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Abstract

The Iberian Peninsula is a region of climatic and archaeological interest as it lies upon
the boundary between the North Atlantic and Mediterranegimaticzones and was

the last refuge of the Neanderthals. The influence of climate changes on Neanderthal
populations remains a mystery due to the lack of independeaiied highresolution
terrestrial records of past climate and environmental change from the Iberian
PeninsulaThe primary aim of this project was to construct a palaeoclimate record
using spetothems from Matienzo, northern Iberia, across the period encapsulating

the Neanderthal demise.

Contemporary cave monitoring of Cueva de las Perlas has demonstrated the potential
for speleothems to be used as indicators of past climate and environmental

conditions. Assessment of cave dynamics through a comprehensive monitoring
programme has classified the karst hydrology, cave ventilation, processes influencing

speleothem growth and proxies preserved within speleothem calcite.

Three speleothems were uséd develop records of past climate and environmental
variability between 90,000 and 30,000 years ago. A -tengn aridity trend was
evident throughout the record which is interpreted as a response to orfuia@ing.
Suborbital climate instability was s@pimposed onto this longerm trend as
evidenced through wetlry proxies {180, 113C, Mg and Sr). Millennigktale events
coincident with the timing of North Atlantic Heinrich Events have been identified and
the suborbital climate variability resembles a&h of North Atlantic Dansgaard
Oeschger cycles. Thereforevigence from the speleothems demonstrates a tight
coupling of the North Atlantic Oceaitmosphere system throughout MISBhe Cueva

de lasPerlasspeleothemdhave established thahe period of the Neanderthal demise
was characterised by climate instability involving abrupt shifts and milleso&é
events, thereby adding climatic pressures at a time of anatomically modern human

appearance.
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Between 90,000; 30,000yearsbefore present (BPhe North Atlanticregionwas
subject to dramatic oscillatiain climate and environmen{Bond et al., 1993;
Rasmusset al.,2014) This time period encapsulates the Neanderthapulation
decline and eventual extinction. The demise of the Neanderthals has been attributed
at least in part to changein climate, with the Iberian Peninsulacting asthe last
refuge of the Neanderthalé R Q 9 NIN\J&ar@ez GojiPR03;Finlayson and Carrion,
2007; Tzedakist al.,2007 Wolfet al.,2018. In order to attribute the influence of
climate change on Neanderthal populations, léegn highresolution records of ast
climate variability are required. Although numerous marine records ftoenNorth
Atlantichave been used to determine past environmental variability (Rouebwak.,
2005; Sanchez Goret al., 2008, 2018), there remains a lack of higisolution

independently dated terrestrial climate records from the Iberian Peninsula.

The Iberian Peninsula lies upon the boundary between two climatic zones: the North
Atlantic and the Mediterranean. Consequently, the region is highly sensitive to-short
and longterm variations in atmospheric circulatioiM@rtin-Chiveletet al., 2011).
Evidence from a variety of proxy archives has demonstrated a tight coupling of the
North Atlantic Oceatmosphere system throughout MIS3 and variations in
atmospheric and oceanic conditions have been identified as driving mechanisms
behind widesprad abrupt millenniakcale variability (Bonel al.,1993; Rasmussest

al., 1996; Roucougt al.,2005). The sensitivity of the Iberian Peninsula to variations
in climate demonstrates the potential of the region to provide ldagn

palaeoclimate records.

Speleothems are becoming increasingly utilised as valuable terrestrial archives of
palaeoclimate and palaeoenvironment. Calcareous speleothems preserve a record of
climatic and environmental conditions through incorporation of stable isotopes and
trace elements into the calcite crystal lattice (McDermott, 2004, Fairchild and Baker,
2012). The chemical signal preserved within speleothem calcite can be influenced by
the atmosphere, soil, vegetation, karst and cave system. Therefore, variability in

chemicd proxies can be used to infer changes in past climate and environment



(Fairchild and Baker, 2012). A key advantage to speleothem records is their ability to
be independently dated through uraniuseries methods (McDermott, 2004; Fairchild
and Baker, 2012)

Prior to speleothem analysis, cave systems must be understood as each cave system
is unique and will behave individually. Hydrological routing through the karst
(Miorandi et al., 2010; Bradleyet al., 2010; Baker and Bradley, 2010), kasstter
interactions (Fairchileet al.,2000; Fairchild and McMillan, 2007) and cave ventilation
(Sp tl et al., 2005; Matteyet al., 2010; Jameet al., 2015; Smithet al., 2015) can
influence chemical signatures in speleothem calcite. Understanding cave
environments in wich speleothems are depositing is critical in order to accurately
interpret geochemical signals in speleothems in relation to climate and environmental

variability.

This thesis will present a cave monitoring study and subsequent speleothem
reconstructionfrom Cueva de las Perlas, Northern Spain. The primary aim of the
project is to econstruct palaeoclimate from Matienzo (Northern Iberia) during the
period of the Neanderthal Demisehich in this study will encompass,900-30,000

years BPThis aim can bbroken down into two sufaims:

1. Understand the internal cave dynamics@iieva de laBerlas

2. Collect and produce a climatic record fr@@neva de laBerlas

An extensive cave monitoring programme has been undertaken within Cueva de las
Perlago determinehow the external climate signal is transferred into the speleothem
calcite and provide insight into the various processes which may act to modify the
climate and environmental signalhe results and discussion of the cave monitoring
programme are preseed in chapters 4 (cave air characteristics) and 5 (drip water

chemistry).

Dating of the selected speleothems froBueva de la®erlaswas undertakento
determine periods of growth and identify speleothems suited to the present study
Further uraniumseries dating of these speleothemsaw used toproduce an

independent chronologyo constrain speleothem growth. Speleothems were used to



produce records of past climate and environmental change through stable isotope and

trace element analyses and the resudt® presented in chapter 6.

The speleothem records from Matienzo have been compared to others across the
North Atlantic region in order to determine whether any detected shifts in climate and
environment are apparent only at a local scale or can be lindedher records from

the wider region(chapter 7). The impact of changes in climate and environment on

declining Neanderthal populations is also examined in chapter 7.
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The primary aim of this project was to reconstruct climate and environmental
variability during the period of the Neanderthal demise. This literature review will
therefore discuss the key topics of Neanderthals, climate change and cave monitoring
in orderto meet the primary aim. This chapter will first introduce possible mechanisms
for the Neanderthal extinction and highlight the complexities involved in dating the
timing of the Neanderthal demise. A primary theory invokes climate change as the
mechanism dving the extinction of Neanderthal populations and section 2.2 will
provide an overview of climate and environmental variability betweet29Ka which
encapsulates the Neanderthal population decline and extinction. Caves hold clues to
reconstructing theenvironment and landscapes in which the Neanderthals were living
and section 2.3 will discuss how speleothems can be used as archives for
palaeoclimate and palaeoenvironmental reconstruction. In order to interpret
speleothem records accurately it is impant to understand the cave system in which
they are growing and section 2.4 will present an overview of cave monitoring and its
significance. Section 2.5 will discuss speleothem growth whilst the final section (2.6)
will discuss speleothem geochemistry kvitespect to stable isotope analyses, trace

element composition and dating throudhseries.

2.1 The Neanderthal demise

2.1.1 Overview

The Neanderthaldjlomo neanderthalensisvere a hominin species found throughout
Eurasia between 3080ka BP (Harvati, 2010). The reasons why the Neanderthals went
extinct have long fascinated scientists, however even today it is not fully understood
why this species disappeared. Two key hypstts have emerged; the first proposes

Of AYFGAO OKIFIy3aS Rdz2NAYy3 alL{o f SR SéngheziiKS
Gonij 2003; van Andel and Davies, 2003; Finlayson and Carrion, 2007; Bliad#an

al., 2012; Wolfet al., 2018) while the second ppmsesthe arrival of Anatomically
Modern Humans (AMHgd tothe disappearance dileanderthas (Bankst al.,2008;

Roebroeks, 200&8)ither through competitive exclusion or interbreedinbhis section
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will explore the key points of each argument, partanly in light of recent dating
which has challenged the exact timing of the Neanderthal disappearance (Hgham
al.,2011,2014).

The replacement of Neanderthals by Anatomically Modern Humans is complex and
diachronous across Europe. The scarcity ofifaesnains hinders understanding of

this transition which is primarily identified through the succession of stone tool
assemblages (Hoffecker, 2009; Hublin, 2015; Staubwatsar, 2018). The Middle

Upper Palaeolithic Transition is characterised by # §bim Mousterian technologies
associated with Neanderthals to Aurignacian technologies associated with modern
KdzYlya FyR 2FGSy aiOGNIyardA2ylfé GSOKy2f 2:
(Staubwasseret al., 2018). The Chatelperronian technologyy an example of a
transitional technology which has been associated with Neanderthals (Bailey and
Hublin, 2006). Key archaeological sites from the northwestern Iberian Peninsula which
have recently been related by Highanet al. (2014) include: La Vifi&l Sidrén, La
Guelga, Esquilleu, Morin, Arrillor, Labeko Koba, LezeMikthin the Matienzo
depression, Cueva de Cofresnedo is a site of archaeological interest. An Aurignacian
layer has been dated to 31,360yr BP and this most likely overlies sedinssotsated

with the Mousterian (Smith, 2006).

2.1.2 Climate

2.1.2.1 Climatic variability

Orbitally-forced climate changes throughout the Late Pleistocene have been proposed
as the driving mechanism for the migration léf sapien®ut of Africa (Timmerman

and Friedrich, 2016; de Menocal and Stringer, 2016) strengthening the argument for
a dynamic relationship between hominin migration and climate chaAfeough the
evidence for this hypothesis is not empirical, slmigterm changes in climate may
have nfluenced Neanderthal populations or potentially it was the unprecedented
climatic variability during Marine Isotope Stage (B1IS3) which triggered the
Neanderthal demise. MIS3 encompasses the period betweer29%@ and is

characterised by rapid climate @alations. Ice core records show a series of rapid



warming events known as Dansga&dschger (DO) events within MIS3 and these are
expressed as abrupt shifts from stadial climatic conditions to milder interstadial
climatic conditions, followed by a gradureturn to colder stadial conditions
(Dansgaarcet al., 1993). Another key feature of MIS3 is the presence of Heinrich
events which are periods marked by significantly reduced sea surface temperatures
and large releases of icebergs from the Laurentidesheet. Each Heinrich event
marks the coldest period of a DO event and is followed by a rapid increase in
temperature (Boncet al., 1993). Further information about Heinrich events and DO

variability can be found in section 2.2.

Recent work by Staubwasset al. (2018) has shown archaeological sterile layers

coincide with Greenland Stadial 12 (GS12), GS11 and GS10. These periods document

cold and arid conditions at the time of the transition between Neanderthals and
Anatomically Modern Humans. Additionallthe study highlights the diachronous

nature of the MiddleUpper Palaeolithic Transition across Europe.

It has been suggested that climatic variability can place a significant amount of stress
on mammalian populations (Barnosédyal.,2004) and variouauthors have proposed

the Neanderthals became extinct in relation to climatic instability during MIS3
(Finlayson and Carrion, 2007; Tzeda#disal., 2007). Stewart (2005; 2007) has
proposed that the Neanderthal extinction should be included in the widde La
Pleistocene extinction of the megafauna related to climatic deterioration during MIS3
towards the Last Glacial Maximum (LGM). These papers have identified the
Neanderthals as part of a neanalogue environment incorporating a mixture of
boreal, steppiand temperate faunas and environments. A fall in temperatures and
carrying capacity of the landscape due to climatic deterioration towards the LGM has
been determined by Stewart (2005) to have led to the spread of AMH, a fall in the
number of carnivore nutmers on the landscape including the cave bear, extinction of
numerous animals including the mammoth, straightiza { SR St SLIKI y i =
rhinoceros and crucially the demise of the Neanderthals. Additionally, other authors
have highlighted the importancef the nonranalogue environment which was home

to the Neanderthals and the vulnerability of such landscapes to the climatic instability
which dominated MIS3 (Burjaclet al., 2012; Magniez and Boulbes, 2014). During

l.j



MIS3 the shift towards cooler and drier conditions, especially during Heinrich events
and towards the LGM, may have led to shifts in vegetation communities and
extinctions of specific taxa (Burjacétsal.,2012).It was these changes, combined with

an increase in habitat fragmentation also related to climatic deterioration (Magniez
and Boulbes, 2014) which may have placed Neanderthal populations under increased

environmental stress and later contributed to theirrdese.

2.1.2.2 Heinrich events

Heinrich events are evident in a variety of records from across Europe, particularly the
Iberian Peninsula. These events appear to cause an overall reduction in temperature
and an increase in aridity in these regions. Staléggrrom Villars Cave, SW France
(Waineret al.,2009; Gentyet al.,2010) and Sofular Cave, NW Turkey (Fleitmainn

al., 2009) have used stable isotope variations to identify Heinrich events 4 (H4) and 5
(H5) as periods of increased aridity and cooliBgidence from a variety of marine
cores from the Iberian margin (Roucoetxal.,2005; Salgueiret al.,2010) have used
various different proxies including pollen, stable isotopes and planktonic foraminifera
identification to demonstrate periods of climatooling across the North Atlantic. The
marine cores from this region have identified the Heinrich events as periods of
reduced sea surface temperatures. Additionally, Roueat (2005) indicated shifts

in land pollen associated with Heinrich evemtarticularly a decrease inusrelated

to H4, implying dry and cooler conditions during the H4 event. Finally, lake records
from Western Europe have shown through geochemical analysis and pollen
identification, that Heinrich events are represented by kdemperatures and
increased aridity on land. For example, at Fuentillejo maar, Spain, cold and arid
conditions are thought to have dominated H4 due to lower lake levels, reduced total
organic carbon and an increase Janiperusand steppievegetation (Vegs et al.,
2010). Additionally, the lake record from Les Echets, France exhibits a hiatus around

the timing of H4, suggesting a cold and dry period (Vetes.,2009).

2.1.2.3H4
In the past, studies have often linked the disappearance of Neanderth#istha
dramatically reduced temperatures and enhanced aridity which spread across Europe

during H4 (Mellars, 1998ratndller et al.,2012. H4 in Iberia was characterised by



cooler and more arid conditions which saw the expansion of sEseért vegetation

in the western Mediterranean and the expansion of grasslands in the North (Sanchez
Goniiet al.,2008). Adaptation to the severe extremes of H4 would have forced changes
in Neanderthal subsistence strategies and ability to cope with severe winters, and
perhaps the Neanderthals could not adapt to these abrupt changes. AMH on the other
hand appear to have had several prior adaptations such as complex tools and a social
capacity which may have given them an advantage over Neanderthal groups (Mellars,
1998).

Alternative theories have argued for H4 leading to a later extinction of Neanderthals

in southern Iberia associated with the expansionofsBnda SNIi Ay (KA & NB3
and Sanchez Goni, 2003; Sepulcleteal., 2007). It is argued that aridification
associated with H4 prevented the migration of AMH into southern Iberia until after

H4. Model simulations have estimated a maximum vegetation of just 25% combined

with a vast expansion of serdesert environments across Iberia during H4 (Sepulchre
etal,20nTtT 0 |YyR LR{fSy SOARSYyOS KIFa 2dzAaGAFASR
2003). The enhanced aridity across central and southern Europe has led to the
proposal that Neanderthal populations declined in density during this period due to a
reduction in umgulate biomass (Sepulchmet al., 2007). However, in spite of the
population decrease during H4, the spread of seesert environments appears to

have allowed the Neanderthals to occupy southern Iberia by slowing the advance of

lal ORQY9 NN O&ii,208R {t yOKSIT D

The Campanian Ignimbri{€l)eruption at 40ka is known as one of the most explosive

events in Europe and its impact on the Neanderthals has also been debated (&edele

al., 2008; Loweet al., 2012). The volcanic event is proposed to havaiBaantly

AYLI OGSR GKS SO2ftf23& 2F GKS aSRAGSNNI ySI
coincident with the onset of the H4 event resulting in widespread and rapid cooling
(Fedeleet al., 2008). These factors may have impacted Neanderthal populations by
causing them to contract or by leading to evolutionary and cultural development in

AMH populations, giving them an advantage over Neanderthals (Fetele 2008;

Loweet al.,2012). Models of the CI eruption have simulated the environmental effects

as®ociated with the eruption cannot in isolation explain the Neanderthal extinction.



Although, the authors do specify the immediate impact of climatic cooling as a
consequence of the eruption would have had a significant influence on Neanderthal
lifestyles anl survival (Blackt al.,2015). Additionally, recent work by Daviesal.
(2015) presented strengthened chronological frameworks to investigate the response
of Neanderthal and AMH populations to abrupt climate shifts and environmental
disasters. The papeconcluded that it remains difficult to attribute the Neanderthal
demise to a specific abrupt environmental transition or an environmental disaster

such as the Campanian Ignimbrite.

2.1.2.4 Recent rdating

Significant improvements to the radiocarbontutg technique have recently revised
interpretation of the Neanderthal extinction (Highashal.,2014; Woockt al.,2014).
These improvements include: the selection of more material for dating e.g. bone and
artefacts, more effective removal of contaminatiand an extended calibration curve
covering the past 50ka (Davies, 2014). Sites from across Eurasia have Joe¢edre

and calibrated using Bayesian age modelling and the results have indicated the
disappearance of the Mousterian culture associated g Neanderthals at around
42ka BP (Highaet al.,2014; Woodet al.,2014).

2.1.2.5H5

In light of recent redating some authors have begun to identify H5 as a key factor
which led to the extinction of the Neanderthals (Gahetral.,2014; Garraldat al.,
2014). The study by Galvaet al. (2014) dated and analysed the archaeological
sequerce at El Salt, Spain and found that the site was occupied by Neanderthals until
~45ka. Importantly, at ~45ka there was evidence of increased aridity and grassland
expansion related to the H5 event and at El Salt this climatic event is associated with
the last presence of the Neanderthals. Teeth from El Salt have been studied and
represent the last occupation of the site between 47.2+4.4 and 45.2+3.4ka. The
overlying unit which does not contain any archaeology, represents abandonment of
the site potentiallydue to a climatic shift to arid conditions as shown through the
sediments (Garraldat al.,2014; Galvart al.,2014).

Alternatively, prior to the redating of Neanderthal sites, Miulleet al. (2011)
postulated that the severe climatic conditions asstemh with H5 led to the

9



abandonment of Neanderthal sites across Europe which allowed AMH to colonise and
spread into the abandoned eastern Mediterranean, after H5. Midteal. (2011)
argued that the shift from deseteppe to open forest associated withe climatic
amelioration after H5, as shown by pollen records from Tenaghi Philipon, NE Greece,
permitted the rapid spread of AMH into and across Europe before the Neanderthals

could reoccupy this region.

2.1.3 Competition with AMH

2.1.3.1 Extinction ttough competitive exclusion

The role of AMH in the Neanderthal extinction has led to extensive debates. The model
of Bankset al. (2008) combined palaeoclimate data with archaeological and
chronological data and the results have suggested that Neandertbatsacted their

range during Greenland Interstadial 8 following H4 due to the expansion of AMH and
any climatic causes can be rejected. The use of cryptotephra as an isochronous marker
horizon has argued the technological transition between the Middld &ipper
Palaeolithic occurred prior to the H4 event and the Campanian Ignimbrite eruption
(Loweet al.,2012). Therefore, the authors have suggested competition with AMH was

the driving factor leading to the Neanderthal demise.

5Q9 NNA O2 | y (R003) hayetary$et for@ 2oghined influence of both AMH
competition and climate change. The authors have suggested the climatic
amelioration after H4 led to the expansion of AMH across the Iberian Peninsula and

the arrival of AMH in the southern Iberiarefinsula and associated competition

dzft GAYIF 68t & NB&adz 6SR Ay (GKS SEGAYOGAZY 27F
2003). Additionally, Mulleet al. (2011) argued that a combination of the severe
climatic conditions associated with H5 combined with increased competition with

AMH led to the demise of the Neanderthals.

2.1.3.2 Problems with dating
The key problem for determining the causes of the Nesatithl extinction is dating.
As shown in section 2.1.2.4, recent dating has changed our view of when the

Neanderthals became extinct. Authors have recently argued for the earlier arrival of
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lal AYy 9dzNRPLIS ¢AGK 1S@ FAYRAYAILIFIKANRY YS
(Highamet al.,2011) and Grotta del Cavallo, Italy, dated to48ka (Benazat al.,

2011). The earlier arrival of AMH complicates the causes for Neanderthal extinction as

the two species may have overlapped in areas of Europe. Recent watighgmet

al. (2014) has identified a potential overlap between Neanderthals and AME600-2

5,400yrs, which is enough time for cultural and genetic overlap between the two

species.

2.1.4 Genetic evidence

In recent years, technological advances have atbwmproved and detailed
understanding of Neanderthal genetics (Greetnal., 2010). Genetic evidence has
identified Neanderthal populations were small and isolated which led to inbreeding
(Castellanaet al.,2014; Prifeet al.,2014). The prdonged popuation bottle-neck as

a consequence of inbreeding reduced the genetic diversity of the Neanderthal
population (Priferet al., 2014). Subsequently, Neanderthals were 40% less fit than
the AMH who were migrating across Eurasia (Harris and Nielsen 2016; #0hg)
fitness disadvantage was passed down to NeandeMH hybrid offspring,
Neanderthal genes are proposed to be selected against leading to a reduction in
Neanderthal ancestry over time as a consequence of natural selection ¢iwaig
2016; Haris and Nielsen, 2016; 2017). Genetic evidence may therefore imply
Neanderthals did not truly become extinct but were assimilated into the genomes of
AMH (Harris and Nielsen, 2017).

On the other hand, genetic evidence has led some authors to link papulat
bottlenecks and extinction of Neanderthals with climate changes. Analysis of recent
western Neanderthal mtDNA, i.e. the mitochondrial DNA of Neanderthals present in
Western Europe since 48ka, has revealed a reduced amount of genetic variation when
compared to eastern and older Neanderthals (Dakinal., 2012). The paper has
proposed the genetic turnover in recent western Neanderthals was most likely a result
of the climatic variability during MIS3. The authors speculate North Atlantic cold
periods assoiated with H5 and H6 influenced the terrestrial environment which led

to the bottleneck or localised extinction of Neanderthals in western Europe ([2alén
al.,2012).
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2.1.5 Summary

It is apparent that the demise of the Neanderthals is a complicateck issul the

numerous factors which may have been responsible are still deba®eanary

problems include dating issues in addition to the sparse resolution of the
archaeological record and the diachronous nature of the transition between
Neanderthalsand AM@ L YL NI yd G2 GKA&a LINRP2SOG Aa
and Sanchez Gofi (2003) pointed out, there remains a lack of high resolution,
independently dated and continuous palaeoclimate records from the Iberian
Peninsula and this remains true todayherefore, there is a need to create such

records from across the Iberian Peninsula before the role of climate change in the

Neanderthal extinction can be addressed.

2.2 Climate change 9bka

2.2.1 Introduction

Recent improvements in the independenatthg of ice core, marine and terrestrial
records have permitted the correlation of these records across the globe and in
particular the northern hemisphere. The correlation of these various records has
begun to identify leads and lags in the climate syst@s well as enhancing current
understanding of the forcing factors behind these abrupt chandsckleyet al.,
2012) Between 9e25ka the climate of the North Atlantic was influenced by orbital
forcing but it was also driven by swbital mechanisms. \idence from different
archives from across the northern hemisphere will be presented in this section as well

as a summary of the forcing mechanisms.

2.2.2 Orbitaliydriven climate change

hNDAGEFEE F2NOAYy3I ¢t a €2y3 Kemaeixdas6i,SR (2
Milankovitch, 1941) and support for the orbital forcing theory later came from the
oxygen isotope records of planktonic foraminifera preserved within marine sediments

(Emiliani, 1955, Emiliani, 1966, Shackleton, 198fifts in the isapic composition of
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foraminifera within deepsea cores were identified as a proxy for global ice volume
(Shackleton, 1967)his finding led to the development of the SPECMAP astronomical

timescale which tuned stacked oxygen isotope records from plankforéeninifera

G2 2NDAGIE FT2NOAY3IZT LINBORexDKIyidEeet al., #2984/ 3t S I

Martinson et al., 1987) The development of the SPECMAP timescale permitted
O2 YLJ NR a2y 8@ recordslwittioh& proxies from around the world and
contributed to understanding climatic processes which operate over Glacial
Interglacial timescale@assinot, 2009)The development of the LR04 stack increased
the resolution of the SPECMAP timescale and extended it back to 5(Bigigcki and
Raymo, 20B). It is important to note that there are issues associated with tuning any
record to orbital forcing(Blaauw, 2012pnd recent work has also highlighted the
chronological limitations associated with marine cofédaistin and Hibbert, 2012)
Neverthelessii KSa4S t 2y 3 NI O2 NFOxonhdsitiod &f foyamiGifara A y
led to the definition of Marine Isotope Stages (MIS) which correspond to Glacial
Interglacial cycles driven by orbital forcifibrieet al.,1984 Martinsonet al., 1987,
Lisiecki and Raymo, 2005)

Ages for the onsets of different marine isotope stages relevant to this study are shown
in table 2.1. Glacial marine isotope stages are represented by even numbers whilst
Interglacial marine isotope stages are represented by mdmbers. However, MIS3 is

an anomaly as it is characterised by a high degree of climate instability in comparison
to the relatively stable glacial conditions of MIS 4 and MiB@nd et al., 1993
Shackletoret al.,2000 Lisiecki and Raymo, 2005)

Table2.1: Onset ages for MIS5(as defined by Lisiecki and Raymo, 2005).

Marine Isotope Stage | Onset age (ka)
MIS2 29

MIS3 57

MIS4 71

MIS5 130

Marine sediment cores spanning MIS3 have identified a period of terrestrial tree
decline (Roucougt al.,2005; Fletcher an8anchez Gofi2008), lowered SST (Caato
al., 1999) and ice sheet growth (Thomsen al., 1999; Shackletoret al., 2000;
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{ OK dyeffab, R003; Roucouet al., 2005). It has been argued that these proxies
indicate a longerm aridity and cooling trend throughout MIS3 on the Iberian
Peninsula and this period corresponds to a reduction in Northern Hemisphere

Summer Insolation.

2.23 Suborbital climate variability

2.2.3.1 Ice cores

The identification of abrupt millenniadcale climatic events in the Greenland ice cores
(Dansgaaret al.,1993 Grooteset al.,1993)has led to numerous studies which have
focussed on identifying these climatic patterns in terrestrial and marine records
(Voelker 2002).

Ice core records from Greenland have demonstrated an unstable climate dominated
the Last Glacial Period, characteddsy a sequence of abrupt climatic shifts known as
DansgaardDeschger (DO) events. During DO events climate abruptly switched from
cold conditions to mild interstadial conditions (Dansgagir@l.,1993; Johnseet al.,

1992; Rasmusseet al., 2014). The chronology of the DO events is represented in
Greenland by Greenland Interstadials (GI) and Greenland Stadials (GS) with Gl periods
defined by warm conditions and GS periods defined by cold conditions (figure 2.1)
(Rasmussent al.,2014). Acros the Last Glacial Cycle 25 DO events (Gl periods) have
been identified and are defined by a sharp increase in temperature followed by a
gradual return to stadial conditions (GS perio@$ERIPmembers, 200-indleret al.,

2014 Rasmusseret al., 2014) The temperature increase associated with the DO
events varies between 5°C to 16.§Kinhdleret al.,2014)

The chronology of these events (Gl and GS) has recently been redefined through
comparison 6the oxygen isotope compositiorend calcium ion concentrati@in

three icecore records (NGRIP, GRIP, GISP2) from Greenland on the same timescale.
The time period examined herein (2Bka) spans &2 to GS3. It is evident from the
Greenland ice coreecords that the period between 9P5ka, similar to the rest of the

Last Glacial Period, was characterised by rapid increases in temperature at the onset

of interstadial conditions (DO events) followed by a gradual decline in temperatures

14



back to stadial caditions (Dansgaardt al.,1982; Johnseet al.,1992; Dansgaardt
al., 1993; NGRIP members, 2004; Rasmusseh,2014).
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Figure 2.10xygen isotope recaosdrom three Greenland iceores Rasmussen et &014)using the chronological framework developed
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2.2.3.2 Marine

Evidence from &eries of marine cores from the North Atlantic demonstrated a
pattern of millennialscale abrupt increases in temperature followed by gradual
cooling, similar to the DO cycles in GreenléBdndet al.,1993) A key finding oBond

et al. (1993)was the IS Y UAFAOI GA2Y -2F2 t KSIFEBNAGH2 (2AFy IV ad
known as Bond cycles) composed of numerous DO cycles, gradually becoming colder
and culminating in a Heinrich event. The Heinrich events mark the coldest point of a
Bond cycle where largeumbers of icebergs were released into the North Atlantic
(Bondet al.,1993) Heinrich events 5, 4 and 3 occurred during the time period studied

in this thesis (8&7ka) with dates of 45,000, 38,000 and 31,000 respectively
(Hemming, 2004)

Evidence from marineecords across Europe express similar climatic variability during
MIS3. For example marine core MB2881 from south of the Faroe Islands expressed
climatic instability throughout MIS3 as a result of the dynamic behaviour of the
European ice sheets duririis time (Zumaqueet al.,2012) The multiproxy record
studied byZumaqueet al.(2012)identified a series of oscillations matching the Gl and
GS events; Gl events were milder while stronger ice sheet calving occurred during GS
events. Comparably, the Eastern Mediterranean pollen records from marine core
9509 have indicated a reduction iorésts and an increase in arid herbaceous flora
between 43.516.2ka(Langgutet al., 2011) Furthermore, Heinrich events® have
been identified in marine core 9509 based upon sHwed reductions in arboreal
vegetation suggestive of a decline in morgtwavailability and thud.anggutet al.
(2011) have demonstrated the expression of North Atlantic climate events in the

Eastern Mediterranean.

Marine core MD98042, taken from off the coast of the Iberian Peninsula, has
RSY2yaid NI SR { KBRndgsks, stalidtgfstadial ofichade variability
correlating with DO cyclicity in Greenla(@hackletoret al.,2000) Further work on
MD952042 bySanchez Gorket al. (2000) identified a pattern of DO cycles and
Heinrich events through a combinati@i dinocyst, pollen, foraminifera and coarse
f AGKAO | yI f & aBa&profild Thé Stidy deindnstraield 8 thrpbase

sequence of Heinrich events 5 and 4 with only the middle phase characterised by cold
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and dry conditions. In contrast, the firshéa final phases exhibited milder and more
humid climates. The pollen record from MD2842 highlighted several periods
corresponding to DO stadials characterised by steppic taxa suértasisiaand
ChenopodiaceaéSanchez Gofet al., 2000) However, cation should be applied
when trying to link these events in southwest Europe to DO cyclicity in the Greenland
ice cores, as the MD9%042 record has been tied to the GISP2 timescale on the basis
that rapid warming was synchronous between the two regi(®&chez Goriet al.,
2000, Shackletort al.,2000)

However, despite the dating issues and alternative influences, numerous cores from
around the Iberian Peninsula have shown a similar pattern of DO cyclicity and Heinrich
events. Sanchez Gadtial. (2018)discuss the significant contribution of pollen studies

in the identification of DO variability and Heinrich events on the Iberian Peninsula. A
pollen record from the Alboran Sea (MD2843) showed an alternation between
semidesert vegetation such a&rtemisiaand Chenopodiaceae during stadials and
Heinrich events and mixed oak forest during interstadiglstcher and Sanchez Goifii,
2008) Two cores off the Iberian margin have demonstrated variations in productivity
are coincident with DO variability artdeinrich eventgPailler and Bard, 2002The
O2Y0AYSR LRt f SHO datyfiem indrihedreiViD9%a3Dhas provided
evidence for millenniascale variability. Fluctuations in thermophilous tree
populations correspond to shifts in SSTs with war®8T synchronous with expanding
thermophilous tree population§Roucowset al.,2005) In addition, Heinrich events in

the Roucowet al. (2005) study are demonstrated to have been more severe than DO
stadials due to the greater reduction linus Interestingly, the fire regime of western
France has been shown in marine core MR845 to exhibit DO variability and
Heinrich events through multiproxy analysis of microcharcoal, pollen and organic
carbon in conjunction with analysis of ice rafted debris aswotapic analyses of
foraminifera (Daniatet al., 2009). Key records of climate change from the Iberian

Margin are presented in figure 2.2 alongside the Greenland ice core record (NGRIP).
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Figure 2.2: Marine sediment proxy data from the North Atlantit thie Greenland Ice

core record.The oxygen isotope record from NGRIP is from Rasmussen et al. (2014)
and uses the chronological framework developed in Seierstad et al. (2014). Numbers
at the top refer to onset ages of Greenland Interstadials as defined by Rasmussen et
al. (2014). N. pdryyderma data (data source: Sanchez Gofii, 2013) and IRD (data
source: Sanchez Goiii 2013) from core M85 are from Sanchez Goiii et al., (2013).
Temperate pollen data from MD&B45 is from Daniau et al. (2009) (data source:
ACER Project members, 20178pT (data source: Voelker et al., 2011b) and G.
bulloides 180 (data source: Voelker et al., 2011c) are from Voelker et al., 2011a.

Heinrich events are also shown and correspond to the dates of Hemming (2004).
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2.2.3.3 Speleothems

Evidence for climatic stability during MIS3 has been shown from oxygen and carbon
stable isotope records fromspeleothemsacross Europ€Spoétl and Mangini, 2002
Gentyet al., 2003 Waineret al., 2009 Fleitmannet al., 2009 Gentyet al., 2010,
Moseley et al., 2014) Stalagntes from Holloch Cave, northern Alps, exhibited
millenniatd O £ S Ay BOWaElleda2STa dxly 2 o': KA OK gSNB
events in the Greenland ice cores, higher sea surface temperatures in the NE Atlantic
Ocean and strengthening of the East Astummer Monsoon across AgMoseleyet

al., 2014) A similar correlation was found in the oxygen isotope profile from Solfular
Cave, TurkegFleitmannet al.,2009) Additionally, carbon isotope records have been
used to infer climate changes across MISRR2 ¥ & LISt S2GKSY NEO2NRa
valuesreflecting varying vegetation cover and soil microbial activity directly related to
temperature and precipitatiorfWaineret al., 2009, Fleitmanret al., 2009, Gentyet

al., 2003, Gentt al.,2010) During periods of climatic amelioration microbial activity

in the soil zone increases, as does the amount of overlying vegetation and as a result
i K &C values in the soil become lower@aineret al.,2009) Carbon and oxygen
profiles from terestrial speleothems have therefore provided crucial evidence for the
response of these areas to North Atlantic climate events and have identified key leads
and lags within the climate system. For exampMeseleyet al.(2014)demonstrated

that the DO evets in the Greenland ice cores lagged the large amplitude millennial
a0l S Ay CRBduaspreserved within stalagmites from Hélloch Cave.
Throughout MIS42, speleothem growth was rare in NW Spain as a result of reductions
in temperature and humidy (Stollet al.,2013) Sporadic periods of growth in MIS3

appear to coincide with warmer SST (>13.7°C) associated with DO interstadials.

2.2.3.4 Lacustrine

Lake records which have been precisely and accurately dated through a combination
of radiocarbon dating, tephrochronology and varve counting, can provide important
terrestrial archives of palaeoenvironmeiayashiet al., 201G Nakagawaet al.,
2012) ThelLes Echets palaeolake, eastern France has provided a vital record of
palaeoclimate during MIS3 through analysis of geochemi@tigreset al., 2009
Wohlfarth et al., 2008) pollen (Wohlfarth et al., 2008) and diatoms(Ampelet al.,
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2008) Studies from LeEchets have revealed a similar pattern of staidiarstadial
climate variability during MIS3 as well as the identification of Heinrich events 4, 3 and
2, similar to those recorded in marine and ice core records. Interstadial periods are
characterised 1, silty gyttja sediments rich in organi@gereset al., 2009) reduced
erosion and high arboreal pollglVohlfarthet al.,2008)and a diverse assemblage of
planktonic diatoms(Ampelet al., 2008) Conversely, stadials are characterised by
minerogenic sdiments and increased clastic sedimentati@viereset al., 2009
Wohlfarth et al.,2008) increased erosion and high nanboreal pollen(Wohlfarthet

al., 2008) and a low diversity assemblage of benthic diatoms suclkragilaria
suggestive of periods of protracted ice covgmpel et al., 2008) Additionally,
Heinrich events are defined by periods of significantly lowered lake level productivity
(Vereset al., 2009) limited diatoms(Ampel et al., 2008) and increased erosion
(Wohlfarthet al.,2008) Heinrich event 4 was identified Byohlfarth et al. (2008)as

a hiatus betweer86.340.3ka at Les Echets due to reduced lake levels related to the

extreme cold andrid conditions.

Lacustrine records from Lago Grande di Monticchio, southern Italy, have revealed a
pattern of climate instability over the past 102ka based upon pollen andibenet

al., 1999) Last glacial interstadials were dominated by woodeggéenvironments
whilst stadials were dominated by steppe environments and shifts between
vegetation types were demonstrated to have occurred within 200 years. Thus,
evidence of abrupt climatic oscillations from Lago Grande di Monticchio supports the
couping of the Northern Hemisphere oceatmosphere system during the Last
Glacial cycleTzedaki®t al. (2004)discussed the evidence for vegetation response to
stadiatinterstadial climate variability and Heinrich events from Greek lacustrine
records. Theliree records analysed from across Greece responded to these events,

however the individual responses were site specific due to local factors.

In contrast to the substantial amount of marine records spanning MIS3 from the
Iberian Peninsula, the number o&dustrine sequences remains relatively minor
(Moreno et al., 2012) The production of lake records from the Iberian Peninsula is
limited by the challenges in producing a chronology and a relatively high sampling

resolution(Moreno et al.,2012) A key segence does exist from Lake Banyoles, NE
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Spain, and pollen was initially reported from this sequencéésezObiol and Julia
(1994)extending back to 30ka BP. Since theibpiget al. (2012)have studied the
sedimentological properties and produced a palel@oate reconstruction of Lake
Banyoles through a mulproxy approach. Of particular reference to the present study

is the geochemical analysis carried out Hgbig et al. (2012) which has shown
evidence for past climatic variability extending possiblwdao MIS4 and through to

the Holocene. Shifts in element ratios from Lake Banyoles, especially K/Ca, are
suggestive of variations in humidity; tentatively assigned to Heinrich evefis 5
Further work on Lake Banyoles sedimemésdemonstrated MIS3 aseriod of high
climate and environmental instability shown through isotope excursio#¥( and

113C), total organic carbon and benthic diatom abundance (Lecal,2016).

The Fuentillejo Maar record, central Spain, was analysed using aprax{i approach

and identified periods of aridity associated with Heinrich events and DO stadials
(Vegast al.,2010) However, the FUENTrecord demonstrated that H4, 2, 1 and the
YD have a different climatic signal (cold and arid) to H5 and 3 (warm and arid)
indicating the influence of regional processes over North Atlantic climate variability.
The lake sequence from Lake Enol contained a series of laminated rhythmic sediments
associged with variations in carbonate content, suggestive of slight climatic
ameliorations between Heinrich events. However, further work is needed to derive a
record of palaeoclimate from the Lake Enol sequence during MIS3 and tighter
chronological control ialso requiredMorenoet al.,2010) It is apparent that there

is a gap in the concentration of lacustrine sequences from the Iberian Peninsula and
only further studies can contribute to understanding how rapid climatic oscillations
during MIS3 affected teestrial landscapegMoreno et al.,2012) Furthermore, the
recent extension to the IntCal calibration curve (IntCakE®imeret al., 2013) will

help to constrain the chronologies of future lacustrine records from the lberian

Peninsula.

2.2.3.5 Additioal archives
Mammal assemblages from Iberia have demonstrated MIS3 was a period of climatic
instability, as shown through the coexistence of eatthpted and temperate taxa

occupying the region(AlvarezLao, 2014) Mammuthus primigenius (woolly
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mammoth),Ccelodonta antiquitatisiwoolly rhino),Rangifer tarandugreindeer) and
Alopex lagopugarctic fox) are used as key callimate indicator species on the
Iberian Peninsula during MIS3 and appear to be associated with the expansion of
steppeenvironments caresponding to Heinrich eventfAlvarezLao and Garcia,
2010) Specifically, evidence from the Jou Puerta site demonstrates a mixture of cold
and temperate taxa, suggesting a mosaic of habitats composed of steppe
environments, forests and rocky mountai(8varezLao, 2014)Overall, mammalian
evidence from coletlimate taxa suggests occupation and cohabitation with local
temperate taxa in the Iberian Peninsula during episodes of extreme cold and aridity

across Eurasia.

Travertine pollen assemblages fromvea or rock shelters on the Iberian Peninsula
have provided key terrestrial pollen sequences spanning the Last Glacial period
(Burjachs and Julia, 1993arrionet al.,1998) Due to the relatively low resolution and
poor chronological controls, these racis do not provide information regarding
millenniatscale shifts during MIS3. Furthermore, despite the presence of long peat
sequences in the Iberian Peninsula, particularly the Padul sequéRoas and Reille,
1988, Ortizet al., 2004) millenniatscale variability during MIS3 has not been
identified.

A loess record from Nussloch, Germany, exhibited DO variability through changes in
grainsize index with H3 and H4 being defined in the sequence by maxima irsgrain
indicating arid conditions (Rousseaual.,2007). Additionally, evidence from central
Spanish loess sequences identified a period of aridity at 42ka and an even harsher
period of aridity between 28#2.4ka and 32.22.7ka (Wolkt al.,2018). Due to dating

and resolution complexities, loess deposition from the central Spanish sequence

cannot be assigned to a specific stadial or Heinrich Event.

2.2.4 Driving mechanisms for sodbital variability

2.2.4.1 Pacing of DO events
The recurrege time between DO warming events was shown to vary significantly

between t12ka over the past 90ka (Boetlal.,1999). The work of Bonet al.(1997)
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derived a periodicity of 14 #500yrs for abrupt climate shifts during the Holocene and
Last Glacial pevd using North Atlantic marine sediments. Solar forcing has been
proposed to drive this cyclicity during the Holocene (Bendl.,2001). In the interval
12-50ka,! 180 values from the GISP2 ice core identify a significant periodicity peak at
1470yrs whichhas been interpreted to reflect the pacing of DO events (Grootes and
Stuvier, 1997). The validity of the ~1500yr cycles has been questioned (Wuncsh, 2000;
Ditlevsenet al.,2007). Although recent studies suggest a periodic forcing mechanism
cannot be rejeted (Schulz, 2002; Ditlevsen and Ditlevsen, 2009; Weiilakz,2012).
Statistical analysis by Schulz (2002) indicated that between 13 and 46ka the pacing of
DO events varied b#20% around the 1470yr periodicity. The study postulated it was
unlikely that variations in North Atlantic Deep Water formation forced the DO cyclicity

during the Last Glacial period.

2.2.4.2 Forcing mechanisms of climate variability

The Iberian Peninsula demonstrated a shift to extreme aridity and cooling during
Heinrich Eventand DO stadial periods. It has been hypothesised that these periods
were associated with a reduction in Atlantic Meridional Overturning Circulation
(AMOC) (Rasmussexn al., 1996; Stocker, 2000; Roucoakal.,2005). A weakened
AMOC resulted in loweredea surface temperatures (SST) and strengthening of
westerly winds which shifted to the North. During Heinrich Events aridity and cooling
were intensified relative to DO stadials as a result of lowered SST, offshore ice and the

close proximity of the polairont (Roucowet al.,2005).

The identification of abrupt warming events in the North Atlantic and across Europe
coincident with Greenland interstadial periods has discerned the presence of a tightly
coupled ocearatmosphere system prior to and throughoMIS3 (Bonckt al., 1993
Roucouwet al.,2001; Vegast al.,2010). The onsets of DO events have been proposed
to link to abrupt reorganisation of atmospheric circulation (Beal.,1993) as they
were rapid, occurring within decades, and involved amniag of *3°C (Severinghaus
and Brook, 1999). Higlesolution analysis of Greenland ice cores revealed polar
atmospheric circulation can shift within 1 to 3 years. Southern Hemisphere/tropical

warming has been hypothesised as the trigger for -toidhigh htitude warming
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associated with DO events due to northward migration of the Intertropical

Convergence Zone (ITCZ) (Stefferetea.,2008).

2.2.5 Summary

Various records across the Northern Hemisphere have shown that DO cycles and
Heinrich events in thé&lorth Atlantic were propagated as far as Eastern Asia during
MIS3 and further work will continue to reveal leads and lags in the climate system and
forcing mechanisms. The European records presented appear to record climate and
environmental responses t®O variability and Heinrich events as do the marine
records from the Iberian Peninsula. However, as discussed, the Iberian marine records
exhibit latitudinal and longitudinal variability with sites in the NW most influenced by
subpolar watergSalgueircet al., 2010) This section has highlighted the present lack

of terrestrial records spanning %bka from the Iberian Peninsula, particularly from
speleothems. It is possible that during this period conditions may have been too cold
and arid to permit spelethem growth. However, very few speleothem studies from
the Iberian Peninsula have focussed on this time period and speleothems dating to

this period may have been overlooked.

2.3 Speleothems as recorders of climate and environmental

processes

Speleothers preserve a range of proxies for climate and environmental variability
such as stable isotopes (primarily O and C) and trace elements. The variability of these
proxies over time can be interpreted with respect to past climate and environmental
changes (Fechild and Baker, 2012). The chemical signal evolves from precipitation
infiltrating soil, bedrock and into the cave void where it is subsequently preserved in
speleothem calcite. This sequence is explained in detail below and summarised in

figure 2.3.

The chemical signature preserved in precipitation is a function of atmospheric

moisture which in turn can vary over time dependent on variable atmospheric
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circulation patters, temperature and precipitation amougiairchildet al., 2006a)
Precipitation infiltrates into the soil zone upon which X0 assimilated into the

solution resulting in the generation of a weak carbonic acid (eq. 2.1).

(J # O Qb Eq. 2.1

Carbonic acid dissolves the underlying karstic bedrock whaats | a solution which

is supersaturated in calcium carbonate (CaQ€xy. 2.2).

(M s #AN#OOH Od, Eq. 2.2

As drip waters enter the cave void, £©lost from the solution through degassing. As

a consequence, Cageid precipitated as speleothem deposits (eq. 2.3)

& (M ©B8H&0 Q0 80, Eq. 2.3

Throughout this sequence from the atmosphere to the speleothem, climatic and
envirormental signals within the precipitation and subsequent infiltrating waters can
be generated or modified (Fairchiket al., 2006a; Fairchild and Baker, 2012). Five

realms have been defined by Faircleldal.,2006a where signals may be modified:

Atmosphere

1
1 Soil and upper epikarst
1 Lower epikarst and cave
1 CaCQprecipitation
1 Secondary alteration of calcite
Therefore, the geochemical signal preserved in speleothems represents a combined
signal derived from the realms listed above (Faircleidal., 2006a). Spleothem
records have a vast potential to provide a unique perspeatgardinga variety of

processes such as karst and cave evolution, vegetation dynamics and climate changes.
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Figure 2.3: Schematic diagram adapted from Fairchild et al. (20@B&inally
adapted from Tooth, 2000) illustrating dissolution and precipitation processes within

the karst system.

2.4 Understanding the dynamics of cave systems

2.4.1 Introduction

Caves are typically thought to be relatively stable environments witttogreserve
speleothem archives. The climate signal preserved in chemical signatures of
precipitation and dripwaters are modified as they move through the atmosphere, saill,
karst and into the cave where it is preserved in speleothem calcite (Faigthalld,
2006a). As a consequence, hydrological routing, kaeder interactions and cave
ventilation are examples of such processes which may act to modify the palaeoclimate

signal preserved in dripwaters. Through cave monitoring, these processes can be
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classified and the palaeoclimatic proxies within the speleothems can be correctly
interpreted and any local effects which may act to modify the palaeoclimate record
can be identified(Mattey et al., 2010 Fairchild and Baker, 2012)his section will

discussthe three processes mentioned above and review current techniques for

monitoring these processes within cave environments.

2.4.2 Processes acting to modify speleothem signals

2.4.2.1 Hydrological routing

Karst systems are dynamic environments with detgirof different storage and flow
conditions occurring in numerous different geological contexts. However,
characterising the karst hydrology poses a challenge due to the heterogenous nature
of the karst environment (Ford and Williams, 2007; Bradkty al, 2010).
Understanding the nature of the karst hydrology is critical to understanding induced
uncertainty in speleothem palaeoclimate proxies through the relationships between
the chemistry of infiltrating waters, surface and ssinface climatology, and
aLISt S20KSY LINE B@ (BddlefettS 20105 dzOK | & !

Dissolution of carbonate rocks such as limestone and dolomite through surface
precipitation and surfacevater inflows results in the development of karst. The karst
landscape is characterised by extensive system of underground water movement
and cave systems (Ford and Williams, 2007; Brestley., 2010; Fairchild and Baker,
2012). Three levels of porosity can be distinguished within karst and these are primary,

secondary and tertiary (Forchd Williams, 2007).

Primary porosity in bedrock is associated with irgeanular pore space (Fairchild and
Bake, 2012). In Mesozoic (as well as Palaeozoic and Cenozoic) carbonates porosity is
typically less than 10% (Fairchild and Baker, 2012) andrtbeegs of dolomitization

of limestone initially reduce porosity due to infilling but then porosity will increase as

a result of the smaller dolomitic rhombs (Ford and Williams, 2007). Water movement
associated with primary porosity is known as matrix feovd can be very slow moving

(Fairchild and Baker, 2012). Smart and Friedrich (1987) classified matrix flow drip sites
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as having a low coefficient of variation in drip rate as a result of consistently low

discharge.

Secondary porosity is related to joints and fractures within the karst (Ford and
Williams, 2007; Bradlegt al., 2010). Fractures within the karst encourage rapid
transmission of infiltrating drips following recharge events resulting in a significant

increase in drip discharge (Miorane al.,2010).

Finally, tertiary porosity is associated with dissolution along penetrable fissures by
groundwaters which develop into conduits and caves (Ford and Williams, 2007).
Conduit flow discharge varies significantlyesponse to external rainfall patterns and

conduit drip sites are classified by a high coefficient of variation based upon

intermittent and often high levels of discharge (Smart and Friedrich, 1987).

The ways in which water moves through the karsteyswill vary depending on water
delivery into the karst system. In turn this may reflect the internal void connectivity
within the Kkarst, the extent to which permeability has developed and the
configuration of water reservoirs either within the matrix drustural voids within

the karst (Bradlewt al.,2010). A combination of different flow pathways may occur
and there may be numerous individual water stores within the karst. Percolating
waters between these stores may be routed via flow pathways whiehskow and
diffuse through the karst matrix or rapid, turbulent preferential flows through fissures
and conduits (Bradlewt al., 2010). The properties of individual speleothems will
therefore be influenced by dripwater routing (Fairchild and Baker, 20IBg
heterogenous nature of karst makes modelling hydrological pathways complicated to
predict (Baker and Brunsdon, 2003) with numerous studies documenting the presence

of different flow regimes (Baket al.,1997; Baldinet al.,2006; Miorandet al.,2010).

2.4.2.2 Karstvater interactions

Interactions between bedrock and percolating waters can act to modify the trace
element composition of dripwaters and subsequently speleothems (Fairehiid.,
2000; Sinclair, 2011; Sinclat al., 2012). Two rkevant karstwater interactions

processes are prior calcite precipitation and incongruent calcite dissolution. These
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processes should be understood and monitored prior to interpretation of signals in

speleothem calcite.

Prior Calcite Precipitation

Calcitedeposition may occur within air pockets in the karst with a loweredPE@r
calcite precipitation(PCP)is the term used to describe the process of-flgw
deposition of calcite relative to a drip site or speleothem (Fairchild and McMillan,
2007). The process removes &aons from solution as Ca@@ precipitated causing

an increase in the trace element to Ca ratio. PCP is typically enhanced under dry
conditions (Fairchilét al.,2000; Fairchild and Treble, 2009). Numerous studies have
identified apositive correlation between Mg and Sr as well #€ values (Johnsat

al., 2006; Griffithset al., 2010; Horiet al., 2013) and this correlation has been
suggested to result from enhanced PCP under dry conditions. Thus, these studies
among others, hae implied the cevariation of trace elements, primarily Mg and Sr,

as an aridity indicator.

Incongruent calcite dissolution

Incongruent calcite dissolution (ICD) refers to the process involving the preferential
release of minor ions (e.g. Mg and Sr) iolution relative to Ca during calcite
dissolution (Sinclair, 2011). McGillen and Fairchild (2005) identified Mg and Sr
enrichment relative to Ca in Cag€amples from glacial environments and invoked
ICD as the responsible process. Two models of ICDreserged by Sinclair (2011).

The first involves the incongruent leaching of Mg and Sr ions at freshly exposed calcite
crystal surfaces. The second proposes ICD is a combined process of congruent
dissolution of CaC{ollowed by incongruent reprecipitatioof CaC@ Mathematical
models have identified the signatures of PCP and ICD expressed in Mg/Ca and Sr/Ca
ratios are similar and therefore, the relationships between Mg/Ca and Sr/Ca can be
used to inform about karstvater interactions (covering both PCP a@D) (Sinclair,

2011; Sinclaiet al.,2012).

2.4.2.3 Cave ventilation
Movement of air within caves, referred to herein as cave ventilation, plays a critical
role in modulating PCQwithin the cave atmosphere and can significantly influence

speleothem poxies such as growth rates and trace element and stable isotope
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geochemistry (Wynmet al.,2014 Bakeret al.,2014; Jamest al.,2015; Vieteret al.,

2016). Temperatureontrolled densitydriven ventilation has been identified in
numerous different cave systems (see 2.4.3.5 Cave Temperature for case studies). The
WieLIAOIETQ aStrazylt @SyaGAatl (A 2srindecteS aSSa
during the winter. Low PCQiir is drawn into the cave when external air temperatures

fall below cave temperatures, inducing a flow of dense, cooler@0Or air into the

cave. During winter low PGQncourages CaGQrecipitation within the cave.
Converselyn summer, external temperatures exceed those within the cave and as a
consequence COuilds up within the cave and limits Caip@ecipitation (Spotet al.,

2005; Sebela and Turk, 2011; Ravbar and Kostunik, 2013; 8aaie2015; Vieteret

al., 2016). Global model predictions of cave ventilation have demonstrated
speleothem proxies in temporal and boreal regions may exhibit a seasonal bias as a
function of seasonal cave ventilation. In contrast, model predictions indicate no such

bias in speleothems dm tropical and boreal regions (Janetsal.,2015).

2.4.3 Understanding karst hydrology and cave ventilation through cave
monitoring parameters

In order to interpret speleothems as palaeoclimatic records it is vital to understand
the cave environmenniwhich they are growing. In the past it was frequently thought
that speleothems grew in equilibrium conditions, however cave monitoring studies
have demonstrated caves are often not in equilibrium and this may impact the
palaeoclimatic indicators used Bpeleothem studies (Mattegt al., 2008; Fairchild

and Baker, 2012). Therefore, it is important to monitor the cave environments so that
the palaeoclimatic proxies within the speleothems can be correctly interpreted and
any local effects which may act toodlify the palaeoclimate record can be identified
(Mattey et al.,2010; Fairchild and Baker, 2012). This section will provide an overview
of different cave monitoring techniques and how they can reveal information into the

processes discussed in section.2.4
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2.4.3.1 Dripates

As discussed in section 2.4.2.1, drip rates can play a role in influencing the chemical
composition of infiltrating waters. It is crucial to understand the hydrological response
of changing rainfall and subsequent movement of wdteough the karst as these
factors control the dripwater chemistry which feeds the speleothems in the cave
(Mattey and Collister, 2008; Fairchild and Baker, 2012). Therefore, monitoring of drip
rates has important implications when examining the palaecafémecord, especially
gKSY Ayl BOlyaNe antl gravthirag@attey and Collister, 2008)

Drip rates within caves are monitored through acoustic drip count@glister and
Mattey, 2005 Hu et al.,2008 Mattey et al.,2010 Miorandiet al.,2010 or through
infra-red led counters(Genty, 2008) These methods provide high resolution
continuous monitoring of drip rates and the acoustic drip rate logging systems,
commonly referred to as Stalagmates, can provide high resolution records of drip rates

over 1 to 2 years without human involvemeg@ollister and Mattey, 2005)

Monitoring of drip rates at Crag Cave, SW Ireland has identified spatial variability in

drip rates and also has shown that different drip rates can influence the interpretation

of stalagmites as palaeoclimate archives with the key trends shown in table 2.2
(Baldiniet al.,2006) Spatial variability in drip rates related to different flow pathways

KFra 0SSy ARSYOGATASR G ydzYSNRdza 20§ KSNJ OF
(Mattey et al.,2008) Villars Cave, SW Frarnenty, 2008and at Grotta di Eresto,

NE Italy (Miorandet al.,2010).
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Table 2.2: A summary of the different drggminesn Crag CavéBaldini et al., 2006)
The table has been included to demonstrate how different drips respond differently to

climate and will therefore influence the palaeoclimate signal preserved in speleothem

calcite.
Drip rate Palaeoclimate Justification
reconstruction
Slow (<0.1) Decadal/Millennial Minimal recharge produces a record of lan
ml/min) term variability without the influence of
individual meteorological events
Intermediate| Seasonal Related to external conditions and responds
(0.2-2 water excess
ml/min)
Rapid  (>2 Not suitable High recharge may lead to hiatuses or-
ml/min) dissolution of calcite

2.4.3.2 Electrical conductivity

Karst hydrology is thought to control variations in electrical conductivity with the key
driving mechanisms being soil £fssolution (Fairchil@t al.,2006a; Miorandet al.,
2010), dilution effects (Borsatol997), varidions in the degree of mixing and
dissolution of the bedrock (Genty and Deflandre, 1998; Fern&eteset al.,2007)

and prior calcite precipitation (Fairchildt al., 2006a; Miorandiet al., 2010).
Relationships between drip rates and EC have previously been identified. Positive
correlations between drip rate and EC have been proposed to be related to high
hydraulic pressure during a period of water excess leading to the release of stored
waters in pores and microfissures which have become supersaturated. Consequently,
a simultaneous increase in drip rate and EC is observed (Genty and Deflandre, 1998;
FernandezCorteset al., 2007). On the other hand, some authors have reported a
negative corelation between drip rate and EStudies at Grotta Di Ernesto (GDE)
(Italy) have found distinctive reductions in EC correlate to increases in drip rates during
rainfall events (Borsatdl997; Miorandiet al., 2010). The pattern identified at GDE
has beerproposed to relate to dilution effects during infiltration events which leads

to undersaturation of the dripwaters and an overall reduction of dripwater EC.

Recent research at Asiul Cave (Northern Iberia) has demonstrated EC responses to

seasonal variations in external air pressure, karst hydrology and drip rate at event

33



timescales (Smitket al., 2015). Throughout the winter, hydrological events lead to
increased CQvalues in the cave as a consequence of higher drip rates and subsequent
dripwater degassing; this leads to a rise in EC. However, in summer, hydrological
events reduce the atmospheric pressure within the cave which in turn results in soil
and/or kast air being drawn down into the cave. The addition of air with a higher CO

content limits degassing of cave dripwaters and enhances EC (&maith2015).

2.4.3.3 Oxygen and deuterium isotopes in precipitation and cave waters

A linear relationship asts betweent 180 andi D values in precipitation as they are
controlled by the same processes and it is this linear correlation that defines the
Global Meteoric Water Line (GMWL) (Clark and Fritz, 1997; Sharp, 2007; Lachniet,
2009) (see section 2.6.2.2 forore information). Each precipitation event will have a
distinct isotopic signature dependent on source evaporation and condensation.
Measurements of local precipitation are crucial in establishing a Local Meteoric Water
Line which can differ from the GMMWas a result of local processes such as vapour
source, reevaporation and mixing (Clark and Fritz, 1997). Understanding the isotopic
composition of cave drip waters in relation to the LMWL will permit assessment of the
degree of evaporation relative to gcipitation in the soil and drip waters, seasonality

of precipitation in the drip waters and estimations of moisture recycling which can

significantly influence the interpretation of speleothem proxies (Lachniet, 2009).

2.4.3.4 Trace element chemistry

Studes have shown that it is important to monitor dripwater chemistry in order to
accurately interpret speleothem records in terms of palaeoclimate, particularly
variations in trace elements such as Mg and Sr (Bakat., 2000). Section 2.4.2.2
identified the influence of karstvater interaction processes on infiltrating drip waters,
primarily through analysis of Ca, Mg and Sr. A study of dripwater chemistry at Villars
Cave has shown evidence of seasonal variation in Mg and Sr related to enhanced prior
calate precipitation during the summer months. Overall, the study identified the need
to interpret each site individually with extensive monitoring at each site (Bekat:,

2000). Seasonal variations in Mg concentration have also been identified in @gg Ca
SW Ireland with increases in Mg reflecting drier conditions associated with PCP during

the summer (Baldiret al.,2006).
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2.4.3.5 Cave air temperature

Measurement of cave air temperatures can enhance understanding of cave ventilation
dynamics. Caverdiemperatures are typically monitored using a range of temperature
sensors with a resolution of ~0.1°C and studies have frequently used these to
continuously record variations in temperature over extended periods of {iFeet

al., 2008 Mattey et al.,2010; Ravbar and Kosutnik, 201Bairchild and Baker, 2012)
Speleothems used in palaeoclimate studies are frequently taken from caves which
exhibit minimal seasonal variation in cave air temperature and reflect the average
annual external air temperatur@Mattey et al.,2010 Genty, 2008Verheydenret al.,
2008) However, variation in seasonal cave air temperature is often evident between
sites within the cave, with larger amplitude fluctuations exhibited closer towards the
cave entrancgMattey et al.,2010; Genty, 2008{ { nj& &./2012 Spétlet al.,2005)

In chambers close to the entrance of Obir Cave, Austria, there is a seasonal variation
of 5°C related to the seasonal switch in air currents. Conversely, sites further from the
entrance exhibit a reduced or minimal seasonal variation in temperaturexample

at 75m from the cave entrance in Obir Cave the seasonal variation in cave air

temperature is reduced to 1°Gpdtlet al.,2005)

Seasonal variations in cave air temperature @& have been identified at Heshang

Cave China (Johnsenal.,2006 Huet al.,2008). Johnsoet al.(2006) identified that
aStazyltt @QFENARFGAZ2YEA Ay OF @S | ANJ G4SYLISNI G
speleothem calcite; higher cave air temperatures combined with lowdripd S NJ + 1 3 h
during the summer and autumnrebui Ay f26SNJ t yusah @I fdzSa A
tyuah airadaylrftf LINSBASNISR gAGKAY GKS &aLISt S2 0K
bothdripg G SNJ t yuah O2YLIRaAdAz2y |yR OF @S AN i
2.4.3.6 Cave carbon dynamics

The concentration of ®Q within caves is frequently measured through infe
spectroscopySpotlet al.,2005 Mattey et al.,2010) Understanding of PC®@ariations

in cave air is important as cave air B€0ntrols calcite growth rates by influencing

the rate of degassingetween the dripwaters and the cave @Baldini, 201Q)The key

sources of carbon dioxide in caves are derived from: 1) root respiration and the decay

of organic matter within the epikarst, 2) degassing of dripwaters with fen soils,
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3) decay of organ matter within the cave, 4) respiration of organisms living within
the cave, 5) geothermal activitfdames, 1977Baldini, 2010 Fairchild and Baker,
2012) Various caves have shown dynamic variations inoBg@@ifferentscaleqSpotl

et al., 2005 Banrer et al., 2007, Baldiniet al., 2008 Mattey et al.,2010) however
some caves have identified homogeneous atmospheres with minimal seasonal

variation in PC®(Riechelmanret al.,2011)

At Obir Cave monitoring of Pe@nd dripwater has shown geochemical variability
across a year related to changing air circulation within the ¢®p®tlet al., 2005)

The ventilation at Obir Cave is characterised by chirippg ventilation, as shown
through the PC®©monitoring. Chimng-type ventilation is characterised by seasonal
reversals in circulation forced by differences in temperature between the cave air and
the outside atmosphere and as a result Obir Cave exhibits highiRG@mmer and
low PCQin winter (Spotlet al.,2005) When PCglevels are lowered there is a higher
PCQ gradient between the cave air and the dripwaters which results in faster
degassing and increased calcite precipitatidtattey et al.,2010 Spdtlet al.,2005)
Consequently, drip waters exhibit seasbrvariations in electrical conductivity,

F €1 €AY ABREluesRpotlét Wl.R005) Forced degassing under low BCO
concentrations has been shown to kinetically fraction&t€ which will ultimately
Ay Tt dzSyO0S (KS 13 ywaluSsNidhin Epéleothem? $potlztTal., 2005;
Mattey et al.,2010; Frisiat al.,2011)

2.4.3.7 Pressure

Differences between external and internal pressure have been demonstrated to
induce air movement known as pressure induced ventilation. Such a phenomeson wa
evidenced in Asiul cave (Sméhal.,2015), where ventilation was induced when low
external pressures (frequently associated with storm activity) enhanced the pressure
gradient between cave and external atmospheric air. As a consequence, air moved out
the cave resulting in karst air being drawn down into the cave void increasing cave air
PCQ. This signal is expressed in cave drip waters as an increase in EC and will also act

to limit CaC®@precipitation (Smitret al.,2015).
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2.4.4 Summary

This section has examined a range of cave monitoring parameters and how they can
be used to provide insight into karst hydrology and cave dynamics. Measurement of
speleothem drip rates can provide a deeper understanding of the karst hydrology
overlying the individual drip site. Additional study of chemical proxies within
speleothem drip waters can enhance interpretation of karst hydrology, within karst
processes and internal cave dynamics. Monitoring of cave air can develop an
understanding of cave air dymacs and their role over speleothem carbonate
formation. A key conclusion from the studies presented in this section is that cave
monitoring of various parameters can permit a greater understanding of cave

ventilation dynamics.

2.5 Speleothem growth t@s

Speleothem growth occurs when infiltrating waters from the karst come into contact
with an atmosphere with a lower pGOrhe interaction between the high pe®aters

and the lower pC@®atmosphere results in degassing of the waters. The resultant
solution becomes supersaturated with respect to calcium carbonate which forces the
precipitation of CaC® (Frisia and Borsato, 2010) as shown in equation 2.3.
Speleothem growth is dependent on the specific conditions of water availability and
air circulation wheh supply the components for growth and remove waste f@n

the cave atmosphere (Fairchild and Baker, 2012). The growth rate of speleothems is
therefore a function of degassing rate,C®n availability and flow conditions to the
drip-site (Genty and &flandre, 1998; Dreybrodt, 1999; Dickinsetral.,H 1 nH Tet { LI & f
al., 2005; Frisia and Borsato, 2010; Betlal.,2011).

Drip-waters with a low supersaturation will precipitate calcite under gweagiilibrium
conditions and increases in saturation Welad to increased growth rate (Frisaal.,
2000; Frisia and Borsato, 2010). In cave environments, variations in flow rate,
transport and concentration of impurities are normal. Thus, growth rate will vary

throughout the period of speleothem depositioRr(sia and Borsato, 2010).
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Cave ventilation has been identified as a factor influegspeleothem growth. Lower

pCQ under periods of strong ventilation will enhance degassing. The study of Obir

Cave demonstrated that growth rates are enhanced, and aaibotope values are

TN OGA2YylI GSR AY 6AY(GSN RdzS Ulepal.@R®. aSkazyl

The growth of speleothems is a result of degassing effl©o@ cave drip waters upon
entering the cave void. This reaction can occur under equilibaukmnetic conditions,

both of which impart a different chemical signature which is preserved in the
speleothem calcite. Under slow equilibrium conditions crystal growth forms large,
uniform columnar crystals (Fris& al., 2000; Frisia and Borsato, 2010 contrast,
dendritic fabrics composed of calcite crystals arranged in branches have been
associated with disequilibrium conditions and form as a result of prolonged outgassing

and extremely low drip rates (Frisghal.,2000; Frisia and Borsato, 2010)

In summary, speleothem formation is a function of degassing effG@ drip waters
entering the cave. The growth of speleothems is dependent on specific conditions of
water delivery and air circulation and the reaction may occur under equilibrium or
kinetic conditions (Fairchild and Baker, 2012). The crystal structure of speleothems
can provide insight into changes in speleothem growth conditions and techniques
such as microstratigraphic logging of calcite fabrics can act to complement the

interpretation of speleothem geochemical records (Frisia, 2015).

2.6 Speleothem geochemistry

2.6.1 Uraniurrseries dating

2.6.1.1 Introduction

The application of uraniurseries dating to speleothems is critical when assessing
records of palaeoclimate and palaeoenvironment, an argument summarised by
Henderson (2006)There has been an abundance of speleothem studies which have
employed Useriesdating e.g.Kaufmaret al. (1998) Wanget al. (2001) Fleitmannet

al. (2003) Spotlet al. (2006) to name a few. This review section will focus on the

principles, methods and required conditions necessary fseties dating.
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2.6.1.2 Background

Speleothems are commonly dated by theseties disequilibrium method and as a

consequence there has been an abundance of publishéith Wpeleothem dates

(Doraleet al.,2004) Uranium in cave drip waters is derived from dissolution of the

overlying bedrockScholz and Hoffmann, 2008) oxidising environments, uranium is

easily oxidised to the Ustate, typically in the form of the U&ion, which is highly

soluble and easily mobilized in groundwat@drangmuir, 1978, Langmuir, 1997, White,

2004, Doraleet al.,2004) In contrast, under oxidising conditions, thorium remains in

the quadrivalent state (TH), where it is insoluble and immobild.angmuir and

Herman, 1980, White, 2004, Zhapal.,2009, van Calsteren and Thomas, 2006, Dorale

et al.,2004, Sholz and Hoffmann, 2008T herefore, speleothems may be formed with

U incorporated into the calcite but will contain negligible amounts of Th and as a

consequence any Th measured in the speleothem is assumed to be a product of the

radioactive decay of U.dfice, measurement of the Th and U concentrations in the

speleothem can determine the time since deposit{®hite, 2004, van Calsteren and

Thomas, 2006, Zhaa al.,2009, Doraleet al.,2004) Equation 2.4 is used to state that

the number of atoms disin@ NI} G Ay 3 O0Rb0O LISNJ dzyAdG GAYS 6R

< A& GKS RSOFre& O2yadlyd YR b Aa GKS ydzyo
dN/dT =N Eqg. 2.4

(Scholz and Hoffmann, 2008, Doreteal.,2004, van Calsteren and Thomas, 2006)

The halflife of a particularral 2 OG0 A @S y dzOf A RS ’etal., D04z t {2
The Useries dating technique uses the decay®f which has a halffe of 4.469x10

and in this decay chaif¥*U and?3°Th are longeslived isotopes which are utilised in

the method (White,2004; Zhacet al.,2009).Chenget al. (2000)used highprecision

thermal ionisation mass spectrometry to-define the halflives of?34J and®*°Th as
HNPpXZHPpANpNMANE@NR OH U YR TpZchpnpHONE@NBR OH

(eq. 2.5 and 2.63re used to calculate the ages of a speleothem:

— P —_ p Q Eq. 2.5

p Q Q ) Eq. 2.6
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2 K S NB y Rrepresent the decay constants f&°Th and®34U respectively (White,
2004). Within the equations there are two unknowns, time (t) and the irfitfal/238U
ratio. Through measuring the isotopic ratios defined in the equations above, the age

of a speleothem sample can be determined (White)£20

Thus, speleothems which form with measurable amounts of U, negligible amounts of
Th and remain closeslystems, can provide accurate ages over the past 500,000yrs

(White, 2004; Doralet al.,2004; Zhacet al.,2009).

2.6.1.3 Methods

There are primaly two methods to calculate Th ages and these are alpha
spectrometry and mass spectrometry (Van Calsteren and Thomas, 2006; Scholz and
Hoffman, 2008); the latter of these was used in the present study. There are
predominantly two mass spectrometry teclouies employed to measured U and Th
isotopes and these are thermal ionisation mass spectrometry (TIMS) and- multi
collector inductively coupled plasma mass spectrometry -(@IBMS) (Scholz and
Hoffman, 2008). The advancements in mass spectrometry have laddduction in
sample size, increased precisior?¥Th ages and extended the age range to whieh U

Th dating could be applied (Doraeal.,2004).

2.6.1.4 Required conditions necessary faeldes dating

In order for a sample to be successfully dalgdUTh methods, it must meet three
conditions. Firstly, the sample must have formed with appreciable U in order to
measure the isotopes accuratelWhite, 2004 Doraleet al., 2004 Lauritzen, 2014)

The amount of U in speleothems can vary between <@04120ppm depending on
bedrock geology (Lauritzen, 2014). Mass spectrometry techniques require at least
n ®c > #FY pTate a 100ka sample; younger samples or samples with low U

concentrations will require larger amounts ©¥fU (Lauritzen, 2014).

Secondly, the speleothem must have formed with negligi$fgh (White, 2004;
Doraleet al.,2004; Scholz and Hoffman, 2008PTh may be incorporated into the
speleothem through detrital matter and in order to determine the initf@I'h content,
the 23°Th/232Th ratio is measured (Doraks al., 2004). The crustal isotope ratio of
230Th/232Th is ~5 x 10 and initial 2°°Th within speleothems will typically be
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accompanied by a greater amount &fTh (Hellstrom, 2006, Scholz and Ho&mn,

2008) Therefore, if it is assumed that detrit&fTh is associated witf°Th in a given

ratio, samples with high initidP°Th can be identified (Scholz and Hoffman, 2008). Due

to the variability of the?*°Th/?32Th ratio between source materialsy® correction
procedures have been proposed (Scholz and Hoffman, 2008). The first uses isochron
techniques to measure the isotopic composition of the detrital material whilst the
second uses an estimation of the isotopic composition of the detrital madtand an

estimation of the associated error (see Hellstrom, 2006).

Thirdly, the speleothem calcite must remain a closgdtem (White, 2004; Dorakd

al., 2004, Lauritzen, 2014) whereby there is no exchange between the parent and
daughter isotopes and th environment (van Calsteren and Thomas, 2006).
Speleothems are commonly assumed to be clesgstems as they are unlikely to be
subject to diagenesis (through meteoric water) after formation (Scholz and Hoffman,
2008). However, there are exceptions anctlgothems have been shown to exhibit
opensystem behaviour. Speleothems may lose or gain radionuclides as a
consequence of prolonged exposure to the cave atmosphere (Richards and Dorale,

2003) such as during a hiatus.

2.6.1.5 Age modelling

Highresolutionproxy analysis requires a higésolution chronology. Uraniurseries
dating at highresolution is impractical due to the large volumes of material required
(100mg) and associated costs of analyses (Smith, 2014). Each speleothem within a
study should hava robust independent chronology as even coeval stalagmites cannot
be chronologically constrained on the basis of stratigraphic correlation (Bexisain
2018). Therefore, it is important to establish an independent chronology for-high
resolution proxy reords and this can be done through creation of an-dgpth
model. An agalepth model will establish the age between two adjacéhseries
dates and can be used to infer the timing of proxy changes. This model is calculated
using the relationship betweengas and proxies from specified distances along the
speleothem growth axis (Schadt al., 2012). Age modelling is a recurring problem

across different archives. A literature analysis by Blaauw (2010) revealed that 65 (out
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of 93) papers published in 2008ddnot specify the errors associated with the age

models constructed and 71 did not specify the age modelling software used.

Linear pointto-point interpolation is the most frequently used method for
speleothem agalepth modelling (e.g. McDermott al., 1999; Wanget al., 2005).
Recent models such as StalAge (Scholz and Hoffmann, 2011), COPRA (Brestenbach
al., 2012) and OxCal (Broikamsey, 2008) allow for improved adepth modelling
incorporating age uncertainties, age reversals and hiatuses as svelirect proxy

record age reconstruction.

2.6.1.6 Summary

U-series dating, based upon the decay of U to Th, can provide accurate and precise
ages of speleothem calcite. The introduction of mass spectrometry techniques led to
high precision ages, decreassample size and increased the applicable age range of
the method (Doraleet al.,2004). In order to apply h dating the speleothem must
have formed with enough U, contained no or minimal initial Th and remained a elosed
system (White, 2004; Doraét al., 2004; Lauritzen, 2014). If these conditions are met,
then an independently dated chronology can be constructed for a speleothem and this
can be used alongside palaeoclimate and palaeoenvironmental indicators to provide
a key archive of past climate arahvironmental change. It is important that an
independent robust chronology is constructed for each speleothem and appropriate

age modelling software is used to construct atppth models.

2.6.2 Assessing palaeoclimate and palaeoenvironment using ssabdpe
analyses of speleothems

2.6.2.1 Overview of isotope systematics

The most frequently used isotopes in speleothbased climate studies are oxygen
and carbon. Hydrogen is also measured in rainfall and cave drip waters and is
predominantly controlled by the same processes as oxygen. This review will discuss
the factors whch influence the oxygen (and hydrogen) isotope composition of water

as it moves through the hydrological cycle, into the soil and the karst and finally into
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the cave. Organic and inorganic processes which influence the carbon isotope

composition will alsde discussed.

Oxygen and hydrogen isotopes measured within waters are reported relative to
Standard Mean Ocean Water (SMOWYaig, 1961pClark and Fritz, 199%5harp,

2007) Carbon isotopes measured within carbonates are reported relative to Pee Dee
Bekemnite (PDB)Craig, 1957Clark and Fritz, 1998harp, 2007)Oxygen isotopes

within carbonates can be reported relative to SMOW or ROBrk and Fritz, 1997)

¢tKS LINBFTAE W+ASYyylQ 6AdSd +{ah2 |yR *t5.0
of stardards has been exhaust¢8harp, 2007Lachniet, 2009)

{GF06tS Aa2021LIS YSIFadaNBYSyida NB NBLRNISR
McKinneyet al. (1950)(eq. 2.7):

WP TLTLTT Eq. 2.7

Where:

1 R =the ratio of the abudance of the heavy to light isotope
1 x=the sample

1 std = standard (Sharp, 2007)

¢KS 1+ @FfdzS Aa NBLRZ2NISR | a (ShaoN2oomy ¢ KS: 04 21
Gl tdzS F2NJ 620K *{ah2 | yR =+t 5. %K% ratiodm': Iy
represens the difference relative to the standai@harp, 2007Lachniet, 2009)A
yS3alLaAgS + @GrtdzS YStya (GKS NXraaz 2F (GKS ¢
than that of the standardSharp, 2007)

2.6.2.2 Oxygen isotopes

Hydrological cycle

Theprima@ Ay Tt dzS ylDSalue @f &aier at thieSegdinning of the hydrological
O& Of S % faludi df the ocean and the oxygen isotope composition of meteoric
waters is primarily controlled by evaporation of ocean wat@tark and Fritz, 1997
Lachnief 2009) Equilibrium fractionation during evaporation of ocean waters will lead

to preferential evaporation offO. The resulting vapour will be depleted@ relative
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G2 GKS 20SlIy 41 G4SNBE | yR O2vglieSAjthiasolf ok & K I ¢
necessaty the case, if evaporation of ocean water has occurred in equilibrium, the
isotopic composition of the resulting vapour and precipitation may be determined. For
example, the equilibrium isotopic composition of water vapour (for oceans at 25°C)

should be:

1 ]'SC)\/apourI-I 1805eawaterb Bevww = 0.0 +'93) Z-qf) O} O(,C|al’k and FritZ, 199m28

Kinetic (or norequilibrium) fractionation may occur during evaporation of ocean
waters and this is primarily related to humidiGonfiantini, 1986 Clark and Fritz
1997, Lachniet, 2009).ow humidity will reduce waterapour exchange and permit
net diffusion between the boundary layer and the atmosphere. Therefore, as a result
2T S@I L2 NJolvalues/of thekwter isurface and in the boundary layer will
become progressively enriched#0 (Clark and Fritz, 1997)

In contrast to evaporation, condeation is an equilibrium process. Rainfall will have
'y Ay ONS lvalud Relative to the vapour from which it formed due to
preferential removal of®O during condensatiofiDansgaard, 1964Clark and Fritz,
1997 Lachniet, 2009)Condensation is a fuhon of temperature and in order for
condensation to occur, there must be a reduction in temperature. Along an air mass
trajectory, an air mass will cool and condensation in the form of precipitation will
occur. As the air mass moves further from the maistsource, the vapour becomes
progressively depleted iffO. This is known as Rayleityipe distillation (Lachniet,
2009 Clark and Fritz, 199Dansgaard, 1964)

The global meteoric water line (GMWL) describes the linear correlation which exists
betweeni®h | YR 15 @I t dzS a (Craig, 196%CiaskanIF Gz, 10970 S NA
Sharp, 2007)Craig (1961ajefined the GMWL as (eq. 2.9):

L5T7 BmrEb mm: {ah? Eq. 2.9

The work oRozansketal.(1993F dzaAy 3 GKS DbLt ySiwaN] KI 3
(eq. 2.10):

15 Ty ®HPh GpwMmMdEHTTO Otp N Pc p 0:':  +Hqa2le
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TheRozansket al. (1993)equation is based on precipitation and provides a weighted

annual mean of precipitation.

As oxygen and hydrogen isotopes are controlled by the same procélssgproduce
a strong linear correlation, with a slope of (Bansgaard, 1964Llark and Fritz, 1997
Lachniet, 2009)The intercept of this slope is known as the deuterium exatsand

can be calculated using eq. 2.11:
dI' b 180 (Dansgaard, 1964) Eq. 2.11

d is primarily controlled by kinetic effects during the evaporation of waters from the

ocean or landSharp, 2007Lachniet, 2009)Hydrogen is more readily fractionated

than O, hence the excess. Evaporation will resultyi A Y ONB I 8 §RAY 51 @I f d
Ay GKS NBYFAYAYy3 gt (S NBOdslope dvould beG8, ylétthidg dzSy O ¢
to the right of the GMWL and values would be low. Conditions of high evaporation

and low humidity will result in vapour and condensatigiotting to the left of the

GMWL in order to maintain magmlance and thel values would be higfClark and

Fritz, 1997 Lachniet, 2009Sharp, 2007)

The GMWL is a global average of local meteoric water lines which may be individually
driven by local ainatic mechanisméSharp, 200{7Clark and Fritz, 199:Clark and Fritz
(1997) highlighted that different locations will possess a distinctive local meteoric
water line relating to the vapour source and the effects of secondary processes such
as reevapordion and mixing. In additior,achniet (20093tressed the importance of
establishing a LMWL when using speleothems to reconstruct palaeoclimate as this will
permit assessment of the degree of evaporation relative to precipitation in the soil
and drip wates, seasonality of precipitation in the drip waters and estimations of

moisture recycling.

Isotope effects

As the water moves through the hydrological cycle it can be modified by a series of
Aa20G2LIS WYWSTFSOGaQed ¢KSasS IcanBentdlB/famaustR (2 Y
of precipitation, altitude, moisture source, seasonality and ice volume. Each of these

is discussed separately below.
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Temperature effect

The temperature effect refers to the positive correlation between mean annual
surface air tempgature at a site (dT) and the mean oxygen isotope composition of

LINB OA LINEDH & A & ¥ 386,T (Lashniet, 2009Rozansket al., 1993) The
temperature effect was initially studied Wyansgaard (1964yho used data from the
IAEA/WMO network to study the relationship between ssfmecific surface air

G S Y LIS NI (i dzNIBO valye Rf piedpRationDansgaard (19643uggested the

positive correlation between the two variables plotted along a slope af:~0per °C

for locations in the midto highlatitudes. Further work byRozansket al. (1993)

verified this relationshiphowever,the slope of best fit (representing the temperature
rangeGH nc/ 0 LI 2 G G S R Rdzansket a.p1993)hidhlf§iNdda strahger
NBfFGA2YAaKALI 0hndpy:: LISNI c/ 0 ¢l a SOARSyI
gl & SOARSY(d Ay (KS (NP LA'GHIP reatdBRiNEngeS { Sa a =
0Sis6SSy bnomt: (2 bnoddn: LFokdnsketa., A98DONBI &S
Dansgaard, 1964This relationshipas demonstrated nofineartemporal and spatial

variability between regiongLachniet, 2009)and is supported by water isotope

modelling through an oceaatmosphere system (Schmidt al.,2007)

Studies witlin North America have illustrated the complexity with the globally
implemented Dansgaard (1964)180,k R¢ FA I dzZNBE 2F ndc s LISNJ
OSY (NIt YSyildz00& RICI NBNIS DA 191y % RHelndor2 790 d o y:':
while Stuiver(1968)NS LI2 NI SR | @It dzS 2F nodos c/ Ay |/
on precipitation was also identified Byyalonet al.(1998)at Soreq Cave, Israélyalon
etal.(1998)F 2dzy R I RA&GAY Ol A PHvaleg Mp&ipitatiphadd” 0 S ( «
surfacek A NJ G S Y LIS NI (i d#OBadugs assdciatéd withdowd tédnperatures.

The oxygen isotope composition of precipitation is also dependent on seasonal
GSYLISNI (dzNB B A @K d3 &K S NI & d2¥OWSEINeS ih yilker £ 2 6 SN
(Lachniet, 2009)

Rozamski et al. (1993) proposed that the IAEA/WMO network has identified three

types of isotope dependence on temperature. Firstly, the spatially variable

NBf I 0A2YyaKA L DSvemées shd surfagedzr temperature at different

sites. Secondly, theStY LJ2 N> £ NBf I A 2y a KO, khanges @n8 Sy & S
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surface air temperature for a station or a group of stations. Finally, the temporal
relationship between intet y y d2fOf changes and surface air temperature at a

single site.

Latitude effect

Thedf 20 £ LIPOjvalGedllas tedn shown to vary with latitude and this is
1y26y Fa GKS t GAGdzRS Seowduesiathheropicd witK | &
values decreasing towards the higher latitudg®zansket al., 1993 Bowen and
Wilkinson 2002, Lachniet, 2009The main reason for this pattern is related to the
large amount of global evaporation (65%) which occurs in tropical oceans between
30°S and 30°N. As this vapour is transported to higgt@udes, precipitation leads to

a decreasel y (%@ \&lues due to an overall reduction in the amount of water

available within the airmagfkozansket al.,1993)

However, data presented yozansket al. (1993)exhibit a spread of data around the
broad latitudinal pattern. It has been proped that this spread of data can be related
to anomalies in regional temperature, the continental effect, the amount effect and
the altitude effect. The model ofBowen and Wilkinson, 2002)lso incorporates
altitude and atmospheric vapour transport pathvgagnd these factors account for
variations away from the latitudinal gradient (e.g. the western coast of South

America).

Rozansket al. (1993)demonstrated temperature plays a key role in creating the
f 1 GA0dzRA Y I £0,. A dekréageSnylaiver Atgiosphere temperature in winter
results in a reduction in the amount of total precipitable water in the atmosphere. As
a consequence, there issggnificant increase in effective raout and depletion of the

oxygen isotope composition of the water vapour and any subsequent precipitation.

Continental effect

¢ KS NBf I (A 3B vaueOdidet th Bicrelsihg distance from the ocean is
known as the continental effect. The continental effect is the result of progressive
removal of moisture and preferential removal of heavy isotopes from an airmass as it
moves further inland(Dansgaard, 1964Rozanskiet al., 1993 Lachniet, 2009)

Continentalmoisture may be returned to the atmosphere via evaporation of lakes,
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rivers or soil waters and this may oppose the continental effEcisteret al., 1993
Lachniet, 2009)In addition, transpiration from plants may also recycle moisture to
the atmospherebut will not fractionate the isotopes in the waté@Gat et al., 1994

Lachniet, 2009)

The maps produced lBowen and Revenaugh (20@Bmonstrated a pattern of lower

1180, values withincreasing distance from the coastal regions and this effect was
found to be strongest across Northern Eurasia and North AmeRoezansket al.
(1993)quantified the continental gradient across Europe and reached a value, of

per 1000km. SimilarlyVelker (20000 RSY GAFASR | O2¥GivalyeSy G | f

of -m @ H:'er 10Qkm across the North American Pacific NW.

Amount effect

¢CKS FY2dzyi STFFSOG NBTFTSNRER (%9 vaussaindikahfals N&E S
F'Y2dzy 2 ¢ MiDKvalde @s$obldted with periods of increased rainfall
(Dansgaard, 1964Ro0zansket al.,1993 Lachniet, 2009)Tropical regions which exhibit

)¢

deep vertical convection are predominantly influenced by the amount effect
(Lachniet, 2009Dansgaard, 1964heamount effect was proposed to be related to
evaporation of falling raindrops and also to isotopic exchange between falling
raindrops and atmospheric moisturé@Dansgaard, 1964Rozanskiet al., 1993)

¢ KSNBETF2NBI RBvalles i @dpitabreghscan be related to significant

cooling of the air with minimal modification by other processes such as evaporation

YR Aa2G21L) SEOKIy3ISd hy HBoK&lues imkdpiidl K Yy R X
regions represent raindrops which have been enrichéd@nthrough evaporation and

isotopic exchangéDansgaard, 1964) achniet and Patterson (2008lustrated the
AAAYATFTAOLIYG Ay TFE dzSy OS®OR2valuediiK Sanamy 2Cemfral ST T
America). A negative correlation (¥6.89) was found to exist be®vS y#QO,ivalues

YR NI AY T f {180 -Migfatbyarounts slopekofH Py p 5 n dnps's LISNI ™
of rainfall. Variations in the oxygen isotope composition of speleothems have been
interpreted to reflect changes in rainfall amount in the tropjEgeitmannet al.,2003

Neffet al.,2001; Burnset al.,2002 Griffithset al.,2009 Griffithset al.,2010)and also

outside of the tropicgTrebleet al.,20053 BarMatthewset al.,2003)
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Altitude effect

¢KS | ftGAGdzZRS STFSO0 “QIduSINEth itceasitgkalitud® S ONS |
(Dansgaard, 1964Rozansket al., 1993 Lachniet, 2009)This effect is the result of

declining temperatures of condensation with increasing altitude and progressive
Rayleigh distillation associated with uplifting of am@ass over an orographic barrier
(Rozanskiet al., 1993 Lachniet, 2009)Kendall (2004 ktated that typical altitude

gradients vary betweer0.15to-n ®p:’: LISNJ mannY® ¢ B&enand) LINE R
Wilkinson (2002§akes into account the altitude effect 88O, values and highlighted

key mountainous regions such as the Andes and the Tibetan Plateau which are
OKI NI} OUSNR &SR BgealuesSt I GA@Ste 25 |

Source effect

SAFTFSNBY (G Y2AaildzNBBovaudaNabdhs iskio@rSas tReAsdufc& NB v
effect (Rozansket al., 1993 Clark and Fritz, 199Tachniet, 2009)Variations in air

mass trajectories and temperature of the vapour source areas as well as differential

1180 values of the oceans between regiom® the mechanisms which cause the

source effect(LeGrande and Schmidt, 2Q0bachniet, 2009) Studies from North

America have identified four moisture souraeeas,and these are: the Gulf of Mexico

and subtropical Atlantic, the Arctic, the North Pac#icd the subtropical Pacific
(Rozansket al., 1993 Friedmanet al., 2002 Clark and Fritz, 199Tachniet, 2009

Bryson and Hare, 1974kach of these source regions has a distinct oxygen isotope
composition and it has been proposed that in the mahtinental USA, moisture
2NAIAYFGAYT FNRY GKS t I OAYO Blueg MlatiekdS | N
moisture from the Gulf of Mexico as it has been transported over a greater distance

(Clark and Fritz, 199Dennistonet al.,1999 Lachniet, 2009)

In South America, the oxygen isotope composition of precipitation south of 20°S has

been shown to be controlled by seasonal shifts in moisture so{@oazet al.,2005)

5dzZNRAy 3 gAY (SN HBOyvRuesSdreNdigiier diid ddl@xyafopical winter
precLIAGF GA2Y FNRY GKS 1TaftFyidAOd B valleBy (0 NI A
are lower due to subtropical precipitation originating from the Amazon B&Xinzet

al., 2005) Maher and Thompson (201X | @S LINR LJ2 a SO valles ff 3Sa A

speleothemsacross China are related to different moisture sourdesher and
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Thompson (2012suggested that Indialy 2 Y 4 2 2 Y &%@,dzdlUesS decurted
during periods of high boreal summer insolation whilst during periods of low

insolation Pacific moisture sources were dominant.

Seasonality

¢t KSNBE Aa | R A& ualugs@timidtahighiatiudas exdiBiting seasonal
variabiity (Dansgaard, 1964Rozansket al.,1993 Lachniet, 2009)Seasonal variations

A y*®Qyvalues are related to three driving mechanisms. Firstly, seasonal temperature
variations at midto high-latitudes leads to seasonal variability in the total amoaht
precipitable water available in the atmosphere and this is associated with different
amounts of effective rawout. Consequently, this alters the oxygen isotope
composition of precipitation(Rozanskiet al., 1993) Secondly, seasonal shifts in
evapotrarspiration on the continents acts to modify the atmospheric water balance
(Rozansket al., 1982 Rozansket al.,1993)Finally, seasonal changes in the vapour
a2dz2NOS FNBFa FyRk2NJ ad2NyY GNI2SOHF®NRSAE O
(Rozansket al., 1993)

Ice volume

The ice volume effect has been shown to alter the oxygen isotope composition of the

ocean on glaciahterglacial timescalef_achniet, 2008 5 dzNA y 3 I 80 OA | L
values of the ocean will increase due to preferential evagion of 10O and an

increase in the proportion of freshwater locked up in ice shdéechniet, 2009)

Schraget al. (2002)identified a glaciak y § SNH f | O90IvaluesioKQ-7F @y:'A y !
FNRY GKS RSSLI Gt yadAaAO hOSI yhe glogb&t oxyg¢n | @S NI
isotope composition of seawater. As highlighted lbgchniet (2009)shifts in the

oxygen isotope composition of the oceans over glaaoigrglacial timescales will

Ol dz& S & dzo & S |j dz8Q@ vialuetoKpkedipitation and cavekdsmters.

Soll

The amount of precipitation which infiltrates soil pores lies betweeB5% in

temperate climates as the processes of runoff, interception by vegetation,
transpiration and evaporation limit the amount of precipitation infiltrati@@lark and

CNAGT Z MpptT [FOKYASHGE wnnpod h¥ #RSAEAS LN
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values in soil water. Evaporation of water from soil will lead to enrichmer#an
(Zimmermanet al., 1967, Allison, 1982 Gat, 1996 Clark and Fritz, 1997Tang and

Feng, 2001 Lachniet, 2009) A negative relationship exists between isotopic
enrichment and humidityTang and Feng, 200The enrichment offO will be greater

than deuterium as a result of the kinetic effects of evapma(Tang and Feng, 2001)

FYR GKAa (AYySGAO T NI &ishopyd lawag@lisad,1982)f S| R
In addition,Tang and Feng (200ientified the isotopic compaosition of precipitation

was significantly more variable than that of soil wafEhe authors suggested that the

soil water was composed of different meteoric waters from different precipitation

events, potentially over different seasons, which have become mixed within the soil

zone.

Epikarst

5 NA L) %0 vabiesImay be modifieditivin the epikarst zone by the timing and
amount of recharge (Lachniet, 2009hneset al. (2000)demonstrated the aquifer in
Barbados was only recharged by-A20% of mean annual precipitation which
predominantly occurred during the wettest period. As @&nsequence, the

3 NE dzy R #0 ualSadare lower relative to those of precipitation. The transit time
of waters through the karst has also been shown to influence the oxygen isotope
composition of drip waters(Baldini et al., 2006 Lachniet, 2009) Slow dips
(<0.1ml/min) within cave environments have been proposed to be applicable to
studies examining decadab millenniatscale variability due to longer transit times in
the karst permitting mixingBaldiniet al.,2006) In contrastBaldiniet al. (2006) have
suggested intermediate drips (0Zml/min) will have a shorter transit time and may
be used in studies examining seasonal timescaleonaldet al. (2007)identified

that drip discharge at drip sites with overlying bedrock thickness of 12 and 22m
responded rapidly to precipitation events. It was suggested the speleothem
geochemical records fed by these drips may provide-hgglolution trends of palaeo
rainfall. In contrast, drip discharge at drip sites at 45m did not correspond to
precipitation evzents and may provide records of longerm rainfall trends. Variations

in the saturation state of drip waters have been shown to influence the timing of

calcite deposition which will impact the oxygen isotope composition of speleothems
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(Baldiniet al., 2006, Lachniet, 2009Caiet al.,2011) Seasonal variations in p&a
the drip waters and cave air will influence the rates of degassing and this may result
in a seasonal calcite deposition b{@aldiniet al.,2006 Mattey et al.,2008 Lachniet,
2009 Caiet al.,2011) For example, at Shihua Cave (China) less calcite is deposited
during the summer (rainy) season due to higher drip rates and cave air pCO2 which

act to limit degassing and consequently limit calcite precipitaf©aiet al., 2011)

Cave

The oxygen isotope composition of cave drip waters and any precipitated speleothems
Ad NBfIFIGSR (G2 NBOKFNABS LI G %SN3 inthgdRil LINE O S
and karst(Fairchild et al., 2006&achniet, 2009)Speleothems uskin palaeoclimate
studies must be shown to have formed in isotopic equilibrium with the cave drip
waters from which they formedHendy, 1971Fairchild and Baker, 2012sotopic
equilibrium is likely to be achieved when the rate of drip water degassirgjoiw
(Hendy, 1971)Equilibrium isotope fractionation is temperature dependent and is
determined by the differential bond strength of isotopes in an element. Under
equilibrium isotope fractionation between water and calcit& will be preferentially
incorporated into the speleothem calcit€Sharp, 2007 Lachniet, 2009) An
equilibrium fraction factor relationship for synthetic calcite was defined by Kim and
hQbSAf omdppTo | ay

p MR p@opTryY 0@ ¢ Eq. 2.12

Where1000Inh carcitewater) iS the fractionation between calcite and water and T is the
temperature in Kelvin. A combined analysis using laboratory, theoretical and cave
studies by Tremainet al.(2011) led to a new equation defining the empirical isotope

temperature fractionation relationship for inorganic calcite (eq. 2.13).
p TR pP@ pryY C® Eq. 2.13

Equation 2.13 defines a temperatudependent oxygen isotope fractionation ef
0.177: /°C.

When rapid degassing oars, kinetic fractionation may act to modify the isotopic

composition of the drip waters. Calcite precipitated from kinetically fractionated
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waters may show enrichment in bo#O and**C (Hendy, 1971)The Hendy Test is

used to determine whethecalcite deposition occurred in equilibrium with cave drip

g GSNB FyR Aa O RNA SfBvatuegiongatsingle\griovittelayer.y 3 1
YAYSGAO FNIF OUGA 2 yHh( A 3R valuas pasRivEIF deavaoriy aA T ¢
single layer and/ora 3 ( KS 3 NP ¢OKvalkesakedvariabie Rlong & single
growth layer (Hendy, 1971). However, the Hendy Test has been criticizedaxake

and Liu (2009%oncluded the Hendy Test is not an accurate determination of whether
calcite has formed irsotopic equilibrium with cave drip waters. Dorale and Liu (2009)
argued that kinetic fractionation could be occurring along the flanks of the speleothem
while equilibrium fraction is occurring at the centre, sampling along a single growth
layer is impractial, climatic factors may cause the@d NJA | (3K 2 ¥ Y& Elues
depending on the timescale being examined and finally, replication is a better method

to identify kinetic effects in speleothems.

2.6.2.3 Carbon isotopes

Open vs. Closed system models

¢KS OF Nb2y A a2 fELshinGgedatbRrasihasib2efi suggested to
predominantly reflect the carbon isotope composition of the percolating drip waters
(Fairchilcet al.,2006a) Percolating waters acquire carbon from the following sources:
CQ from the soil, C@from the atmosphere and dissolution of carbonate minerals
within the karstic host rocKFairchildet al.,2007) Two endmember systems have
been used to describe the processes through which percolating waters accumulate
calcium carbnate from the soil and epikarst (Hendy, 1971; McDermott, 2004,
McDermottet al.,2005). The first is the opesystem model; under these conditions
there is continuous equilibration between the percolating water and an unlimited
supply of Cewithin the sal (Hendy, 1971; McDermott, 2004; McDermettal.,2005).

The result of the continuous equilibration is an increase in the amount of limestone
dissolution, consequently leading to a higher proportion of bicarbonate within the
seepage water. Under the opené a (i SY Y 219 f pErcolatihgwaters and
ddz0 aSljdzSyidfe &LISEtS20KSYas XRawith b mBidd &8 Ay T
influence from the epikarst (McDermott, 2004; McDermettal.,2005). The second

model is that of a closedystem. When carbmate dissolution begins to occur in a
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closedsystem, the percolating waters become isolated from the reservoir ofit€O

the soil(Hendy, 197 1McDermott, 2004 Fairchildet al.,20069. The resulting carbon

isotope composition of the watefi KSNB ¥ 2 NE NG &fttie aski rock K S  «
(McDermott, 2004; McDermott al.,2005) and overall the total dissolved Ca and DIC

are greatly reduced in comparison to opseystemgqFairchildet al.,2006a) However,

these two models represent extreme siti@ns (Hendy, 1971) and the majority of

natural systems are most likely to be somewhat open and therefore will have a
RAa&2f OSR A yIEMe whiclOiesbhétebnahgé two models (McDermott

2004; McDermotet al.,2005).

Organic processes

Varigions in the carbon isotope ratio from speleothems forming in arid environments

have often been inferred to reflect changes in vegetation type (McDemott, 2004;
Fairchildetal.,h nncl 0 tfFyGad ¢KAOK dziAf Rdv8luei KS [ ¢
between-H c:'s -Hi/®: GKAES LI Fyda dziAf Al ACIaluéKS / n
between-m c:': -Mi/R: 0aO5SNXN2(0ZI etan2005). Thasd Biffered 2 {
@SASGFGA2y GeLlSa NB NBO2NRSR CwaluasliSt S2 i
2 KSy O NECafuedili®betweem n:': -ai25 AG Ada FTNBIdzSy it ¢
the carbonate formed in equilibrium with GQespired from C3 vegetation.
Conversely, carbonates which have been deposited in equilibrium witieSgired

FNRY /n @S3ASGLl (R valued &ithlh e fahge otk G682 1b H':
(McDermott, 2004).

In regions which lack C4 vegetation, the interpretation of the carbon isotope record
can be complicated. However, stalagmites from Villars Cave, France, have provided a
record of carbon isotopeneasurements related to variations in biogenic soilCO
production (Gentyet al.,2003) Between 83,00Q 0 H = 1 n n & NJC.vdlugs frank S ¢
Villars Cave stalagmites are significantly lower during warm periods due to a larger
amount of biogenic CObecoming incorporated into the percolating waters. In
contrast, under cold conditions, vegetation and soil become degraded and as a result
there is a reduction in biogenic €@roduction and a rise in the proportion of

atmospheric C® Due to the increaskproportion of atmospheric (heavy) carbon, the
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colder (Gentyet al.,2003).

Inorganic processes

The precipitation of calcite in the karst above a cave has often beeth tasexplain

high carbon isotope ratios (McDermott, 2004). This process, referred to as PCP, is
related to degassing of GADuring degassing, carbon is preferentially released@s

and this leaves the percolating waters with a higher proportiod®6f Fairchild and

Baker, 2012)Bakeret al. (1997)identified PCP as one of three possible mechanisms
GKAOK YI & KI¥SaldesSispaleathems\fdrK Stump Cross Caverns, UK.
Bakeret al. (1997) proposed that degassing of percolating waters withm karst

g2dzf R NBadzZ & Ay O t OXG SaluédSvithith dhk ivdtesyandl y R S
subsequently any calcite precipitated from the waters. Degassing (and subsequent
kinetic fractionation effects) between stalactite and stalagmite as well as
disequlibrium with soil C@g SNBE LINR L2 ASR Ay FRRAGARY (2 t
values of speleothems studied by Bakerl. (1997).

¢ N} OS StSYSyida KIFgS GKS LGSy dRdvaluein2 & dzLJl
speleothems (McDermott, 2004). Assesent of the relationships between Mg/Ca,

{ NX / | 3Clvafugs from speleothems has frequently identified a significant positive
co-variation, indicative of a common forcing mechanism (Griffiisal., 2010;

Regattieriet al.,2014). The driving mechanis has been proposed as PCP within the

karst which is enhanced under dry conditions.

Within cave processeginetic fractionation

Drip rate is known to control kinetic (disequilibrium) fractionation during calcite
precipitation (Muhlinghauset al., 2009) Mihlinghauset al. (2009) identified that

under fast drip regimes, the carbon isotope composition of the resulting calcite forms

in isotopic equilibrium with the drip waters. Conversely, extensive degassing.of CO

and calcite precipitation will lead tolaIN2 ANB a &4 A 8S Rova@MBf hé Ay
solution and any further precipitated calci{®lickleret al.,2006)and these processes

are promoted under slow drip regiméMuihlinghauset al., 2009) Another control

over kinetic fractionation, which isasely related to drip rate, is the residence time of

the solution on the stalagmite surfag®ihlinghauset al., 2009) If residence times
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are longer, the amount of calcite precipitation will increase whilst the amount of
bicarbonate in the solution willlecrease. This will result in a progressive rise in the
carbon isotope ratio of the bicarbonate in solution and this will ultimately lead to
isotopic equilibrium between the bicarbonate in solution and the cave ,PCO
(Muhlinghauset al.,2009)

Kinetic frationation of carbon isotopes has been shown to occur under strong cave
ventilation regimes(Spotl et al., 2005 Mattey et al., 2008 Frisiaet al., 2011) as
discussed in section 2.4.3.6. Enhanced degassing results in kinetic fractionation of the
carbon istopes and enrichment of3C in the solution and precipitating stalagmites
(Spotl et al., 2005; Matteyet al., 2008; Frisiaet al., 2011). These studies have
demonstrated the complexity of the carbon isotope composition in speleothems and
have highlightedtie importance of cave monitoring studies (Sgatthl.,2005; Mattey

et al.,2008; Frisiat al.,2011).

2.6.2.4 Summary

Isotopes are fractionated by an array of processes. Oxygen (and hydrogen) isotopes

are modified throughout the hydrological cycle. Timdial isotopic composition of
YSGS2NAO oI 1 SNA RQvaldedfosdd® iaferSaRd isondodifieckby 1
evaporation and condensation (Dansgaard, 1964; Clark and Fritz, 1997; Lachniet,
2009). Meteoric water can be modified by the following isdlop WSFTFFS O & ¢
temperature, latitude, continentality, amount of precipitation, altitude, moisture

source, seasonality and ice volume (Rozaeski., 1993; Lachniet, 2009). In the soll
1T2ySs S@IFLERNIGAZY KI &0 vafubsywithin Kt wafer [Clark A y F £
and Fritz, 1997; Lachniet, 2009). The timing and amount of recharge may further
modify the oxygen isotope composition of water in the epikarst (Lachniet, 2009).

Finally, kinetic fractionation within the cave will change ikotopic composition of

drip waters and any speleothems precipitated from these waters (Hendy, 1971;
Lachniet, 2009).

Drip waters can accumulate carbon from the soil and epikarst via an open or closed
system (Hendy, 1971; McDermott, 2004; McDermettal., 2005). Carbon isotope
ratios in speleothems have been interpreted to reflect changes in vegetation type

(McDermott, 2004; Fairchildt al.,2006a) and vegetation productivity (Genst al.,
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2003). Additionally, inorganic processes such as PCP @aited997; McDermotet
al., 2004), and withircave kinetic fractionation (Muhlinghaws al.,2009; Mickleret
al., 2006; Spotkt al.,2005; Matteyet al.,2008; Frisiat al.,2011) have been shown

control the carbon isotope composition of drip watensd speleothems.

2.6.3 The application of trace elements to speleothem studies

2.6.3.1 Introduction

Increasingly, trace elements are being used in speleothem studies aiming to
reconstruct palaeoclimate (Fairchild and Treble, 2009). As identified in section 2.3
geochemical signals within speleothems can be controlled and modified by many
different processes within the atmosphere, vegetation and soil, karst and cave, during
speleothem crystal growth and during secondary alteration of calcite (Fairsthad,
2006a; Fairchild and Treble, 2009). Therefore, the concentrations of different
elements in speledtems can be used to interpret variations in different processes and
have the potential to become powerful higlsolution proxies of palaeoclimate and
palaeoenvironment (Borsatet al., 2007; Fairchild and Treble, 2009). Furthermore,
seasonal cycles in tta elements have recently been used in conjunction with other
dating techniques to constrain speleothem chronologies (Setiti.,2009; Baret al.,
2018). Nonetheless, the complexity of the cave environment complicates the
interpretation of trace elementprofiles and therefore understanding the trace
element sources and influencing processes is vital to decodectieenicalsignal
preserved withirthe speleothen(Fairchildet al.,2000, Fairchild and Treble, 2009)

2.6.3.2 Sources of trace elements

As a esult of the individual tectonic and depositional processes operating at each site,
trace element composition is highly sispecific and often individual speleothems
within a cave system may each possess a distinct trace element sigrigairehild

and Teble, 2009)

Atmosphere
Although the atmosphere provides the primary source for the stable oxygen isotope

signal preserved in speleothem calcite, it is remains a minor source for trace element.
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However, some trace element signals have been shown toerétatlry deposition of
aeolian dust (Goedet al.,1998; Frumkin and Stein, 2004; Fairchild and Treble, 2009)
and others have identified the contribution of sealt aerosols in wet atmospheric
deposition as a source of trace element species (Bakei., 2000; Fairchilcet al.,
2000). Anthropogenically and volcanically sourced sulphur emitted into the
atmosphere can also be transferred and preserved into speleothem calcite and
therefore speleothems may act as an archive of modern pollution or volcanic activity
(Frisiaet al.,2005; Wynret al.,2008, 2010). Although, work by Borsabal. (2015)
demonstrated the variable transmission time between S deposition and incorporation

into the stalagmite which can significantly influence interpretation of S as a proxy.

Vegetation

Vegetation productivity and decay have been demonstrated to control elemental
concentrations of PHuanget al.,2001; Fairchild and Treble, 2009; Tredial.,2003).

A study at Ernesto Cave, Italy, identified the supply of P to the karst and cave was
related to vegetation decay in the autumn and this was expressed by peaks in P within
the speleothem records (Huareg al., 2001). Analysis of P within speleothems was
confirmed to be a useful proxy for palaeainfall byTrebleet al. (2003) Within the
study, P was @monstrated to be a reliable indicator of surface bioproductivity which

is ultimately related to rainfall.

The dieback of vegetation in autumn combined with increased infiltration may result
in an increase in speleothem P during the autuwinter (Borsatcet al.,2007; Treble

et al.,2003). Seasonal variations in speleothem P concentrations have been identified
and express the annual distinction between different seasonal hydrological regimes
(Borsatoet al., 2007). In summary, P has frequently been apmplie speleothem
studies as a proxy for rainfall resulting in variations in vegetation productivity and
seasonal didack of vegetation during the autun{iuanget al.,2001; Trebleet al.,

2003 Borsatoet al.,2007. Fairchild and Treble, 20QBairchildet al., 2010, Orlandet

al., 2014 Webbet al.,2014)

Soil and karst processes
The largest source of calcium and most trace elements which occur in speleothems is

the karst bedrock and overlying soil. The factors which control the transfer of trace
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elemens into karst are tweold: 1) the degree of chemical mobilization of the trace
elements in the soil and epikarst; 2) the hydrological processes which influence
infiltration rates of water into the epikarst (Fairchild and Treble, 2009). Chemical
mobilization behaviours include rapid entrainment of solutes, particles and colloids
combined with dissolution of salts and leaching of wealdybed species;
intermediate calcite dissolution and slow release of ions through chemical weathering

(Fairchild and Trebl&009).

Infiltrating waters which form speleothems may contain characteristic trace element
compositions due to dissolution and hydrological processes as a function of flow
conditions. High flow conditions can lead to the enrichment of some trace element
species, in particular those associated with colloidal transport (Fairchild and Treble,
2009). Zn has been shown to be associated with colloids and distinct peaks in Zn have
been identified in Obir Cave related to autumnal infiltration maxifairchildet al.,

2010; Wynn et al., 2014) Wynn et al. (2014)identified annual peaks in Zn were
associated with natural organic matter and ultimately controlled by water excess, pH
of the soil in relation to microbial activity and the variability of the overlying snowpack.
The study has demonstrated the significanof Zn event laminae related to
hydrological flushing of Zn from the soil during the autumn and has provided support
for other models which have proposed various trace elements are transported into

speleothems through Natural Organic Matter (NOM).

Underconditions of low flow and reduced effective precipitation on the surface,-rock
water residence times increase. As a consequence, the bedrock is subjected to
enhanced dissolution and trace element release (Hellstrom and McCulloch, 2000).
Additionally, inceased wateirock residence times in the aquifer combined with the
presence of a porous bedrock, encourages degassing of waters and precipitation of

CaC®along the flowpath (Fairchildt al.,2000; McMillaret al.,2005).

Prior calcite precipitation haseen shown to have a critical influence over Mg in
speleothems. Precipitation of calcite 4ljpw of the precipitating speleothem is
related to degassing of the karstic waters due to contact with a differentR@@h
ultimately results in supersaturationfoCaC®in the karstic waters and calcite
precipitation (Fairchild and Treble, 20Q9)As a result, more Ca is removed from the
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solution than the trace elements, leading to enrichment of the trace element to
calcium ratio(Fairchild and Treble, 20Q%airchild et al. (2000)proposed that under

dry conditions there will be an increase in PCP due to the reduction in water
availability within the karst overlying the cave. Similar to Mg, prior calcite precipitation
can influence the Sr composition in dripwageand subsequently speleothems

(Fairchild and Treble, 2009) ¢ KS L2 aAGA GBS O2NNB{HCGAZ2Y ¢

(Fohlmeisteret al., 2012 Regattieriet al.,2014)2 NJ a Ik / | T 13C Ndtuesk | y R
(Johnsoret al.,20086 Griffithset al.,2010 Cruzet al.,2007) has frequently been used
G2 AYRAOIFIGS t/t Fa | F2NOAy3d YSERangAAY T

has subsequently be inferred as an aridity proxy. However, the chemical covariance
between Mg/Ca and Sr/Ca has been shown to be nearly iderfoc&CP and ICD
processes and Sinclairal.(2012) expressed the difficulties in separating the chemical

signatures of these processes.

Numerous studies have used a combination of Ba/Ca, Mg/Ca and Sr/Ca ratios

I £ 2 y 3% A R SP&measurements to suggest variations in Ba/Ca relate to PCP
upstream of the stalagmitéWu et al.,2012 Horiet al,, 2013 Johnsoret al.,2006)

For exampleJohnsoret al. (2006)measured Mg, Sr and Ba at Heshang Cave, China

and identified that cevariaion between the trace elements was related to enhanced
degassing and subsequent PCP due to dry conditions above theHmaet al. (2013)

highlighted the ced NA I+ G A2y 0 S0 ¢S SJEC ih Aktdlagraite fromk / | |
Maboroshi cave, Japan, was relatemd drier conditions during the Lateglacial and

Holocene leading to an increased amount of PCP.

2.6.3.3 Partition coefficient

Section 2.6.3.2 indicated that analysing speleothem trace element concentrations can
provide highresolution records of vegetattodynamics and karsvater interactions.
However, the incorporation of elements into the speleothem crystal lattice may
complicate the interpretation of speleothem records. A distribution or partition
coefficient can be used to define the incorporationaof element from a solution into

a speleothem (Fairchild and Treble, 2009).

Frequently speleothem studies use trace elements such as Mg, Sr and Ba which are
known to form divalent cations when in solution and substitute for Ca within the
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crystal lattice ofcarbonate (Fairchild and Treble, 20Q9A relationship between
solution and mineral trace element compositions can be defined using a distribution
or partition coefficient through the following equation (Eq. 2.14Maufrse and Bender
(1990)

(Tr/Caacop= Krr(Tr/Cakolution Eqg. 2.14
Where Tr = trace element an€ =distribution coefficient

The distribution coefficient may be controlled by various factors including crystal
morphology, temperature, precipitation rate as well as different aspectghef

solution compositior{Fairchild and Treble, 2009)

2.6.3.4 The influence of growth kinetics

In some cave environments, Sr concentration in speleothems has been suggested to
be predominantly controlled by growth rat@airchildet al., 2001, Fairchild and
Treble, 2009)When growth rates are higher, a higher concentration of Sr is expected
to be found in speleothemglLorens, 1981Gabitov and Watson, 20Q&airchild and
Treble, 2009)

Covariation between Sr and Ba has been used as an indicator of growth kinetics,
particularly growth rates, in both dripwaters and speleothe(sebleet al., 2003
Trebleet al., 2005 Webbet al.,2014) Trebleet al. (2003)concluded that Ba was
controlled by growth rate on intraand interannual scales but identified that the
inter-annual behaviour of Sr differed from Ba, suggesting that Sr concentrations were
moderated by PCP. Further work Byebleet al. (2005b)produced a series of trace
element maps and demonstrated that Sr and Ba were controlled by annual changes in
precipitation resulting in a seasonally variable growth rate. Additiongily,trace
elemert maps produced byTreble et al. (2005b) suggested a correspondence
between U and annual growth layering within the stalagmites from SW Australia.
Treble et al. (2005b) concluded by suggesting that U variati@nthin stalagmites
corresponds to the annualgwth layering and demonstrated that speleothem growth

was complexultimatelyimpacting the interpretation of annual trace element cycles.
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2.6.3.5 Summary

This section has demonstrated the sources of trace elements found in speleothem
calcite and the comlex chemical interactions between the source, transport and
preservation in the speleothem crystal lattice. Speleothem trace element composition
can be modified by processes operating in the atmosphere, the soil and upper
epikarst, the lower epikarst andcaee and during CaG@recipitation (Fairchilet al.,
2006a). In order to fully understand the mechanisms forcing changes observed in
speleothem trace element records, they must be used in conjunction with stable
isotope records and wdepth hydrological monitoringFairchildet al.,2000 Fairchild

and Trelbe, 2009 Fairchild and Baker, 2012)Vhen used in this way, trace elements

have a vast potential to investigate past environmental and climatic variability.
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3.1 Location and regional geology

Thea AGS 2F [/ dzS@F RS t1a tSNII dslyissituaedhQnH dn
in the village of Matienzo located in the north of the Iberian Peninsula, ~45km
southeast of Santander (figure 3.1). Cueva de las Perlas lies within & @8&iosed

karstic depression within the Cantabrian Cordillera which is the western most

extension of the Pyrenees mountain ran@®altham, 1981, Quin, 2010)

The depression has a characteristishépe, which is made up of three distinctive
Wi NYaQy [ I { 5 GdgRktib thew@st an&kSang @ thdiskuth east (figure
3.2) (Quin, 2010). Orogenic pressure from the formation of the Pyrenees led to
anticline/syncline development in the early to mlertiary period (Quin, 2010; Ruiz
Cobo N.D). The Matienzo depressieveloped through preferential erosion of the

anticline running BV between La Vega and Ozana.

The primary geology of the area is Early Cretaceous sedimentary strata (Mills and
Waltham, 1981; Quin, 2010). The valley floor is composed of impermeablaBanre
(Early Cretaceous) sandstones and marls. Overlying these beds are Aptian limestones
(Early Cretaceous) which are thinly bedded with sandstone lenses. Massive beds of
Albian (Early Cretaceous) limestone lie above the Aptian limestones. The youngest
beds represent the thinly bedded Albian limestones. Recently a stratabound
hydrothermal dolomite (HTD) within the Aptian carbonates in the Matienzo valley was
identified (Dewitet al.,2014)and the positioning of the HTD body covers the site of
Cueva de laPerlas. Therefore, it is proposed that Cueva de las Perlas lies within a

coarsely crystalline dolomite bedrock with calcite inggown.

A key feature of the Matienzo depression is the extensive network of cave systems,
with 386.6km of mapped passages a@sMar-18 (Corrin, 2018). Waltham (1981)

proposed a minimum age for cave development of 1.8Ma. These caves are formed
through karstic dissolution which exploits weaknesses in the limestone. The principle

behind this process is that calcium carbonate, themary component of limestone,
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can be dissolved by weak acids and this process is expressed by equation 3.1 (Quin,

2010).
CaC@+CQ+ HOé Ca&*+ 2HC@ Eq. 3.1

Cave altitudes within the Matienzo depression represent progressive lowering of the
valley floor. Subsequently, the oldest cave systems are located at the highest altitudes

with modern active cave formation occurring on the valley floor.
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Figure 3.2Map of the Matienzo valleyAraGlSsoftware by Esivas used to create the

map. Copyright© Esri.

3.2 Modern environment

The Matienzo depression has an oceanic clinf@@rin, 2004Ruiz Cobo N.D.) which
leads to a mean annual rainfall >1500mm occurring throughout the year. The climate
of Matienzo can be described as temperate to warm (Corrin, 2004). Due to the
positioning of the Matienzo depression in Northern Iberia, the climate is directly
influenced by the North Atlantic which makes this region unique compared to

southern Spain which has the additional Mediterranean climate influence (Snith
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al., 2016a). The marginabd¢ation of this region to key oceanic circulation regimes

heightens its sensitivity to oscillatory climatic behaviour throughout the Quaternary.

The North Atlantic Oscillation is the primary control over the moe#ay climate of

the Iberian Peninsula (Ba et al.,2004; Naughtoret al.,2009). Under negative NAO
conditions, a weak Azores high and/or Icelandic Low (Hurrell, 1995) leads to a
reduction in the strength of westerly winds from the eastern North Atlantic. As a
result, during negative NAO conditis, Iberia experiences increased winter
precipitation and river flow (Triget al.,2004; Naughtoret al.,2009). Positive NAO
conditions are the result of an enhanced pressure gradient between the Azores high
and Icelandic low (Hurrell, 1995). Under piv® NAO conditions, the westerlies are
strengthened and shift northwards resulting in arid conditions across the Iberian
Peninsula (Triget al.,2004). Therefore, the positioning of Matienzo in the northern
Iberian Peninsula makes the region particulasbnsitive to changes in air mass

movements over long timescales.

Rocky limestone outcrops are abundant on the hillslopes within which Cueva de las
Perlas is situated and are shown in figure 3.3. Soils on these slopes are poorly
developed and thin (:200cm). Consequently, the vegetation overlying the cave
consists of shrubs such as heathksi¢a arborea, Daboecia cantabrica, Erica vajjans
brambles Rubus ulmiformjsand heather Calluna vulgaris, Ulex europag@u®Ruiz
Cobo, N.D.). Land use on the vallgles is low intensity with occasional animal
grazing. In contrast, the valley base is rich in flora and fauna and is used by the local

community for agriculture.
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3.3 Cave description

3.3.1 Cave environment

Cueva de las Perlas is a horizontal cave site with two entrances. The eastern entrance
is relatively large but narrows into a crawl before joining the main chamber. In
contrast, the western entrance involves a 2m drop onto a sloping floor which opens

into the main chamber. For this study, the western entrance was used as the primary

entrance. A 14.95m passage along a bearing of 295y 1 a4 G KS Sy (iN} yOS

Y2YAU2NRY3I OKIFYOSND FYyR AG 6Fa Ay (KAA
this studywas undertaken. A survey of the cave is shown in figure 3.4 and the locations
of different cave monitoring sampling sites are marked on the survey. The monitoring
chamber is 10.9m across and primarily three drip sites were monitored at 4.75m (P1),
6.8m (R2) and 7.5m (P3) from the western chamber wall. The cave extends a further
12.3m where it narrows and ends in a boulder choke. Rock overburden was estimated
through basic trigonometry to be 4.01m based upon an angle of slope “cdricba
measured distancento the cave of 14.95m. At the back of the cave the overburden

is calculated to 7.3m based upon same angle of slope but a distance of 27.25m

The cave is highly decorated with abundant straws, columns and stalagmites. Images
from the inside of Cueva dad Perlas are shown in figure 3.5. The cave is home to
many cave pearls which is where the name Cueva de las Perlas originates. In the
western section of the cave behind the monitoring chamber there is evidence for a
sediment collapse and this has left thialagmites at different angles. It was from this
collapsed flowstone and sediment section that the speleothems analysed in this study

were collected.
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Figure 3.4: Cave surv@an view) showing the primary logging sites. The survey has been redrawn based upon Smith (1998) and is drawn

to magnetic north and rotated°3V to align with grid north.
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Figure 3.5: Photos from Cueva de las Peflhs.site from whic

h PERO was taken (A),
the drip water collection saip (B), the cave entrance (C) and the collapsed flowstone

section (D). Photos included with the kind permission of J. Houska.

3.3.2 Identifyng speleothem material in Cueva de las Perlas

In order to identify appropriate material for the present study, a number of basal cores
were drilled from speleothems in 2015. The ages were placed onto the cave survey
shown in figure 3.6. The cores collecfedm the monitoring chamber were primarily
Holocene with the exception of a MIS5e speleothem and a MIS5a/MIS4 speleothem

locatedtowards the collapsed section at the rear of the monitoring chamber.

Samples for palaeoclimate reconstruction were taken frili® collapsed section as
there were no actively dripping stalagmites in this area, the casdégped stalagmites

each possessed a thick outer coating and were not translucent (a sign of active
deposition) and finally the stalagmites were found to be aeges of different angles
representing varying periods of sediment and flowstone collapse. An initial stalagmite
(PERO) was taken from the collapsed section and was found to have a basal age of
~85ka and cessation of growth at ~65ka. This allowed an appabe date of
flowstone collapse and relative dating of other speleothem samples according to the

angle of repose on the flowstone slab. A cluster of castiigped speleothems, also
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from the collapsed section, was found and each of the speleothems apphé¢aree
resting at a series of different angles as a result of gradual tilting of the flowstone slab
since 65ka. Thereby covering the period of interest for this study. PERO visually had
the highest angle of tilt and therefore the cluster of speleotheimsven in figure 37

were assumed to represent phased growth from <65ka based on the varying angles of

Ng o S
o5 1o 15 P

Secondary entrance
Primary entrance

tilt.

MIS5e MIS5a/MIS4 MIS3 MIS1

Figure 3.6: Schematic illustrating the basal drilling results from 204&.MI1S5a/MIS4
and MIS3 speleothems were used in the present silitly.survey has been redrawn
from Smith (1998).
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3.4 Speleothem samples for palaeoclimate reconstruction
3.4.1 PERO

PERO (figure 8) was collected from the sediment/flowstone collapse section towards
the rear of the monitoring chamber. The sample is 390mm in length and consists of white
columnar calcite. Clear growth bands can be seen within the sample. The sample was

coveredina®YyY GKAO|l WalAyQ FyR ¢la y20 | OGAGSt

PERO upper

PERO lower

Figure 38: PERO sample from Cueva de las Perlas.
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3.4.2 PER10.3 and PER10.4

Samples PER10.3 and PER10.4 were taken from the cluster of speleothems shown in
figure 37 on the westen collapse section behind the PERO sample site. PER10.3 is
203.1mm in length and PER10.4 is 236.8mm in length. Both speleothems consist of white
columnar calcite and show distinct growth bands (figui®.3iatuses are indicated in

both speleothems by aolour change from white calcite to brown layer. Neither of the
samples were actively dripping at time of collection and, similar to PERO, each possessed

'y 2dz0SNJ WwaiAyQ O2yairadAay3a 2F | RFENJSN O2¢
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Figure 39: PER10.3 and PER168adnples fronCueva de las Perlas
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3.5 Climate and cave monitoring

3.5.1 Overview

External climate and environmental monitoring and cave monitoring for this project
began in Feld5 and built on the work oBmith (2014) Monitoring of the external
climate, soil ad cave was undertaken in order to gain an understanding into the cave
dynamics and investigate the processes within the air, soil, karst and cave which may
influence speleothem chemistry. Field visits were made to Matienzo and in addition to
these visitsmonthly visits were made by members of the Matienzo Caving Community.
The following section will describe the techniques and equipment used in the monitoring

programme.

3.5.2 External climate monitoring

External temperature has been measured on the sdmfislope as (500m from) Cueva

RS tFa tSNXlFLa Fd b noomdbQl) mdesameé locationo 6 o p Qr
detailed in Smittet al. (2016a). Temperature has been continuously logged by a Tinytag

Plus 2 Dual Channel Temperature/Relative Humidity-4%8® logger since AgO.
Measurements were logged at 3finute intervals and are accurate to within £0°G1

External air pressure has been measured using a-Omer at 10minute intervals since

Apr-15 in the same location as the externamperature logging. The badiver has a

quoted accuracy of £0.5cm@8.

Rainfall amount was measured using a Pluvimate logger situated in a rain gauge in the
village of Matienzo located approximately 1km from Cueva de las Perlas frorhlFeb
(43°m  Q Np @OFE p Q B §.Plihe logging interval was set to 10 minutes and
sensitivity is 0.006mm per hour. In addition, monthly samples were monitored for rainfall
volume and subsampled by a member of the Matienzo Caving Community for chemical
analysis. Samples welaer analysed for stable isotopes (oxygen and hydrogen), cations
and anions in the laboratories at Lancaster University using the methods described in

section 3.6.

Carbon dioxide measurements of the external air were taken during fieldwork visits by

the Pl using a hantleld Vaisala GMP2Zdrobe attached to an MI70 indicator. The unit
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measurement range is-00,000ppm and haa measurement uncertainty of 2% and an
observed workingincertaintyof 10% (Smittet al.,2015) Monthly samples for carbon
isotope analysis were taken from the external air by injecting 20ml of air into a 12ml

evacuated exetainer.

3.5.3 Soil monitoring

A soil sampling device was placed in the same hillslope as Cueva de las Perld2in Jan
(described in Smith, 2014 and Sméhal. 2016a). The device was positioned at a soil
depth of 50cm which marked the transition between the soil and karst zones (figure
3.10). The soil sampling tube was a distinctivehape and a series of holes wendlldd

into the base in order to allow for air exchangesilicone tubing was placed into the
piping and taped to the top of the horizontal pipe section (figurEB). This tubing was
used to extract soil gas samplé&il gas samples were taken usingCenl syringe and
inserted into a 12ml evacuated exetaineknalysis of soil GOvas undertaken by
inserting the haneheld Vaisala (described in section 3.5.2) into the soil tube. The location
of the soil sampler was not moved closer to Cueva de las Rirato thinner soils (15
30cm). The homogeneous nature of the vegetation and soil cover on the hillslope is
thought to reduce any potential spatial variations in soil productivitgil temperature

has been logged continuoushy a Tinytag Plus 2 Dual Channel Temperature/Relative

Humidity TGRI500 loggeburied next to the soil sampling device since-Apr

76



Removable cap

Inner tubing
for sample
extraction

eh a

Holes drilled into base

Figure 310: Soil sampling devicé: Image of soil sampling device above ground. B:

Schematic of the saglampling device.

3.5.4 Internal cave monitoring

3.5.4.1 Cave air

Temperature has been continuously logged atn3@ute intervals by a Tinytag Plus 2
Dual Channel Temperature/Relative Humidity #5P0 logger. Cave temperatures have
been logged since A@0 with additional loggers placed within Cueva de las Perlas in

Feb15 (see figure 3.4 for locations).

Carbon dioxide has been measured within the cave sincelbelsing a Vaisala GMP221
probe attached to an MI70 indicator (section 3.5.2). Continuougifag has been
undertaken at hourly intervals with spot measurements taken during visits by the PI. Two
Vaisala indicators were used and these were switched monthly. An alternative method
was trialled to log C&£concentrations within Cueva de las Perlasnngsa Tinytag TGE

011-SPK Cgogger attached to a 12v battery via a transformer (J. Gunn, Pers. Comm,
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2016). The Tinytag G@@gger has an accuracy of <+ (50ppm +3% of the measured value).
However, due to technical complications, the data from the Tinytag not comparable

to that of the Vaisala and has therefore been excluded from the analysis herein.

Cave air samples of 20ml were injected into evacuated 12ml exetainers on a monthly
basis and during visits by the Pl. Samples were then later analysedrfmn isotope
composition at the Life Sciences Mass Spectrometry Facility within CEH Lancaster

through IRMS (section 3.6).
3.5.4.2 Cave water

Cave water collection sap

Water was collected from four different water types within the cave: pools, bullemwa
collections, instantaneous drips and ephemeral drips (figure 3.4 shows the locations).
Samples from the pool waters were only collected on visits from four pool locations
within the cave. Ephemeral drips represent samples of water collected over ianomax
24-hour period during visits by the Pl. These drips have an ephemeral nature and
therefore collection was only possible when the sites were actively dripping. Three drip
sites (P1, P2 and P3) in the monitoring chamber were used to investigate thsparad
water chemistry. Bulk collectors were set up on these stalagmites by attaching a funnel
and tubing to the top of the stalagmite. A jerry can was connected to the tubing and
acted as the bulk water collection vessel. Samples for chemical analydespah
measurements of temperature, electrical conductivity and pH were taken from these
bulk waters on a monthly basis by a member of the Matienzo caving community. During
visits by the PI or by the Matienzo Caving Community, bottles were placed within th
funnels underneath the three drip sites. These water samples were collected within 24
KNJ YR GKSNBT2NBE NBLINBaSyild WAayaillyidlyS2dzacC
Speleothem drip rates

Speleothem drip rates were measured using three Stalagmate acoustic drip loggers
(Mattey and Collister, 2008) which were set to log atmidute intervals. Loggers were
placed on three selected stalagmites (P1, P2 and P3, figure 3.4) in the monitoring
chamber in an effort to understand contemporary hydrological routing through the karst

in response to external climatic parameters. Initial logging began inlMavith further
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loggers placed in the cave in F&b. Stalagmate factory settings record 0.15miph @t

a maximum drip rate of 5 drops per second.

Drip water electrical conductivity

Drip water electrical conductivity, pressure and temperature measurements were logged
continuously at 1@minute intervals between Juh5 to Sepl7 using a CTD diver

positioned at the P2 drip site. Measurements for electrical conductivity were recorded

4 aLISOAFTFAO O2y RdzOU I y & df the reaging/ ThegCN [ dverl y

pressure measurements are accuratesb5cmHO and temperature t&0.1°C. The CTD
diver was seup using the housing system described in Sreithl. (2015) and shown in
figure 3.11. The probe relies on a drip drip-out syphon system to ensure continuous
water movement within the housing. Calibrations were undertaken be=fand after

deployment to ensure any drift in analytical readings could be accounted for.

Stalagmate drip logger

v/ | Electrical conductivity diver

Bulk water collection vessel

Figure 3.1: Diver eiup imge and shematic diagram.

79

(



Monthly water measurements

Samples were taken from the bulk water vessels by a member of the Matienzo Caving
Community each month between Fdlb to Sepl8. Temperature, pH and electrical
conductivity were measured monthly from the bulk water using a Hanna probe HI 98129.
The probe is accurate to 0, 0.05 pH ang y n > {fax ée¥trical conductivity. During
vigts by the PI bulk waters, instantaneous waters (collected over maximum period of
24hours), pool waters and ephemeral waters were measured for electrical conductivity,
pH and temperature using a WTW multi 340T.étracon 325 probe was used to measure
eledrical conductivityand a Sentix 41 probe to measure pH. The probes have an accuracy
of 0.5°CG 0.2>S/cm and 0.01 for pH. In addition, where possible, water sample alkalinity
was measured during fieldwork using a Hach alkalinity test kit with an accuracy of

0.1mgl/l.

Water sampling

Bulk and instantaneous drip waters were sampled monthly whilst pool waters and
ephemeral drips were only sampled during fieldwork visits when there was sufficient
water available. Samples for isotopic analysis were placed inlasd gials with a plastic
septa screw cap. Samples for cations and anions were placed in 60ml Nalgene bottles.
Collection vessels were filled to prevent isotopic exchange between water and any air
within the bottle. For DIC sampling 175pul of orthophospba@tid was added to 12ml
exetainers and each one was evacuated to remove atmospheric gases following the
methodology of Waldroret al. (2007) and Webtlet al. (2016). Water samples were
injected into the exetainer using a syringe and the reaction betwteensample water

and phosphoric acid liberated DIC as:@@s into the exetainer headspace for later
isotopic analysis. Sample volumes were typically 4ml which were sufficient to produce a

CQvolume for accurate isotopic analysis by IRMS (section 3.6.3.4)

Calcite plates

Since 2010, modern calcite has been collected by placing glass plates underneath actively
dripping stalactites (figure 32). Some calcite plates were left to precipitate calcite for
over a year, whilst others, in particular those frometl20162017 season, were
monitored and used to understand seasonal calcite precipitation (further detail in

section 55). The curved surface of the plates reflects the curvature of the stalagmites
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and avoids watepooling on the plate surface. Platesreealelicately removed and left
to dry within the cave for a few hours. Calcite was sampled from the plates and used for

stable isotope analysefescribed in section 3.6.4.2.

Figure 3.2: Images of calcite plates in situ.
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3.6 Laboratory work

Modern samples collected from Matienzo were transported to Lancaster University for
chemical analysis. The following section describes the laboratory methodologies for the
analyses undertaken on the air samples (carbon isotope analysis), soil sampbes (car
isotope analysis), cave and rain water samples (cations, anions and stable isotope
analyses). Analyses of modern carbonate was undertaken at Lancaster University.
SpeleothemU-series dating, and stable isotope analyses were undertaken at the NERC
Isotope Geosciences Laboratory (NIGL) and trace element analysis at Royal Holloway

Earth Sciences LERMS laboratory, these methods are also described below.

3.6.1 Air

3.6.1.1 Determination of the carbon isotope composition of air

Carbon isotope analyses external, soil and cave air were undertaken at the NERC Life
Sciences Mass Spectrometry Facility, CEH Lancak¥rvalues of CQvere measured

using an Isoprime Tracegas Preconcentrator coupled to an Isoprime Isotope ratio mass
spectrometer. Between 1Mto 600> of headspace air was introduced into the injection
port of the Preconcentrator whereupon water was removed using a drying agent
(magnesium perchlorate) and €@as cryogenically focussed before entering into the
IRMS via an open split. The isp#oratio of the C@is compared to known reference gas
pulses. Prior to each analytical batch, the instrument was calibrated, and blanks were
run. A duplicate after every fourth sample was run during each analysis. Precision was
equal to or better thart0.1: . During each run, quality control NIST reference standards
of known isotopic composition (RM8562 Palaeomarine origin and RM8564 Modern
OA2YlFaad 2NARAIAYO ¢SNBE dz&8SRilues aré dprassed rgl@ive O £ A ¢

to the international standardPee Dee Belemnite.

3.6.2 Soll

3.6.2.1 Determination of the organic carbon isotope composition of soil
Soil samples from above the cave site were collected for carbon isotope analysis of the

organic component. Prior to*3C analysis, soil samples weréedrand then washed with
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10% HCI to remove any inorganic carbonate. The solution was left overnight and washed
with deionised water multiple times until theamplewas neutralised. During this stage

the soils were split into two batches, one batch wastrifuged, and one batch was
filtered. Samples were then dried and stored prior to analysis. Soil samples were
analysed on an Elementar Vario Micro Cube Elemental Analyser linked to a VisION mass
spectrometer at Lancaster Universi8.3mg of soil was weigdd out into tin boats and

these were placed in the autosampler. Sample analysis was undertaken using a catalytic
combustion temperature of 950°Che samples fall into the furnace andi®added on

top to combust the sample, the liberated €®@as then analysed for carbon isotope
composition knownstandards were run alongside the unknown samples and these were
cornflour €11.26: ), and a high C standargi(c ® H THe dodnflour standard was artin
house standard traceable to IAEA CHG6. The higsta@dard was from Elemental

Microanalysis and is traceable to IAEA Chiéernal precision based on calibration and

NEFSNBYOS YIUGSNRFfA 6la o0SGGSNI GKIFEY nomm:

sample precision.

3.6.3 Cave and rain water

3.6.3.1Cations

Cation analysis was undertaken using inductively coupled plasma optical emission
spectrometry (ICFDES). Prior to analysis, samples were acidified to 0.1M using an ultra
pure (Primar grade) HNOCations (Ca, Mg, K, Na and Sr) were measured aidihgrmo
Scientific iCAP 600 series at Lancaster University. Standard solutions were made using
1000ppm elemental standards which were diluted to the predicted cave water
concentration range shown in table 3.1. Standards were used to create -pdine
calibration curve from which the trace element concentrations in the unknown samples
were derived (table 3.1). During each run a check standard made to 1000ppb for all
elements was run every 10 samples to ensure machine stability. Limits of det@afiar)

were calculated by using three times the standard deviation of the blanks run alongside

each sample batch.
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Table 3.1: Cation standard informatioQalibration standard ranges and limits of

detection for each of the elements analysed usingQEB.

Elemern | Calibration standard LOD (ppb)
range (ppb)

Ca 0 - 80000 88

K 0-25000 90

Mg 0-25000 30

Na 0 - 25000 214

Si 0-1000 9

Sr 0-1000 1

3.6.3.2 Anions

Water samples were analysed for sulphate £Qchloride (Cl) and nitrate (Npusing
Dionex lon Chromatography at Lancaster University. The samples were run alongside
two Spex Certiprep water standards, one undiluted (WR1) and one diluted by two times
the original Spex Certiprep standard (WR2). Chromeleon software was used for data

processing. Standard deviations and LODs are shown in table 3.2.

Table 3.2: Anion standard informatioStandard deviation for reference materials and
limits of detection based on blanks for different elements during anion analysis calculated

from blanksamples run throughout each analysis.

Analyte | Stdev | LOD (ppb)
Cl 0.43 117

SQ 0.41 287

NG 0.5 14

3.6.3.3 Oxygen and deuterium isotope analyses

Samples collected prior to Q&6 were analysed far'®O using an equilibration method

using anlsoPrimel00 mass spectrometer attached to an IsoPrime Multiflow inlet.
{lLYLtSa 2F uwunn>t 6SNB KSIGSR (2 nnchk IYyR
gas. The gas in the headspace was then analyset@#t°0 ratios and results were
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calibrated toVSMOW using laboratory standards-mfp:': 6 [ 9/  FMLdp=¢ 06 [ 9y R

HEAVY). In order to check for drift within an analysis run, a separate internal standard
(TAP) was run before, within and after the run and if necessary, drift corrections were
applied. Pecisions for this method are shown in table 3.3. FromIBobxygen isotopes

in waters were analysed by direct EA injection via a liquid autosampler (see method

below).

Table 3.3: Standard deviations for different standards used in the equilibratiorocheth

Standard Std value| Maximum Average standard Number of runs
L) standard deviation | deviation

LEC Light |-15 0.21 0.14 11

LEC Heavy | -1.5 0.21 0.11 11

TAP -6.22 0.45 0.31 11

Samples for deuterium and oxygen isotope analyses (frorril@ctvere analysed in the
Lancaster stable isotope facility using an Elementar Pyrocube elemental analyser
coupled with an Isoprime 100 mass spectrometer, following the method of Véyah
(2015 @ C2NJ 0KS RSdzSNAdzy FylfteasSas ndoo>t
chromium metal catalyst at a combustion temperature of 1080°C. For oxygen isotope
FylrfeasSaz noén>f 2F alyYLIES sFa AyeSOGSR
combustion tempeature of 1450°C. Both oxygen and deuterium isotope values are
reported relative to VSMOW based upon calibration to external standards. Standard

values and precisions are shown in table 3.4.

To measure for machine drift within a run, an internal standaas wsed and if required
a drift correction was applied to the unknown samples. Unknown sample waters were

analysed in triplicate to determine accurate replication.
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Table 3.4: Standard values and precisions for oxygen and deuterium stable isotope
analyses.The total number of runs for oxygen analyses was ten and the total number of
runs for deuterium analyses was I%e fourth column shows the number of runs where

the standard was used.

Standard Std Maximum Averagestandard | Number
value standard deviation | deviation of runs

Light (O) -33.57 |0.28 0.16 10
Med (O) -12.34 | 0.34 0.18 7
Heavy (O) 041 |0.28 0.21 7

LEC TAP (O) | -6.2 0.43 0.27 10
VSMOW?2 (O)| 0 0.10 0.09 3

Zero water (H) 11.26 0.80 0.35 11
GISP (H) -189.5 |0.33 0.33 1
Lowwater (H) | -269.07 | 0.73 0.42 12
LEC TAP (H) | -40.28 |0.67 1.29 15
VSMOW2 (H) | O 0.35 0.20 2

3.6.3.4 Determination of the carbon isotope composition of cave water

Analysis of carbon isotope composition from the gas evolved from the reaction between
4ml of cave water and 178 of orthophosphoric acid was undertaken in the Lancaster
University stable isotope facility. Carbon isotope values were measured using a multiflow
prep line interfaced to an Isoprime 100 isotope ratio mass spectrometer in continuous
flow mode. The CQvas analysed against international standards LSMIB&{ ), NBS

18 (5.01: vand CGL (2.49: ). Samples were standardised based on calibration to
international reference materials and results are given relative to VPDB. Standard

precision vas better than 0.10 ®
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3.6.4 Carbonates

3.6.4.1 Uraniunseries dating
Carbonate samples for uraniuseries dating were drilled across calcite growth layers
using a hand drill with a diamond encrusted drill bit. This method of drilling aimed to

produce betwen 106200mg of carbonate per sample.

Chemistry

Chemical preparation of samples for uraniseries dating was undertaken at NIGL
(BGS) and followed the protocol summarised in the supplementary material of Rebuty
al. (2016) and Smith (2014). Carbonatewzlers (~10a150mg) were weighed out and
dissolved in 8M HNAfter dissolution, samples were centrifuged in order to separate
the dissolved carbonate from the insoluble detrital silicate fraction. The silicate fraction
was dissolved in a solution @iM HCI@ 29M HF: 16M HN$X1:2:8) using 581 of HF

per estimated mg of material, evaporated to drynessdresolved in 8 M HNand
added back to the respective carbonate fractions. To reduce the risk of sample
contamination during the chemical prepai@n procedure, all evaporation steps took
place in a closed Evapoclean device. Samples were spiked #%#Fha3®U tracer and

left to equilibrate overnight and evaporated to dryness. Samples underwent two
overnight oxidation steps in 2 ml 16M Hj&nd~ 0.2 ml 30% 4D (hydrogen peroxide),
each followed by evaporation to dryness. Following this, samples were dissolved in 8 ml
1M HCI, and a higpurity iron chloride solution was added. Fe, U and Th were co
precipitated through the addition of ammonia. f8ples were then centrifuged and
washed in MiliQ water three times to isolate the precipitate and remove any potential

contaminants from the sample matrix.

After re-dissolution in 8M HN§) samples were placed on 0.6ml ion exchange columns
containing Eictom anion exchange resin (AlGx8). The columns were washed with
additional 8M HN®to remove residual matrix elements and iron, after which Th and U
were eluted in 8M HCl and 0.2M HCI respectively. Th fractions were dried down,
dissolved in 8M HNfDpasse through the ion exchange columns a second time to ensure
complete removal of iron, and filtered through a 0.8th PTFE membrane to remove
any resin particles. The U and Th fractions were dried and oxidised twice using 2ml 16M

HNQ and 0.2ml 30%10, to remove any residual organic impurities and were finally
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dissolved in 1ml 0.1M HCI and 0.035M HF. All samples were filtered through syringe
filters with a 0.22>m PTFE membrane prior to mass spectrometry in order to remove
any particulate matter from the sotion, which may have been derived from the sample

preparation process.

Analysis

Isotope ratio measurements were made using a Thermo Neptune Plus-cuolléctor

ICRMS at NIGL, BGS. Samples were introduced into the system through a Cetac Aridus Il
desolvding nebulizer. Measurements for U and Th were undertaken separately with U
measurements made using normal -§éimple and >kimmer cones and Th
measurements made using J&mple and »kimmer cones?*U and 2°°Th were
measured on an axial secondary etect multiplier whereas Faraday cups with*1
resistors were used to measure the other isotop®3, 23°U, 23%U, 238U, 22°Th and?3?Th)

(Proutyet al.,2016).

Hydride formation and down mass tailing were monitored at the beginning of each
analytical sesion based on measurements at mass 237 and 239 using CRM 112a certified
reference solution, and the resulting corrections were applied to all sample and standard
data during offline data processing. The contribution of U and Th from the sample
introduction system was corrected for by usifjU-23%U-238U-238U or 22°Th-230Th-232Th

axial SEM measurements on clean acid with the same composition of that added to the
samples. Backgroun#f4U-23%U-2380U-228U or 22°Th?3Th->32Th were measured prior to
each sample and standard and were subtracted duringliodéf data processing. A
sampek-standard bracketing approach was used to account for SEM/Faraday gain and
exponential mass fractionation. U fractions were measured in groups of five bracketed
by a pair of measurements on CRM 112a solution?#ig/>3>U ratio of which was used

to derive SEM/Faraday gain, and CRM 112a with added IRMM 3636 reference material,
the 233U/23%U ratio of which was used to monitor mass fractionation. Th fractions were
measured in groups of 10, bracketed by clusters of five measurements ohauge Th
referene solution which was calibrated against CRM 112a for Th (Smith, 2014; Brouty
al., 2016) to derive correction factors which encompass both mass fractionation and,
where appropriate, SEM/Faraday gain f8fTh/?>°Th,232Th/?2°Th and?*°Th/?32Th ratios.
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Data reduction

In-house Excel spreadsheets were used to process raw data generated from mass
spectrometry.  Corrections for hydride formation, dowwrass tailing and blank
corrections (oApeak zeroes) were applied to raw ion beam intensities from the samples
These ion beam intensities were then used to calculate isotope ratios which were then
corrected for SEM/Faraday gain and mass fractionation. These ratios were then used to
calculate mean and standard errors for the following isotope rafi@sl/23%U; 23*U/23%U;
229Th/?39Th and?*°Th/?%2Th. U and Th blanks were monitored for each sample batch and
were on the order of 20 pg foi?®U, 2.5 pg for3?Th and 1.5 fg fof3°Th. Blanks were
negligible compared to the Wh concentrations of the samples for alltgoes except
230Th, of which the samples contained on average 50 fg. To address this, a blank
correction was applied to all samples, based on subtracting the measured avéfige

intensity of a set of unspiked Th blanks from & h signal of the samgs.

U and Th concentration (ppm), U and Th activity rafi$§h/2**U ages and uncertainties
were calculated using and-lmuse Matlab Excel add. A correction for initial detrital
230Th was applied to all samples assuming a detritus isotope compositigffTh/238U)

= 1.2, £Th/2®U) = 1 and4U/?*8) = 1, witht 50% 2 uncertainties on each activity
ratio. An additional uncertainty component of 0.1 % for U isotope ratios and 0.2 % for Th
isotope ratios was propagated on all activity ratios and ages to account for external

reproducibility.

3.6.4.2 Determination of thexygen and carbon isotope compositions of carbonate
Samples for lowesolution isotope analysis were drilled across calcite growth layers in
speleothems using a hand drill whilst samples for friggolution isotope analysis were
drilled using an automated iwromill at the NERC stable isotope facility at the British
Geological Survey (NIGL). Drill bits used for sampling speleothem carbonate were
diamond encrusted and generated A00>g of carbonate powder per sample.
Speleothem carbonate powders were run fieotopic analyses (oxygen and carbon)
using an IsoPrime dual inlet mass spectrometer plus Multiprep device. Samples are
placed into glass vials and sealed with septa. The automated system evacuates the vials
and delivers anhydrous phosphoric acid to thebcaate at 90°C. The evolved £©

cryogenically cleaned and then moves into the mass spectrometer. Isotope valf@s
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and{13C) are reported as permile @ RS GAI A2y a 2 PO/MKEd A a2 i 2
13C2C). Values are calculated to the VPDBesaaing a withirrun laboratory standard

calibrated against NBB. A Craig correction (Craig, 1957) was also applied to account
for'hed !'yIFf@udAOFf NBLNRPRdAzOAOGATAGE 2FBBKS &l
and 113C. Samples were run alongsidaboratory standard (KCM) with a standard

deviation better than 0.06 and 0.05 for {180 andt *3C values respectively. All values

are reported relative to the VPDB international standard.

Calcite plates were sampled by gently scraping 1cm by 1cm squioadciie off the

plate using a scalpel. Rock samples were drilled using a hand drill with a diamond
encrusted drill bit. Calcite plate samples and rock samples were placed into 12ml
exetainers and a small amount-€drops) of 103% phosphoric acid was edld Samples

were left to react at 90°C for 1 hour. The G8solved from the reaction was then
analysed at the Lancaster University stable isotope facility using a multiflow prep line
interfaced to an Isoprime 100 isotope ratio mass spectrometer in coatis flow mode.

Samples were analysed alongside external standards (LSVEQS NBS8 CO1) and

internal standards (CaG® A GK | &adFyRINR RSGAFGAZ2Y 0Si

carbon and oxygen isotope values respectively.

3.6.4.3 Laser ablation IGFS

Prior to analysis for trace elements the speleothem samples were cut into ~5cm by
~2.5cm pieces. The UHBPMS facility in the Department of Earth Sciences at Royal
Holloway allowdor a flexible sample size, quick analysis time and high sensitivity. The
setup uses a custormade 193nm excimer lasablation system which is coupled to an
Agilent 7500ce/cs quadrupole ICPMS (Muéerl.,2009). Transects were piablated

using a scan g@d of 2mm/minute, a 20Hz repetition rate and no delay. Laser data

I OljdzA aAdA2y dzaSR | mMn>Y 6ARGK o6& wmnnan>Y S
were ablated using a scan speed of 12um/second, a 15Hz repetition rate and a third and
fourth delay timeof 30 seconds. Twendiyve elements were analysed with the most
useful being Mg25, Ca43, Sr&8)d Bal38. Each sample was run alongside NIST610,
NIST612, ATHG and MACS3 external standards. Calcium was used as the internal

standard and sample concentratis (ppm) were calculated based upon a stoichiometric

90



Ca concentration in Ca@0Of 40% mol mot (Jochumet al.,2011). The raw data was

converted using equation 3.2.

0 =0 X X X Eqg. 3.2

In equation 3.2 GampleiS the concentration of the reference element (Ca) in the sample,
this value was 400,000.%4& represents the isotopic correction in ppm due to the
abundance of the isotope in the total standard, for the analysis herein NIST612 and
MACS3 were employed as the standardSw (S the concentration of the reference
element (Ca) in the external standbm ppm. Psampleis the intensity of the unknown
element in the samplel'sampieis the intensity of the reference element in the sample,
taken as an averagéyqis the intensity of the reference element in tiseandard taken

as an averagd s is the intensity of theinknownelement in thestandard.

3.6.4.4 Trace element analy®f rock carbonates by KCEES

Rock samples were taken from the cave roof, caveasae and outside the cave.
Around 4mg of rock powder per sample was drilled out using a como hand drill. The
powder was acidified by adding 1ml of 1M HNADd left to react overnight. Samples
were made up to 0.1M HNO3 by adding 10ml of deionised watef7aridf the solution

was pipetted into a sample tube for analysis by-@ES. Rock powders were analysed in
solution for calcium (Ca), potassium (K), Magnesium (Mg), Sodium (Na) and Strontium
(Sr) and standard deviations and limits of detection for theitsmhs are shown in table

3.5.

Table 3.5: Standard deviations and limits of detection for-@ES analysis of rock

powders in solution.

Element | Standard LOD (ppb)
deviation (ppb)

Ca 8 25

K 15 44

Mg 2 7

Na 19 56

Sr 0 1
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Calcium concentrations measured in solution were converted to rock Ca concentrations
(ppm) using a stochastic distribution of 400,000ppm (mg/kg) in calcite. The other rock
trace elements were then calculated to this stochastic Ca concentration (Joeham
2011).

3.6.5 Summary
This section has provided a description of the laboratory methods used within this thesis.

A summary of the laboratory methods is shown in table 3.6.
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Table 3.6. Summary of laboratory methods.

Sample type Analysis | Method Location
Air 113C Isoprime Tracega) NERC Life
Preconcentrator coupled to a| Sciences Mas
Isoprime Isotope ratio mas Spectrometry
spectrometer Facility, CEH
Lancaster
Soil 113C An Isoprime100 IRMS coupld Lancaster
with- a VARIO PYROcu| Environment
Elemental Analyser Centre
Water Cations ICROES Lancaster
Environment
Centre
Anions Dionex lon Chromoatography | Lancaster
Environment
Centre
1180 Prior to Octl6: Isoprimel0(d Lancaster
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4.1 Introduction

Cave monitoring can significantly improve understanding of the cave environment and
ensurepalaeoclimaterecords are accurately interpretetflonitoring studies of cave air
temperature (section 2.4.3.5) and cave carbon dynamics (section 2.4.3.6) haveedentifi
cave ventilation patterns and their significant influence on speleothem gro@phtl(et

al., 2005; Jameset al., 2015) and stable oxygen isotope composition (Johnsoml.,
2006). This chapter will present data characterising the cave air composition and air flow
dynamics, with a view t@xplorethe influence this may have on speleothem calcite
chemistry. Temperature records from the Matienzo region (external climate), the soil
(sol climate) and Cueva de las Perlas (cave climati¢)resented b determine the
relationship between air density and ventilation dynamwashin Cueva de las Perlas.
Records of external and internal pressure will be presented as they have been shown to
influence cave carbon dynamics (Snattal.,2015). Data assessing the carbon dynamics
from the atmospheric air, soil and Cueva de las Perlas will also be presented in this
chapter in order to further investigate theatterns of ventilation and identify the driving
processesAlthough the behaviour of the cave in the contemporary situation is no
guarantee of the behaviour of the cave in the past, it does in part aid understanding of
the broader cave characteristics dérthe influence these may have on speleothem

environmental records.

4.2 Temperatre

4.2.1 External atmosphere

OEGSNYyIt GSYLISNI GdzNBa KIF @S 0SSy NBORNRSR
nnoc o VEANPasl) between Aprl0 to Janl8. Data wee recorded using a
Tinytag (Ap10 to Aprl6) and a baraliver (Aprl5 to Janl8). Data collected for this

study have been used to extend the record of Smith (2014). Logging was paused between
Mar-13 and Aptl4 within the Matienzo valleyrepresenting thenonitoring gap between

research projects
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Seasonal cycles are evident within the external temperatufigsireé 4.1).The hottest
months are typically July, August and September (with average monthly temperatures
exceeding 19.5°C) and the coldest mordhs typically December, January and February

(with average monthly temperatures below 8.5°C).

95



96

50 q

40 A

30 A

20 A

External temperature (°C)

10 4

1

A

Aug-13
Dec-13

Aug-17 A
Dec-17 A

= Tinytag hourly Baro-diver hourly —8— Monthly average
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4.2.2 Soil

4.2.2.1 Temperature

Soil temperatures play a major role in determining productivity and microbial activity
and therefore soil monitoring was undertaken in the shallow soils on the same slope as

the entrance to Cueva de las Perlas.

Soil temperatures vary seasonally yeaund (figure4.2). The hottest soil temperatures
occur in summer (J5andAugl7)characterised byemperaturesin excess 020.5°C.
The coldest soil temperatures occur in winter (B¢ Janl6 and Marl7) and average
monthly temperatures fall below 8.3C. The gap between Af6 to Octl6 was related
to a logger malfunction. Variability within soil temperatures is reduced betweerl®ct
and Janl8 when compared to Apt5 to Aprl6. This is most likely a reflection of the
logger being buried deeper in thtemil profile in Octl6.

40 -
35 4
30 4
25
20 4

15 o

Soil temperature (°C)

10 4

0 v T T v T v T T T T v v v v v v
Apr-15 Jun-15 Aug-15 Oct-15 Dec-15 Feb-16 Apr-16 Jun-16 Aug-16 Oct-16 Dec-16 Feb-17 Apr-17 Jun-17 Aug-17 Oct-17 Dec-17

= Hourly soil temperature —&— Monthly soil temperature

Figure 4.2: Hourly averaged soil temperaturee soil sampling device was placedthe

same slope as Cueva de las Perlas locattd®3°19'0.63"N, 3°35'28.32"W, 285m a.s.l.
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4.2.2.2 Soil lag times

The shallow depth of the deishould mean that the lag time between peak atmospheric
temperature and peak soil temperature is relatively short. Hourly soil temperature data
were compared to hourly external air temperature to calculate daily lag times between
maximum external and maxum soil temperatures (table 4.1). A total of 514 days were
analysed with an average lag time between external and soil temperature of 2.27 hours

with 50% of analysed days (257 days) with a lag time of an hour or less.

The record from 2017 is the mostmesentative of the soil system. In G, the logger
was reburied deeper which is reflected in the soil temperatures by reduced variability
(figure 4.2). Additionally, the data collected in 2017 represent the longest undisturbed
logging period between @d6 and Jasi8. This undisturbed period of logging allowed
vegetation to develop within the soil and therefore is most likely to accurately portray

the natural soil regime.

Table 4.1: Lag time between maximum external temperature and maximum soil

temperatures.
Year Average lag Lag time for 50% Lag time for 75% o] Number of
time (hours) | of days (hours) days (hours) available

days

2015 3.89 6 7 88

2016 2.50 1 2 127

2017 1.56 1 2 280

2018 2.15 3 4 19

All years| 2.27 1 4 514

4.2.3 Cavéemperature

Internal cave temperatures were recorded at three locations within the cBlesevere
positioned at the cave entrance (P1), in the monitoring chamber locabed ftom the
cave entrance (P3) dmmat27.3m which marks the back of the cave (P@aps within the

dataset relate to delays downloading the logger or logger malfunctions.
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4.2.3.1Records of cave temperature

Cave entrance

The cave entrance temperature was collected between®pto Octl6 (figure 4.3). In
2016, a full 12 months afata were recorded and the annual temperature of 14Q%es
close to the external annual average temperature of 1427The coldest months occur
during winter/early spring (Det4 = 6.73C, Marl6 = 3.14C and Apil7 = 1.24C) whilst

the warmest monthsoccur late summer/early autumn (Od&¥ = 12.7C, Augl5 =
14.05C, Sedl6 = 12.29C). The cave entrance record exhibits a significant range in
hourly temperature of 5.97C, 10.91C and 11.0%C for 2014 (number of months (n) = 9),
2015 (n = 12) and 2016<8) respectively.

Monitoring chamber

Temperature within the monitoring chamber was recorded between-Zpand Jasi8
(figure 4.3) Annual cave temperatures are presented in table 4.2. Data from years when
a full dataset of internal and externsmperatures is available (2015, 2016 and 2017)
show internal cave temperatures lie close to annual external average temperatures of
13.28C, 13.38C and 14.4%C for 2015, 2016 and 2017 respectively. Over the last three
years annual cave temperature hastieasedFor example, between 2016 and 2017 the
average temperature in the monitoring chamber rose by 8GBHowever, this does not
follow the external trend wheréemperatures exhibited minimal change between 2016

and 2017

99



Table4.2. Annual aveage temperatures and standard deviatiofi®m the monitoring

chamberand external environment

Year | Average annuatave | Cave std| Average annual External | Number of

temperature (°C) dev. external std dev. | months in
temperature (°C) average

2010| 13.62 1.05 17.28 5.31 9

2011 12.99 0.93 15.10 6.09 3

2012 13.39 1.11 13.71 7.15 11

2013

2014 | 13.62 1.21 15.95 6.04 10

2015| 13.28 1.22 14.13 7.04 12

2016 13.68 1.27 14.26 6.36 12

2017 14.49 1.58 14.27 6.46 12

Annual temperature minima anchaxima vary between years with minima oogng in
winter/early Spring (JaApr) and maxima occting in late summer/early autumn (Sep
Nov).Seasonal variations in temperature are recorded within the monitoring chamber

and values for 2015, 2016 and 2017rev8.80°C, 4.35°C and 4.72°C respectively.

Cave back

A logger was set recording hourly temperature at the back of the cave betweeh3-eb
and Janl8 (figure4.3). Annual average temperatures at the cave back were T&54
13.96C and 14.8C in 2015, 2016ral 2017. These temperatures lie close to the external
annual averages with differences <@C3etween external annual average and cave back

annual ave rage temperatures.

Seasonal variability is apparent within the rear of the cave with variations of@.25
2.84°C and 2.53C for 2015, 2016 and 2017 respectively. Temperature minima occur in

the spring (Mar/Apr) and temperature maxima occur in late autumn (Oct/Nov).
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Figure 4.3: External and internal cave temperatures.



4.2.3.2 Cave temperature interpretatio

Temporal variability in cave temperature

External and internal temperature dynamics drive ventilation according to air density
differences. This subsequent seasonal ventilation of the cave is demonstrated through
the cave temperature record whictesults in seasonal cave temperature cycles. Two
modes of ventilation, summer and winter, are proposed to influence cave temperature

and are displayed on figure 4.4

The summer (weak) ventilation mode begins in April when external average daily
temperature rises above the cave temperatuiuring this mode there is a continuous
steady rise in cave temperatuess daily external temperature is consistently higher than
cave temperatureMinimal temperature variation during the summer mode is evidenced
by thesmooth rise in temperature. The cave is poorly ventilated during this period with

an increase in air drawn down from the karst.

At the end of September, the steady rise in summer cave temperature stops and cave
temperature stabilises and begins to fluate as a consequence of daily external
temperature occasionally falling below cawdernal temperature During this period
there is an offset between peak summer external temperature and peak summer cave
temperature. The lag times vary but are typicallymonth. The delay may relate the
ongoing release of heat into the cave atmosphere from the surrounding bedrock, long
after the external temperature has passed its peak. The manifestation of this release of
latent bedrock heatis apparent in figure 4.&xpressed by the delay in peak cave
temperatures relative to external air temperatures. Due to the large thermal inertia of
rock, rock temperatures can control cave temperature. Heat is transferred from the
atmosphere into the soil and then into the bedkoclhe bedrock will then transmit the
heat via conduction to the cave. Although the soil temperature signature will be
transmitted to the cavevariability may be attenuated and there may be a phase lag

related to depth (Fairchild and Baker, 2012).

The tansmission of heat will be lagged in relation to soil temperature and studies from
soil boreholes have shown heat transfer can take days or even months to propagate
through the soil (Smerdoet al.,2006; Fairchild and Baker, 2012). Lag times through rock
are expected to be longer due to the reduced thermal diffusivity of rock relative to soll

102



(Fairchild and Baker, 2012). Monitoring undertaken at Eagle Cave identifietharsilx

offset between peak external and peak cave temperatures related to -Brteud
variability transmitted through conduction. Bedrock overburden at Eagle Cave, central
Spain, has been calculated as 20m and the phase lag has been estimated to represent a
period of several years rather than half a year (Fairchild and Baker, 2012ndpemx

Villaret al.,2013). Due to the shallow nature of Cueva de las Perlas within the bedrock,

it is proposed the phase lag betwe@eakexternal and internal cave temperatures is

related to prolonged transmission of heat through the karst bedrock via wctnzh.

The winter (strong) ventilation mode is initiated wherternal temperature falls below
caveinternal temperatures. As a consequence, cold, dense external air flows into the
cavewhich lowers the cave temperature. This phase is characterisedibglme in cave

internal temperature and an enhanced diurnal variabilithe temperature in Cueva de

las Perlas is variable during the winter mode over shiarescales (daily/hourly) and this

is relatedto external temperature crossing the internal cavieemperature threshold,

thereby drivingan influx of cold external air into the cav@he seasonal cycle in
temperaturedriven by densitynduced ventilation has also been identified at numerous
other cave siteSpétletal,H nnp T ~S0 St I RavgaRand Kzdidnik, 20431 mm T
Smithet al.,2016g; Vietenet al.,2016)and will be explored further in section 4.5

Spatial variabilityn cave temperature

The cave temperature records demonstrate spatial variability as expressed by
differences inseasonal temperature oscillations. The logger situated towards the cave
entrance records the highest degree of seasonal cave temperature variability and tracks
changes in external temperature. The monitoring chamber records a reduced variability
relative 1o the cave entranceand temperature loggingd®m the back of the cavehows

the lowest variability. Therefore, the influence of seasonal ventilation cycles driven by
density-differences between internal and external temperatures is attenuated with
distan@ from the cave entrance. At Obir Cavaustria,a similar pattern was identified,
showing a lessened influence of the seasonal ventilation regime as cave depth increased

(Sp tl et al.,2005).
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4.3 Pressure

4.3.1 External pressure

Pressure was measured between A and Jarl8 (figure 4.5). Annual external
pressure averagesere 1003en H,O, 1001en HO and 1004cnmHO for 2015, 2016 and
2017. For 2015 and 2017 pressure varies byBgO and 61cmH.0O.In 2016, pressure
values exhibit a higher range of 247e#Odue to a large oscillation in June and Jabe

section 4.3.3 for a detailed description).
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Figure4.5: External pressure.

4.3.2 Internal pressure

Cave pressure was measured between -Aprand Sefl7. Average annual cave
pressures were 1010ckbO, 1014cnH0O, 1010cnH0and 1010cnHOfor 2014, 2015,
2016 and 2017. Each year pressure exhibited a Jditiabetween 4060cmH.O. Values

are relatively high during the summer months. The winter months are characterised by
relatively lower values with the lowest values recorded in October/Novenpier to

pressure maxima valueshichare recorded each yean December (2014016).
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Figure4.6: Cave pressure.

4.3.3 Pressure comparison

Internal and external hourly pressure are compared in figuveand appear to correlate
throughout the majority of the monitoring periodand values overlap within error
However, it is apparent that the internal and external loggers are significantly different
between JunAl6 and Octl6. Hourly internal and externglressurefor the full dataset

are plotted against each other (figude7) and have an?rvalue of 0.35figure 47 B)
However, when the data between J6 and Octl6 is removed, the’rvalue increases
significantly to 0.94figure 4.7 C)Temperature data and field evidence indicate that
during this periodthe hillslope was subject to fireFherefore, external data between

Junt1l6 and Octl6 will be excluded from further analysis.
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The high correlation between internal and external pressure indicates that the cave is
responding to changes in external pressure rapftiure 4.7 C)Decreases in external
pressure relate to storm activity and increase the pressure gradient between the cave
and external atmosphered case example from Jub is shown in figure 4.8 and further
demonstrates changes in cave pressure respmstantaneously to changes in external
pressure. Due to the shallow depth of Cueva de las Perlas and the close proximity of the
monitoring chamber to the cave entrance, oscillations in external pressure are
transmitted rapidly into the cave system. Oktibns in cave pressure can induce air flow
within a cave which can subsequently alter cave atmosphetsc@iZentrations (Denis

et al.,2005; Jamest al.,2015; Smithet al.,2015). The potential influence of pressure
induced ventilation on cave carbalynamics wilbe considered further in secti@.4.3

and 4.4.4.
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4.4 Carbon dynamics

4.4.1 External air carbon dynamics

External air C&concentrations were only measured during field visits between Feb
15 and Janl8 and results are presented in figu4e9. Average concentrations were
375ppm and 378ppm and ranges were 10ppm and 120ppm for 2015 and 2016. Only
one measurement was taken during 2017 and one during 2018 and these were

360ppm and 420ppm.

Externalair samples were collected between F&b and Jasi8for determination of
carbon isotope composition and results are shown in figure Bx@ernal air annual
carbon isotopeaverages werem 1 @0 M ADT 1351083/ R YR | yy dzt €
GSNE mMoOg: > 189 c F 2 NI(nk MRSy p016 (n= 22)and 2017(n= 8)

respectively. Carbon isotope values in external air do not demonstrate seasonal cycles.

Date
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8 . J J J : 450

- 430
- 410
390
370
350

613C (%o)
CO, (ppm)

330
310
290
270

250

Figure 4.9CQ concentrations and carbon isotope values from exterial a

4.4.2 Soil carbon dynamics

4.4.2.1Soil aicarbon
Soil air samples were taken between Ay and Jarl8to determine carbon isotope

composition and are compared to €6pot measurements irfigure 4.10. Annual
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averageof soil CQwere 2643ppm, 2439pp and 2375ppm for 2015, 2016 and 2017
respectively CQ concentrations are higher in summer with an average of 2857ppm
(2016 value) compared to the winter average of 1712ppmualaverage soitarbon
isotope compositions were20.55: , -21.64: and -2165: for 2015 (number of
samples (n) = 4)2016(n= 18)and 2017(n= 5) Soil air carbon isotope values are

isotopically more enriched i*C duringwinter than in summe(table 4.3).

Table 4.3: @nmary of soil air carbon isotope values.

Year | Annual | Annual | Number | Summer Number | Winter Number
average| range | of average of I @S NI S&q of
113C 113C samples |11 0:: ( samples| 6:: 0 samples
0:0 |0t 0
2015 | -20.55 | 2.24 4 -21.03 3 -19.1 1
2016 | -21.63 7.5 16 -22.17 11 -2044 5
2017 | -21.65 2.79 5 -22.56 2 -21.04 3
w2015 W2016 M2017 Summer ® Winter T 000
+ 4000
1 3000 €
Q.
a
' S
+ 2000
. =
°
® + 1000
I T T T T 0
-24 -23 -22 -21 -20 -19
513C (%o)

Figure 4.10: CQconcentrations and carbon isotope values from soil\&#ues are

grouped by season and annual averages are also presented.
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4.4.2.2Soilorganic carbon isotope composition

Soil was sampled from foutifferent depths in Ap1l6. Two methods were used to

process the samples, one batch was filtered prior to carbon isotope analysis and the
other was centrifugedsection 3.6.2.1)The results from both methods are presented

in table 4.4. Carbon isotope vaks ranged betweer27.63 andH ¢ ®Pp y:: ® L G Ydza
noted that soil samples were only taken once and therefore any seasonal variation

cannot be determined.

Table4.4: Carbon isotope values from smianic matter

Soil depth 13 40 OS|1l 6: 0
samples samples

0 -27.74 -27.48

5 -27.63 -27.00

10 -26.97 -26.66

15 -26.58 -26.72

4.4.2.3Soll interpretation

In order to understand the carbon dynamics within the cave, it is critical to understand

the carbon dynamics of theverlying soil. Monthly C{concentrations and carbon

isotope measurementsfrom the soil air samplesre presented in figuret.11 in

addition to the soil temperature recordfrom section 4.2.2.1) Figure 4.11
demonstrates a seasonal variation in s@fbondynamics During the winter months

(OctMar) CQO2 Yy OSY NI A2y a | NB f 2 ¢ SNEvalieS afdJS NI { d
higher. In contrast during the summer months (AfBept), C© levels rise,

G SY LIS NI (i dzNBCivalued aieSowery R 1

Section 44.2.1 identifiedseasonal variation in G@ 2 y O Sy i NJ*3G vaefand: y R 1

it is proposed this seasonal variabilityr&dated to variations in productivity. During

the summer productivity is higher driven by warmer temperatures. The> Gfbt
measuremg 0 & Py RIIf dzS&a YI& o6S oAlFaSR (G2 w3az2R
may not provide a full indication of the seasonality operating within the soil carbon

system.
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4.4.3 Cave carbon dynamics

4.4.3.1 Bedrock carbon isotope values

Rock samples were taken from inside andside¢ the cave entrance and from a
collapsed roof section within the cavEhese rock samples were dolomitic with calcite
intergrown (section 3.1)The carbon isotope values from the rock samples exhibit a

NI y3IS 2F n dwdyrn o+8IEBSy4nil ot S
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Table 4.5: Carbon isotope values from rock samples.

Rock sample type Rock 1 mo/
sample | 6:: 0
Rock from cave entrance | RCE1 | 1.96
RCE2 | 0.73
Rock from outside cave ROC1 | 2.25
ROC2 |1.61
Rock from cave roof RCR1 |-2.44
RCR2 | 1.57

4.4.3.2 Cavatmosphere Cgxoncentration

Carbon dioxide was monitored hourly within Cueva de las Perlas betweetS-aid
Decl7 (figure4.12A) The gaps within the dataset relate to battery malfunctions
within the logger.

Average annual cave e€ncentrations wee 421ppm, 425ppm and 456ppm in 2015
(number of days in average (n) = 112016(n= 190)and 2017(n= 207 )espectively.

In 2015 and 2016 C@alues had a range of 505ppm and 590ppm. However, in 2017
the CQ range was almost five times greater than presorears, at 2490ppm (table
4.6).

CQ concentrations are shown to fluctuate daily (figure 4.12B) with an average
variability of 182ppm (n=507). The daily G@riability exhibits a range between 30
2430ppm.

Table4.6: Annual and seasonal @Encentrations.

Year Annual Annual Summer Winter
average(ppm) | range(ppm) | average(ppm) | average(ppm)

2015 421 505 422 418

2016 425 590 424 426

2017 456 2490 486 434
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Figure 4.12: Hourly and daily cave>€@ncentration (A) and daily variability (B).

Figure4.12 demonstrates the variability within the G®@ecord which is apparent
throughout the year. Seasonality is minimal as; €@ncentrations fluctuate on a
diurnal basis. Additionally, summer and winte®DCaverages (except for summer

2017) both lie close to annual €&verages (tabld.6).

4.4.3.3 Cave air carbon isotopes

Cave air was sampled between FEband Jafl8 and results are presented in figure

4.13 Annual averages for 20{6= 15)and 2016(n=22) were both-m H ®y m'- | Y R
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12.59: A Y (m=rBNMQarbon isotope valuetemonstrated intraannual variability
of p ®MT:: X andd®QE': AY HAMpPI HAmMc YR HAamMT NB

carbon isotope values occurs throughout the year with no distiectseasonal

QX

variation.
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Figure 4.13: Carbon isotope composition of cave air.

4.4.3.4 Cave carbon dynamics interpretation

Carbon dioxide

Cave carbon dioxide concentrations are variable on an hourly scale throughout the
year and do not show distinseasonal variations. G@oncentrations are compared

to internal and external hourly temperature in figudel4. Daily variability in CO
corresponds to external temperatures crossing the internal cave temperature
threshold which occurs throughout the yeatVhen external hourly temperature falls
below internal hourly temperature a densitriven ventilation causes a rapid influx

of CQ-poor air into the cave. As external temperatures exhibit a large diurnal range
and appear to cross internal temperaturesanly every day thisswitch inventilation

causes significant daily variability in G@lues.
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Typically, this dynamic ventilation leads to low >@®Oncentrations in the cave
throughout the year. However, in Juriy there is a distinctive increase in £0
concentration within the cave. Figurd.15 demonstrates that when external
temperatures remain higher than internal temperatures for an extended period, CO
concentrations rise within the cave as a result of reduced ventilation. This is the
primary reason fothe high C@values in Jwi7. However, a secondary influence of

pressure will also be assessed in section 4.4.3.5.
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Figue 4.14 Hourly cave C@concentrations and xernal and internal houy air

temperature
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Figure 4.15: Cave hourly £&hd internal and external temperatures Jiii. Shading
represents a prolonged period of external temperatures exceeding internal cave

temperatures.
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Cyclicity in cave G€bncentration

Spectral analysis was undertaken on months whaver 14days of C@data was
collected to determine whether oscillations in £€ncentration are diurnal. The
majority of months demonstrate a peak suggesting seven cycles per week which
would suggest dailgscillations in C® Interestingly, no cyclicity is evident in JUn
which supports section 4.4.3.4 (figure 4.15) as no cyclicity would be expected as
external temperatures are consistently higher than internal cave temperatures and

subsequently C£ises within the cave.

A case study from Nei6 is used herein to assess the validity of the spectral analysis.
Figure 4.17A demonstrated a pronounced peak at seven cycles per week. However,
when the individual data are presented alongside cave and exteenapératures it

is clear that the cyclicity is not persistent throughout the record (figure 4.17B)isCO
clearly variable on a diurnal basis and most likely a response to external temperatures
crossing the internal cave temperature threshold. The degoewtiich this pattern is

cyclical requires further analysis.
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Figure 4.17: Spectral analysis case study fromX%$oi: Spectral plot from Nel6. B:
CQconcentration, internal and external hourly temperature for Név

Carbon isotopes

The carbon isotope composition of cave air lies upon a mixindgpétweeen the soil air
and external air carbon isotope compositions (figydr&8). Cave air carbon isotope
composition lies closer to the external air isotope composisbown throughlower

CQ concentrations andelative enrichment it3C compared to sodir.

The close relationship between internal cave air and external air supports the model

proposed abovehat the cave is being continuously ventilated with atmosph&dg-
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