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Abstract

North Atlantic Climate Reconstruction during a Warm Event from the Last
Glacial Revealed through Geochemical Analysis of a Scottish Flowstone.
Rachel Egleton

Dansgaard-Oeschger (DO) warm events were interstadial intervals during the last glacial
period characterised by abrupt increases in Northern Hemisphere temperature above
background glacial conditions, followed by a gradual return to a stadial state. The
mechanisms driving these rapid warming events, their spatial extent, and their influence on
global climate cycles remain a focus of current research. Developing a clearer understanding
of the triggers and controls of past climate states is critical for improving interpretations of
contemporary forcing mechanisms and their cascading impacts on climate variability. This
research presents new evidence for DO-12 warming at higher latitudes than previously
recognised, based on a new flowstone chronology from Scotland. This chronology aligns well
with SIOC19, supporting its adoption as the dominant chronology for the last glacial period.
A novel method for reconstructing palaeotemperature and hydrological variability is
introduced, derived from the temperature dependency of Dwm, and the degree of Prior Calcite
Precipitation (PCP) occurring within the flowstone analogue. The reconstructed temperature
range is notably large, with one possible explanation being the presence of an alternative
subarctic climate regime in Scotland during DO-12. Spectral analysis of NAO-band cycles
identifies a potential dampened meridional temperature gradient and stronger subtropical
forcing during DO-12, attributed to northwards shifts in key Atlantic climate mechanisms.
Overall, the results of this study contribute to a refined understanding of DO-12, its timing
and spatial influence, the behaviour of the NAO under abrupt warming, and the resultant
impacts on European climate. More broadly, this research enhances knowledge of climate
cycle dynamics and the thresholds and cascade effects associated with rapid forcing changes,

providing new insight into how these processes manifested during the last glacial period.
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1. Introduction

Researching palaeoclimate clarifies the variability, boundaries, and interconnectivity of our
current climate system, offering valuable context for predicting its evolution based on current
and future climate forcings. Numerous methods exist for reconstructing past climate,
including the analysis of ice core geochemistry, foraminifera analysis from marine sediment
cores, pollen spore analysis from terrestrial sediment cores, and geochemical analysis of
speleothems (Landais et al., 2003; Barker et al., 2005; Lee et al., 2024; Proctor et al., 2002).
The availability of more diverse spatial and temporal proxy data enables a better
understanding of global palaecoclimate and enhances our understanding of climate system

dynamics and subsequent variability.

Speleothems are a crucial archive for reconstructing past climate, offering several key
advantages that make them indispensable over other archives. Due to their precise
chronologies, global distribution, and capacity to yield high-resolution proxy data,
speleothems have become central for understanding climate variability (Wong & Breecker,
2015). One of the primary strengths of speleothem is their ability to offer high-resolution
temporal records (Baldini et al., 2021; Breitenbach et al., 2024). However, to fully
understand regional climate dynamics, increasing the spatial extent of sampling is essential.
The study of regional climate dynamics is critical for understanding past and present global
climatic teleconnections (Wong & Breecker, 2015). These teleconnections will be discussed

in more detail further on within this thesis.

Before the 1990s, speleothem research primarily used the 830 ratio for climate
reconstruction, with variation largely interpreted as a temperature proxy (Duplessy et al.,
1970; Hendy & Wilson, 1968; Gascoyne et al., 1980). Since the 1990s speleothem research
has evolved significantly, now using §'%0 to investigate general changes in regional and
global hydroclimate. Including the analysis of precipitation amount, shifts in moisture
sources, and identification of climate cycles (Bar-Matthews et al., 1997, McDermott et al.,
1999, Bar-Matthews e al., 1999). However, the controls on 8'%0 in speleothems are highly
complex, and values between speleothem in the same region can exhibit considerable

variation (Lachniet, 2009). In parallel with developments in §'30 analysis, 8'3C ratios are



now increasingly used to clarify past soil and vegetation dynamics (Baker et al., 1997; Genty

et al., 2003).

In the 1980s Gascoyne (1983) suggested magnesium concentrations in speleothems as a
temperature proxy. However, not all studies confirmed this relationship, for example Goede
(1994), highlighting the need for careful interpretation of proxies between each speleothem.
Since the 1990s, research now integrates more trace elements into speleothem climate
reconstructions. For example, Mg/Ca ratios are now often used to reflect palacohydrology,
along with Sr/Ca and Ba/Ca ratios (Goede & Vogel, 1991; Roberts et al., 1998; Fairchild &
Treble, 2009). The analysis of trace elements has extended the range of proxies that can be
identified using speleothems. However, it is important to note that all these proxies are
regionally variable and influenced by a variety of factors including local drip-water chemistry
and the overlying soil composition. As such, whilst these proxies provide valuable
information about past climate, their interpretation must consider the specific regional context

in which the speleothem was formed.

Current research uses speleothems to create absolute chronologies for discrete events (such as
the onset and termination of glacial periods) and for identifying regionally specific climate
during these transitions (Past Interglacials Working Group of PAGES, 2015). Subsequent
interpretation of this chronological information alongside other proxy datasets clarifies how
the climate signal was spatiotemporally propagated (Wendt ef al., 2021; Scholz et al., 2014).
Given the high temporal resolution and absolutely dated records achievable, speleothems
offer critical insights into the Earth’s climate system, including past abrupt climate changes.
By studying these archives, we can enhance our understanding of climate system responses to
past perturbations and better understand the dynamics of climate cycles, their global
teleconnections, and feedback mechanisms, which in turn will assist in predicting possible

future perturbations (Corrick et al., 2022; Boers et al., 2018).

1.1 Aims

This thesis aims to address several gaps in the understanding of regional climate dynamics
during the last glacial period, particularly in relation to Dansgaard-Oeschger (DO) event 12
(DO-12), occurring ~46 ka BP (Breitenbach et al., 2024). A notable gap in current literature
is the lack of speleothem data from higher latitudinal regions, north of BleBberg cave

(Germany) and Crag Cave (Ireland), an area previously thought too cold to allow for



speleothem growth during this period (Klose et al., 2024; Breitenbach et al., 2024;
Frankhauser et al., 2016; Weber et al., 2018). By introducing new speleothem data from
Uamh Mhor, Scotland, this research aims to challenge this assumption and contribute to a
revised understanding of the latitudinal extent of speleothem growth during the last glacial, as

well as offering new insights into regional climate during DO-12.

Research has previously struggled to constrain the timing of DO events in Europe due to a
lack of independently dated proxy records, and the limited discovery of speleothems from
this period. A lack of independently dated records leaves room for event timeline uncertainty
(Fleitmann et al., 2009; Buizert et al., 2014; Liang et al., 2019; Dong et al., 2018). This thesis
aims to help fill this gap by presenting an independently dated speleothem record from
Marine Isotope Stage 3 (MIS3), offering the potential for cross-comparison with the

dominant existing chronologies.

There are few climate archives away from the highest latitude regions which are able to be
used as palaecotemperature proxies during the last glacial period (Drysdale et al., 2020). This
thesis aims to contribute a new data analysis technique to facilitate temperature
reconstruction and an index for approximate dryness reconstruction from speleothems. This
new analysis technique is based on using Mg/Sr concentrations from speleothems in the
context of temperature dependency of the Mg partition co-efficient within certain speleothem
growth conditions to reflect different regional temperature scenarios. A dryness index is
quantified based off the strength of control of Prior Calcite Precipitation (PCP) on Mg/Sr
concentrations, with stronger PCP occurrence indicating dryer climate conditions (Fairchild
& Treble, 2009; Tolzmann, 2013; Karmann et al., 2007). This aims to facilitate the
introduction of a new method to constrain palacotemperature reconstructions, which may be

further utilised in regions previously unable to constrain palacotemperature and precipitation.

Furthermore, the sample location of this research in Northern Scotland is an ideal location to
improve our understanding of the timing and duration of North Atlantic climate cycles during
DO warming events in Europe. By cross-correlating new speleothem data with existing
records from different regions, this research aims to validate and expand on current
knowledge of climate cycles within the North Atlantic (Baldini et al., 2015b; Dong et al.,
2018; Nagashima et al., 2011; Ramirez et al., 2023). Therefore, contributing to a more

comprehensive understanding of how North Atlantic climate and climate cycles may have



differed between contemporary dynamics and the last glacial period in the context of DO

warming events.

This will be accomplished through examining a flowstone (SMFMB20230528-1) from Uamh
Mhor cave, Scotland. Utilising trace element data backed with stable isotope data, uranium-
thorium dating, principal component analysis, dynamic time warping, spectral analysis, sea
spray and PCP control analysis, the creation of a temperature and dryness index and
comparison to contemporary climate cycles within the North Atlantic. Overall, this study
aims to use this analysis to address current research gaps by providing new high-latitude and
high-resolution speleothem data, independent speleothem dating allowing for cross-
correlation against current chronologies, a new method to reconstruct palacotemperature and
precipitation patterns from speleothem and increased knowledge of dominant North Atlantic
climate cycles during DO warming events and their regional connections. This ultimately

contributes to a more nuanced analysis of North Atlantic climate from the last glacial period.

1.2 Structure

Chapter [2] of this thesis presents a review of current literature that is split into seven parts.
Part one is a review of current research on the last glacial period, specifically MIS3. Part two
focuses on climate events and climate cycles within the North Atlantic region. Part three is an
overview of speleothem use for climate reconstruction, their formation and dating techniques.
Part four illustrates the use of trace elements as proxies and how they can be interpreted. Part
five introduces the use of stable isotopes as proxies and how they can be used alongside trace
elements. Part six introduces the process of prior calcite precipitation and its climate
reconstruction potential. Part seven discusses regional climate in Europe from secondary

datasets during the last glacial period.

Chapter [3] presents the location of the flowstone sample SFMB20230528-1, the study area
Uamh Mhor, its geology and landscape. Additionally, there is an introduction to other palaeo-

datasets and their global context as well as modern datasets used within this thesis.

Chapter [4] is an overview of the methods used for preparation and analysis applied to the

sample used within this thesis.



Chapter [5] is a synthesis of results and the main discussion section, further subdivided into a
discussion of trace element data and period of growth, sample comparison to other
palaeoclimate records from DO-12, identification of palaecoclimate proxies and their controls,
climate reconstruction through reconstructed temperature and dryness index, comparison of
Uamh Mhor to existing chronologies, an analysis of climate variability through DO-12, and
the comparison of climate reconstruction from DO-12 to modern North Atlantic climate. This

section concludes with limitations recommendations for future research.

Chapter [6] is the conclusion of this thesis.

2. Background

2.1 Period of Study

2.1.1 Last Glacial Period and DO Events

The last glacial period lasted from ~120-15 ka BP and was characterised by abrupt
millennial-scale oscillations consisting of colder stadials and warmer interstadials, known as
Dansgaard-Oeschger (DO) events (Fohlmeister et al., 2023; Modeley et al., 2014; Corrick et
al., 2020; Dansgaard et al., 1993; Ampel et al., 2010; Dokken et al., 2013; Genty et al., 2003;
Zhang et al., 2017). The first discovery of DO events during this period was within the Camp
Century ice core from Greenland (Dansgaard et al., 1984). Research now finds DO signals
within palaeoclimate proxies in both hemispheres (Dansgaard et al., 1993; Johnsen ef al.,
1992; Clement and Peterson, 2008). During the last glacial, Marine Isotope Stage 3 (MIS3)
was a warmer interstadial period lasting from ~57-27 ka BP. Within MIS3, there are 11
identified DO events ranging from DO-5 to DO-15 (Rasmussen et al., 2014; Weber et al.,
2018; Pedro et al., 2022).

Research has identified 24 DO events in the GRIP and GISP2 ice cores from Greenland
during the last glacial period (GRIP Members, 1993; Grootes ef al., 1993). More recently,
research identifies 25 DO events from the NGRIP ice core, also currently used for the
GICCO5 chronological framework (Kindler et al., 2014). The creation of chronologies allows
for an agreed synchronisation of palacoclimate events. Rasmussen ef al. (2014) and Seierstad
et al. (2014) constructed a chronology for the past ~104 ka BP called GICCO05, mainly based
off NGRIP data, with the additional incorporation of GRIP, and GISP2 ice core data. Studies



note that like previous chronologies GICCO5 allows for the creation of age offsets due to
uncertainties in lamination, which increases further back within the chronology (Fleitmann et
al., 2009; Buizert et al., 2015). However, the chronology is still widely supported within
literature encompassing MIS3. For example, it was recently utilised with data from Wulu and

Dragon Cave to interpret 8'%0 signals from DO11-12 (Liang et al., 2019; Dong et al., 2013).

Each DO event features an abrupt change to warmer conditions within the Northern
Hemisphere. These abrupt climate changes can occur in a matter of decades, reflecting
temperatures generally around 10-15 °C but with changes of up to 16 £3 °C during DO-11
noted by Kindler et al. (2014) (Huber et al., 2006; Boers et al., 2018; Erhardt et al., 2019;
Pedro et al., 2022). These elevated temperature interstadial periods continue for ~200-400
years then a gradual transition back to colder stadial conditions occurs over ~50-200 years
(Dokken et al., 2013; Boers et al., 2018). Most DO interstadial events vary in magnitude and
length, despite featuring similar abrupt climate changes. It was suggested there may be a
quasi-periodicity for the onset of DO events ~1,470 years (Schulz, 2002; Braun ef al., 2005).
However, current research suggests this observation was likely noise induced (Ditlevsen et

al., 2007; Harrison & Goni, 2010; Boers et al., 2018).

The main forcing mechanism for DO events remains uncertain and a matter of debate
(Baldini et al., 2015a; Vettoretti et al., 2022; Fohlmeister et al., 2023; Menviel et al., 2020).
Most theories explaining DO event forcing look specifically at shifting Atlantic Meridional
Overturning Circulation (AMOC) dynamics (Henry et al., 2016). One of the leading theories,
first proposed by Broecker et al. (1985), suggests DO event forcing is linked to sudden shifts
in AMOC from freshwater budget fluctuations in the North Atlantic and controlled by Arctic
sea ice extent (Genty et al., 2003; Ampel et al., 2010; Landais et al., 2021, p.178; Dokken et
al., 2013; Menviel et al., 2014; Zhang et al., 2017; Boers et al., 2018). However, some recent
papers have explored the role of explosive volcanism within the Southern Hemisphere as a
forcing mechanism for the onset of interstadials (Baldini et al., 2015b; Lohmann ef al., 2024).
Despite the continued uncertainty of DO forcing, an amplification mechanism is noted when
Heinrich events precede a DO interstadial transition (Mann ef al., 2021). For example, if a
Heinrich event occurs within the preceding stadial, there is a subsequent observed increase in
strength of the DO warm event (Pedro ef al., 2022), an example of this is noted in the next

section.



2.1.2 Heinrich Events and Stadial Periods

Heinrich events are defined as intervals of time featuring large amounts of Ice Rafted Debris
(IRD) within deep ocean sediment cores in the Northern Hemisphere. The significant
presence of IRD is suggested to derive from ice loss from the Laurentide Ice Sheet due to a
binge-purge mechanism, leading to a period of climate cooling (Peral ef al., 2024; Weber et
al., 2018). Research suggests Heinrich stadials are the result of Heinrich events as freshwater
ice input can further slow the AMOC and induce a period of global cooling (Bohm et al.,
2015; Heinrich, 1988; Menviel et al., 2020). Furthermore, Heinrich events and Greenland
interstadials are potentially linked; for example, Heinrich Stadial 5 (~49.2-47.6 ka BP), one
of coldest stadials, occurred immediately before DO-12, the warmest observed DO event
during MIS3 (Weber et al., 2018; Pedro et al., 2022; Menviel et al., 2020). As a result,
research now interprets Heinrich events as a potential amplification mechanism for DO

interstadial transitions (Pedro et al., 2022).

2.2 Global Climate Connections

2.2.1 Atlantic Meridional Overturning Circulation (AMOC)

During MIS3, research associates DO interstadial events with the strengthening of the
AMOC, and a tight coupling to North Atlantic sea-ice (Menviel ef al., 2020; Genty et al.,
2003). The AMOC consists of warm northward surface flow and cold southward deep flow in
the Atlantic (Landais et al., 2021, p.177) (Fig. 1). It operates actively during Greenland
interstadials but slows or pauses during stadials. Changes in AMOC are controlled by
perturbations in atmospheric CO, meltwater input, and ice-sheet extent (Menviel ef al.,
2020). The AMOC is strongly regulated by vertical stratification, alternatively known as the
vertical density gradient, which is primarily controlled by salinity and ocean temperature

(Zhang et al., 2017).

Research shows that AMOC strength varies between stadial and interstadial conditions
(Baker et al., 2015; Liu et al., 2023; Baldini et al., 2015a; Landais ef al., 2021; Dhungana et
al., 2010). With AMOC collapse or weakening occurring during North Atlantic stadials,
causing a southward Inter-Tropical Convergence Zone (ITCZ) shift, meaning less heat
transport to the North Atlantic. Instead, this heat pools in the Southern Ocean, leading to

more warming around Antarctica with a lag time of ~200 +100 yrs (Corrick et al., 2020).



Although, Southward movement of the ITCZ can cause a salinity increase in the subtropical
Northern Atlantic during colder stadial periods. Which can work as a precondition for
NADW formation and a return to interstadial conditions when there is a strong AMOC mode

(Zhang et al., 2017).

AMOC variability strongly affects European climate, albeit with an approximate 200-year lag
noted between AMOC strengthening and European warming (Woillez ef al., 2013; Landais et
al., 2021, pp.177-8). During North Atlantic DO warm phases, a stronger AMOC phase moves
heat from the tropics and Southern Hemisphere to the high latitudes in the North Atlantic.
This causes a thermal asymmetry between the Southern and Northern Atlantic and leads to a
northward ITCZ shift and cooling around Antarctica and within the Southern Hemisphere
creating a bipolar seesaw effect (Corrick et al., 2020). This effect will be discussed further in

the next section.

DSOW - Denmark Straight Overflow Water
ISOW - Iceland-Scotland Overflow Water
NAC - North Atlantic Current

DWBC - Deep Western Boundary Current

Isow

Figure 1. AMOC circulation within the North Atlantic region. Purple area notes zone

of downwelling. Adapted from McCarthy et al. (2017).



2.2.2 Atlantic Meridional Oscillation (AMO)

The AMO is defined as a quasi-periodic alternation between warmer and colder sea surface
temperature in the North Atlantic (Borget ef al., 2020). A positive AMO mode indicates a
warmer and wetter period in Northern Europe whereas a negative mode indicates a colder and
dryer period in Northern Europe (Drinkwater et al., 2014). The periodicity of the AMO has
been noted to fluctuate ~50-90 years over the last 8 ka BP (Knudsen et al., 2011). However,
recent research notes AMO to change in frequency through time, for example, ~90-180 years
from 1200-1500 BP and ~30-90 years in the last 100 years (Borget et al., 2020). The control
of these changes in mode is still debated, the main control is believed to be variations in
AMOC (Delworth et al., 2017; Drinkwater et al., 2014). Alternatively, Clement et al. (2015)
suggests AMO is controlled by stochastic forcing from mid-latitude atmospheric circulation
and Borget et al. (2020) notes changes in AMO may be related to volcanic eruptions shown

through the AMO’s quasi-periodicity.

AMO has a global influence on climate through large-scale climate controls and
teleconnections. For example, AMO is believed to control rainfall patterns in the Sahel and
Brazil through interhemispheric heat distribution (Knudsen ef al., 2011). Furthermore, Wang
et al. (2009) notes warm modes of AMO link to warmer winters in China and stronger East
Asian summer monsoons, due to positive AMO causing a northwards shift in the ITCZ. This
is due to the AMO positive phase causing stronger winds over the North Atlantic leading to
heat loss in the Labrador Sea, enhancing deep water formation and strengthening the AMOC
(Borget et al., 2020; Sun et al., 2015). The strengthening of wind influencing AMOC, also
results in an observed relationship between AMO and North Atlantic Oscillation (NAO). The
NAO will be discussed further in the next section. As a result of the positive AMO mode
strengthening the westerlies across the North Atlantic, the East-West position of the Icelandic
low and the Azores High is moved NW - SE respectively (Borget et al., 2020). The opposite
is seen to occur during negative AMO phases. This reinforces the idea that AMO has a global
as well as a European climate influence through continental climate links and relationships

with other climate cycles.
2.2.3 North Atlantic Oscillation (NAO)

NAO dominates climate variability in the North Atlantic, characterised by sea level pressure

differences between the subpolar (Icelandic) low and subtropical (Azores) high. This change



in pressure gradient causes a mid-latitude westerly flow of wind known as the westerlies

(Wang et al., 2012). A Positive NAO phase results in the strengthening and northwards

movement of the westerlies over the Atlantic bringing warmer and more moist air to Northern

Europe (Wang et al., 2012; Olsen et al., 2012) (Fig. 2). Alternatively, a negative NAO phase

causes colder and dryer conditions in Northern Europe, due to a weakening and southwards

movement of the westerlies (Olsen et al., 2012). The periodicity of NAO is noted to have

large variations within research due to the nature of raw NAO data being highly noisy (Seip

et al., 2019). However, the general accepted range of NAO periodicity is ~2-10 years (Rossi
et al., 2011; Luterbacher et al., 2001; Olafsdorrir et al., 2013). Borget et al. (2020) notes

AMO as a control of spatial variation of NAO periodicity based on model simulations. This is

due to the influence of the AMO on the strength of the westerlies controlling the location of

the pressure nodes over the North Atlantic. This further strengthens the relationship between

NAO and AMO.
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2.3 Speleothems

2.3.1 Speleothems as Climate Archives

Speleothems are mineral deposits found in caves due to deposition from percolating
dripwater, primarily composed of calcium carbonate in the form of calcite or aragonite
(Demeny et al., 2016). Speleothem deposits commonly include stalactites, stalagmites, and
flowstones among other deposits. Research more commonly utilises stalagmites and
flowstones due to their stability, uniformity, and continuous growth, as opposed to stalactites
(Birks et al., 2014, pp.242-6). Speleothems although commonly subaerial can also grow
subaqueously, this is a relatively common deposition condition overlooked in current
literature (Wroblewski et al., 2017). First noted in Birmingham Crawlway Cave, USA by
White (1956), with the term “subaqueous flowstone” coined by Hill (1992). Both subaerial
and subaqueous speleothem deposits are valuable as they provide high-resolution temporal
data on regional climate variability and climate cycles, derived from stable isotope and trace
element records within their laminae (Oster et al., 2020; Mattey et al., 2010; Held et al.,
2024; Klose et al., 2024). The study of palaeoclimate through critical archives such as
speleothems, enhances our understanding of the Earth’s climate system, particularly in
relation to abrupt climate changes. These insights are vital for predicting how the climate

system may respond to future forcing (Corrick et al., 2022).

Speleothems offer high precision records, due to their long-term incremental, theoretically
closed system records of stable isotope ratios, trace elements, and capacity for precise U-Th
dating. Therefore, speleothems are an ideal archive for identifying the timing, patterns, and
spatial extent of DO events (Held et al., 2024; Baldini et al., 2021; Wong & Breecker, 2015;
Fairchild & Treble, 2009). Additionally, speleothems remain well-preserved and generally
undisturbed as geochronometers, with dating ranging from a few thousand years to
approximately 650 ka BP (Wendt et al,, 2021; Baker et al., 2011). Through U-Th
disequilibrium dating, both stalagmites and flowstones can be precisely dated within this
timeframe (Sanchez-Moreno ef al., 2022; Pawlak et al., 2019; Scholz et al., 2014). U-Th
dating will be explored further later within this chapter.

Speleothem deposits are widely distributed across the globe, offering regional proxy
information. In some instances, speleothems are correlated with other palaeoclimate archives,

such as ice cores or marine sediment cores, increasing their utility in the reconstruction of
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past climate (Cheng et al., 2016; Buizert et al., 2015; Wendt et al., 2021; Wong & Breecker,
2015). However, high-latitude reconstructions of past climate conditions using speleothems
covering the last glacial period remain rare (Held et al., 2024). Speleothems provide insight
into past climate conditions during periods such as the last glacial through various proxies,
including stable isotopes of oxygen (8'%0), carbon (8'°C), trace elements, and growth rates
(Proctor et al., 2000; Oster et al., 2020). However, interpretations of each proxy can vary
widely between different regions globally (Wong & Breecker, 2015; Mattey et al., 2010).

2.3.2 Speleothem Formation

The formation of speleothems begins when rainwater, rich in H2COs, infiltrates the overlying
soil. Upon contact, the water dissolves the stored CO> within the soil, increasing the
concentration of H>CO3. When this water reaches the karst layer, the carbonic acid dissolves
carbonate rocks such as limestone or dolomite. This process results in dripwater saturated in
calcite. When the dripwater reaches the cave, the lower concentration of CO; in the cave air
causes degassing of CO» from the dripwater. This leads to the supersaturation of calcite,
resulting in CaCOs3 precipitation and speleothem formation (Eq. 1) (Scholz et al., 2014;
Fairchild et al., 2006; McDermott, 2004; Constantin, 2015).

The chemical equation summarising the process is:
COZ ® + HZO (aq) + CaCO3 (s) g Caz(“;q) + 2HCO3 (aq)
Equation 1. Speleothem calcite deposition.

The formation process requires specific conditions for growth, including lower cave CO»
concentrations than within the karst layer, carbonate geology, surface temperatures typically
above 0 °C and wet climate conditions (Isola et al., 2019; Tolzmann, 2013). Additionally,
soil depth and vegetation play an essential role in developing the soil CO> store, allowing
percolating water to become more acidic and dissolve available carbonate rocks. However,
any change in these conditions during formation may cause interruptions in growth, these
breaks are called hiatuses (Pawlak et al., 2019). Research finds more hiatuses occurring at
higher latitudes because speleothem-forming conditions occur less frequently at higher
latitudes, where alpine or forested biomes dominate (Constantin, 2015; Birks et al., 2014,

p.244).
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It is important to note that changes in water geochemistry can also halt or corrode speleothem
growth. For example, if a fissure in the cave roof becomes too large and water percolation
increases too rapidly, acidic water may begin to dissolve the CaCOj of the speleothem.
Similarly, higher CO> concentrations within the cave can reduce carbonate precipitation. This
occurs due to higher CO2 concentrations suppressing the amount of CO> degassing from
dripwater, preventing calcite deposition (Constantin, 2015). Furthermore, speleothems rarely
grow at a constant rate, their growth is often discontinuous or can halt completely during a
hiatus. For example, in colder climate conditions, permafrost can prevent water from
percolating underground, halting the processes of speleothem formation. In contrast, during
more arid periods, a lack of rainfall can similarly prevent dissolution of carbonate rocks
necessary for speleothem growth (Constantin, 2015; Birks et al., 2014, p.246). This is
relevant during the last glacial period as climate shifts frequently disrupted speleothem
growth in higher latitude regions (Klose et al., 2024). For example, Klose ef al. (2024) notes
there are multiple flowstone hiatuses from BleBberg Cave, Germany during MIS3. These are
interpreted as a response to colder stadial conditions causing a lack of liquid water, lack of

vegetation above the cave system, and re-routing of drip water (Klose et al., 2024).
2.3.3 U-Th Dating

U-Th dating (3*°Th/?**U) has become one of the most accurate and widely applied dating
techniques for speleothems in recent decades (Ulusoy et al., 2014; Tolzmann, 2013). U-Th
dating was first applied to speleothems in the 1970s (Thompson et al., 1975; Spotl & Boch,
2019, p.1096). The age of formation of speleothem can be determined by measuring the ratio
of 2°Th/?**U (Eq. 2) (Tolzmann, 2013; Wendt ef al., 2021; Scholz & Hoffmann, 2008; Spétl
& Boch., 2019; Ulusoy et al., 2014). Recent advances in U-Th dating allow for an even more
precise age determination for the last ~500-650 ka BP (Pawlak ef al., 2019; Wendt et al.,
2021; Baker et al., 2011; Spotl & Boch, 2019). This is a significant advantage over other

climate archives, which are often dependent on '*C dating (Sanchez-Moreno et al., 2022).
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Equation 2. U-Th dating equation (Wendt et al., 2021).
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The U-Th dating method relies on the disequilibrium between uranium and thorium isotopes,
where in a closed system, the parent and daughter nuclides eventually reach a state of secular
equilibrium (Wendt ef al., 2021). Over time, the amount of 22°Th increases due to the decay
of the parent isotope **U (Fig. 3). This method is effective because uranium is highly soluble
in water whereas thorium is not. As a result, clean dripwater contains small amounts of
uranium but no appreciable concentration of thorium. Upon the formation of calcite crystals,
238U and 234U will start to decay into a series of intermediary isotopes, eventually decaying

into 23°Th.

424.1d

Type of Decay:

«|

B-— 226R, N 206pp

3* X
245.25ka 75.69 ka 1*B

Figure 3. 28U Radioactive decay chain, adapted from Tolzmann (2013).

U-Th dating still involves several uncertainties. For example, if dripwater is contaminated
with thorium, initial 2**Th content can cause the sample to appear older than the real age
(Tolzmann, 2013). One solution to this issue is additionally measuring 2*>Th concentrations.
232Th and #*°Th are both contaminants within dripwater but unlike 23°Th, 2*2Th is not part of
the 238U decay chain. Therefore, its presence is used to assess the degree of detrital
contamination within the speleothem. Detrital contamination makes U-Th dating more
challenging due to higher age uncertainties (Sanchez-Moreno ef al., 2022). Despite present

research generally suggesting contamination of speleothems by hydrogenous thorium in
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dripwater negligible, contamination still makes U-Th dating more challenging due to higher

age uncertainties (Wendt et al., 2021; Spotl & Boch, 2019, pp.1096).

Another complication arises if speleothem formation does not occur under a closed system.
This is because mixing of uranium and thorium or contamination from surrounding material
may create an open radiometric system. This is one reason why research typically avoids the
use of stalactites for U-Th dating, as uranium continuously enters stalactites through the
central canal or seepage, inhibiting a closed system. Stalagmite contamination occurring
during a hiatus can also inhibit a closed system. This is because the system becomes more
susceptible to contamination from detrital thorium and dust deposition (Constantin, 2015).
Any post-depositional addition or loss of uranium during any point of formation can change
the 23°Th/ 234U ratio, leading to either artificially younger or older age estimates (Scholz et

al., 2014).

2.4 Trace Elements

Variations in trace elements within speleothems provide insights into hydrological processes
and partitioning at the water-calcite interface (Roberts et al., 1998). However, interpreting
trace element data is complex and site-specific, and consequently palacoclimate studies use
trace elements less often than oxygen and carbon isotope ratios (Fairchild & Treble, 2009;
Stoll et al., 2012). Research often compliments trace element analysis with stable isotope data
(8'80 and 8'*C), providing valuable information on rainfall and water availability through

Mg, Ba, and Sr concentrations (Fairchild et al., 2001; Peral et al., 2024).

The incorporation of trace elements in speleothems occurs through three main processes:

(Tolzmann, 2013)

1. Cation Exchange: During formation, Ca can be exchanged with other elements
because Ca** is a divalent cation within solution. Meaning during formation Ca** can
be exchanged with other divalent cations (e.g., Ba?*, Mg?*, Sr?"), allowing them to
integrate into the CaCOs lattice.

2. Filling of Crystal Defects: Elements such as P, F, and Na can be incorporated into
the calcite lattice through the infilling of defect points within the crystal lattice

structure.
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3. Aqueous Inclusions: Elements such as Na and CI can become incorporated within

the speleothem within solution through aqueous inclusions.

The trace elements most used within current literature can be arranged into two groups:

e Group 1: Includes Mg, Ba, and Sr, typically used as a proxy for precipitation
(Riechelmann et al., 2020; Peral et al., 2024; Weber et al., 2018). They substitute for
Ca in the carbonate lattice and can also reflect water availability and climate shifts
(Fairchild & Treble, 2009).

e Group 2: Includes elements such as P, Al, Th, U, Cu, and Pb, which primarily reflect
detrital contamination (Riechelmann et al., 2020). However, P and Y can also serve as
proxies for soil and vegetation changes, and U can serve as a proxy for soil redox
conditions and hydrology when accompanied by Sr (Fairchild & Treble, 2009;
Tolzmann, 2013).

2.4.1 Group 1: Mg, Ba, Sr

Present research interprets Mg as a signal of precipitation and PCP. Past studies have widely
interpreted Mg as a proxy for precipitation when accompanied by a covariation of '*C and
8'80 (Peral et al., 2024; Weber et al., 2018). Alternatively, a positive relationship between
Mg and 8'*C can infer PCP as a significant control (Fairchild & Treble, 2009). This is
because large elevations in the Mg/Ca ratio indicate there is more Ca being precipitated and
CO; degassing before speleothem formation, causing the preferential fractionation of '>C out
of the dripwater, causing an enrichment in '*C (Dabkowski et al., 2016; Fairchild & Treble,
2009).

Current research finds Sr and Ba as more complex and harder to interpret than Mg but
grouped analysis of trace element correlation can work to mitigate this. Dabkowski et al.
(2016) found Sr to mainly depend on rainfall availability and intensity, consistent with Weber
et al. (2018), who interpreted Sr and Mg in terms of rainfall intensity. However, Weber et al.
(2018) also interpreted Sr invoking soil pCOx> shifts, consistent with previous interpretations
(Stoll et al., 2012). Overall, the grouped correlation of Mg, Ba, and Sr with §'3C and 3'%0 can
strongly reflect water availability (Huang ef al., 2001; McDermott, 2004; Karmann et al.,
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2007; Van Beynen et al., 2008; Fairchild & Treble, 2009). Research typically infers water
availability from increases in Mg, Ba, and Sr coupled with increases in $'%0 and §'3C,
suggesting drier climate conditions and lower pCO> (Peral et al., 2024). Equivalently,
decreases in Mg, Ba, Sr, 3'%0, and 3'3C indicate wetter climate conditions and higher pCOs.
Furthermore, Vansteenberge et al., (2020) and Peral et al., (2024) also note, antiphase

relationships between Mg, Ba, and Sr to indicate drier climate conditions.
2.4.2 Group 2: P, Al, Th, U, Cu, Pb

Elevated levels of P alongside Mg suggest periods of higher moisture availability;
alternatively, decreases in P indicate drier periods (Oster et al., 2020; Baldini et al., 2002).
Higher P concentrations additionally suggest increased soil activity, with lower values
indicating vegetation degradation. U concentrations can be an indicator of contamination, yet
Tolzmann (2013) notes U concentrations can also be interpreted as changes in soil redox
conditions as the mobility of U depends heavily on oxidation state, controlled by redox
conditions in the overlying soil and epikarst. With more oxidising conditions causing
increased U mobility and reducing conditions inhibiting U mobility (Jamieson ef al., 2016;
Zhou et al., 2005). Furthermore, if accompanied by Sr, U can also be used as a proxy for
hydrological conditions (Tolzmann, 2013). In comparison, Al, Th, Cu, and Pb are
predominant indicators of detrital contamination, as they are not naturally present in the
calcite lattice within a closed system (Riechelmann et al., 2020). The interpretation of trace
elements varies widely across different speleothems, due to the influence of controls such as
overlying vegetation, soil type, and water sources. This means the interpretation of trace
elements between speleothem can have large variability and different proxy information due

to unique influences during formation.

2.5 Stable Isotopes

2.5.1 Oxygen Isotope Ratios

The controls on speleothem §'80 are highly complex, and variations in 8'30 values can be
substantial, even within the same region (Lachniet, 2009). As such, few studies have been
able to reconstruct a clear universal climate signal from 3'30, as site-specific factors
influence each speleothem’s isotopic composition (Birks et al., 2014, p.263). Current

research predominantly interprets 3'30 as a proxy for precipitation at the time of formation
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(3'80w) (Couchoud et al., 2009; Dabowski et al., 2016; Dhungana, 2010; Peral et al., 2024).
Isotopically heavier or more positive 330 values typically reflect drier conditions, whereas
more negative and lighter 5'%0 values correspond with wetter periods due to less '°O being
locked up within glaciers. This is particularly apparent during the last glacial period due to
the numerous transitions between stadial and interstadial periods (Fuller et al., 2008; Oster et
al., 2020; Lora et al., 2017; Tolzmann, 2013). Furthermore, when correlated with elements
such as Mg, Ba and Sr, 830 can also reflect water availability (Huang ef al., 2001;
McDermott, 2004; Vansteenberg et al., 2020; Peral et al., 2024). Increases in Ba, Mg, and Sr
concentrations, coupled with decreases in 6'0 and 8'C values, suggest warmer and drier
conditions. However, if these trace elements exhibit antiphase relationships with each other,
the interpretation can be more complex, and indicate alternate controls are occurring

(Vansteenberge et al., 2020).

8'80 values within speleothem typically reflect the isotopic composition of precipitation,
which various environmental factors influence, including the ice volume effect (global ice
volume extent controlling ocean water §'%0), altitude effect (isotopic depletion of §'*0 with
increasing altitude), latitude effect (isotopic depletion of §'*0 with increasing distance from
the equator), continental effect (isotopic depletion of 8'%0 due to rainout over landmasses —
Rayleigh fractionation), amount effect (isotopic depletion of 8'%0 due to heavier rainfall), and
the temperature effect (lighter isotopes evaporating more readily than heavier isotopes)
(Tolzmann, 2013; McDermott, 2004). Therefore, research must consider these fractionation
processes when interpreting 8'%0, as large regional variations in isotopic signature can occur
due to the extent of these effects occurring (Mook, 2000; Fuller ef al., 2008). In Villars Cave,
France, 5'30 values range from -5.67%o to -4.76%o +£0.09%o (Dabkowski et al., 2016), with
similar values expected in the UK (Fuller et al., 2008). However, location factors such as
latitude effect, continental effect, amount effect, and the temperature effect, will all vary at a

different higher latitude location (Williams & Fowler, 2002; Baldini ef al., 2005).
2.5.2 Carbon Isotope Ratios

Present research recognises 8'3C as a proxy for precipitation, primary productivity, and
vegetation shifts (Peral et al., 2024; Dabkowski et al., 2016; Dhungana, 2010; Fleitmann et
al., 2004; Weber et al., 2018; Tremaine et al., 2011). Denser vegetation and higher soil

activity correspond with lower 8'*C values. Conversely, higher values of §'3C indicate
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vegetation degradation or increased flushing (Allen et al., 2018; Hartland et al., 2012). When
8'3C values increase (becoming isotopically heavier) alongside Mg concentrations, they
indicate colder and drier conditions. Whereas more negative (lighter) 3'*C and lower Mg
concentrations are associated with warmer and wetter periods marked by denser vegetation
and thicker soil layers (Oster et al., 2020; Weber et al., 2018; Baker et al., 2011; Baldini et
al., 2005). This is because cold and dry climates reduce vegetation density and microbial
activity, leading to lower CO; production and higher 3'3C values (Held et al., 2024; Baldini
et al., 2005; Gascoyne, 1992; Genty et al., 2006). Overall, during warmer and wetter periods,
such as DO interstadials, increased vegetation development results in more biogenic CO»,
resulting in a lowering of 8'3C values (Baldini et al., 2005; Dabkowski et al., 2016; Arienzo
et al., 2017; Tolzmann, 2013).

Regionally specific conditions such as soil CO», drip rate, dissolved bedrock, and rate of PCP
also influence 3'3C values (Dulinski & Rozanski, 1990; Birks et al., 2014, p.258). In the
British Isles, an area dominated by C3 vegetation, '3C values typically range from -12%o to -
6%o, though studies have shown higher values of 3'3C in 75% of flowstone samples and 57%
of stalagmites from British caves in comparison to other regions globally (Baker et al., 1997).
Baker ef al. (1997) interprets the main control of their '°*C data from sites all around the UK
as PCP. This is because fractionation likely occurred before speleothem formation, due to
above average values of 8!3C than those expected for C3 dominant regions. Within the
context of DO-12, §!3C data from Bunker Cave, Germany, displays a slow decrease to ~-9%o
(Weber et al., 2018), rather than an abrupt transition into the DO event seen within other
records, e.g., NGRIP 8'%0 data (Kindler et al., 2014). This may be due to a buffering effect of
the soil, with soil recovery and vegetation formation taking longer after the termination of
Heinrich stadial 5 before DO-12. Whereas, at the end of DO-12, Weber et al. (2018) interpret
a significant increase in 8'°C ~43.3 ka BP, indicating a fast deterioration of soil back into a

stadial period.

Future research needs an improved understanding of 8!°C fluctuations, particularly in
temperate regions dominated by C3 vegetation for more accurate palacoclimate
reconstructions (Baldini ef al., 2005). The use of trace elements alongside stable isotopes can
also provide critical insights into 8'3C variability. For example, Hellstrom & McCulloch

(2000) found that variation in Ba concentrations ruled out PCP as a major influence on §'*C
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increases. This demonstrates the importance of multi-proxy approaches to reduce uncertainty

within stable isotope interpretation and climate reconstructions (McDermott, 2004).

2.6 Prior Calcite Precipitation (PCP) and Climate Reconstruction

2.6.1 PCP

In karstic environments, PCP occurs when dripwater either on the roof of the cave or within a
karst cavity, comes into contact with air at lower CO2 concentrations. This causes degassing
of COz and prior supersaturation of drip water, leading to calcite precipitation before final
precipitation within a speleothem. Degassing enriches elements such as Mg, Sr and Ba,
relative to Ca concentrations, and leads to isotopically heavier 8'3C within the speleothem
(Tolzmann, 2013; Fairchild et al., 2000; Fairchild & Treble, 2009). PCP strongly influences
Mg, with elevated Mg/Ca ratios often indicating PCP occurrence (Fairchild, 2006). However,
Mg should be cross correlated with proxies such as Sr, Ba, and §'°C and §'30, because Mg
data can also be a proxy for rainfall (Weber et al., 2018; Fairchild, 2006; Dabkowski et al.,
2016). Although PCP commonly controls Mg concentrations and 8'C within speleothems,
research does not consider this control problematic for the identification of other proxies
unless there is a statistically significant regression between In(Mg/Ca) and In(Sr/Ca) using

the Sinclair test (Sinclair et al., 2012).
2.6.2 Controls on PCP and Climate Reconstruction Potential

Tolzmann (2013) suggests that PCP is more prominent during drier climate periods, this is
partly due to the temperature dependence of the Mg partition coefficient, which has the
capacity to control the rate of PCP occurrence. There are two main controls on the rate of
PCP, the Mg partition coefficient (Dmg) and the Sr partition coefficient (Ds;). Partition
coefficients are the relationship between the trace element to calcium ratio of the carbonate
compared to the parent solution (Drysdale et al., 2019). Dw; is well documented to have a
temperature dependence, in turn impacting the rate of PCP (Gascoyne, 1983; Huang &
Fairchild, 2001; Day & Henderson, 2013; Wassenburg et al., 2020). However, some
speleothem studies have noted a stronger relation of Mg variations to hydrological changes

than to temperature (Cruz et al., 2007; Weber et al., 2018; Tremaine & Froelich, 2013).

20



The main dependence on Ds; is suggested to be based on growth rate (Huang and Fairchild,
2001; Treble et al., 2003; Belli et al., 2017). However, there have also been studies which do
not find this same growth rate dependency (Tremaine & Froelich, 2013; Day & Henderson,
2013). It has been suggested by Drysdale et al. (2019) based on the previous study by Huang
& Fairchild (2001), that Ds; may also be controlled by Na/Sr from the parent water, where
higher Na concentrations can outcompete Sr from incorporation into the calcite lattice of the
speleothem. This has been studied by Drysdale ez al. (2019) through the analysis of seawater-
analogues based on their higher Na concentrations in comparison to cave-analogues, but this

control has not yet been concluded.
2.7 Mainland European Climate during MIS3

Studies have highlighted the sensitivity of speleothems in Europe to both regional and global
climatic changes, with variation §'0, §'3C, and trace elements allowing for detailed
interpretations of climate fluctuations during the last glacial (Genty et al., 2003; McDermott,
2004). For example, speleothem records from France, such as in Villars Cave, provide
insights into temperature and precipitation changes during MIS3, with §!%0 and 8'3C
indicating shifts in climate related to North Atlantic precipitation variations (Genty ef al.,
2003; Guiot et al., 1993). Similarly, speleothems from Bunker Cave, Germany, reveal a
complex relationship between vegetation changes and 8'°C during transitions from stadial to

interstadial periods (Weber et al., 2018).

e Villars Cave: During DO-12 (~45.3 ka BP), the lowest values of §!*C were recorded.
Low 8'3C values correlate with higher 8'%0 in ice cores, signifying warmer conditions
and higher precipitation rates. This large shift in 6'3C also suggests a shift in
vegetation dynamics during DO-12. DO events are less clearly seen within the §'30
data, although 8'80 does correlate with regional pollen records, suggesting a
temperature rise of ~8 °C during the period (Genty et al., 2003; Guiot et al., 1993).

e Bunker Cave: Research found that speleothem growth phases in Bunker cave
correlate closely with periods of strong AMOC, reduction in influence of AABW,
reduced sea ice, and low IRD within ice cores (Weber ef al., 2018).

o Han-sur-Lesse Cave: Research observed 3'%0 values varying between -3.8%o to -
5.8%o and 8'3C between -1.5%o to -5%o. A clear delay appears in the onset of climate

amelioration and vegetation proxies for DO-12, attributed to delayed increases in
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temperature and water availability for the right conditions to incept vegetation
development. A slow climate deterioration is noted at the end of DO-12, with
increases in 8'3C, Mg, and Sr (Peral et al., 2024).

o Fiiramoos Cave: Research describes DO-12 as one of the warmest interstadials of
MIS3 and suggests this related to a maximum in obliquity (Sanchez Gofii ef al.,
2008). It is further suggested this may indicate why vegetation growth was amplified
to northern latitudes >40° during this specific DO event, allowing for speleothem
formation at higher latitudes during DO-12 compared to other DO events during
MIS3 (Sanchez Goni et al., 2008; Kern et al., 2022).

3. Site Overview and Regional Geological Setting
3.1 Location in Context — Uamh Mhor, Knockan Basin

The Uamh Mhor cave within the Knockan basin is located within the region of Assynt,
Northwest Scotland (Fig. 4). The Assynt region is located 15 km NE of Ullapool and 50 km
SW of Durness. Uamh Mhor is overlain by an outcrop of 34 km? of dolomitic limestone of
the Durness Group, alongside various clastic deposits believed to originate from local glacial
deposits (Breitenbach et al., 2024; Lawson, 1993; 1983; 1981; Atkinson & Lawson, 1995,
p.61). The main source of cave water for the Uamh Mhor system is Loch Claonaite, which
drains through all of the cave systems of the Allt nan Uambh region, controlling cave water
levels (Lawson, 1981). In the late Pleistocene, the area of Assynt was dominated by
imbricated stacks of dolomite which formed the foundation of a karst landscape. A low water
table was present as a result of valley deepening, which likely enabled the formation of large
cave systems such as Uamh an Tartair (knockan) and Uamh an Claonaite long before this
period started (Atkinson & Lawson, 1995, p.61; Bradwell & Ballantyne, 2021, p.233). In the
present day, the area of Assynt is dominated by a heather moorland landscape and blanket

peatland (Breitenbach et al., 2023).
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Figure 4. Location of Uamh Mhor, Knockan (star) within the region of Assynt.

3.2 Scottish Climate during MIS3

Northwest Scotland has a strong relationship between precipitation, NAO, and AMOC via the
North Atlantic Drift. Within the region of Northwest Scotland, a positive NAO index is
associated with intensified westerly winds and increased rainfall (Proctor et al., 2000).
Isotopically lighter or lower 830 values are also linked to wetter and warmer conditions,
potentially providing a proxy of NAO patterns (Fuller et al., 2008). Speleothem growth rates
in the region are found to relate to NAO states, with lower growth rates corresponding to
more negative NAO phases, whereas warmer, wetter conditions and a positive NAO phase
accompany higher growth rates (Baker ef al., 2015). The NAO exerts a significant influence
on the climate of Scotland, with stronger westerlies leading to higher precipitation during
positive NAO winters (Proctor et al., 2000). This suggests that during interstadial periods, the
climate in Northwest Scotland was primarily shaped by seasonal circulation patterns, with the

NAO state playing a pivotal role, especially in response to large climate shifts.
3.3 Secondary Datasets and their Global Context

Speleothem stable isotope and trace element data from various regions, across Europe, Asia
and South America, have been vital in extending the analysis of DO events beyond
Greenland and identifying global teleconnections. Notable studies include BleSberg Cave in

Germany, the highest northern latitude speleothem identified from central Europe to date,
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Hulu Cave in China and Marota Cave in Brazil all featuring DO event signals (Klose et al.,
2024; Liang et al., 2019; Strikis et al., 2018). These speleothem records provide crucial
insights into the regional manifestations of DO events, offering a broader perspective on how
abrupt climate shifts may influence or be influenced by different parts of the climate system.
A better understanding of MIS3 and its associated DO events is crucial for reconstructing the

climate dynamics and rapid climate shifts dominating the last glacial period.

4. Methodology

4.1 Flowstone Sampling

The flowstone sample SFMB20230528-1 (Fig. 5) was taken from Uamh Mhor, Knockan
(58.3700° -4.9740° W) (Fig. 4), 213 m above sea level, as part of the Scottish Speleothem
Dating Project 2024 (Breitenbach et al., 2024). Uamh Mhor is an unroofed cave, with
geomorphic evidence suggesting unroofing during the last glaciation (Breitenbach ef al.,
2024). The flowstone samples were taken from a solutional hollow within the cave. They
were deposited after an initial flowstone deposit on top of a layer of silty mud of ~1-2 mm.
Followed by erosion of the top layer by smooth solutional fretting over their faces and
overlain by an indurated gravel layer. SFMB20230528-1 and its sister sample UEA810527-2,
are both white crystalline calcite flowstones. The dense calcite structure of the flowstones
suggest they formed within an interior cave rather than exposed to open air which results in
more granular calcite structures (Breitenbach et al., 2024). Before any analysis was
undertaken, the flowstones were analysed for evidence of recrystallization or inclusions and
cleaned by ultrasonication in distilled water for 2—3 minutes. The flowstone SFMB20230528-
1 was selected for its clean internal structure with no signs of hiatuses, clear visible layering

(Fig. 5) and unique chronological setting within DO-12.
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Figure 5. (A) Initial scan of flowstone SMFMB20230528-1 from the Scottish

Speleothem Dating Project. (B) Photo of flowstone after sampling.

4.2 Uranium-Thorium (U-Th) Dating

4.2.1 U-Th Date Sampling

Uranium-Thorium (>**U/?*°Th) dating was conducted to determine the age of the flowstone
sample, as speleothem are considered closed systems, despite the potential contamination due
to growth hiatuses, this method ensures accurate dating (Wu et al., 2024; Hoftman et al.,
2009; Drysdale et al., 2012; Constantin, 2015). Dating was performed by analysing ***U and
239Th isotopes from 150 mg of carbonate dust sampled at three equidistant points along the
growth axis (Fig. 6). The first U-Th date (45,855 £153 yrs BP) and the base of the sister
sample UEA810527-2 (46,397 +£225 yrs BP) previously underwent dating as a part of the
Scottish Speleothem Dating Project, the initial micro-milling was carried out by using a
Sherline Micromill at Northumbria University (Breitenbach et al., 2024). The two additional

dates were sampled for with a NewWave Research Micromill at Durham University. All
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samples were radiometrically dated at the University of Oxford’s radiometric dating

laboratory using a Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-
ICP-MS), following the established method by Vaks et al. (2013).

U-Th date samples (150 mg of powder)
1%'= 45,855 =153 yrs BP
2" = 45,977 150 yrs BP
3= 46,462 152 yrs BP

Lamination
planes

Micromilling track
(420 samples of ~33-58 pgin 48

pm steps at a depth of 360 pm)

N

Laser ablation tracks
(2 pre-ablated ablation lines)

e ,.

Growth axis and
direction of growth
(~2cm)

———

Lamination axis (~9 cm)

Figure 6. Schematic of the sampling procedure undertaken on flowstone

SMFMB20230528-1 from Uamh Mhor.

4.2.2 Uamh Mhor (SMFMB20230528-1) Chronology

The three U-Th dates undertaken for Uamh Mhor range from 45,855 £153 yrs BP, 45,977
+150 yrs BP and 46,462 +152 yrs BP (Fig. 6). An age-depth model was conducted through
COnstructing Proxy Records from Age models (COPRA) software, based on these three U-

Th dates (Fig. 7). Within COPRA a non-linear, piecewise cubic Hermite interpolation age-

depth model was utilised, built from a Monte-Carlo ensemble of age uncertainties. The U-Th

dates demonstrate a slower growth rate between the two initial U-Th dates between 46,462-

45,978 BP at ~40.98 pm/year, during initial growth stages. The growth rate is seen to increase
from the initial rate to ~15.88 um/year between 45,977-45,855 BP, the height of the DO
event. The U-Th date for the base of the sister sample UEA810527-2 (46,397 £225 yrs BP),

notes a younger age of the flowstone base than observed in the 3™ U-Th date from

SMFMB20230528-1. Although there is a larger uncertainty produced from the U-Th dating

of the sister sample, this still presents chronological uncertainty within the initial growth of

the flowstone. This discrepancy may reflect dating uncertainty, layer position changes
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between SMFMB20230528-1 and UEA810527-2 or contamination from detrital material.
However, the growth period between the three U-Th dates for SMFMB20230528-1 remains
chronologically consistent, with a faster growth rate between the 2" and 1t U-Th dates
during the height of the DO event. Further boundary dating would improve model precision,

but this is outside the scope of the current project.
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Figure 7. SFMB20230528-1 Chronology. A piecewise cubic Hermite interpolation
age-depth model created within COPRA. Black line signifies the modelled age-depth
and the grey shaded area signifies the 2.5 %-quantile and 97.5 %-quantile confidence
interval of the U-Th chronology produced by COPRA. Black points indicate U-Th

ages at individual depths within the sample and their associated age uncertainty of 2c.
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4.3 Stable Isotope Analysis
4.3.1 Micro-milling Sample Preparation

To produce a high-resolution stable isotope record, micro-milling was selected as the
preferred method. In comparison, other methods such as laser ablation offer a higher
processing speeds, but consequently this can result in lower precision data (Hoffman et al.,

2009; Spotl & Mattey, 2006; Mattey et al., 2010; Frappier et al., 2002; Mangini et al., 2005).

Micro-milling was conducted using a NewWave Research Micromill with a 4 mm steel drill
bit. The sample was securely fixed to the micro-mill stage to prevent movement, and the
equipment was calibrated according to the sample’s size, shape and plane angles
(Riechelmann et al., 2020; Drysdale et al., 2012). Incisions were made at 48 um steps along
the lamination planes, parallel to the growth axis starting from the oldest end of the sample
(Fig. 6). Sampling intervals of 100-250 um are typical for high resolution speleothem
sampling (Hoffman et al., 2009; Mattey et al., 2008; Spotl & Mattey 2006; Dhungana, 2010).
However, due to the slow growth rate initially calculated for the flowstone based on the first
U-Th date and a U-Th date taken from a sister sample (~24 pm/year), 48 um was used to
enhance the possible detection of annual patterns within the data whilst ensuring sampling

duration was suitable for the extent of time for this thesis.

A milling depth of 360 um was used to ensure sufficient powder (~33-58 pg) was collected
for stable isotope analysis. Given the estimated sample growth of ~24 um/year, this depth still
provides high-resolution data whilst accounting for lamination trajectory uncertainties
(Baldini et al., 2021; Drysdale et al., 2012). To prevent contamination, the drill and sample
surface were cleaned with ethanol between milling each sample (Spotl & Mattey, 2006;
Drysdale et al., 2012). The carbonate powder produced was transferred into 4.5 ml vials for

stable isotope analysis.

4.3.2 8'80 and 8'°C Isotope Analysis

Stable isotope analysis (8!30 and 3'3C) was conducted using a ThermoScientific MAT 253
Stable Isotope Gas-Source Mass Spectrometer at Northumbria University. International
standards TAEA-603 and NBS-18 were used alongside in-house standards Pol-2 and Plessen.
A total of 420 vials of ~33-58 g of carbonate powder were produced for analysis in batches

of 61. Batch analysis was conducted to prevent cyclical signal contamination during analysis
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and allow for faster processing of samples due to analysis backlog. Samples were additionally
analysed in a randomised order between batches to further prevent contamination from
laboratory conditions (Baldini ef al., 2021). Due to analysis backlog within the laboratory,
stable isotope analysis could not be conducted on all samples before the completion of this
thesis. However, due to the sampling strategy and the range of randomised samples able to be
processed, the 8'0 and 8'*C samples which were processed were robust enough to enable

corroboration with the results of trace element analysis.

4.4 Trace Element Analysis

4.4.1 Analysed Elements

Specific trace elements were selected for analysis based on their potential climate proxy

signals:

- Sr, Mg and Ba — Potential indicators of precipitation levels, local vegetation changes
and soil weathering (Riechelmann et al., 2020; Mattey et al., 2010; Warken et al.,
2018)

- Al, Th and P — Potential indicators of detrital material, soil composition and
vegetation dynamics (Riechelmann et al., 2020).

- Pb and Cu — Potential indicators of detrital contamination or groundwater chemistry
shifts due to high precipitation and metal transport changes (Borsato et al., 2007).

- Si— Potential indicator of soil weathering, rainfall and calcite precipitation. High
Si/Ca ratios observed to correlate with low rainfall (Hu ez al., 2005).

- U — Potential indicator of soil redox reactions, as U is more soluble in oxidizing
conditions, with increased rainfall facilitating greater U incorporation into speleothem

carbonate (Hellstrom & McCulloch, 2000).

4.4.2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS)

Although LA-ICP-MS has a lower precision than micro-milling (Spotl & Mattey, 2006), this

technique was undertaken due to its rapid analytical capability. Despite this lower precision,
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laser ablation remains a robust method for identifying elemental concentrations in speleothem

records (Fairchild et al., 2006; Ridley et al., 2015; Baldini et al., 2021).

LA-ICP-MS was conducted at Durham University using a New Wave UP-193 laser system
coupled with a ThermoScientific iCAP TQe ICP-MS. A rectangular spot size of 10 x 140 pm,
an advance rate of 10 um/s, and a laser repetition rate of 15 Hz were utilised. Pre-ablation
lines were run before official track runs to ensure a clean sample surface and to reduce levels
of contamination. Two ablation lines were conducted on the sample to enable cross
comparison of results to reduce uncertainty within data analysis (Fig. 6). For standardisation
purposes elements were calibrated to the standards NIST 610, NIST 612 and BHVO2
repeatedly during analysis, with instrument drift monitored through deviations in #*Ca

concentrations expected within speleothem to be approximately 40% of total calcium content.

4.5 Secondary Data

4.5.1 Palaeodata

Secondary data from Europe and the Caribbean will be utilised for this thesis, alongside ice-
core data from Greenland (Fig. 8). This palaeodata is being used for a cross-comparison of
potential proxies identified from Uamh Mhor and assess the extent of correlation with the
current highest resolution datasets from the same period. Furthermore, allowing for a
comparison between age dating and growth onsets and terminations. It is important to note
there is a strong lack of trace element data globally during DO-12, highlighting the unique

contribution of trace element data during DO-12 from Uamh Mhor.
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Figure 8. Location of Uamh Mhor (A) and other palaeo datasets (B — Ngrip
(Svensson et al., 2008), C — Bunker cave (Weber et al., 2018), D — Abaco cave
(Arienzo et al., 2017)) within a North Atlantic regional context.

4.5.2 Contemporary Data

Modern precipitation data from the past century has been utilised from four sites closely
located to the North Atlantic, Bordeaux (France), Aberporth (Wales), Kinlochewe (Scotland)
and Wick (Scotland) (Menne et al., 2012). These records were chosen based not only on
relative coastal location but due to the length of their continuous records to be able to identify
significant NAO-like cycles within spectral analysis. This has limited the number of modern
records able to be utilised. This data is used to identify any differences in the palaco-NAO
signal from DO-12 and the present NAO signal across the North Atlantic region over the past

century.
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4.6 Data Analysis Methods
4.6.1 Principal Component Analysis (PCA)

PCA was conducted within MATLAB to identify correlations between trace elements within
the sample through time and highlight the strength of correlations to explained variance
within the data. A timeseries plot, a loading plot and a biplot were produced for Principal

Components (PC1 and PC2) identified within analysis.
4.6.2 Dynamic Time Warping (DTW)

DTW was conducted within MATLAB to assess the level of synchronicity between this study
and secondary palaeo datasets from Bunker Cave, Germany and Abaco Cave, Bahamas, the
two closest resolution datasets available over the period of DO-12. DTW works through
analysing the best fit of one interpolated dataset to another through shifting values
(warping/wiggle) over a designated time interval to assess for a maximum correlation to the
second dataset. Due to Uamh Mhor having the largest number of U-Th dates with the lowest
uncertainty for the period, Uamh Mhor was used as the most reliable chronology, with

Bunker and Abaco being warped to the new SFMB20230528-1 chronology.
4.6.3 Spectral Analysis (REDFIT - Morlet)

REDFIT Spectral analysis was conducted through PAST software on Mg from Uamh Mhor
and additional Mg datasets from Bunker Cave, Germany (Weber et al., 2018) and Abaco
Cave, Bahamas (Arienzo et al., 2017). Each dataset analysed was interpolated and de-trended
before analysis. This was conducted to identify significant cycle lengths between regions
surrounding the North Atlantic over the period 45,720-46,500 BP, this period was constrained
due to hiatuses within the other datasets. Spectral analysis was also conducted on modern
precipitation datasets from Bordeaux, Aberporth, Kinlochewe and Wick (Menne et al., 2012)
to analyse for the length of contemporary climate cycles around the North Atlantic region.
This was then compared to the palaeoclimate cycle lengths identified in the North Atlantic
region during DO-12.
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4.6.4 Sinclair Test

The Sinclair test, introduced in 2012 by Sinclair ef al., was utilised to assess the potential
level of PCP occurring within the sample and its potential control on stable isotope and trace
element concentrations. This was conducted through the analysis of the slope of regression

between In(Mg/Ca) against In(St/Ca).

4.6.5 Sea Spray and PCP Vector Calculations

Sea spray and PCP vectors were calculated for the specific regional conditions for Uamh
Mhor. An analysis of Mg/Sr precipitation control was conducted due to Mg concentrations
potentially being a proxy for sea spray as well as PCP. Higher sea spray contributions within
precipitation result in higher Mg concentrations within dripwater, and consequently higher
deposition of Mg within speleothems. The vector more closely aligned with the Mg/Sr data

from the speleothem indicates the strongest control on Mg and Sr concentrations.

A model for calculating sea spray and PCP vectors was utilised, and input conditions
adjusted, from Forman et al., (2025) for dolomitic limestone bedrock (Drysdale et al., 2019;
BGS, 1979; BGS, 1956; Jakic et al., 2016). Different PCP vectors based on temperature
controlled distribution coefficient for magnesium (Dwg) values were calculated under various
temperature scenarios based on previous research from a variety of cave and dripwater
environments (Gascoyne, 1983; Huang et al., 2001; Huang & Fairchild, 2001; Fairchild et
al., 2010; Day & Henderson, 2013; Tremaine & Froelich, 2013; Howson et al., 1987; Hartley
& Mucci, 1996; Oomori et al., 1987; Mucci, 1987; Burton & Walter, 1991; Mucci & Morse,
1983; Drysdale et al., 2019). The Dwm, equation from previous literature which best fit the
Mg/Sr data from Uamh Mhor is from Drysdale ef al. (2019; 2020). This is notably the only
paper whose Dy equation, when used to calculate a PCP vector, showed to fit within the

bounds of our data due to abnormally high Mg/Sr values.
4.6.6 Temperature Reconstruction and Dryness Index Creation

An estimated temperature value for each individual Mg/Sr datapoint was calculated based on
the slope of the temperature dependent PCP vector each individual Mg/Sr datapoint fits onto,
input into the equation for the relationship between slope of PCP vectors in relation to
temperature. This was calculated based on temperature scenarios of 1, 10 and 25 °C fitted to

the Drysdale et al. (2019; 2020) Dwmg equation.
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Dryness was reconstructed through each individual Mg/Sr datapoint being assigned into a
dryness Index. The values are based on the distance of each datapoint along its respective
PCP vector. Distance along the PCP vector was calculated for each Mg/Sr datapoint through
Pythagoras’ theorem (Fig 9). Based on its respective temperature value this was applied
within the equation for the linear relationship between temperature values and Mg vector
origin, minus the minimum length, divided by the maximum length and multiplied by 100.
This creates an index between 0-100 for each datapoint based on the distance along the
respective PCP vector. The index values imply driest conditions closest to 100 and highest

moisture conditions closest to 0.
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Figure 9. Method for calculating Temperature and Dryness Index for each Mg/Sr
datapoint, (example of two data points (black (1) and blue (2) lines) using PCP vector
angles (1a and 2a) and Pythagorean theorem to assess distance of points along their

respective PCP vector (z1 and z2).
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Temperature and dryness reconstructions are further interpreted alongside stable isotope data
(8'80 and 8'3C). It is important to note not all stable isotope samples could be fully analysed
due to an analytical error with the laboratory and time constraints for this research. However,
enough stable isotope data points exist to be able to reasonably compare the pattern of data

with the results from temperature and dryness reconstructions.

5. Results and Discussion
5.1 Trace Elements

Trace element concentrations in the Uamh Mhor flowstone were analysed to assess their
variability during the DO-12 interval and to identify potential climatic and hydrological
drivers. Focus was placed on Mg and Sr, given their established roles as proxies for PCP
processes and hydroclimate variability in speleothem records. The analysis also considers the

potential contribution of other trace elements to the overall geochemical signal.
5.1.1 Timing of Growth Onset and Termination

Speleothem growth at Uamh Mhor terminates around 45.6 ka BP £153 yrs, which is notably
earlier than other European speleothem records for the same period, such as Bunker Cave at
42.8 ka BP £720 yrs (Weber et al., 2018) and Villars Cave at 42.3 ka BP +508 yrs (Genty et
al., 2003). The absence of geochemical evidence for hiatuses or significant contamination
supports the reliability of this chronology. This earlier cessation, likely influenced by the
cave’s high latitude location, provides rare insight into hydroclimatic conditions in a region

previously thought too cold for sustained speleothem growth during this interstadial.
5.1.2 Trends in Cu, P, Th, Al, Pb, Si, U and Ba

Cu (Fig. 10) and P (Fig. 11) remain at consistently low concentrations throughout the record,
with running averages not exceeding 1.6 ppm. This stability, supported by similarly low
concentrations of Th and Al (Fig. 11), suggests the absence of significant detrital
contamination or growth hiatuses. A single Pb anomaly (~31 ppm at ~46,414 BP) is not
mirrored in other detrital indicators (Cu, Al, Th, P), indicating an isolated event rather than
obvious contamination. Al and P (Fig. 11) display similar low-amplitude variations that could

reflect subtle changes in source water composition. A small number of elevated Al values
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Figure 11. Multivalent nonmetals Si (blue), P (pink), Al (purple), U (yellow), Th

(grey), with 23-year running means denoted in black dotted lines.

(e.g. 590 ppm at ~46,240 BP) may correspond to episodic soil disturbances or short-lived
erosion events (Riechelmann et al., 2020). Si (Fig. 11) demonstrates a pronounced
logarithmic increase of ~3000 ppm coincident with the onset of DO-12, after which
concentrations stabilise. This trend suggests intensified chemical weathering and increased

surface erosion, possibly linked to warmer and wetter conditions. However, the lack of a
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corresponding decrease in Si concentrations in the youngest part of the record raises

questions about the persistence of these processes if glacial conditions had fully returned.

U and Ba (Fig. 11) display an inverse relationship at the youngest part of the record (~45,650
BP), with U concentrations increasing sharply by ~24 ppm whereas Ba decreases by ~350
ppm. This divergence may indicate changing redox conditions, with U being more mobile
under oxidising conditions, and Ba under reducing conditions (Hercman et al., 2020).
Alternatively, the observed trends may result from changes in hydrological pathways or

enhanced groundwater concentration.
5.1.3 Mg and Sr Variability and Climate Proxy Potential

Divalent cations Mg and Sr (Fig. 10) show a gradual decline in concentration during the
transition into DO-12, spanning approximately ~46,550-47,000 BP. At the onset of the
record, Mg and Sr concentrations average ~2000 ppm and ~1000 ppm respectively. Towards
the youngest part of the record (~45,650 BP) both exhibit a sharper increase in concentration,
reaching ~4000 ppm (Mg) and ~1600 ppm (Sr), consistent with a return to glacial conditions.
This pattern contrasts with the NGRIP §'30 signal, which characteristically displays an
abrupt onset to interstadial conditions (Kindler et al., 2014). The trace element signal at
Uamh Mhor likely reflects the lag in supra-cave hydrological adjustment following abrupt
warming, which prevents the initial abrupt warming signature seen within NGRIP §!80 due
to growth initiation at the height of this initial warming, whilst still displaying the more
gradual re-establishment of stadial conditions. Kindler et al. (2014) also note that Heinrich
events are often followed by extended warming phases, such as preceding DO-12, which may
further explain the observed transition. It is also likely that speleothem growth at Uamh Mhor
ceased before the full termination of DO-12 due to sudden environmental shifts, such as loss
of a moisture source or extreme cooling. Although, given the cave’s higher latitude setting,
the termination of DO-12 would lead to an earlier cessation of growth at Uamh Mhor relative

to lower latitude records, e.g. Bunker cave (Klose et al., 2024b).

PCA (Fig. 12) clearly reveals PC1 dominated by high loadings of Mg and Sr, and to a lesser
extent Ba. This is consistent with previous studies that associate Mg/Ca and Sr/Ca ratios with
PCP processes (Fairchild, 2006; Dabkowski et al., 2016). However, alternative potential
controls must be tested before attributing these elements solely to PCP (Sinclair et al., 2012),

these controls will be explored in subsequent sections. PC2 displays strong positive loadings
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Figure 12. Principal Component Analysis (PCA) for all trace element data from

45,620-47,000 BP. PC1 is represented in blue and PC2 is represented in red, with the

biplot showing the strength of the relationship of each element with PC1 and PC2.
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for typical detrital elements, suggesting it represents a detrital signal. The negative loading of
Mg, Sr and Ba in PC2, alongside the lower variance of these elements relative to others in the
biplot, supports their distinction from the detrital signal. These PCA results highlight the
strong geochemical coherence of Mg and Sr, with Ba as a potential secondary signal,
supporting their use as the most robust potential climate proxies within this dataset. Their
reliability is critical for facilitating climate reconstruction which will be elaborated upon in

subsequent sections.

5.2 Comparison to other Palacoclimate Records from DO-12

Having established the internal geochemical behaviour of the flowstone and the climatic
significance of Mg and Sr variability, the next step is to assess how this pattern aligns with
independent palaeoclimate records from across the North Atlantic region. Comparative
analysis of Mg concentrations from Uamh Mhor with high-resolution speleothem records
from Bunker Cave (Germany) and Abaco Cave (Bahamas) assesses the wider applicability of
the Uamh Mhor data and their alignment with published speleothem records during DO-12.
This cross-validation helps identify any potential anomalies within the Uamh Mhor record,
which may indicate site-specific influences on Mg variability, regional climate differences, or
asynchronous environmental responses. Furthermore, it provides insight into whether Mg
exhibits a coherent signal across speleothem records from different latitudes, supporting its

use as a climate proxy within the North Atlantic region.
5.2.1 Dynamic Time Warping (DTW) Correlation

A strong positive correlation is observed between Uamh Mhor and Bunker (R? = 0.592), and
Abaco (R? =0.636) (Fig. 13). At not point does warping reach the maximum allowable
threshold of 100 years, suggesting that similar climatological processes influenced the
datasets at broadly the same time. However, notable temporal shifts are required to maximise
the correlation; for example, a large positive warping occurring between 46,500-46,100 BP is
required, and a negative warping evident from 45,825-45,720 BP. This pattern suggests that
either 1) the onset of DO-12 occurs at different intervals across the different regions, ii) a
combination of latitudinal differences and differential initiation of speleothem growth, iii) U-

Th dating uncertainties, or iv) site-specific geochemical controls on Mg incorporation.
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Comparison of U-Th age dating shows that Uamh Mhor is supported by three U-Th dates
within the DO-12 interval, whereas Bunker and Abaco have only two each (Fig. 14). Uamh
Mhor also displays lower analytical uncertainty, with a 26 uncertainty of £153 yrs, compared
to much wider ranges in the secondary datasets, including a 2¢ uncertainty of +209 yrs from
Abaco and £720 yrs from Bunker. The lower uncertainty strengthens the reliability of the
Uamh Mhor chronology and introduces new knowledge on the timing of climate
development and speleothem growth at higher latitude regions in comparison to lower

latitude regions within DO-12.

Rz=0592  ©000

AN MW” y MW\&/ \J\W’U\MW %vu"\fm\,ﬂ

45700 45800 45900 46000 46100 46200 46300 46400 46500

14000
E 12000
o
210000
8000
6000
4000
2000

Abaco Mg

6000

R2 = 0.636 E

;ﬂ 5000 &

| f | ) 4000 =

| n \ E

I\ . A \ "‘ - E

A\' j\ﬁ\/’/\t,\/\’ ﬁ VANA [ v‘\[\\v M K NUVA /'\v(f /N\‘Jm 7 >
_ S ~ 2000

45700 45800 45500 46000 46100 46200 46300 46400 46500

100
80
60
40
20

0
-20
-40

Modelled time lag (years)

/™, 1,_ Y
/ ] ‘ ) o ) e Legend
Ll —L J \ Ig 1.1:1 | |/ 1 — Cbac:
o S . ——— Uam
H S /M
A \ Bunker

45700 45800 45900 46000 46100 46200 46300 46400 46500

Age (BP)
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Abaco due being at a lower resolution. A 100 year warp spacing was allowed for

Abaco and Bunker Mg, displayed through modelled time lag.
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Figure 14. U-Th ages and uncertainties of Abaco (blue), Bunker (green) and Uamh
Mhor (red) have been represented across the period of 44,000-47,200 BP. The period
of study analysed within this thesis has been highlighted in grey.

5.2.2 Spectral Analysis and Climate Cyclicity

Spectral analysis was applied to Uamh Mhor Mg concentrations to investigate the potential
for the sample to record cyclicity within the frequency ranges commonly associated with
major climate modes (Fig. 15), such as the NAO (2-10 years) (Olafsdottir et al., 2013; Seip et
al., 2019). Longer periodicities have been attributed to the AMO (30-90 years) and the
AMOC (90-180 years) (Borget et al., 2020).

Analysis of the Abaco and Bunker data (Fig. 15) reveals limited expression of high frequency
NAO-related periodicities. Specifically, no consistent NAO-band (2-10 year) signals are
observed, apart from one significant ~10-year cycle detected in the Abaco record at the 95%
confidence interval. The relatively low resolution of existing datasets for this interval likely
limits their ability to resolve short-term oscillations. In contrast, the higher temporal
resolution of the Uamh Mhor record enables detection of previously unresolved high

frequency variability in the North Atlantic climate during DO-12.

In the Uamh Mhor record, three statistically significant NAO-range cycles are identified at
7.7, 2.7 and 2.3 year periodicities (Fig. 16). The 7.7 year cycle aligns well with prior NAO
Index identification (Seip et al., 2019; Proctor et al., 2000), whereas the shorter 2.7 and 2.3
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scale resolution.
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Figure 15. REDFIT — Morlet spectral analysis of Mg (ppm) data from Uamh Mhor
(A), Bunker (B) and Abaco (C) (Weber et al., 2018; Arienzo et al., 2017). Mg data has
been de-trended through polynomial fitting. Confidence limits of Chi? 90%, 95% and
99% have been calculated. Dominant cycles are denoted above spectral power peaks.
Grey boxes represent the difference in frequency axis between each graph. Cycle
ranges of NAO, AMO and AMOC have been noted above impacted peaks. Amplified
section of Uamh Mhor graph (blue box) is displayed in Fig. 16.
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Figure 16. Amplified section of Uamh Mhor Mg (ppm) REDFIT — Morlet spectral
analysis from 0.35-0.5 frequency. Mg data has been de-trended through polynomial
fitting. Confidence limits of Chi? 90%, 95% and 99% have been calculated. Dominant

cycles are denoted above spectral power peaks.

5.2.3 Regional Mg Significance and Implications for PCP as a Dominant Mg

Control

The coherence of Mg trends across all three records, seen through temporal warping through
DTW analysis, highlights its significance as a climate proxy. Mg concentrations are widely
used to reconstruct PCP amounts due to their sensitivity to hydrological variability,
specifically their enrichment during drier conditions when PCP is enhanced (Fairchild &
Treble, 2009; McDonald et al., 2004; Fohlmeister et al., 2012). In a European context, PCP

rates are strongly modulated by regional hydroclimate variability, with the NAO acting as a
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principal control on moisture availability (Baker ef al., 2015). Consequently, Mg
concentrations in European speleothem may serve as indirect evidence for past NAO

variability.

The detection of NAO-range cyclicity in spectral analysis of Mg from Uamh Mhor supports
the interpretation that PCP is the dominant control on Mg incorporation in this flowstone.
This is consistent with the shared hydrological drivers between PCP rate and NAO
variability. Whilst alternative controls cannot be ruled out, the combination of DTW
correlation, low dating uncertainty and NAO-band cycle identification from spectral analysis
provide a strong foundation for using Mg as a robust proxy for North Atlantic climate
reconstruction during DO-12. Further evaluation of competing controls on Mg will be

addressed in the following sections.

5.3 Identification of Palacoclimate Proxies and their Controls

While PCA and DTW analysis identifies the broader climatic relevance of Mg and Sr within
the Uamh Mhor record (Fig. 12), understanding the specific mechanisms controlling their
variability requires a more detailed evaluation of shared geochemical controls. One of the
most widely accepted interpretations for the co-variation of Mg and Sr in speleothem is PCP,
where Ca is preferentially removed from solution at higher rates than trace elements such as
Mg and Sr, increasing the Mg/Ca and Sr/Ca ratios within dripwater (Fairchild et al., 2000;
Huang et al., 2001; Cruz et al., 2007; Mattey et al., 2008; Fairchild & Treble, 2009).
However, other potential controls including Incongruent Calcite Dissolution (ICD) and sea
spray must also be considered to ensure a valid interpretation of the dominant control on Mg

and Sr concentrations (Sinclair ef al., 2012).

5.3.1 PCP as a Dominant Control of Mg and Sr

Following the methodology of Sinclair et al. (2012), the slope of In(Mg/Ca) vs In(Sr/Ca) can
help identify a dominant PCP control within speleothem. The slopes are created from the
differential partitioning behaviour of Mg and Sr (Dwmg and Ds;), based on equations from
Banner (1995) and Huang & Fairchild (2001). Sinclair et al. (2012) report a slope range for
PCP between 0.709 and 1.003, which is considered largely independent of regional
influences such as rock composition. Wassenburg et al. (2020) suggest a broader slope range

for PCP (0.71-1.45), based on site specific partition coefficients. At Uamh Mhor, the
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calculated slope is 0.77, which falls within both diagnostic ranges for PCP dominance (Fig.
17), supporting PCP as the primary control on Mg and Sr variability.

The PCP slope is generally considered insensitive to temperature, although a drawback of this

method is that growth rates may also affect Ds; (Sinclair ef al., 2012). However, experimental

work by Gabitov ef al. (2014) indicates that substantial changes in Ds; only occur at growth

rates exceeding 316 pm/year. Because the estimated growth rates at Uamh Mhor are

significantly lower, growth rates are unlikely to significantly alter the PCP slope in this case.
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Figure 17. Sinclair test showing the relationship between In(Mg/Ca) and In(Sr/Ca)

with a linear trendline fitted to show the slope of the relationship.

5.3.2 Incongruent Calcite Dissolution (ICD) and Sea Spray as
Alternate Controls
ICD as described by Sinclair (2011) can also produce PCP-like slopes, typically within the

range of 0.88-0.97. Uamh Mhor is at risk of potential ICD due to its dolomitic

limestone/dolostone lithology, as dolomite tends to dissolve calcite more incongruently
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(Putnis et al., 2014). Given that the Uamh Mhor slope of 0.77 falls outside this range, ICD is

not considered a significant control on Mg and Sr in this sample.

A third potential influence is sea spray, particularly relevant for speleothems located in or
close to coastal environments (Forman et al., 2025; Sinclair et al., 2012). Due to Uamh
Mbhor’s proximity to the North Atlantic, this mechanism requires consideration. To test this,
site specific vectors representing sea spray and PCP influence were created and plotted
against Mg and Sr concentrations. The data was then smoothed using a Savitzky-Golay filter
to produce a bi-annual resolution (Fig. 18); this was conducted to improve coherence over the

raw dataset, which features sampling intervals of approximately 0.6-1.4 years.
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Figure 18. Control of Sea Spray in comparison to PCP upon Mg and Sr
concentrations. Mg and Sr concentrations from LA-ICP-MS analysis for
SMFMB20230528-1 have been interpolated to intervals of 2 years and been
smoothened using a Savitzky-Golay filter (10). These concentrations are shown

against sea spray (solid black line) and PCP (dashed lines) vectors. The sea spray
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vector was modelled based on differing amounts of marine aerosol contribution
(Forman et al., 2025; Baldini et al., 2015a). The PCP vector was modelled on bedrock
concentrations and partition coefficients for dolomitic limestone (Drysdale et al.,
2019; BGS, 1979; BGS, 1956; Jakic et al., 2016). PCP vectors have been calculated
based on Dwmg values for an average temperature of 8 °C based on Drysdale et al.
(2019) at 0.042, with a D for this study modelled based on best fit of the Drysdale

equation within our data cloud.

A best fit PCP vector was calculated with a Dy value of 0.048, within the Drysdale et al.
(2019) equation, corresponding to an average temperature of approximately 10.77 °C. The
alignment of the data cloud along the PCP vector and the agreement with the Sinclair test,
gives robust evidence to interpret PCP as the dominant control on Mg and Sr concentrations
at Uamh Mhor. Although a minor sea spray contribution cannot be excluded, it is not

sufficiently influential to compromise the interpretation of PCP as the primary control.

The PCP vector exhibits a shift in gradient overtime, with steeper slopes indicating higher
temperatures (based on the temperature dependence of the PCP vector slope due to changes
in Dyg), with steep slopes occurring at initial period of growth with a gradual decline towards
cooler conditions beginning ~46 ka BP. This trend is consistent with temperature
reconstructions from the NGRIP !80 record, which suggest a warming of approximately 12
°C during DO events in MIS3, with a suggested maximum of ~16 £3 °C (Kindler et al.,
2014). Comparable estimates from speleothem analysis at Han-sur-Lesse cave in Belgium
supports a mean temperature reconstruction for DO-12 of ~12 °C (Peral et al., 2024), further

corroborating the initial temperature interpretation from Uamh Mhor.
5.3.3 Influence of Dmg on PCP Interpretation

Dwg equations from a wide variety of papers were tested for the creation of a PCP vector
specific to Uamh Mhor (Fig. 19). These equations span a range of experimental and natural
conditions, including analogues from cave environments, seawater analogues, laboratory
settings and various speleothem deposits. Among the tested literature, the equation from
Drysdale et al. (2019) was the only equation able to produce a vector matching the observed
Mg/Sr data cloud from Uamh Mhor. Additionally, accompanied by a logical temperature

estimate consistent with palaeoclimate conditions expected during DO-12.
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The similarity between Drysdale’s Dwmg equation and Uamh Mhor data is particularly striking,
especially when contrasted against all tested Dmg equations (Fig. 19). Dmg values consistently
show a positive correlation with temperature, and a noticeable distinction exists between D
values from cave analogues and those from seawater analogues. However, within this
framework, both the Drysdale paper and the Uamh Mhor data appear to have anomalously
high Dwg values in comparison with expected temperature (Fig. 19), suggesting a different set
of environmental or depositional controls may be occurring. Drysdale et al. (2019) explored
several possible explanations for elevated Mg and Sr concentrations in their study, ultimately
ruling out factors such as source water pCOz, growth rate variability and differences in
saturation states. Instead, they proposed high Mg and Sr values could result from low-ionic
strength and low-saturation waters, or elevated Na concentrations in dripwater; which may
outcompete Sr for incorporation into the calcite lattice (Huang & Fairchild, 2001). An

additional explanation discussed within this thesis is the factor of depositional setting.
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Figure 19. Adapted from Drysdale et al. (2019). Dmg values based on temperature
control compared from a range of field and laboratory experiments. A range of
environments including cave analogues (black) and sea water conditions (orange)

have been included for environmental deposition diversity. Subaqueous speleothems

49



and flowstones (blue) are shown separately from stalagmite analogues (cave

analogues and seawater analogues).

The overwhelming majority of partition coefficient research to date has focused on
stalagmites, stalactites, or experimental calcite grown under drip conditions. In contrast,
Drysdale et al. (2019) utilises a subaqueous speleothem, which grow under fundamentally
different hydrological conditions. These speleothem deposits, including subaqueous
speleothem and flowstones under differing depositional conditions have been previously
overlooked. This additionally raises the possibility that the flowstone from Uamh Mhor
developed under subaqueous conditions or in a setting characterised by persistent water flow,
such as from constant sheet flow or ponding behind rimstone/gour dams (Auler & Smart,
2001; Demeny et al., 2024). Although no visual evidence of rimstone/gour structures were
preserved at the sampling site, likely due to the significant cave erosion, meaning the

potential for subaqueous or semi-aqueous deposition cannot be ruled out.

The depositional environment has important implications for partitioning behaviour.
Stalagmites formed under drip conditions are typically subject to stronger hydrological
controls. This hydrological control is likely due to calcite being deposited rapidly into drip-
fed speleothem through a thin film of water that degasses CO» very efficiently, which can
obscure temperature signals. Alternatively, a subaqueous or flowing depositional
environment enables temperature to be the dominant control on Mg concentrations (Drysdale
et al., 2020; Demeny et al., 2024). A subaqueous or flowing depositional environment also
exhibits stronger temperature dependence through Dwmg values, due to minimal influence from
kinetic fractionation and CO- degassing (Drysdale et al., 2020; Demeny ef al., 2024). It is
also believed that very low growth rates are also responsible for a stronger temperature
dependency within Dy and reduced changes to Ds; (Drysdale et al., 2020; Gabitov et al.,
2014). Notably, the growth rates of the Uamh Mhor flowstone (~23.64 and ~10.76 um/year)
fall well below the theoretical threshold at which growth rate is suggested to significantly
influence Ds;. These low growth rates further support the interpretation that temperature,
rather than hydrological variability, is the dominant control on Mg partitioning at Uamh
Mhor under PCP conditions. Despite this, it is important to still note other possible controls
which may be influencing both the Drysdale and Uamh Mhor data including the influence of

low-ionic strength and low-saturation waters.
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In summary, the application of the Dwmg equation from Drysdale ef al. (2019) provides the
best fit to the Uamh Mhor Mg/Sr data and yields realistic palacotemperature estimates for
DO-12. The unique depositional setting of the flowstone, potentially involving subaqueous or
continuous flow conditions, may explain this similarity and highlights the importance of
considering speleothem morphology when interpreting trace element proxies. These findings
highlight the need for further research into the partitioning behaviour of Mg and Sr in non-
drip-fed speleothem.

5.4 Climate Reconstruction from Temperature and Dryness Index

Having identified the dominant geochemical controls and confirmed the reliability of Mg/Sr
as a climate proxy, this can now be applied to reconstruct palaecotemperature and hydrological
variability during DO-12. Building on the early work of Gascoyne (1983), who proposed
Mg/Ca ratios as a potential temperature proxy and Tremaine & Froelich (2013) who suggest
that PCP could be used to infer dryness, this study combines the temperature dependence of
Mg incorporation into calcite with PCP amount to develop a reconstruction of temperature
and dryness for Northwest Scotland during DO-12. A similar approach was previously
attempted by Roberts et al. (1998), involving the identification of seasonal temperature
changes from interannual variations in Mg/Ca from a Scottish stalagmite during the
Holocene. However, longer-term variations in Mg/Ca were unable to be explained by through
this framework, more likely reflecting hydrological changes rather than temperature,

preventing conclusive temperature estimates.
5.4.1 Stable Isotope Validation of the Dryness Index

The dryness index as outlined in 4.5.6 was assessed using 8'°C, a well-established proxy for
moisture, with lower §!3C values generally associated with warmer and wetter conditions
(Fig. 20) (Dabkowski et al., 2016; Vansteenberge et al., 2020; Peral et al., 2024). §'%0 often
used as a temperature proxy, was also evaluated (Fig. 21). Although, its interpretation is
typically complicated by multiple site-specific controls (McDermott, 2004; Genty ef al.,
2003). Additionally, raw Mg and Sr concentrations have been displayed against the stable
isotope data to evaluate and compare the statistical correlation between reconstructed

temperature and the dryness index against the raw trace element data (Fig. 21).
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Both 8'*C and 8'®0 show strong correlations with the dryness index (p = 1.04 x 10" and p =
1.20 x 10 respectively), but neither is significantly correlated with reconstructed
temperature (Fig. 21). This lack of correlation does not undermine the temperature
reconstruction, instead it suggests that both 3'3C and §'80 primarily reflect moisture/dryness
variability. Although, 8'3C appears to be the more robust moisture proxy for European
speleothems, as 8'30 variability is often small and strongly influenced by cave-specific

processes (Couchoud et al., 2009).
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Figure 20. 3'3C (purple points) and Dryness Index (green line) are cross correlation
with calculated statistical significance tests (Spearman’s rho (p) and Pearson’s
Correlation (p-value)) across the timeframe of study of the Uamh Mhor sample

45,600-47,000 BP.

Interestingly both 3'3C and 8'®0 have stronger monotonic relationships with Sr (Spearman’s
p =0.84 and p = 0.75 respectively) than with Mg (Fig. 21). However, Pearson’s correlations
show both stable isotopes featuring more significant relationships with the dryness index,
indicating that the combined use of Mg and Sr, rather than either element alone, provides a
more stable and physically interpretable measure of hydrological and temperature changes,
reducing the impact of potential Sr outliers whilst retaining temperature sensitivity through

Mg partitioning.
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Figure 21. 3'3C (purple points) and §'30 (black points) have undergone cross
correlation and statistical significance tests against Dryness Index (green line),
Temperature (°C) (blue line), Mg (ppm) (brown line) and Sr (ppm) (red line) across
the timeframe of study 45,600-47,000 BP. Both Spearman’s rho (p) and Pearson’s
Correlation (p-value) have been conducted and displayed alongside each dataset, this
was conducted to assess potential linear and monotonic relationships respectively,

with the highest (lowest) p (p-value) for both §'3C and 3'30 highlighted.
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5.4.2 Reconstructed Temperature during DO-12

Temperature estimates for Uamh Mhor range from ~4-23 °C, suggesting relatively warm
conditions for an interstadial during the last glacial period. These high values could

potentially reflect:

1. Seasonal bias - Calcite deposition may have occurred preferentially during warmer
months when moisture was more readily available, producing summer weighted
rather than annual temperature estimates (Baldini ef al., 2021; Baker et al., 2021).

2. Event strength - DO-12 is suggested to have been an exceptionally strong interstadial
reflected in-terms of 8'3C excursions, potentially amplified by the preceding Heinrich
Stadial 5 (Weber et al., 2018; Peral et al., 2024).

3. Different regional climate - The reconstructed temperature range is consistent with
present day seasonal temperature ranges in subarctic regions (Siberia, Alaska,
Canada), consistent with the suggestion by Pederzani et al. (2021; 2024) that northern

Europe during the last glacial resembled modern subarctic tundra.
5.4.3 Implications for Climate Proxy Development

Although 8'3C does not correlate significantly with reconstructed temperature, its strong
relationship with the dryness index, derived from the same PCP vector-based framework,
supports the theoretical validity of using PCP vectors to reconstruct both temperature and
hydrological conditions. The absence of an isotope-temperature correlation reflects the fact
that neither 8'3C nor 8'*0 from Uamh Mhor are direct temperature proxies in this setting,
rather than any flaw in the reconstruction approach. However, a comparison of
chronologically adjusted NGRIP 'O data and Uamh Mhor reconstructed temperature (Fig.
22) shows a similar pattern of decline from the initiation of growth at Uamh Mhor until
eventual termination. Overall, this study presents a more reliable framework for
reconstructing environmental conditions using flowstones and integrating Mg temperature
sensitivity with the Sr hydrological signal under a dominant PCP control. This dual-proxy
approach enables a more nuanced and robust reconstruction of DO-12 climate conditions, and
the stronger morphological temperature dependency of Mg, provide valuable contributions to

further understand North Atlantic climate cycle dynamics during abrupt climate events.
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5.5 Timing of DO-12

5.5.1 Comparison of the Uamh Mhor Chronology to Existing Chronologies

With reconstructed climate conditions for the Uamh Mhor record now established, the next
logical step is to evaluate how the chronology aligns with existing chronologies covering
DO-12. This allows assessment of the timing and duration of the event in a broader North

Atlantic context.

A lag of approximately ~200 years is observed between the onset of DO-12 in the Uamh
Mhor temperature and dryness records and the corresponding signal in the NGRIP §'¥0
record (Fig. 22). Reconstructions indicate that by ~47,000 BP, Northern Scotland was already
experiencing elevated temperatures and increased moisture availability, as reflected by the
initiation of speleothem growth at Uamh Mhor. Given the large age uncertainties associated
with NGRIP and the GICCO5 chronology, it is highly probable that the GICCOS5 chronology
is slightly too young during this period. Greenland Ice core chronologies are known to have
larger uncertainties with increasing age, reaching £2600 yrs at ~60,000 BP (Corrick et al.,
2020). In comparison, a new more precise chronology created by Corrick et al. (2020),
SIOC19, suggests a new age of onset for DO-12 at ~47,071 £145 yrs BP, in comparison to
~46,810 £1912 yrs BP for the GICCOS5 chronology (Svensson et al., 2008).

The newer SIOC19 chronology, constructed from 63 independently dated speleothem records
across the last glacial period, aligns closely with the Uamh Mhor chronology. Placing the
onset of DO-12 approximately ~70 years prior to initial speleothem growth. This would allow
sufficient time for permafrost to thaw and supra-cave hydrological and thermal conditions
favourable to speleothem growth to develop, particularly in a higher latitude region such as
North Scotland. As previously mentioned, adjusting the NGRIP §'30 chronology to the
SIOC19 DO event onset timing (black dotted line, Fig. 22), there is a gradual decline in §'%0
consistent with the Uamh Mhor temperature trend, occurring from the warmest initial period
of DO-12 (Fig. 23). There appears to be a small discrepancy between temperature and the
adjusted NGRIP chronology, with the latter displaying peaks slightly older than within
temperature reconstructions, within the factor of a few decades. This is likely a result of age-
uncertainty or differences in dataset resolution, both of which fall within this range for the

period. The gradual pattern of decline through DO-12 with matching peaks between the two
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Figure 22. Temperature (°C) and dryness index reconstructions for DO-12 regional

climate conditions around Scotland (47,000-45,600 BP) are compared to §!30 from
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the NGRIP ice core for the period of DO-12 (grey box) and its surrounding
chronological context (43,000-50,000 BP). Dates for the onset of DO-12 have been
compared for two chronologies, GICCO05 (Svensson et al., 2008) and SIOC19
(Corrick et al., 2020), with the blue (GICCO05) and green (SIOC19) boxes noting their
respective age uncertainties across the period. NGRIP §!80 has then been adjusted
(from 46,810 £1912 yrs BP) to the SIOC19 chronology DO-12 onset date (47,071
+145 yrs BP) displayed through the overlapping black dotted line.
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Figure 23. Temperature (°C) reconstruction from Uamh Mhor cross-compared with

adjusted NGRIP 3'30 to the SIOC19 chronology, over the period 48,000-43,000 BP.

records suggests there is a correlation between the 5'*0 of NGRIP and the temperature
reconstruction from Uamh Mhor. Despite the lack of significant correlation between the §'%0
data from Uamh Mhor and reconstructed temperature, this may be explained from alternative
environmental controls on §'30. This is further supported by the significant correlation
between Uamh Mhor 830 and the dryness index. Overall, there is a strong suggestion that
the original NGRIP chronology is too young for the period, with SIOC19 offering a better
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chronological estimate of DO-12 and its onset. Furthermore, the adjusted NGRIP §'%0

chronology shows a strong correlation with reconstructed temperature.

While these comparisons help refine the temporal placement of the Uamh Mhor record within
the wider context of DO-12, full interpretation of climatic conditions needs to integrate
geochemical, chronological, and external palacoclimate evidence. The next section therefore
synthesises the existing climate reconstruction approximations for DO-12 within the wider

European context.
5.5.2 Comparison with European Speleothem Records

Bunker Cave, Germany, records speleothem growth initiating at ~47,267 BP, approximately
267 years earlier than the initial growth observed at Uamh Mhor (~47,000 BP). However,
despite an earlier initiation than suggested in SIOC19, Bunker is still consistent with Uamh
Mhor and SIOC19 based on chronological uncertainties of £720 yrs (Fig. 14). Furthermore,
lower latitude sites are expected to record speleothem growth earlier due to more rapid
expression of warming closer to the equator relative to higher latitude sites such as Scotland.
Speleothem growth continues at Bunker Cave until ~42,884 BP, matching Villars Cave,
France, which also suggests DO-12 terminated ~41-42 ka BP. However, the onset of DO-12
at Villars cave matches with the NGRIP and GICCO5 chronology suggested onset at ~46-47
ka BP. This may be a result of large chronological uncertainties with an average of +960 yrs

over the period 45.6-47 ka BP with a maximum uncertainty of +2206 yrs (Genty ef al., 2010).

The discrepancy of speleothem growth termination between Bunker and Villers caves with
Uamh Mhor may be attributed to 1) larger dating uncertainties within existing records (Uamh
Mhor = £153 yrs, Villars = 960 yrs, Bunker = £720 yrs), ii) a more rapid deterioration back
to stadial conditions at higher latitudes or iii) a result of site-specific growth termination due
to local hydrological controls. Overall, the U-Th dating from Uamh Mhor is consistent with
the SIOC19 chronology for the last glacial period in comparison to the previously dominant
GICCOS chronology. Although further research of European speleothem during the period,
with ideally lower dating uncertainties, would be required to determine a tightened

chronology for the region during this period.
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5.6 DO-12 Climate Reconstruction
5.6.1 Climate Variability During DO-12

Utilising the results of temperature and dryness index reconstructions from Uamh Mhor,
alongside an analysis of NAO signal strength throughout the period (2.3-2.7 and 7.7 year
NAO bands identified in the Uamh Mhor sample, Fig. 15 and 16), a coherent pattern of
climatic amelioration and degradation emerges across DO-12 (Fig. 24). Overall, three distinct
climate states can be recognised through the Uamh Mhor record, expressed in the
temperature, dryness and NAO strength data, which closely align with the trends of '*C and
8'80 (green, orange and blue ovals in Fig. 21). However, there appears to be a lag in the
dryness response, whilst temperature is at its peak at the start of growth (Bin 1, Fig. 24),
dryness also remains elevated. This delayed moisture availability is most plausibly attributed
to lags in the initial phase of climate development. In addition, an intriguing pattern of NAO

weakening is observed during the middle of DO-12, the potential drivers behind this will be

explored further.
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Figure 24. Graph of Scottish regional climate evolution through DO-12 within 7
binned time intervals. Spectral power of 7.7 year cycle and between 2.3-2.7 year
cycles, as representative NAO forcing range for the entire dataset (see fig.16). The 7
individual bins are composed of ~200 year intervals through DO-12, representing the

strength of NAO signal/cycle length within DO-12. Analysed against reconstructed
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mean dryness (dashed line) and mean temperature (dotted line) values for each bin,

showing the evolution of climate proxies through DO-12.

5.6.2 Shifts in NAO Band Strength

The strongest NAO signal across the study interval is observed at the termination of DO-12
(Bin 7, Fig. 24) and to a lesser extent, at its onset (Bin 1, Fig. 24). In contrast, the mid-phase
of DO-12 is characterised by a pronounced weakening of NAO strength between 46,800-
45,801 BP (Bins 2-6, Fig. 24). A likely explanation for this pattern is a dampened meridional
temperature gradient resulting from ice-sheet retreat and the expansion of open-water areas
during the interstadial. In stadial phases, steeper temperature gradients act to enhance NAO
strength, consistent with the observed stronger NAO band signals at both the beginning and
the end of DO-12.

A potential alternate explanation for the mid-interstadial weakening is a reorganisation of
NAO node positioning. Substantial changes in the AMOC are known to occur during peak
DO event warming, particularly following Heinrich stadials, which may have driven large
scale shifts in the latitudinal positioning of both the ITCZ and associated NAO pressure
centres (Icelandic low and Azores high) in the North Atlantic. Perturbations in AMOC are
known to exert strong control over ITCZ position (Baldini et al., 2015a). For example, a
southwards shift of the ITCZ during North Atlantic stadials during the last glacial period has
been documented by Chiang et al. (2014), matching with Deplazes et al. ‘s (2013) noting a
northwards displacement of the ITCZ during interstadials. Together, these dynamics support
the idea of a possible northwards shift in NAO nodes during interstadial periods such as DO-
12. This mechanism will be further evaluated through comparison with modern NAO

behaviour in the following section.

Further high-resolution research from alternative latitudinal settings within the North Atlantic
would be required to more confidently identify the mechanisms underlying the weakening of
NAO signal strength during DO-12. Despite these uncertainties, the Uamh Mhor record
highlights a significant behavioural shift in NAO variability within DO-12.
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5.7 Comparison of NAO Signal during DO-12 and Contemporary
NAO Signals

5.7.1 Spatial Comparisons with Contemporary Signals

To place these reconstructed climate dynamics within a broader spatial framework, it is
necessary to examine how the Uamh Mhor record compares with contemporary North
Atlantic climate dynamics and potential forcing mechanisms. This section expands the focus
from local processes to possible hemispheric-scale drivers. A comparison of Uamh Mhor
NAO signals to contemporary NAO signals across the North Atlantic region was conducted
to produce a more holistic interpretation of NAO variability during DO-12 (Fig. 25).

Four sites were analysed for NAO-like signals, these sites were chosen based on their
proximity to the Atlantic and to represent NAO signals at different latitudes. The Uamh Mhor
palaeodata appears to align more closely with Aberporth (Wales) and Bordeaux (France) than
with the sites from Northern Scotland (Wick, Kinlochewe) (Figs. 16 & 25). Present-day
Scotland exhibits somewhat similar, but not matching, NAO signals to Uamh Mhor (3.6, 3.1
and 2.1 years), whereas the palaecodata records generally shorter signal lengths (2.3 and 2.7
years). It is important to emphasise, however, that NAO signals are inherently noisy and can
overlap with other modes of variability such as the AMO and AMOC, introducing a level of
uncertainty into observed cycle lengths (Seip et al., 2019).

As previously proposed in the last section, palaeo-NAO nodes may have been spatially
displaced relative to their contemporary positioning. Modelling by Pausata ef al. (2010)
demonstrates that atmospheric pressure changes associated with ice retreat can alter NAO
dynamics, with sea-ice reduction causing changes in intensity and extent of the Icelandic low,
producing a NAO spatially shifted relative to its contemporary position. Nonetheless, the
magnitude and nature of such spatial changes would depend on the specifics of each warming
event, including the extent of sea-ice loss and the intensity of associated pressure anomalies,

factors that are difficult to constrain and reconstruct with certainty.
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Figure 25. Modern precipitation data from Bordeaux, France (a), Aberporth, Wales
(b), Kinlochewe, Scotland (c) and Wick, Scotland (d) (Menne et al., 2012). Analysed
through REDFIT spectral analysis to identify modern NAO cycle lengths recorded at
different latitudes across the North Atlantic region. Years noted with an asterisk
indicate the same cycle length as identified within palaecoclimate data from Uamh

Mhor (see Fig 14 & 15 for Uamh Mhor spectral analysis results).
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5.7.2 Latitudinal Forcing Mechanisms

Alternatively, contemporary Aberporth and Bordeaux may provide a closer analogue to the
shorter NAO cycle lengths observed in the Uamh Mhor record due to shared forcing
mechanisms. Northern Scotland is strongly influenced by precipitation variability linked to
the NAO and ocean circulation, primarily through the North Atlantic Drift component of the
AMOC (Fuller et al., 2008). Research by Menviel ef al. (2020) and Dima & Lohmann (2018)
indicate that abrupt warming phases, such as DO warm events, can intensify AMOC
triggering shifts in atmospheric circulation. Strengthening of the AMOC at the onset of a DO
warm event is associated with ITCZ and storm tracks being pulled further northwards
globally (Corrick et al., 2020; Rasmussen et al., 2016). Consequently, the shorter cycle
lengths in the palaco-NAO record may reflect similarities with contemporary Southern
European latitudes due to both being subject to stronger tropical influences. With large
AMOC-driven changes in temperature gradients likely causing northwards shifts in key
climate mechanisms, including the Jet Stream, storm tracks and the ITCZ (Nagashima et al.,
2011), this introduces a stronger relative influence of subtropical forcing on the NAO,

particularly from the ITCZ (Deplazes et al., 2013).

Current research suggests that NAO cycle length during DO-12 was more likely governed by
faster tropical forcing than by major changes in NAO position relative to present-day. This
alternate forcing was likely facilitated by AMOC, reduced sea-ice cover and possible
alterations to Jet Stream and ITCZ pathways. However, this remains too broad a scope to be
fully addressed within this thesis. Further palaeoclimate research is required to determine the
extent of NAO variability and node positioning during DO events of the last glacial period in
relation to contemporary NAO cycle dynamics. Nonetheless, the contribution of an NAO-like
signal from Uamh Mhor introduces the first potential reconstruction of NAO and its
respective behaviour within DO-12, creating a novel insight into North Atlantic climate

mechanism dynamics during this period.

5.8 Limitations and Further Research
5.8.1 Limitations

Although this study provides important new insights into DO-12 climate dynamics, several

uncertainties and methodological constraints remain. Firstly within laboratory analysis, the
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dataset of stable isotopes (8'%0 and §'3C) was incomplete due to analytical errors that caused
substantial delays in sample processing. This restricted the extent to which isotopic evidence
could be incorporated alongside trace elements. Secondly within data analysis, a notable gap
in the literature was encountered regarding flowstone and subaqueous partition equations
(Dwmg and Ds;). The absence of established data prevented robust cross-comparisons between
the Uamh Mhor record and additional subaqueous speleothem analogues. Consequently, this
limited the ability to fully evaluate the effective use of flowstones and subaqueous

speleothem for Mg palacothermometry.

5.8.2 Further Research

Further laboratory and field-based research is needed into the partitioning of Mg and Sr
within non-drip-fed speleothems, such as subaqueous speleothems and flowstones. These
depositional environments remain underrepresented in the literature yet show considerable
potential as analogues for Mg based palaeothermometry. Expanding this area of research
could allow for the expansion of regions able to facilitate palacotemperature reconstructions.
Additional high-resolution studies are needed to investigate NAO variability and node
positioning both within and between DO events during the last glacial period. An improved
understanding would allow for a more confident reconstruction of climate mechanism
behaviour triggered by rapid warming events. Furthermore, their influence on European and

global climate through teleconnections.

6. Conclusions

The flowstone record from Uamh Mhor provides valuable new insights into past climate
conditions and cycles during DO-12 and overall within the last glacial period. Owing to its
location, the record enables the reconstruction of North Atlantic climate whilst extending the
known latitudinal reach of warming and moisture availability during DO-12. The record
displays age dates consistent with the SIOC19 chronology, a more robust alternative to the
previously dominant GICCO5 chronology. The record demonstrates the potential of Mg and
Sr as proxies for reconstructing palaeotemperature and hydrological variability through
subaqueous and flowstone analogues, supported by cross-validation with stable isotope data.

The reconstructed temperature range for Uamh Mhor is notably large, with three proposed
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explanations: (i) a seasonal bias in deposition, (ii) strength of the DO event, or (iii) a different

climate regime more closely aligned with subarctic conditions than present day Scotland.

Reconstruction of NAO band strength reveals a weakening of the NAO signal during the
middle of DO-12. This weakening is most plausibly attributed to a dampened meridional
temperature gradient resulting from ice-sheet retreat. Furthermore, the Uamh Mhor record
indicates shorter NAO cycle lengths than those observed in contemporary Scotland. Current
literature suggests this may reflect stronger subtropical forcing during DO-12, a feature
consistent with shorter NAO cycles observed in lower-latitude contemporary sites. Such
forcing is supported by evidence of northwards shifts in major climate mechanisms during
interstadials, including storm tracks and the ITCZ, associated with changes in AMOC

organisation.

Overall, the findings of this thesis contribute a new method for reconstructing temperature
from speleothem, enhanced spatial and temporal information on North Atlantic climate
during DO-12, the past behaviour of NAO under abrupt warming and the role of shifting
climate mechanisms in shaping European climate. The expansion of knowledge on climate
cycles and mechanisms under conditions of abrupt forcing is essential moving forwards for a
better understanding of thresholds and controls within the holistic climate system. This in
turn enhances the capacity to predict contemporary and future climate responses to ongoing

forcing changes.
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