0.102 358.1 1845 368
9.190 0.102 358.3 1783 369
9.193 0.103 358.5 1756 362
9.196 0.103 358.7 1720 260
9.198 0.103 358.9 1644 230
9.201 0.104 359.1 1730 260
9.205 0.104 359.4 1834 149
9.208 0.105 359.6 1812 168
9.211 0.105 359.8 1606 343
9.214 0.105 360.0 1635 249
9.217 0.106 360.2 1627 268
9.220 0.106 360.4 1719 186
9.222 0.106 360.6 1742 223
9.225 0.107 360.8 1783 246
9.228 0.107 361.0 1842 272
9.231 0.108 361.2 1809 395
9.234 0.108 361.4 1885 343
9.236 0.108 361.6 1852 354
9.239 0.109 361.8 1993 436
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HIGH-RESOLUTION MONITORING OF YOK BALUM CAVE,
BELIZE: AN INVESTIGATION OF SEASONAL
VENTILATION REGIMES AND THE ATMOSPHERIC AND
DRIP-FLOW RESPONSE TO A LOCAL EARTHQUAKE

HARRIET E. RIDLEY'*, JAMES U.L. BALDINI', KEITH M. PRUFER?, IZABELA W. WALCZAK', AND

SEBASTIAN F.M. BREITENBACH?

Abstract: The nature of cave ventilation is of interest to cavers, speleologists, and
paleoclimatologists working with stalagmites. Because cave ventilation systematics may
change over the growth span of a stalagmite, understanding what factors affect them is
critical for determining events that may have affected climate proxies within the
stalagmite. Similarly, understanding how the hydrology of the drips feeding a stalagmite
evolves through time is key to building robust records of paleoclimate, particularly
because stalagmite records have become critical archives of climate change information
of the last 500,000 years. Here we present data from an extensive, on-going monitoring
effort at Yok Balum Cave, Belize, initiated in 2011, that characterizes high-resolution
ventilation dynamics at this site. Clear seasonal ventilation regimes exist, driven by
thermally induced inside-outside air density differences. The winter regime is dominated
by air inflow into the cave, decreased drawdown from the epikarst into the cave, and a
limited diurnal signal. Conversely, summer ventilation is dominated by air outflow from
the cave, greater CO, drawdown and drip water degassing, and a strong diurnal signal.
Active monitoring during a large (M7.4) earthquake in November 2012 provides a
unique opportunity to assess the response of the cave atmosphere and hydrology to
substantial seismic activity. Cave atmosphere dynamics and hydrology are found to be
highly resilient to seismic activity, with no observable disturbance occurring around the
earthquake, despite there being considerable evidence of physical disruption in the cave.
Monitoring included different kinds of drips, and the earthquake affected none of the
monitored drip types. This suggests that stalagmite-derived paleoclimate records are not
affected by seismic activity, except in extreme cases where the stalagmite or conjugate

stalactite is damaged or reoriented.

INTRODUCTION

Characterizing caves in terms of their unique ventilation
processes is important, as it has a first-order control on
atmosphere composition, can potentially lead to seasonal
bias in speleothem growth; and consequently, has significant
implications when interpreting paleoclimate proxy signals
from speleothems (Kowalczk and Froelich, 2010; Baldini,
2010; Sanchez-Canete et al., 2013). Cave atmosphere data
are also useful when characterizing cave ecosystems (Oh
and Kim, 2011; De Freitas et al., 1982) and assessing the
suitability of caves for industry and tourism (De Freitas
et al., 1982; Smithson, 1991; Dueiias et al., 1999; Duefias
etal., 2011; Virk et al., 1997). Estimation of cave ventilation
is possible directly via anemometers, indirectly via measure-
ment of levels of radon gas (***Rn) (Kowalczk and Froelich,
2010; Hakl et al., 1997; Faimon et al., 2006; Oh and Kim,
2011) and other tracer gases (De Freitas et al., 1982), or by
studies of air density contrasts and thermal patterns within
the cave (Faimon et al., 2012; Smithson, 1991; Sanchez-
Canete et al.,, 2013). The importance of understanding

specific cave ventilation mechanisms has been well high-
lighted in recent studies (Kowalczk and Froelich, 2010;
Cowan et al., 2013; Mattey et al., 2010; Baker et al., 2014),
as the distinct nature of ventilation in individual caves can
negate general assumptions regarding the seasonality of
carbonate precipitation. For example, Mattey et al. (2010)
identified unusual seasonal ventilation regimes in New
St. Michaels Cave, Gibraltar, where the summer season
was typified by low cave-air pCO,. This proved important
when linking seasonal regimes to calcite fabric, paired
annual laminae, and stable isotope and trace element
variability, and highlighted the importance of understanding
particular cave environments. Studies like this become
increasingly important as speleothem-based paleoclimate
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research continues to develop higher-resolution records that
are resolved to a seasonal or sub-seasonal level.

Caves in seismically active regions can display consid-
erable evidence of past seismic activity, such as broken
speleothems, speleothem growth anomalies and deforma-
tion, displacement, and rock-fall events (Becker et al.,
2006; Gilli, 1999; Gilli and Serface, 1999; Gilli and
Delange, 2001). A limited number of studies have
attempted to quantify the effect seismic activity may have
on the atmosphere in a karst cave (Sebela et al., 2010;
Virk et al., 1997), particularly with regard to CO, variabil-
ity. Such information is pertinent when interpreting proxy
paleoclimate evidence from speleothems in caves that may
have been subject to substantial tectonic activity, as seis-
mic activity affects cave **’Rn and CO, levels through
pro-/co-seismic degassing and increased influx to the cave
(Sebela et al., 2010; Wu et al., 2003; Virk et al., 1997,
Menichetti, 2013). Crushing of material during seismic
activity increases the rock’s permeability for ***Rn gas
and CO,, leading to higher in-cave concentrations. Cave-
air pCO, levels exert a strong control on carbonate-preci-
pitation rates (Baldini, 2010; Kowalczk et al., 2008; Pal-
mer, 2007; Banner et al., 2007); and therefore, substantial
crustal degassing has the potential to stagnate speleothem
growth, particularly in deep, poorly ventilated passages.
This can complicate paleoclimate-proxy interpretations
from speleothems for weeks to years, depending on site-
specific ventilation regimes. **Rn is a radioactive yet inert
tracer gas frequently used to assess cave ventilation
(Kowalczk and Froelich, 2010; Oh and Kim, 2011), but
it can also pose a health risk in confined, poorly ventilated
caves (Field, 2007; Virk et al., 1997); therefore, its relation
to seismic activity warrants assessment, particularly in
caves used for commercial or tourism purposes. It is also
largely unknown how seismic activity may affect karst
hydrology and stalagmite-drip regimes. Changes in the
hydrological regime feeding a stalagmite can affect spe-
leothem growth rates and the transmission of geochemical
signals from overlying climate to the speleothem carbo-
nate; consequently, changes in hydrology can have impor-
tant implications when interpreting paleoclimate-proxy
data in speleothems.

This study presents high-resolution cave monitoring
data from Yok Balum Cave, Belize. These data provide
detailed information regarding seasonal cave ventilation
mechanisms by demonstrating cave pCO, and air density
relationships and examination of thermal gradients as evi-
dence of internal-external air exchange. An understanding
of the subtle seasonally variable fluxes of cave air CO,
allows improved interpretations from not only Yok Balum,
but also other tropical sites. Additionally, active monitor-
ing during a large (M7.4) earthquake in November 2012
provides a unique opportunity to assess the response of
cave atmosphere and hydrology to substantial seismic
activity.

StupYy SITE

Yok Balum Cave (Mopan Mayan for Jaguar Paw Cave)
is located in the Toledo District of southern Belize, approxi-
mately 3 km south of the modern Mopan Maya village of
Santa Cruz (16°12'30” N, 89°4'24” W; 366 m above sea level)
(Fig. la). The cave is developed within the tectonically
uplifted Cretaceous Campur Limestone formation that origi-
nated from massive limestone deposition around the granite
intrusions composing the Maya Mountains to the north
(Miller, 1996; Kennett et al., 2012). The cave is one of several
that occur in a southwest-to-northeast-trending limestone-
karst ridge (Fig. 1b), and its formation was likely associated
with the vertical flow of chemically aggressive allogenic water
originating on the highlands of the Maya Mountains (Miller,
1996), although no stream exits within the cave today. Yok
Balum extends approximately 540 m as a main trunk passage
from a small opening in the west, the main entrance, to a lar-
ger, more elevated opening to the south, the second entrance
(Fig. Ic). The second entrance resulted from cave collapse
probably associated with tectonic activity. U-series dating
of the base of a stalagmite growing on a breakdown block
associated with the creation of the second entrance dates
the collapse at a minimum of 44,000 + 3300 years BP. There
is also considerable evidence of seismic activity within the
cave, including large faulted flowstones and displaced spe-
leothems. U-series dating of carbonate precipitated within a
faulted flowstone provided a date of 26,400 + 170 years BP.

The western coast of Central America displays relatively
high seismic-hazard potential due to the subduction of the
Cocos Plate beneath the North American and Caribbean
Plates (Fig. 1a). A divergent boundary exists between the
North American and Caribbean Plates approximately 100
km south of the southern Belize border. The dominant
source of seismic activity felt in southern Belize, however,
results from intermediate depth earthquakes occurring
within the subducted Cocos Plate.

MONITORING INSTRUMENTATION

Tropical environments provide a challenging environment
for electronic monitoring instrumentation, especially for long
term monitoring studies in remote areas. In this study, the threat
of malfunction due to high humidity and water was minimized
by keeping non-waterproof equipment in airtight boxes and
sealed plastic bags with a silica desiccant where applicable.
Above-cave soil temperature was recorded hourly using a Tiny
tag temperature logger buried at a 0.4 m depth. Cave-air CO,
was monitored every three hours between April 2011 and Janu-
ary 2013 (with a four month break from June 2012 to October
2012 due to equipment failure) using a Vaisala Carbocap car-
bon-dioxide probe DMP343 (+ 3 ppmv + 1% of reading)
linked to a Vaisala MI70 indicator and powered by two Dura-
cell MN918 lantern batteries. A Radon Scout Plus, powered by
two D-cell batteries and a four-D-cell external battery pack was
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Table 1. Summary of equipment used in this study, including equipment accuracy, sampling interval, and additional comments.

Monitoring
Parameter Equipment Accuracy Interval Comment
Cave Air CO, Vaisala CARBOCAP Carbon + 3 ppmv Three-Hourly Tested upon installation.
Dioxide GMP343 Probe with + 1% of
Vaisala M170 Indicator (plus reading
two Duracell MN918 Lantern
batteries)
Temperature Tinytag Logger + 0.1°C Hourly Data compared to Barotoll
temperature data.
222Rn Radon Scout Plus (plus 4 x D-cell Three-Hourly Ten days of data discarded
External battery pack) after data download due
to anomalously high
222Rn counts after
opening the box.
Pressure and Barotroll + 0.1% Hourly Data compared to Tinytag
Temperature temperature data.
Rainfall Pluvimate Rain Gauge + 0.01 mm Hourly Located at Santa Cruz
village.
Drip Rate Stalagmate Drip Logger Hourly Tested upon installation.

set up next to the within-cave CO, logger to measure radon fluc-
tuations every three hours for the same time interval. The
Radon Scout, being extremely sensitive to moisture, was kept
in a watertight box. This resulted in a muted radon measure-
ment, because fewer o particles reached the alpha counter.
For qualitative assessment of **’Rn fluctuations this was not
considered an issue. However, Rn values peaked following
a data download when the logger was removed from the box.
To account for this, ten days of data were removed after each
data download to allow ***Rn values to return to normal levels.
Combined Barotroll pressure and temperature loggers were
installed both inside and above the length of the cave to measure
hourly barometric pressure and temperature (precision + 0.1%
and + 0.1°C). Tinytag temperature loggers were placed in
transect along the cave to measure hourly temperature. Stalag-
mate automated drip-loggers recorded hourly rates of drips
feeding three stalagmites of potential paleoclimate interest.
Data were downloaded and the equipment maintained every
four months. A summary of all monitoring equipment is shown
in Table 1. The location of all equipment and monitored stalag-
mites is shown in Figure Ic.

CAVE VENTILATION

Cave ventilation (air exchange with the outside atmo-
sphere) has a first-order control on cave atmosphere composi-
tion and is dependent on a number of factors, including
fluctuations in temperature and pressure, cave geometry,
and susceptibility to external winds (Cowan et al., 2013;
Bourges et al., 2001; Spétl et al., 2005; Baldini et al., 2006;
Denis et al., 2005; Kowalczk and Froelich, 2010). Pflitsch
and Piasecki (2003) classify cave passages in terms of air
movement as being dynamic, transitional, or static. However,
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the static state is very rarely observed, aside from in deep pas-
sages (Pflitsch and Piaseki, 2003; Przylibski and Ciezkowski,
1999). Convective air circulation, driven by internal versus
external air density differences, is a dominant ventilation
mechanism in caves with more than one entrance at different
elevations (Gregoric et al., 2013; Kowalczk and Froelich,
2010; Wigley, 1967; Badino, 2010). In tropical caves, where
cave air temperatures do not vary significantly on seasonal
timescales, air density differences will be predominantly con-
trolled by surface temperature and barometric-pressure varia-
tions (Fairchild et al., 2006). Air density responds primarily to
temperature (Faimon et al., 2012; Gregoric et al., 2013; Gre-
goric et al., 2011) and to a lesser extent pressure and humidity
as expressed in Equation (1) below (after Kowalczk (2009)):

P

Pair = R T, (1)

where Ry is the universal gas constant and P is barometric
pressure in mb. T, is virtual temperature, calculated via
Equation (2), in which both 7 and dew point T4 are in K.

T 4 237.15

TV = 75T, (2)

1-0.379 Mﬂ

If cave pCO, is more than an order of magnitude greater
than that of the free atmosphere, T, is affected. This can
lead to errors of up to 9°C when calculating cave T,
(Sanchez-Canete et al., 2013), and consequently, errors in
air density calculations. At Yok Balum the maximum
recorded pCO, is 770 ppm and the summertime mean is
~ 500 ppm. This is less than an order of magnitude greater
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Figure 2. Time series for 26.5 months of hourly cave temperature (T,,.) (using the Barotroll logger), soil temperature (Ts,;)
(measured using a TinyTag), and outside air temperature (T,¢mos) (using the Barotroll logger).

than the free atmosphere; and therefore, this CO, exerts a
negligible effect on cave air density.

Typically, during the winter months external air tem-
perature will be cooler than that of the cave and a positive
air density difference will dominate, i.e, external air will be
denser, although a diurnal signal will also exist. Alterna-
tively, during the summer typically warmer external tem-
peratures will result in largely negative air density
differences. Local weather may result in short-lived rever-
sals in cave/atmosphere air density differences. The particu-
lar ventilation influence of seasonal air density differences
between cave and free atmosphere is governed by the cave
geometry (e.g., passage orientation and size), the distance
from cave entrances, and total cave volume (Batiot-Guilhe
et al., 2007; Cowan et al., 2013).

RESULTS AND DISCUSSION OF VENTILATION

The diurnal and seasonal patterns of airflow at Yok
Balum are a direct response to a thermally induced disequi-
librium in air density between the cave and outside air, simi-
lar to other caves (De Freitas et al., 1982; Kowalczk and
Froelich, 2010). Within-cave temperature is nearly constant
at 22.4°C (% 0.5°C) year-round, although a low-amplitude
diurnal signal is present. Within-cave temperature is equiva-
lent to the average yearly external temperature (Fig. 2) and
is likely a result of moderation of outside temperatures by
the epikarst. External air temperature can affect cave air
pCO, by both inducing density-driven ventilation associated
with inside-outside air density differences (De Freitas et al.,
1982) (Fig. 3a ) and by causing higher soil pCO, by stimu-
lating biological activity in the soil zone (Baldini et al.,
2008; Bond-Lamberty and Thomson, 2010; Hess and
White, 1993; Murthy et al., 2003; Sherwin and Bal-
dini, 2011).

The simple structure of Yok Balum Cave, with two
entrances at either end of a single main trunk passage,
results in a well-ventilated dynamic cave system, evidenced
by the low annual mean CO, values (461ppm) (Fig. 3b).
However, CO, displays clear seasonal trends in both mean
concentration and variability. Summer (April-October) is
characterized by higher mean pCO, (~ 500 ppm) and high
temporal variability (standard deviation of 72.5 ppmv)
whereas winter (November-March) has lower pCO,
(~ 420 ppm) and displays lower temporal variability (stan-
dard deviation 24.3 ppmv). Here, we use the theory of
entropy of curves to highlight the differences between sum-
mer and winter ventilation. Entropy (E) is a measure of var-
iance within a dataset. It is described as the mean
cumulative sum of absolute first differences of a time or spa-
tial derivative (Denis et al., 2005; Denis and Crémoux,
2002), or specifically, in this case, the average change in
pCO; values at 3-hour intervals. Higher entropy values indi-
cate a greater change in subsequent pCO, measurements;
and therefore, an indication of variance within subsets of
the dataset. CO, displays entropy of approximately 430 dur-
ing the summer and 150 during the winter (Fig. 3b), indicat-
ing that the variance is nearly three times greater during the
summer months. These trends in pCO, mean values and
variance are controlled by seasonal CO, flux into the cave
and ventilation, most likely controlled by external tempera-
tures and infiltrating rainfall. The following sections will use
high-resolution-monitoring data to describe the seasonal
ventilation regimes occurring in Yok Balum. It should be
noted that the summer and winter seasons are not synon-
ymous with the wet and dry seasons.

SUMMER REGIME
Air density differences between the cave and the free
atmosphere, controlled predominantly by external
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Figure 4. Hourly density difference between cave and outside air and cave pCQO, over (a) December 7-16, 2011 (winter) and (b)

May 20-39, 2011 (summer).

temperature, drives the summer season diurnal ventilation
regime. Outside air temperatures (7aumos) are higher on
average than that inside the cave (7,,.) producing an
almost constant negative air density difference (Fig. 3b).
In a typical one-entrance cave system this could cause severe
season-long stagnation and consequently very high pCO, as
the cooler, denser cave air becomes trapped at the lowest
point of elevation in the cave (Cowan et al., 2013; Spotl
et al., 2005). At Yok Balum complete stagnation does not
occur because the dual-entrance system provides for den-
sity-driven flow from the more elevated southern entrance
to the lower western entrance.

Outside air temperature begins to rise around 0600 and
reaches a maximum in the early afternoon. At this point
cave/atmosphere air density difference is greatest and air
outflow is at a maximum (Fig. 4a). As the air density

difference increases during this period, outflow occurs at
both entrances; CO, concentrations will simultaneously
increase as high pCO, air is drawn out of the overlying epi-
karst and soil zones (Fig. 5a). During the day, biological
activity in the soil will also be at a diurnal maximum, produ-
cing higher soil pCO,. By late afternoon the cave/atmo-
sphere air density difference begins to decrease and the
volume of outflowing air decreases, reducing CO, draw-
down from the epikarst. Outflow at the lower main entrance
weakens or ceases completely. As the cave/atmosphere air
density difference reaches a minimum, around 0100, cave
air pCO, reaches minimal values. This is most likely due
to minimized CO, drawdown and inflow of low-pCO,
atmospheric air from the second entrance if T, reaches
or surpasses T,mos, flushing through the cave from the sec-
ond entrance to the lower main entrance (Fig. 5b). If the
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outside air density remains considerably higher than that of
the cave, then pCO, may remain elevated, but will decrease
somewhat due to decreased CO, drawdown from the epi-
karst, lower soil activity, and some air movement driven
by the venturi effect (Fig. 5b). Areas closest to the entrances
can be expected to undergo the most ventilation, particu-
larly at the second entrance, which is larger. Increased water
through-flow during the wet season is undoubtedly an addi-
tional driver of higher average summer pCO., as it increases
dissolved CO, transport to the cave, increasing degassing,
and consequently, producing higher cave pCO,.

WINTER REGIME

During the winter season, outside air temperatures are
generally cooler than those inside the cave, producing a
positive air density difference and a ventilation regime
dominated by inflow. Ventilation is therefore more continu-
ous than during the summer.

Maximum air density difference occurs at night (around
0300) when Thymos 1S at @ minimum (Fig. 4b). Cooler outside
air flushes into the cave, predominantly through the more ele-
vated second entrance, but also from the main entrance.
Cave-air pCO, will therefore approximate that of the external
atmosphere. Outside air temperatures begin to rise at about
0600 and reaches a maximum at about 1400, as in the sum-
mer season. However, as the outside temperature increases,
it approaches that of the cave air, reducing the air density dif-
ference to near zero, or to negative values if T, surpasses
Taumos- This reduces air inflow to the cave, and if a negative
air density difference occurs, then outflow may occur during
this time (Fig. 5c). This variation of air density difference
over a threshold value results in a daily ventilation regime
whereby the cave inhales during the day and exhales at night.
The inhalation during the day draws low-pCO, air into the
cave, flushing the cave and keeping pCO, values similar to
atmospheric levels (Fig. 5d). Any weak exhalation at night
continues effective air turnover and maintains low pCO, con-
centrations. Again, it is the areas close to the entrances that
will undergo the most rigorous air turnover.

A combination of inflow-dominated ventilation and less
CO, from drip-water degassing keeps winter cave-air pCO,
at near atmospheric levels. A less distinct diurnal regime is
observed in CO, and air density difference variability. Dur-
ing the summer, increased water through-flow, strong air
outflow and large CO, drawdown increase average pCO,
and daily variability.

TEMPERATURE OBSERVATIONS

Hourly temperature data are used as an indicator of air
movement to determine seasonal modes of ventilation and
to understand exactly how air moves through the cave. We
use Tinytag (TT) temperature loggers at different sites to
assess thermal variability. TT3, a temperature logger located
about 50 m from the second entrance, shows more variance
than TTI, located about 50 m from the main entrance, and

TT2, located in the midsection of the cave about 100 m
from the main entrance and about 140 m from the second
entrance (Fig. 6e). TT2 displays the least variance and most
moderated temperature (Fig. 6b). Entropy (see section 5)
can be illustrated graphically through time as a cumulative
curve, the slope of which indicates variability within the data-
set. Entropy curves are calculated for each temperature data-
set from the three loggers (Fig. 6a), thus facilitating
comparison of their variance with time. TT3 displays the
greatest variability over the whole time series, suggesting
that this region of the cave is most strongly coupled with
external air temperatures via air exchange. During the sum-
mer months TT3 increases by 0.4°C, as air in this region
responds to warmer external temperatures. TT2 is stable
through the same period, and TT1 displays an increase simi-
lar to that of TT3, but of only 0.3°C. This thermal variability
decreasing with distance from a cave entrance is in accor-
dance with a traditional cave temperature models (Wigley,
1967) and previous thermal profile studies of caves (San-
chez-Canete et al., 2013; De Freitas et al., 1982).

During the winter, TT3 displays greater variance than
the other two loggers, again indicating that this section of
the cave is more closely coupled to the outside air during
winter than summer (Fig. 6). This is consistent with the ven-
tilation mechanism described in the previous section, where
inflow of cooler atmospheric air dominates the winter venti-
lation regime, simultaneously lowering long-term cave-air
temperature in this area of the cave and mimicking the diur-
nal external temperature cycle in the cave. TT2 remains the
least variable, due to its location in the midsection of the
cave. TT1 decreases, indicating that cooler atmospheric air
flows in, but that ventilation at the main entrance is less rig-
orous than at the second entrance. Furthermore, short-lived
decreases in temperature recorded by TT1 (and to a lesser
extent in TT2) are in anti-phase with TT3. This could be
an indication of air entering at the main entrance and flush-
ing through the cave, forcing warmer air from the less
dynamic mid-section of the cave through to the second
entrance, where it is recorded as a small increase in tempera-
ture at TT3. This thermal-pulse process would also operate
in reverse, with cooler air entering at the second entrance
and forcing air through the cave to the main entrance.

Data collected through high-resolution temperature
experiments, conducted over two 14-hour intervals in June
and late October 2012, are used to characterize ventilation
on short time scales. A transect of three temperature loggers
placed in the cave recorded temperature every 10 seconds to
capture very short-term thermal fluctuations overnight,
from 1800 to 0800. Failure of one of the loggers during
the June experiment limits the number of loggers to two,
but does not affect data interpretation for this project. Dur-
ing the June experiment (Fig 8) the two temperature loggers,
TTS5 and TT7, record essentially static temperature, sup-
porting the idea that air density driven outflow dominates
during this season. During the logging interval, the cave
air density difference does not drop below zero and so
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inflow does not occur. During the late-October experiment,
thermal variance at all three sites is much greater (Fig. 7).
TTS5 and TT8 record more thermal variability than TT7,
suggesting that air inflow close to the main entrance is less
persistent. TTS and TT7 both record cooler temperatures
than TTS, presumably due to their proximity to a cave
entrance. TT8 and TTS5 track each other, roughly in accor-
dance with cave/atmosphere air density difference and are
weakly in anti-phase with TT7. This is similar to what we
see in the longer-term record (Fig. 6), where cooler external
air enters the main entrance and forces air along the main
passage, which is recorded as a pulse of warmer deep-cave
air at the second entrance. It would appear from this high-

resolution time series that this occurs in both directions.
The limited temporal timeframe of these two experiments
hinders making firm conclusions about the diurnal move-
ment of air at Yok Balum Cave, but it is encouraging that
the results acquired are in agreement with the longer,
hourly-resolution time series.

NoOVEMBER 7 EARTHQUAKE

On November 7, 2012, at 1635 (UTC; 1035 local time) a
7.4 magnitude earthquake struck off the coast of Guatemala
(Fig. 1a). The epicentre was estimated to be at a depth of 24.0
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km and occurred as a result of thrust faulting on or near the
subduction zone of the Cocos plate and the overlying Carib-
bean and North American plates. Tremors were felt in parts
of Belize, and villagers from Santa Cruz village, 5 km from
Yok Balum Cave, reported feeling the tremors. According
to United States Geological Survey estimates, this shock
would result in a seismic hazard, measured in peak ground
acceleration at the cave site of 1.6 to 2.4 m s> A field crew
returned to the cave in January 2013 to find large fallen
blocks at the cave’s main entrance and numerous displaced
and freshly broken stalagmites and stalactites within the
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cave. Reasonable evidence therefore suggests that the cave
was subject to seismic activity on or around November 7,
2012. There are only a handful of published studies reporting
earthquake damage to caves (Gilli, 1999; Gilli and Delange,
2001; Renault, 1970), and so direct monitoring observations
of the effect of seismic activity are pertinent to the science
of speleology, in general, and have implications for recon-
structing climate from cave deposits. It will be particularly
useful to determine how environmental variables that affect
speleothem growth and carbonate deposition, such as drip
hydrology and cave ventilation, may be affected be seismic
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activity. For example, if seismic activity causes considerable
water re-routing, we might expect subsequent changes in spe-
leothem growth for days to months, which can confuse a cli-
mate record. Similarly, atypical speleothem growth or
carbonate isotopes could be produced from significant seis-
mically induced changes in cave pCO,.

CAVE ATMOSPHERE RESPONSE

No clear change occurred in cave-air pCO, or **Rn dur-
ing or for the week following the earthquake (Fig. 9). Two
222Rn peaks occur around the earthquake (Fig. 9a) and
although fracture dilation induced by seismic activity may
cause such peaks in cave-atmosphere *’Rn, these peaks
are not significant, in terms of magnitude or duration,
when the entire **Rn dataset is considered (Fig. 3c). A
sharp increase in both **?Rn and CO, occurs on December
20 (Fig. 3 b and c) but given the short half-life of radon (3.8
days) it is extremely unlikely that this is a delayed signal of
the November 7 event. This increase could be explained
instead by a coincident decrease in air density difference
associated with a moderate rainfall event that temporarily
reduced air inflow to the cave and resulted in a short-lived
increase in CO, and ***Rn.

A significant change in cave atmosphere may not have
been observed due to the seasonal timing of the earthquake.
As previously observed, cave ventilation during the winter is
dominated by inflow, which acts to keep pCO, levels low.
Seismic activity of a similar magnitude occurring during
the summer season, when outflow is dominant, may lead
to a discernible increase in cave air >**Rn and CO,. Poten-
tially a clearer influence could be observed in a less well ven-
tilated cave. Prior to the collapse and opening of the second
entrance at Yok Balum, ventilation would have been less
effective and cave air pCO, and **’Rn higher. Considerable
seismic activity at that time may have created uncharacteris-
tically high pCO, and **’Rn values as a result of limited
ventilation and should be a consideration when studying
speleothems from Yok Balum deposited prior to the col-
lapse of the second entrance, when ventilation would have
been restricted. Similarly, in any cave where ventilation is
less efficient it may be pertinent to assess the impact of seis-
mic activity on cave-atmospheric composition, particularly
when speleothems from the cave are being considered for
palaeoclimate reconstruction.

HyproLoGICAL RESPONSE

Three drip loggers were deployed during the November
2012 earthquake: YOK-SK, YOK-SD, and YOK-LD. Of
these drips, two (YOK-LD and YOK-SD) were static in
nature (Smart and Friederich, 1987; Baker et al., 1997),
because they displayed low drip rates and low variability
(Fig. 10a), indicative of a diffuse-flow-dominated hydrol-
ogy. YOK-SK is classified as a seasonal drip (Baker et al.,
1997), because it responds to local rainfall events and seaso-
nal climate variability (Fig. 10a), suggesting that a fracture
flow pathway is activated once a threshold rainfall rate or

epikarst saturation is achieved. YOK-SK responds to local
rainfall with a lag time of less than 6 days, but displays
greater variability during the wet season, when the epikarst
and soil are closer to saturation.

None of these three loggers recorded any clear drip
response to the seismic activity on November 7 (Fig. 10b).
YOK-LD and YOK-SD, the two static drips, show no
response, suggesting that diffuse flow regimes are not
affected by seismic activity of substantial magnitude. Simi-
larly, YOK-SK, which at the time of the earthquake was
displaying a peak in drip rate in response to rainfall events
in the preceding days, shows no response outside what
would be expected from the longer time series. These data
suggest that preferential flow routes are not necessarily
altered by seismic activity of this nature. This observation
is of significant value for speleothem-based paleoclimate
studies, as it suggests that seismic activity does not affect
hydrological flow pathways or alter carbonate
geochemistry.

CONCLUSIONS

Yok Balum is an extremely well ventilated cave system
that displays distinct seasonal ventilation regimes, consis-
tent with changes in air density differences between the
cave and outside atmosphere. The winter regime is domi-
nated by air inflow, low pCO,, and lower epikarstic draw-
down and CO, flux into the cave. Conversely, air outflow,
high epikarstic CO, drawdown, increased drip-water degas-
sing, and a strong diurnal signal dominates the summer
regime. Based on air-temperature changes, the degree of
air exchange increases from the center of the cave to the
entrances, and the second entrance experiences greater air
exchange than the main entrance, presumably due to its
size. By looking at thermal fluctuations of cave air on a
ten-second timescale, the direction of air movement is iden-
tified during summer and winter nights, respectively, and
both entrances are found to display active dual-directional
connections to the free atmosphere. The three datasets pre-
sented here: long term three-hour CO,, hourly temperature,
and the two high-resolution studies all help to build a com-
prehensive understanding of ventilation at Yok Balum
Cave. This will be pertinent as on-going paleoclimate
research at this cave. Continued monitoring will help to dis-
cern inter-annual fluctuations and identify long-term links
between cave pCO, and local climate.

Cave pCO, and **’Rn did not show any discernable
response to the November 7 earthquake. Likewise, none of
the three drips displayed any discernible hydrological
response to the earthquake, suggesting that seismic activity,
even of considerable magnitude, has minimal hydrological
repercussions at Yok Balum and is insufficient to result in
perturbations in speleothem petrographical or geochemical
records. It is noteworthy that the three loggers recorded
two end members of standard drip types, from highly
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diffuse, slow, and static drip rates (YOK-LD and YOK- may have on a speleothem record is by altering the
SD), to highly variable and relatively fast drip rates  growth-axis position or orientation, rather than a direct dis-
(YOK-SK). This suggests that intermediate drip types  ruption of the overlying hydrology. This could appear as a
would probably be similarly unaffected by seismic activity ~ hiatus or sudden shift in isotope values if the growth axis
of a similar magnitude. The primary effect seismic activity =~ movement was not accounted for during milling.

196 « Journal of Cave and Karst Studies, December 2015



H.E. RipLEY, J.U.L. BALDINI, K.M. PRUFER, .W. WaALczAK, AND S.F.M. BREITENBACH

v o

7.4M Earthquake

w
)
|

w
]
|

N
I

| YOK-LD

N
I

Drip rate (drips hr")

N
T

YOK-SK

L S

1 YOK-SD

Y

Drip rate (drips hr")
0
|

|

i

I
1-Feb 1-Apr

| IS I B L |

" l‘ J HJLL

ull
Y R (. |

1-Jun 1-Aug 1-Oct 1-Dec

| []x I IAJ | Il ‘um lll‘ ,llmll ;

1-Apr  1-Jun 1-Aug 1-Oct 1-Dec

la ol |l|
LT I

1-Feb

2011 2012 2013

700
600 £
2
500 § b 7.4M Earthquake
Py November 7th 2012
400 = 10:35 Local Time
300 8 ~ 34 A
o = 32]
200 2 30 J
5 28 J
8 26
©
o 24 4
s 223
400 —
£
360 o
320 £
)
280 @
©
40 =
100 il |
200 o
5
80 g 4 3
& Daily Rainfall ol
K} Santa Cruz . - E
60 g ' 5 E
s 2o =
40 3 - 15 E
§ - 10 E
20 2 i
8 L5 2
0 Hm = -__EHE_ [, 2
IREAE AR RAAS RSN R R R AR RS RARE RN RN T 8
1-Nov 3-Nov 5-Nov 7-Nov 9-Nov 11-Nov 13-Nov 15-Nov

Figure 10. (a) Time series for 22 months of drip regimes of YOK-LD, YOK-SK, and YOK-SD against Santa Cruz daily
rainfall; note different scales. November 7 earthquake indicated by red dashed line. Black arrows indicate visits to the cave. b)
YOK-LD and YOK-SK drip- rates and Santa Cruz daily rainfall from 1 through 15 November, with time of earthquake

indicated by red dashed line.

This study provides real-time data on the effect of seis-
mic activity on cave hydrology and atmosphere. In seismi-
cally active regions, determining this site-specific response
is a desirable outcome of cave monitoring studies designed
to aid speleothem paleoclimate proxy interpretation. These
data provide encouraging evidence that seismic activity of
this level does not have implications for speleothem paleo-
climate proxy interpretations from caves with similar venti-
lation dynamics as Yok Balum.
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